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Abstract: The coarsening behavior of Pb particles in a Al-5wt%Pb nanocomposite alloy produced by mechanical 

alloying has been studied by X-ray diffraction, scanning electron microscopy and transmission electron microscopy. 

Result shows that the cube of the average particle radius of Pb phase grows proportional with the annealing time even 

though the size of the constituent phase was in nanometer range. The activation energy for coarsening of Pb particles 

closes to the activation energy of grain boundary self-diffusion of solvent matrix (Al). In the nanocomposite alloys, the 

solute atoms diffuse along the grain boundaries of the solvent matrix. 
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INTRODUCTION 

Nanocomposite alloys, which consist of at 

least two phases in nanometer size, have potential 

application in the fields of magnetic materials [1], 

hydrogen storage materials [2], hard metals [3], 

bearing alloys [4], and so on. The unique 

nanocomposite structure makes those materials 

exhibit properties much superior to those with 

conventional phase size. The size of the secondary 

phase particles has a direct influence on the 

properties of nanocomposite alloys. In this case the 

structure stability of nanocomposite alloys is very 

important because their significant high fraction of 

grain boundary provides a strong driving force for 

coarsening and results in change of properties. 

Thus, to clarify the coarsening behaviour of 

secondary phase in nanocomposite alloys is of great 

importance. 

For the conventional grain sized composite 

alloys with constant volume faction ratio, as it is 

well known, the coarsening, or called as Ostwald 

ripening, of the small faction component was 

formulated by Lifshitz, Slyozov and Wagner, and is 

widely referred to as the LSW theory [5, 6]. The 

LSW theory predicts that the cube of the average 

particle radius grows proportionally with the 

annealing time if the mass transport is governed by 

a diffusion mechanism. However, the LSW theory 

is valid only in the physically unrealistic limit of 

zero volume fraction of secondary phase. Effort has 

been made to modify LSW theory and extend to 

high volume fraction of dispersed phases using both 

analytic and numerical method. The results show 

that the cubic law can be used for embedded phase 

of high volume fraction, with the coarsening rate 

being dependent on volume fraction [7, 8].  

For the nanocomposite alloys, the results show 

that the coarsening of secondary phase still follows 

the LSW theory and the activation energy for 

coarsening of secondary phase is different from that 

of conventional grain sized alloys [9, 10]. Actually, 

the LSW coarsening theory assumes zero volume 

fractions of secondary phases, which is obviously 

not suitable for the case of nanocomposite alloys 

due to their high volume fractions of secondary 

phases (26.6-50.88%). In addition, the interparticle 

diffusion interactions are more remarkable when 

the size of the constituent phase is in nanometer 

range. Therefore, it's necessary to take into account 

the effect of volume fraction to investigate the 

coarsening kinetics of secondary phase with 

nonzero volume fraction in the nanocomposite 

alloys.  

In this study, the coarsening behavior of Pb 

phase with very small volume fraction has been 

studied. This is because of Al-Pb is a typical 

immiscible system and the Al-Pb nanocomposite 

alloys fabricated by MA exhibit super wear 

resistance which is very much dependent on the 

grain size (and/or phase size) [11]. Therefore, a 

study of the coarsening behavior of Pb phase with 

very small volume fraction in Al-Pb nanocomposite 

alloy is significant to both the fundamental research 

of nanocomposite alloys and their application in 

engineering. 
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EXPERIMENTAL 

Al and Pb powders of 99.9% purity with the 

average particle size of 70~80 micron were used as 

raw materials. An alloy with composition of Al-

5wt%Pb was selected, in which the volume fraction 

of Al and Pb phase is 99.32% and 0.68%, 

respectively, and Al and Pb are hence regarded as 

matrix phase and secondary phase with very small 

volume fraction, respectively. The powder mixtures 

were sealed in stainless steel vials together with 

hardened steel balls. The weight ratio of the powder 

to ball was 1 to 10. The handling of powders was 

performed inside a glove box filled with pure 

argon. The milling process was performed in a QM-

3SP2 planetary ball mill. The milled powders were 

uni-axially cold pressed under a pressure of 440 

MPa to get bulk samples. The as-compacted bulk 

samples were then heated at different temperatures 

for different times under the protection of pure 

argon atmosphere. Then the samples were 

characterized by X-ray diffraction (Philips X’Pert 

MPD with Cu-Kα radiation), scanning electron 

microscopy (SEM, FEI-Navo Nano SEM 400) and 

transmission electron microscopy (TEM, JEM-

2100).  

RESULTS AND DISCUSSION 

The X-ray diffractograms of Al-5wt%Pb 

powders after milling for different times are 

presented in Fig. 1. It can be observed that there are 

only diffraction peaks of Al and Pb phase and they 

have no obvious shift. That means that only pure Al 

and Pb phase existed in the milled powder and no 

supersaturated solid solution formed. It is obvious 

that the diffraction peaks of both Al and Pb phases 

broaden gradually with increased of milling time, 

which reveals the remarkable grain refinement of 

Al and Pb phases after ball milling. The grain size 

of Al and Pb phase were estimated from broadening 

of different peak using the Vogit method [12], and 

the results are shown in Fig. 2. It shows that the 

grain sizes of Al and Pb reduce sharply in the initial 

stage (1-10 h) and then tend to level off with 

increase of milling time, and they reach 77 and 7 

nm, respectively after 30 h of milling. 

Figure 3 shows a bright field image of Al-

5wt%Pb sample milled for 30 h. It can be seen that 

Pb particles with nanometer sizes are single crystal 

particles. Therefore, it is assumed that the Pb 

particles embedded in Al matrix are generally 

single crystal and the grain size of Pb phase 

estimated from XRD analysis represents the size of 

Pb particles. The average grain size is about 10 nm, 

which is in good agreement with the XRD result. 
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Fig. 1. X-ray diffractograms of Al-5wt%Pb alloy powder 

after milling for different times: (a) 1 h; (b) 2 h; (c) 5 h; 

(d) 10 h; (e) 20 h; and (f) 30 h. 
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Fig. 2. Dependence of grain sizes of Al and Pb in Al-

5wt%Pb powders on milling time. 

 

 
Fig. 3. TEM bright field image of Al-5wt%Pb alloy 

powder milled for 30 h. 

Fig. 4 gives the XRD patterns of Al-5wt%Pb 

samples after 30 h milling and then heating for 1 h 

at different temperatures (573, 623, 673 and 723 

K). It is obvious that diffraction peaks of Al and Pb 

phase become sharper with increase of heating 

temperature which indicates that Al and Pb phases 

grew gradually during heating. As shown in Fig. 5, 

the grain size of Pb phase increases with the 

increasing of heating temperature. 

Fig. 6 shows SEM images of Al-5wt%Pb alloy 

compacted from the milled powder and heated at 

different temperatures for 1 h. For the as-

compacted Al-5wt%Pb alloy, as shown in Fig. 6(a), 

the bright Pb particles are very fine and uniformly 

distributed in the dark Al matrix. It is obvious that 

the size of Pb particles increase with increase of 
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heating temperature and the particles of Pb phase 

are also homogeneously distributed in the Al matrix 

of as-heated Al-Pb sample. 
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Fig. 4. X-ray diffractograms of Al-5wt%Pb alloy 

samples after 30 h milling and then heating at different 

temperatures for 1 h: (a) as-milled; (b) 573 K; (c) 623 K; 

(d) 673 K; and (e) 723 K. 
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Fig. 5. Temperature dependence of the size of Pb phase 

in MA Al-5wt%Pb (dwelling time: 1 hour) 

In order to clarify the coarsening kinetics of 

Pb phase, the dependence of Pb particle size, which 

was deduced from X-ray diffraction analysis, on 

heating dwelling time was determined and 

illustrated in Fig. 7. It is clear that there exists an 

excellent linear correlation between the cubic of 

particle size ( r ) and dwelling time ( t ) in the 

particle size range in this work. Here, 
0r  is the 

average radius of the phase in the as-milled 

condition. This suggests that the coarsening of Pb 

phase follows the standard cube kinetics of 

diffusion-controlled particle growth. The excellent 

linear relationship between the cubic of r and t  

means the coarsening of Pb phase in Al-5wt%Pb 

nanocomposite alloys is controlled by diffusion 

even though the size of the constituent phase is in 

the nanometer range. The slope of each line in Fig. 

7 is the particle coarsening rate constant ( )K  . 

  

 

 

   

 
Fig. 6. SEM images of MA Al-5wt%Pb alloys: (a) as-

compacted, heated at (b) 623 K, (c) 673 K, (d) 723 K 

and (e) 773 K for 1 h. The bright phase is Pb and the 

dark matrix is Al. 

According to the modern Ostwald ripening 

theories, the coarsening rate constant ( )K     

determined by
2

) eA C D
K

RT

 





( )
( . When the 

diffusion coefficient D is given by 

0 exp( )
Q

D D
RT

  , the constant ( )K  can be 

formulated as follows:  
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where ( )A  is a dimensionless constant depending 

on the volume fraction ( ) of secondary phase and 

A(0) = 8/9; thus, the theories reduce to the LSW 

theory in the limit of zero volume fraction. 
eC  is 

the equilibrium solute content of the matrix,   is 

the molar volume of the particle,   is the particles-

matrix interfacial energy per unit area, 
0D  is a 

frequency factor, R is the universal gas constant 

(8.31 J/mol/K) and T is the absolute temperature, 

Q is the activation energy for Pb particles 

coarsening. The relationship (1) is reformulated as 

follows: 

RT

Q
ttancons

C

TK

e
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       (2)                                             

In order to estimate the Q  in the Al-5wt%Pb 

nanocomposite alloy, we calculated the solubility of 

Pb in Al solid-solution at different temperatures 

(573, 623, 673 and 723 K) according to the Ref. 

[13]. Therefore, the coarsening activation energy 

can be determined from the slope of the plot 

of
) 1

ln[ ] ~
e

K T

C T

(
. The coarsening rate constants  

( )K  at different heating temperatures are shown 

as the plot of 
)

ln[ ]
e

K T

C

(
versus 

1

T
 in Fig. 8. The 

activation energy Q for Pb particles coarsening is 

determined to be 79.64 kJ/mol. For comparison, the 

diffusion activation energy of Pb in Al of different 

diffusion mechanisms is given in Table 1. It shows 

that the value obtained in this work is much smaller 

than that of lattice diffusion mechanism of Pb in Al 

and lattice self-diffusion of Al but very close to that 

of boundary self-diffusion of Al. This indicates that 

the coarsening mechanism in the nanocomposite 

alloys is different from that in conventional grain 

sized composite alloys. The observation of the 

cubic law for the coarsening of secondary phase in 

nanocomposite alloys reveals that the coarsening 

process is controlled by the three-dimensional long 

distance diffusion of solute atoms. However, the 

agreement of the activation energy to that of grain 

boundary self-diffusion of matrix indicates that the 

diffusion mechanism in the nanocomposite alloys is 

basically grain boundary diffusion. This is because 

the grain sizes of matrix phase and secondary phase 

are in nanometer range. Thus, the solute atoms 

should diffuse more easily along nanograin 

boundary than in conventional grain sized 

composite alloys.  
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Fig. 7. Dependence of the cubic of Pb particle radius on 

heating time for Al-5wt%Pb alloy heated at different 

temperatures (573, 623, 673 and 723 K) after 30 h of 

milling. 
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Fig. 8. Determination of the activation energy ( Q ) for 

coarsening of Pb phase in a Al-5wt%Pb nanocomposite 

alloy. 

CONCLUSIONS 

    In the present work, the coarsening 

behaviour of Pb particles in a Al-5wt%Pb 

nanocomposite alloy prepared by mechanical 

alloying has been investigated. The main 

conclusions obtained from the present work are as 

follows: 

    (1) The cube of the average particle radius 

of Pb phase grows proportional with the annealing 

time even though the size of the constituent phase 

was in nanometer range.  

    (2) The activation energy for coarsening of 

Pb particles closes to the activation energy of grain 

boundary self-diffusion of solvent matrix (Al). In 

the nanocomposite alloys, the solute atoms diffuse 

along the grain boundaries of the solvent matrix. 
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Table 1. Activation energy in kJ/mol of experiment and theory in Al-Pb system 

Activation energy 

of our result 

Activation energy of lattice 

diffusion [14] 

Activation energy of 

lattice (self-) diffusion 

[14] 

Activation energy of 

grain boundary (self-) 

diffusion [14] 

79.64 Pb in Al: 145.6(777-876 K) Pb: 107.4 (473-596 K) Pb: 66 (487-533 K) 

  Al: 142.4 (723-923 K) Al: 90 (623-753 K) 

  144.4 (573-923 K)  

  123.5 (298-581 K)  

  126.4 (358-482 K)  
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Titanate nanotubes were synthesized by alkaline hydrothermal method using TiO2 P25 at 140oC. In the 

present study the effects of calcination and chromium doping was investigated. At various chromium 

concentrations some phase changes occurred. The BET specific surface area altered from 404 m2g-1 to lesser 

values by chromium loading augmentation. Calcination process accelerated the phase transformation from 

hydrogen titanate to anatase polymorph of TiO2along with specific surface area deterioration. In the range of the 

studied parameters, the emergence of rutile phase was not confirmed. Calcination of 1 wt% and 2 wt% 

chromium doped titanate sample induced the chromium oxide phase development. Calcination process brought 

about nanotubular structure deterioration along with nanoparticles evolution.  

Keywords: Titanate nanotubes; Chromium; Doping; Anatase; Calcination. 

INTRODUCTION 

Kasuga et al. [1] recently announced the 

synthesis of TiO2-derived nanotubular structures by 

hydrothermal treatment of titania powder in a 

concentrated NaOH aqueous solution. The 

aforementioned method is a template-free one 

producing elongated nanotubes with diameters of 

ca. 10 nm. These rather novel nanostructures are 

characterized by a high specific surface area [2].  

Affecting from many parameters such as 

synthesis and calcination temperatures, dopants, 

and etc., the abovementioned hydrothermal method 

offers a simple, cost-effective, and environmentally 

friendly technology with the potential of high-yield 

titanate nanotube production [3-6]. 

These novel structures can by modified by 

grafting [7], ion-exchange [8], calcination, and 

treatment with chemical agents [9, 2].  

Metal ion incorporation into titanate 

nanotubes will definitely alter the properties, 

however, as a consequence of metal ion insertion, 

the structure of nanotubes can be greatly affected as 

well. 

Wang et al. [10] synthesized titanate nanotubes 

doped with magnetic ions (Fe, Ni, and Mn) that 

were synthesized by hydrothermal method as the 

ions were added to the nanostructure during the 

formation process of nanotubes. The as-prepared 

nanotubes transformed into the anatase polymorph 

of titania when the calcined temperature surpassed 

350K, and further transformed into the mixture of 

anatase and rutile phases in consort with 

temperature rise. 

Kulish et al. [11] found that the structure of (Fe, 

Mn, Zn, Cd, and Ni) doped nanotubes is analogous 

to Na2Ti2O4(OH)2 structure. Also, they suggested 

that the structure of Cd doped nanotubes may be a 

mixture of anatase and rutile polymorph of titania. 

Their results led to the conclusion that the 

examined metals did not form a solid solution of 

metal with titania. Besides, they asserted that the 

ions adsorption occurred on external and internal 

surfaces of the nanotubes.  

In this contribution, calcined/uncalcined titanate 

nanotubes with/ without doping with chromium 

were examined for phase transformation behavior 

as well as specific surface area alteration using 

XRD and BET techniques. A morphology study 

was performed on the calcined chromium-

containing sample by HRTEM technique in order to 

probe the morphology change.  

EXPERIMENTAL 

Preparation of Cr doped titanate nanotubes 

For preparation of titanate nanotubes, 1.7 g of 

TiO2 powder (Degussa P25) along with various 

amounts of chromium nitrate was added to aqueous 

solution of NaOH (10M) with constant stirring for 

30 min. A Teflon-lined stainless steel autoclave 

with a capacity of 180 mL was filled with the 

resulting mixture up to about 80% of its total 

volume. The autoclave was sealed and heated at 

140ºC for 24 h. After the reaction was completed, To whom all correspondence should be sent: 

E-mail: kootena@gmail.com 
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the autoclave was allowed to cool to room 

temperature naturally. Then, the resulting material 

subjected to centrifugation and washing with a 

diluted 0.1M HNO3acid solution. The washing 

process continued until the pH of the rinsing 

solution reached about 1. The precipitates then 

washed with deionized water until the pH of 

washing solution achieved about 7. The acid-treated 

sample was oven-dried at 110oC overnight.  

In TNT-x (x=0.2, 0.5, 1, and 2), “x” represents 

weight percent of chromium oxide in Final 

uncalcined samples. In the sample names, “C” 

represent calcinationof samples at 500oC. 

All chemical materials were purchased from 

Merck Company.  

Material Characterization 

X-ray diffraction (XRD) patterns of the samples 

were obtained with a Philips PW1800 

diffractometer using Cu K radiation. The 

intensities were determined over an angular range 

of 5o<2<70o for all the prepared samples with a 

step-size (2) of 0.03o and a count time of 2 

seconds per step. The diffraction spectra have been 

indexed by comparison with the JCPDS files (joint 

committee on poder diffraction standards).  

Sample morphology was investigated by 

"JEOL" JEM-2100 (200 kV) high resolution 

transmission electron microscope (HRTEM). For 

HRTEM measurements the sample was grounded, 

suspended in isopropanol at room temperature and 

dispersed by ultrasonic agitation. Then, an aliquot 

of the prepared solution was dropped on a 3mm 

diameter lacey carbon copper grid. 

The specific surface areas (SBET) of the samples 

were determined at the liquid nitrogen (N2) 

temperaturefrom the adsorption and desorption 

isotherms of nitrogen by a Quantachrome 

CHEMBET-3000 apparatususing single-point 

method. Prior to BET surface area measurement 

samples were degassed by flow of nitrogen at 

200oC for 2h.  

RESULT AND DISCUSSION 

HRTEM analysis 

The HRTEM analysis performed on the CTNT-

2 for the sake of investigating possible morphology 

alteration stemmed from chromium addition (Fig. 

1). As can be noted, the nanotube morphology 

along with other nanostructures such as nanorod 

and nanoparticles is observed. Nanowire are 

estimated possessing diameters about 20 nm. 

Calcination exerted detrimental effects on 

nanotubular structure of pristine chromium doped 

titanate nanotubes. As will be noted in section3.2, 

doping with chromium led to specific area loss. 

Therefore, phase transformation from nanotubular 

structure into other morphologies such as 

nanoparticles as well as chromium oxide 

development (see next section) may be responsible 

for this observation. It has been reported that metal 

incorporation in nanotubular titanates altered the 

phase transformation in the acceleration or 

deceleration of the tubular phase deterioration can 

be observed [2, 12-14]. 

 

Fig. 1. HRTEM micrograph of CTNT-2. 

XRD and BET analysis 

The X-ray diffraction patterns acquired from 

uncalcined samples of undoped titanate nanotubes 

and chromium doped titanate nanotubes are shown 

in Fig. 2. The structure of undoped pristine 

nanostructures proposed to be H2Ti2O5.H2O in our 

previous work [2]. 

According to the XRD analysis, TNT-0.2 (Fig. 

2b) differs slightly as compared to pristine undoped 

titanate nanotube (TNT) (Fig 2a). Hence, 0.2 wt% 

chromium loading hardly affected the crystalline 

structure of titanate nanotube. In the other hand, 

BET specific surface area dropped about 10% for 

this sample. This may be ascribable to the slight 

morphology change of TNT. The characteristic 

peak intensities of titanate nanotubes lowered for 

TNT-0.5 (Fig. 2c) as compared to the ones for 

TNT, which is ascribable to the crystal growth and 

emergence of new phase. It is noteworthy to claim 

that no characteristic peak assignable to the 

crystalline chromium oxide was observed. 

Chromium species may occurred in undetectable 

sizes beyond the capacity of XRD apparatus [15, 

16]. The corresponding XRD patterns of TNT-1 is 

depicted in Fig. 2d. A noticeable shift in the peak 

located originally at 2=10o for pristine undoped 

titanate nanotube was observed, for TNT-1 sample. 

The alteration in the roll distances is reported to be 

responsible for this observation. Besides, BET 
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specific surface area decline was also reported to be 

accompanied with this phenomena [10, 11].  
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Fig. 2. XRD patterns of (a) uncalcined acid-treated 

titanate nanotubes [2], (b) TNT-0.2, (c) TNT-0.5, (d) 

TNT-1, and (e) TNT-2. 

No characteristic peaks of the typical polymorph 

of titanate dioxide naming anatase, rutile and/or 

brookite were distinguishable. 

It has been reported that some titanate phase 

may convert to titanium oxide with anatase phase. 

Generally, the greater the metal oxide doping, the 

higher the possibility of metal oxide crystalline 

phase development [15, 17]. Like the other 

analyzed samples, we could not find the 

characteristic peaks associable to the presence of 

the crystalline phase of chromium oxide in the 

TNT-2 (Fig. 2d) with the highest metal oxide 

loading. No characteristic peaks of anatase and/ or 

other polymorphs of TiO2 was present in this 

sample. 

XRD analysis was performed on the CTNT-x 

samples calcined at 500oC (Fig. 3). As can be noted 

from Table 1, BET specific surface area of pristine 

undoped titanate nanotube lowered form 404 m2g-1 

(TNT) to 186 m2g-1 (CTNT). Similar reports 

support this observation. Gao et al. [18] 

investigated the phase transformations of titanate 

nanotubes by in situ XRD. In their report, 

dehydration and recrystallization claimed to be the 

main causes of anatase phase emergence in 

calcination temperatures above 300oC which is 

accompanied by specific area loss. Water molecules 

along with the protons present looselybetween the 

layer that are mobile and exchangeable by external 

ions. Poudel et al. [19] reported that titanate 

nanotubes are prone to transform into anatase phase 

of titanium oxide through calcination in air at rather 

elevated temperatures. This process is a function of 

calcination temperature, impurities (intentional or 

unintentional), atmosphere, and etc. [20, 21]. 

However, this is a controversial research topic and 

the issues are under debates. As can be seen in the 

acquired XRD patterns shown in Fig. 3, the phase 

transformation from hydrogen titanate to anatase is 

obvious. In all of the calcined samples, XRD 

patterns hints that rutile phase may not coexist with 

anatase phase in the heat treated chromium doped 

titanate nanotubes. 
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Fig. 3. XRD patterns of (a) calcined titanate 

nanotubes, (b) CTNT-0.2, (c) CTNT-0.5, (d) CTNT-1, 

and (e) CTNT-2. 

BET specific surface area of CTNT-0.2 dropped 

to 164 m2g-1 due to calcination. We could not find 

any peaks that can be ascribable to the presence of 

chromium oxide phase. This may be due to the fact 

that XRD apparatus has limited detection capacity 

which for lower than a certain particle sizes no 

characteristic peak of the crystalline phase is 

demonstrated in the obtained patterns. BET specific 

surface area of CTNT-0.5 lowered to 150 m2g-1. As 

can be noted, increasing the chromium content led 

to surface area loss. The XRD patterns of CTNT-1 

is shown in Fig. 3d. This sample possess a specific 

surface area of 98 m2g-1. The characteristic peaks 

ascribable to the presence of chromium oxide phase 

can be observed clearly. The characteristic peaks of 

this phase demonstrate at 2=24.49o, 33.59o, 

36.19o, 41.47o, 50.21o, 63.44o, and 65.10o (JCPDS 

38-1479). The specific surface area was measured 

to be 66 m2g-1. The characteristic peaks of 

chromium oxide phase were measured with higher 

intensity that may be due to the superior population 

of the phase with large particles.  

Table 1. BET specific surface area of the synthesized samples. 

Sample 
BET specific surface area 

m2g-1 
Sample 

BET specific surface area 

m2g-1 

P25 52   

TNT 404 CTNT 186 

TNT-0.2 362 CTNT-0.2 164 

TNT-0.5 328 CTNT-0.5 150 

TNT-1 203 CTNT-1 98 

TNT-2 157 CTNT-2 66 
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CONCLUSION 

The phase change behaviors of acid-washed 

titanate nanotube samples were examined by 

varying the chromium content as well as calcining 

in air. The higher the chromium loading was the 

lower the BET specific surface area. Also, 

calcination in 500oC caused a surface area loss 

along with the apparent new phase development for 

higher chromium containing samples. Chromium 

oxide was detected at loadings higher than 1 wt.%. 

The calcined samples morphology transformed 

from elongated nanotubular structure to truncated 

tubes as well as nanoparticles. No indication 

revealing the occurrence of rutile phase was noticed 

after calcination for all chromium concentrations.   
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Phenol or hydroxyl-benzene is one of the toxic hydrocarbons that grouped as a priority pollutant by EPA. It is one 

common compound that exists in industrial wastewaters including petroleum refining and petrochemistry, pesticide, oils 

and painting, organic chemicals, plastics, resins etc. that leads to environment pollution especially water resources.  

The aim of this study was evaluation of phenol degradation by use of nano-photocatalytic UV/ZnOprocess in a pilot. In 

the study, a 125 Watt UV lamp was used. Phenol measurement carried out using spectrophotometer. Results showed that 

there is reverse relationship between removal efficiency of phenol with increasing of pH in the case of nano-photocatalytic 

UV/ZnO process. Optimum conditions in nano- photocatalytic UV/ZnO process obtained in 10 mg/l phenol, contact time 

30 min at pH=5.Results indicate thatnano-photocatalytic UV/ZnO processcan be used as an effective method forphenol 

removal from aqueous solutions. 

Keywords: phenol, industrial wastewaters, UV, ZnO. 

INTRODUCTION 

Nowadays, conventional water and wastewater 

treatment processes are inadequate and sometimes 

disabling in treatment of toxic and resistant materials 

in water, because the production of toxic and 

complex substances. Hence, considering the 

performance technologies in this field is required to 

ensure the provide public health and environmental 

protection. The chemical compounds in industrial 

wastewater, especially petroleum compounds, 

phenol and its derivatives are very inclusive 

[1].Phenol is the aromatic alcohol with C6H5OH 

formula and main component of coal tar that its 

compounds are the most important aromatic 

compounds. Phenol has another name, including 

benzenol, phenolic acid, phenol alcohol, phenic acid, 

hydroxy benzene, carbolic acid and phenyl 

hydroxide [2-4]. Beside the artificial way, Phenol 

can entrance to water resources in natural ways, and 

because the physical structure can be found in most 

chemical compounds. Phenol, even exist in the urban 

wastewater and is taken into consideration due to 

environmental stability, solubility in water and 

health problems [1]. Chlorination of drinking water 

containing phenol can produce the chlorophenolic 

compounds that lead to the stench and the protest by 

consumers. Therefore, phenol is classified as priority 

hazardous pollutants introduced by EPA's list [5, 6]. 

Most water quality standards are recommended that 

the phenolic compounds concentration in drinking 

water resources to be µg/L, and maximum 

concentrations in effluent discharged to the 

environment less than 1 mg/L [7-9].In general, the 

phenol removal and control methods can be divided 

into two groups [10]:  

1. Recycling methods of phenol compounds such 

as adsorption, ion exchange, solvent extraction, 

steam and hot gas removal.  

2. Decomposition and destruction of methods for 

convert phenolic compounds into safe materials, 

including the use of oxidizing agents such as 

hydrogen peroxide, potassium permanganate, sulfur 

dioxide and ozone, biological methods, aeration and 

advanced oxidation.Physico-chemical processes for 

the purification of phenol including [11]: 

1. Adsorption 

2. Extraction by chemical solvents 
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3. Water steam 

4. Freezing & Crystallization 

5. Chemical oxidation 

6. Wet oxidation 

7. Advanced Oxidation Processes 

Many researches are still ongoing for reach the 

more appropriate methods. For this aim, advanced 

oxidation processes (AOP) and oxidation 

photocatalytic are used more than other methods. 

UV/ZnO photocatalytic is one of the common 

methods that used to degradation of water 

contaminants. In photocatalytic degradation of 

pollutants under the influence of ultraviolet radiation 

(UV) and in the presence of catalyst particles of 

metal oxides such as TiO2 and ZnO 

[12].Nanoparticles are essential element 

nanoscience that considered due to its applications in 

various fields. ZnO is II-VI family as a 

semiconductor important material due to direct 

energy gap and excitation binding energy at room 

temperature and its high bond length (3.37eV in 

room temperature) and has especially optical and 

electrical properties that can have many applications. 

ZnO, due to its sustainable properties of photonic 

and chemical corrosion similar TiO2,is a 

semiconductor material potential in solar energy 

conversion. Size and morphology are two important 

parameters to measure and identify physical and 

physical chemistry properties of ZnO nanoparticles. 

There are two commercial methods for ZnO 

nanoparticles producing: The French and American 

methods. In both methods, the oxidation of zinc 

metal vapor is used both need a lot of heat, which 

also demands a lot of energy [13]. Considering the 

use of various materials nanoparticles are highly 

regarded for the removal of contaminants from water 

and sewage, therefore, in this study ZnO 

nanoparticles were used for photocatalytic 

degradation of phenol, and the effect of initial 

concentration, nanoparticle dosage, pH and contact 

time factors were studied. 

MATERIAL AND METHODS 

Initially, phenol stock solutionwas prepared 

according to the solution provided in the standard of 

the examination of water and wastewater method 

[14]. as follows: 1.5g pure phenol solution to 1L of 

DI-water. Then 2mL of concentrated sulfuric acid 

were added to enhance stability. Subsequently 10, 40 

and 90 mg/L concentration of phenol were provided. 

A ZnO nanoparticle manufactured by Spadana 

Company was used as nanocatalyst. In order to 

activation of ZnO, nanoparticle catalyst was placed 

in the oven at a temperature 500 ± 50 Cº for 2 - 2.5 

hours and then cooled in the desiccator and 

powdered. 

Experiments were carried out in a cylindrical 

glass reactor with a 2 liters volume. UV lamp 

(W125) at 254 nm wavelength by following features: 

length 25 cm, which protected in quartz sleeve with 

30 and 5 cm highest, and diameter respectively, 

manufacturing engineering Shekoofan Tawseh 

exclusive agency agreement of Arda Company 

France was used as irradiation source. For better 

irradiation of sample, the lamp was immersed in 

solution at center of reactor. Overall the system was 

wrapped with aluminum foil to prevent the leak 

irradiation. Reactor designs is shown in Fig. 

1.Phenol photocatalytic process carried out at pH (7, 

11), contact time (5, 10, 20 and 30 min), 

nanoparticles dosage (0.15 and 0.3 mg/L) and the 

initial concentration of phenol (10, 40 and 90 mg/L). 

then, 10, 40, 90 mg/L concentrations of phenol in a 

cylindrical container prepared in 2 L, then added the 

nanoparticles in certain dosage to obtain the 

optimum  nanoparticles dosage. Then container 

placed on the magnetic stirrer in a completely dark 

environment for 30 minutes to reach the balance of 

nanoparticle emissions created in attraction and 

repulsion. Stirring was constantly to prevent the 

nanoparticle sedimentation and mix thoroughly in all 

parts of the solution to be created. Then UV lamp 

was turn on and sampling carried out according 

considering contact time. The samples volume was 

selected 10 mL to prevent the noticeable change of 

solution volume. Subsequently samples were 

centrifuged for 10 minutes at a speed of 6000 to 

deposit the particles. 

Phenol concentration was measured based on 

standard method [14].The direct method photometry 

(that part of the book is given 5530D). Firstly, 5 mL 

of sample picked up and reached to 100 mL of 

volume with DI- water and2.5 mL ammonium 

hydroxide added and pH of solution was reached to 

7.9 ± 0.1 with phosphate buffer. Then, 4 mL amino 

anti-Pyrin -added and well stirred, also, 1 mL 

potassium Ferro cyanide was added to solution.  

Similarly these steps were conducted for control 

sample.Adding the Ferro cyanide reagent to sample 

leads to create the yellow to dark red hat is 

depending on the concentration of phenol in the 

solution. Then, the absorption value was measured 

after 15 min at 500 nm with spectrophotometer 

(model UV-1650-Shimadzu. Japan). Moreover, 

standard curve was prepared in 5 concentrations of 

phenol 1, 2, 3, 4, and 5 mg/L [15]. The multiple 

regression analysis method were used to determine 

the effect of pH, contact time, ZnO dosage, initial 
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concentration of phenol and UV variables on 

efficiency removal of phenol. 

 

Fig. 1. Schematic of photocatalyc reactor. 

RESULTS AND DISCUSSION 

Effect of pH 

The effect of pH on phenol removal was 

studied in nano-photocatalytic process (UV/ZnO). 

Results indicated that pH is an important variable 

in this process, and plays important role in acid-

base balance in that affected on material 

concentration of degraded or not degraded 

compounds. Result indicated that with increasing 

of pH, the phenol removal was decreased (Fig. 2). 

This revealed that pH has negative effect on nano-

photocatalytic process (UV/ZnO). So that the trend 

of phenol removal was as fallow acidic >neutral > 

basic condition. 

 

Fig. 2. The phenol removal in the presence of UV (W 

125) in the both acidic and basic pH, C0=15 mg/L. 

The most phenol degradation in acidic condition 

can attributed to the presence of proton (H+) that 

leads to formation of H0 radicals [5, 16].Beside the 

above reason, the positive charge of ZnO in acidic 

condition can increased the phenol degradation, 

however, there are not evidence document about 

positive charge of ZnO in acidic condition [17, 18]. 

Therefore, the electrostatic attraction between 

positive charges of ZnO and phenoxic anions caused 

the more removal of phenol in acidic condition. The 

results of Kashif et al. [19] and Akbal et al [20] 

correspond with our study. 

Effect of ZnO dosage 

Results showed the use of nanoparticles leads to 

the increasing removal efficiency of phenol due to 

the increasing concentration of generated radicals. 

Also, the number of photons absorbed will also 

increase [19], Resulting the availability and 

accessibility of active sites has also increased that 

leads to increasing of the adsorbed phenol molecules 

[19, 21]. 

Fig. 3 showed with constant the other conditions 

(phenol concentration and pH), increased the 

nanoparticle dosage at 0.15 to 0.3 g/L caused the 

decrease of kinetic reaction. Because catalyst makes 

reducing the UV pe netration in solution and 

increased dispersion of irradiation on nanoparticles 

surfaces, therefore, leads to reduce the amount of 

nanoparticles activated by photon [17, 19, 21, 22]. 

Similarly, Guo et al. reported this result [16]. So, 

0.15 g/L dosage of ZnO was determined as the 

optimum value for the experiments. 

 

Fig.3. The percentage removal of phenol at various 

ZnO dosage in UV/ZnO process: pH=5, C0= 15 mg/L. 

Effect of initial concentration of phenol 

Results showed efficiency removal of phenol 

was decreased with increased of initial 

concentration (Fig.4), so that in constant condition 

(nanoparticle dosage and pH), the kinetic reaction 

was decreased with increasing of phenol 

concentration from 10 to 90 mg/L. The percentage 

removal of phenol at acidic pH (pH =5), the 

nanoparticle 0.15 g/L and 30 minutes obtained 

94.24%, while, 74 and 45.88% removal obtained 

at 40 and 90 mg/L concentration respectively.   

This can due to the concentration of radicals 

produced in all the solutions are same, so at low 

concentration of phenol with the same amount of 
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hydroxyl radical, the degradation value will be 

more than high phenol concentration. 

Another possible reason, production the more 

reactive intermediate of phenol that reacts with 

free present radicals. Considering the competition 

between phenol and intermediate products, by 

increasing the initial concentration of phenol and 

increase the accumulation and concentration of 

intermediate products on one hand and reducing 

the amount of phenol concentration in the 

solution, so leads to significant amount of radical 

formation used to intermediate products 

degradation.  In this regard, the study of Malaki et 

al [5] also revealed that phenol degradation rate 

decreases with increasing initial concentration 

because it would produce more reactive 

intermediate products of phenol which react with 

free present radicals [5]. The study of 

Sobczyński&Duczmal [22] showed that the 

degradation rate decreased at the high 

concentration of phenol, and attributed to made 

polymeric compounds such as biphenol that are 

insoluble in water and may stick on the catalyst 

surface and caused reduce photocatalytic 

performance in high concentrations of phenol. 

Kashif & Ouyang proposed that the UV absorption 

of phenol is more than catalyst, therefore, the 

absorbed photon hasn’t effect for degradation 

[19]. 

 

Fig. 4.The effect of initial concentration of phenol on 

its removal trend in UV/ZnO process: pH=5, ZnO=0.15 

g/L. 

Effect of irradiation time 

The irradiation effect was studied at 4 times (5, 10, 

20 and 30 minutes). Results indicated efficiency 

removal of phenol was increased with increasing of 

irradiation time. So that the maximum removal 

obtained at 30 min. (Fig. 2, 3 and 4) [23]. 

CONCLUSION 

Results revealed that the phenol degradation rate 

increased in the nano-photocatalytic UV / ZnO 

process. Many factors affect edoxidation rate 

including pH, initial concentration of phenol, 

irradiation time and ZnO dosage. The efficiency 

removal of phenol increased with increasing of 

radiation time and efficiency decreased with 

increasing of pH, ZnO dosage and initial 

concentration. 
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Polyamide-66 (PA66)/CaCO3 micro- and nano-composites were successfully prepared by polymer solution method. 

The material was characterized by XRD, SEM, FTIR, UV-VIS, DSC, Viscometry technique and UTM. The XRD 

results of composites have suggested that the α-crystalline form is thermodynamically more stable and has a higher 

modulus than the γ-crystalline forms. Uniform dispersion of particles in polymer was shown through SEM. The results 

showed that incorporation of CaCO3 particles increased the modulus and tensile strength of neat PA66 however 

decreased its elongation at yield and break. Nanosized CaCO3 was superior to micro-sized CaCO3 in that it caused 

higher modulus and strength.  

Keywords: Polyamide-66, CaCO3 nanoparticles, nano-composites, optical properties, thermal properties, mechanical 

properties.

INTRODUCTION 

Polymer composites represent an important class 

of engineering materials. Although, polymers 

possess less stability and low module in comparison 

to metals and ceramics, one of the best ways for 

modification of their mechanical characteristics is 

the use of fillers [1, 2]. The incorporation of 

inorganic fillers into thermoplastics has been 

widely practiced in industry to extend them and to 

improve certain properties. Fillers have been used 

extensively in the past many years to improve 

properties of polymeric materials. Besides the 

increment obtained in stiffness, hardness, abrasion 

resistance, and reduced cost, addition of filler to the 

polymer also modifies their flow behaviour and 

consequently its process-ability [3, 4]. One of the 

most important mineral fillers occupying an 

important role as particle reinforcing agent in the 

thermoplastics industry is Calcium Carbonate 

(CaCO3) [5]. In fact, CaCO3 in most cases is 

cheaper than other fillers like talc and therefore 

takes an overwhelming proportion of the filler 

market in plastics [6]. The production of 

composites by various methods has become a usual 

affair since last few years [7]. Nano-composites are 

a relatively new class of materials with ultrafine 

phase dimensions, typically of the order of a few 

nanometres. The objectives for preparation of 

enhanced performance nano-materials are to obtain 

a homogeneous distribution of the nano-particles 

within the polymer matrix, and to promote a strong 

interfacial adhesion between the matrix and the 

nano-filler. Uniform dispersion of the nanometre 

particles offers a major specific surface area 

enhancement, compared to conventional 

reinforcements of micrometre size. As a result, 

addition of small amount of filler, compared to 

conventional composites, can induce dramatic 

changes in host matrix properties [8]. While 

micron-sized fillers were historically used to lower 

the cost of relatively expensive polymer resins [9], 

it is well-understood that incorporation of surface 

modified inorganic nano-scale fillers (1–100 nm) 

within a polymer matrix enhances the properties of 

the polymer dramatically, and the phenomenon has 

been described as the ‘‘nano-effect’’ [10]. As a 

consequence, the nano-composite properties are 

strongly influenced by the nature of the interface 

between inorganic and polymer matrices. A strong 

interfacial interaction between the inorganic nano-

particles and the polymer matrix can give rise to 

some unusual properties in these materials [11]. In 

recent years, demands have increased in using 

polyamide (PA) to replace certain metals and 

thermosets in the automotive vehicle and power 

train systems, and lawn or garden tools with 

addition of different fillers like fibres, talc and 

CaCO3 [12]. Nylon is one of the first 

commercialized polymers and polyamide-66 having 

the distinction of highest production [13]. 

Polyamide-66 (PA66) is a semi-crystalline material 

that has a combination of strength, flexibility, 
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toughness, and abrasion resistance. It is also known 

for its dye-ability, low coefficient of friction (self-

lubricating), low creep, and resistance to solvents, 

oils, bases, fungi, and body fluids. The applications 

of polyamide-66 range from textile fibers, 

membranes, tapes, food packaging to electronics, 

medical and automotive parts [14]. 

In this study, the micro-particles (procured in 

the lab) and nano-particles of CaCO3 (synthesized 

using microemulsion method) were used as filler to 

prepare polyamide-66/CaCO3 micro- and nano-

composites through polymer solution method. The 

characteristics and properties of the two composites 

(micro- and nano-) have been compared. The 

structural and morphological properties of 

composites were characterized by XRD and SEM. 

The optical properties of the sample was 

investigated by FTIR and UV-VIS 

spectrophotometer. Thermal properties of 

composites were studied using DSC. The viscosity 

average molecular weights of polyamide-66 and its 

micro- and nano-composites were determined using 

an Ubbelhode viscometer. Universal Testing 

Machine (UTM) was used to measure mechanical 

properties (tensile tests) of composites at room 

temperature according to ASTM-D882.  

EXPERIMENTAL 

Materials 

CaCO3 nano-particles with an average size of 33 

nm were synthesized via microemulsion route [15]. 

Micro-CaCO3 (Merck Company, Germany) 

particles, procured in the lab with an average size 

of 2 µm, Dimethyl Sulfoxide (DMSO), 99%, and 

formic acid (90%) were supplied by Merck 

Company, Germany. Injection moulding grade 

polyamide-66 from SRF Limited, India was used to 

produce micro- and nano-composites. 

Synthesis of micro- and nano-composites 

Polymer solution method was used for the 

synthesis of micro- and nano-composites. Effect of 

the quantity of micro- and nano-particles of CaCO3 

on the synthesized composites was studied for 0, 1, 

2 and 3 wt.%. In the following paragraph, the 

preparation method of polyamide-66/CaCO3 

composites is explained.    

Polyamide-66 (PA66), micro- and nano- 

calcium carbonate particles  were first heated in a 

vacuum oven for 12 hrs at 100oC until any possible 

residual moisture was removed. Then, polyamide-

66 was dissolved in DMSO until a homogeneous 

solution was obtained. Different amounts of CaCO3 

particles were carefully added to this PA66 solution 

under vigorous stirring with a magnetic stirrer bar 

at room temperature (27oC). The stirring was 

carried out for 24 hrs under ambient condition of 

27oC to get the feed proportion of 1, 2, and 3 wt.% 

of nano-sized CaCO3 based on the amount of PA66. 

Subsequently, the resulting solution was poured 

onto clean glass plates with side tapes around the 

glass plates (acting as thin trays) and dried until 

tack-free in a low-humidity chamber at room 

temperature. Then, the resultant films were vacuum 

dried for 24 hrs at 60oC until all the solvent was 

removed by evaporation delivering polymer nano-

composite. All films were prepared for the same 

time and ambient conditions. Pure PA66 films were 

prepared in the same manner which also showed 

opaqueness and milk-white color upon drying of 

solvent. Conventional composite films were also 

prepared in the same procedure containing 1, 2, and 

3 wt.% of micro-sized CaCO3. 

Filler dispersion analysis 

The synthesized nano-calcium carbonate 

powders [15] were dispersed in isopropyl alcohol 

(IPA) and placed in an ultrasonic bath to ensure 

fine dispersion. Two to three drops were then 

placed on a filter paper and the CaCO3 nano-

particles were observed under a Transmission 

Electron Microscope, TEM, (JEOL JEM-2100F, 

Japan) at 120 KV. The average primary particle 

size of the nano-particles was then determined from 

the TEM photomicrograph. The phase morphology 

of the nylon-66/calcium carbonate nano-composites 

was examined using a Scanning Electron 

Microscope (SEM) that is expressed in the next 

section. 

Characterization of the synthesized composites 

X-ray diffraction (XRD) Analysis: the influence 

of micro- and nano-CaCO3 particles on the crystal 

structure of polyamide-66 was studied using a 

Rigaku X-ray Powder Diffractometer with Cu 

anode (Cu Kα radiation, λ=1.54186 Å) in the range 

of 5o≤ 2θ ≤ 30o and at 30 kV and at a scanning rate 

of 4o/min. 

Scanning Electron Microscopy (SEM) Analysis: 

Scanning Electron Microscope (SEM-EDS, Carl 

Zeiss: EVO40) at 20 kV was used to characterize 

the dispersion and agglomeration of micro- and 

nano-CaCO3 particles inside the polyamide-66 

matrix. The samples were sputter-coated (Sputter 

Coater: POLARON-SC7640) with a thin layer (10–

20 nm) of gold palladium. The coating was carried 

out by placing the specimen in a high vacuum 

evaporator and vaporizing the metal held in a 

heated tungsten basket. In addition, energy-
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dispersive X-ray spectroscopy (EDS) was also used 

to reveal the relative quantities of the different 

elements present in the compounds. 

Fourier Transform Infrared Spectroscopy 

(FTIR) Analysis: FTIR spectroscopy is used for the 

identification of polymers and additives, study of 

coupling effects, conformational studies, 

crystallinity and end group analysis. FT-IR spectra 

were recorded with an Interspec-2020 

(SPECTROLAB, UK) Spectrophotometer using 

KBr pellets in order to make small tablets; the 

analyses were conducted between 400 a 4000 cm–1. 

Optical Absorption Analysis: a direct and simple 

method for probing the band structure of composite 

materials is to measure the absorption spectrum. 

The optical absorbance A(ν) spectra for the 

composites were measured using a Ultraviolet-

Visible (UV-VIS) Double Beam Spectrophotometer 

(Perkin Elmer Precisely: Lambda-35) at room 

temperature in the wavelength range 200-800 nm. 

The absorption coefficient α(ν) was calculated from 

the absorbance A(ν). After correction for reflection, 

α(ν) was calculated using the relation (equation-1): 

)exp( xoII  , (1) 

Hence, 
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Where, Io and I are the incident and transmitted 

intensity, and x is the thickness of the cuvette. The 

relationship between fundamental absorption and 

optical energy gap is given by equation-3: 
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Here, c is the velocity of light. At high 

absorption coefficient levels for non-crystalline 

materials, it can be related to the energy of the 

incident photon by the following relation, equation-

4: 
n

optEh )()(   , (4) 

Where, β is a constant and the exponent, n can 

assume values of 0.5, 1, 2, 3, and 3/2. For allowed 

indirect transition, the exponent takes the values 1, 

2, and 3 [16]. At low absorption levels (in the range 

of 1–10-4 cm-1), the absorption coefficient α(ν)  is 

described by the Urbach formula [17], equation-5: 
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Where αo is a constant and EU is an energy term 

which is interpreted as the width of the tail of 

localized state of the mobility gap (forbidden band). 

Differential Scanning Calorimetry (DSC): The 

degree of crystallinity of polyamide-66 and its 

micro- and nano-composites were determined using 

a Thermal Analysis Apparatus (DSC-60 Shimadzu, 

Japan). The heating scans were recorded in the 

temperature range 20-300°C at a heating rate of 

10°C/min under nitrogen atmosphere. The degree 

of crystallinity (Xc) of polyamide-66 and its 

composites was calculated from the heat of fusion 

(∆Hm) of the specimen using equation-6: 
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Where Wf is the weight fraction of filler and 

ΔHo
m is the heat of fusion for virgin (100% pure) 

crystalline PA66 and its value is reported to be 196 

J.g-1 [13]. 

Determination of Molecular Weight: The 

viscosity average molecular weights of sample 

were determined using an Ubbelhode viscometer. 

Relative viscosity (defined as the ratio of the 

viscosity of a polymer solution to that of the 

solvent) was calculated by the ratio of torque 

values. Intrinsic viscosity was calculated from 

relative viscosities, equations 7, 8 & 9 [18]. 
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The intrinsic viscosity [η], dl/g, was measured in 

formic acid at 25oC and the viscometric average 

molecular weight (Mv), g/mol, was calculated from 

the intrinsic viscosity using the Mark–Houwink 

relation, a relation between viscosity and molecular 

weight given by equation 10. 

v

KM][ , (10) 

Where K and α are constants relating to structure 

of the solvent, and Mv is the viscosity average 

molecular weight. The constants K and α used for 

the polyamide-66/formic acid system at 25°C are 

35.3 × 10-5 dl/g and 0.786, respectively [19]. 

Mechanical Properties (Tensile Tests): Tensile 

strength, Young’s modulus and percent elongation 

at yield and break were measured at room 

temperature according to ASTM-D882 [20] on 

Zwick 1445 Universal Testing Machine (UTM). 

The test specimen (film) dimension was 

7×0.8×0.09 cm3 (Length ×Width ×Thickness). For 

each composite type, seven specimens were used 

and the average value of three replicated tests was 

taken for each composition. Subsequently, the 

mean values and their standard deviations were 

calculated. The test specimen gauge length was 5.1 
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cm and crosshead speed for the film testing was 

0.10 cm/min. 

RESULTS AND DISCUSSION 

The used micro- and nano-particles in the Nylon-66 

matrix 

Fig. 1 shows the TEM photomicrograph of the 

nano-filler used in this study. The average primary 

particle size the stearic acid coated nano-CaCO3 

filler was measured to be about 33 nm. This image 

reveals that most of the coated CaCO3 nano-

particles are quasi-spherical and have rough 

surface. The nano-particles have a strong tendency 

to form agglomerates due to their high surface 

energy which is a result of the small particle size 

[15].  

 
Fig. 1. TEM photomicrograph of the nano-CaCO3 

particles used in this study [15]. 

XRD analysis 

Polyamide-66 (PA66) is a polycrystalline 

polymer in which triclinic α-crystalline and pseudo-

hexagonal γ-crystalline are the most important 

phases. The triclinic α-phase structure at room 

temperature transforms into γ-phase structure at 

elevated temperatures [21]. Liu, et al. (2007) have 

reported that even though, the stable crystalline 

form of PA66 at room temperature is in the α-

crystalline, γ-crystalline forms can also co-exist 

along with the α-crystalline form depending on 

processing conditions [22]. XRD measurements 

were used to investigate the influence of CaCO3 

particles on the crystal structure of polyamide-66. 

The XRD patterns of PA66 and PA66/CaCO3 

micro- and nano-composites are shown in Fig. 2.  

It is well documented that the crystalline 

structure of a semi-crystalline thermoplastic has 

significant effect on the thermal and mechanical 

properties. Furthermore, XRD results of composites 

have suggested that CaCO3 particles are found in 

the amorphous phase of the semi-crystalline 

thermoplastic. It has been found that the α-

crystalline form is thermodynamically more stable 

than the γ-crystalline forms at room temperature 

[22, 23]. As shown in Fig. 2, the XRD pattern of 

neat PA66 (PA66 with 0 wt.% CaCO3) displays two 

strong diffraction peaks at 2θ=19.232 and 23.280o 

corresponding to the (100) and (010) (110) doublet 

of the α-crystalline structure. Furthermore, a small 

peak at 12.634o is associated with the (002) plane of 

the γ-crystalline structure. It can be seen from Fig. 

2 that with increasing the content of CaCO3 

particles within polyamide-66 matrix, the γ 

crystalline form tends to disappear. Thus, it may be 

said that calcium carbonate particles form a PA66 

crystal thermodynamically more stable with the 

reduction of the metastable γ crystalline phase 

within the polymeric matrix and forming only an α 

crystalline structure. The d-spacing between the 

planes in the atomic lattice was calculated using 

Bragg’s law [24, 25]: 

 

Fig. 2. XRD patterns of neat PA66 and PA66/micro- 

and nano-CaCO3 composites: 1, 2 and 3 wt. % CaCO3 

micro- and nano-particles. 

It has been obtained that the presence of CaCO3 

particles does not influence the d-spacing of the α- 

and γ-crystalline forms of polyamide-66. The d-

spacings of α (100), α (010) (110) and γ (002) for 

all nano-composites are 0.46, 0.38 and 0.69 nm, 

respectively. This may be interpreted as follows: 

each set of miller planes with a unique d-spacing 

can give rise to a distinct diffraction peak in the x-

ray diffraction pattern. When two or more sets of 

miller planes have the same d-spacing, the 

diffraction peaks fall at the same position (angle) in 

the diffraction pattern. This point is supported by 

Yasmin and Daniel, 2004 [26]. Thus, the non-

variation of the d-spacings of the α-crystalline 

forms demonstrates that CaCO3 particles may be 

found in the free volume of PA66. The 

incorporation of surface modified CaCO3 filler in 

the polymer chains causes the increase of the 

amorphous region and the particles can have larger 

surface area in contact with the polymer, especially 

the nano-particles that have very small size scale 

and immense surface area per unit volume. This 
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means that there are more sites available for filler–

filler and matrix–filler interactions and adhesions. 

Scanning electron microscopy (SEM) analysis 

The dispersion of the particles inside the bulk 

PA66 was investigated using SEM. It is known that 

the dispersion of filler in the polymer matrix can 

have significant effect on the mechanical properties 

of the composites. However, the dispersion of 

inorganic filler in a thermoplastic is not an easy 

process. The process becomes more intricate when 

nano-particles are used as filler, because they have 

strong tendency to agglomerate. It is reported that a 

good dispersion can be achieved by surface 

modification of the filler particles [27]. It is 

pertinent to state that in this study, it was tried to 

take those images of samples through SEM that 

show the cavities on the surface of the polymer. 

The aggregation of polyamide-66 particles seen in 

these images is attributed to the size of applied 

magnifications. Referring to the figure cited in the 

inset, Fig. 3(b), the normal situation of the presence 

of the micro-particles in the polymer chains may be 

observed through different resolution (resolution of 

5μm). Fig. 3(a) shows the SEM micrograph of neat 

PA66. The uniform dispersion of 1, 2, and 3 wt. % 

surface modified micro- and nano-CaCO3 within 

PA66 are evidenced from SEM images as shown in 

Figs. 3(b)-(g). The Energy dispersive spectrometer 

(EDS) analysis, Fig. 3(h), shows the presence of 

CaCO3 particles in the polymer composites. The 

weight percentage of constituents of polymer 

composites may also be found. Figs. 3(d) and (g) 

indicate the SEM micrograph of well-distributed 3 

wt.% of surface modified micro- and nano-CaCO3 

particles within PA66, respectively. A similar 

degree of the CaCO3 distribution is also observed 

for lower weight fraction of CaCO3 (e.g., 1 and 2 

wt. %). 

It is clearly noticed from these figures that both 

types of surface modified, micro- and nano-

particles are covered to the PA66 matrix. Moreover, 

nano-fillers appear homogeneously dispersed into 

polymer. Referring to Fig. 3(a), cavities can be 

found on the surface of the neat PA66. Some of 

these cavities which are occupied by micro-CaCO3 

particles are shown in Figs. 3(b) - (d).  

Cavitations are also found on the surface of 

PA66/micro-CaCO3 composites, as cited in Figs. 

3(b)-(d). However, since no cavity is observed on 

the surface of PA66/nano-CaCO3 composites, as 

noticed in Figs. 3(e) - (g), the presence of nano-

particles must be more responsible than micro-

particles for the cavitations. The figures cited in the 

inset, Figs. 3(e)-(g), also show uniform dispersion 

of CaCO3 nano-particles in PA66 matrix through 

different resolution (resolution of 5μm).  In the 

nano-composites containing CaCO3, Figs. 3(e) - 

(g), the particles are found better covered to the 

PA66 matrix and have larger surface area in contact 

with the polymer matrix compared to micro-CaCO3 

particles. In addition, cavities are present at the 

interface, suggesting that the coating of CaCO3 

promotes adhesion between the particles and PA66 

matrix thus improving the compatibility between 

the phases. 

Fourier transform infrared spectroscopy (FTIR) 

analysis 

FTIR can be used to detect amorphous or 

crystalline CaCO3 on PA66 surfaces. FTIR spectra 

taken for neat PA66, PA66/CaCO3 micro- and 

nano-composites are shown in Figs. 4 to 10. The 

band assignments for PA66 are well documented in 

the literature [28]. Fourier-transform IR confirmed 

the chemical structure of the PA66, Fig. 4, showing 

absorptions for all required chemical groups: N-H 

stretch at 3305.52 cm-1, C-H stretch at 2865.02-

2936.45 cm-1, Amide-I at 1638.76 cm-1, and Amide-

II at 1539.55 cm-1. The band at N-H stretching and 

C=O stretching strongly depend on hydrogen 

bonding interaction between the PA66 chains, these 

results are supported by the reported literature [29]. 

CaCO3 forms a complex with C-H groups in 

polyamides and break the hydrogen bonds between 

PA66 chains, as can be inferred from Figs. 5 to 10. 

Therefore it is expected to see a shift in the 

vibrational bands associated with C-H stretching 

vibration. For instance, the fundamental bands and 

probable assignments for neat PA66 and 

PA66/Nano-CaCO3 composite consisting 3 wt.% 

CaCO3 nano-particles are given in Tables 1 and 2 

respectively.  

Structural changes were observed in the FTIR 

spectra after the addition of filler in PA66. There 

were some significant changes observed in the IR 

absorption of the C-H region at 1478.87 cm-1 

(Strongest peak relating to CaCO3 nano-particles) 

between the filled and unfilled PA66. Changes in 

the peaks proved that the addition of filler in the 

matrix affects the transmittance of that polymer. It 

means that the interfacial effect would be a 

dominant factor where there is direct binding of the 

polymer and the filler. These results are in good 

agreement with reported results by Basilia, et al. 

(2007) [30]. The exposed thick PA66 sample has an 

absorbance peak at 877 cm-1. This peak is due to 

the absorbance of the CO3 group and indicates the 

presence of CaCO3; this point is supported by Suel, 

et al. (2004) [31]. If N-H bonds shift to higher 
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frequency the red shift will be caused by these 

bonds but in the reverse case the blue shift is 

caused by them due to the reduction in bond order. 

The primary motivation for determining the 

molecular structure of a polymer using FTIR 

spectroscopy is to relate the structures to the 

performance properties of the polymer in end use. 

If the polymer chains are completely characterized 

and the structural basis of its properties are known, 

the polymerization reaction can be optimized and 

controlled to produce the optimum properties from 

the particular chemical system [32]. 

 

 

Fig. 3. SEM images of (a): neat polyamide-66 (PA66); PA66/micro-CaCO3 composite (b): 1 wt. % micro-CaCO3 

(c): 2 wt. % micro-CaCO3 (d): 3 wt. % micro-CaCO3; PA66/nano-CaCO3 composite (e): 1 wt. % nano-CaCO3 (f): 2 wt. 

% nano-CaCO3 (g): 3 wt. % nano-CaCO3 (h): Energy-dispersive x-ray (EDS) spectra of PA66/CaCO3 composites; 

(insets show resolution of 5μm) 
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Fig. 4. FT-IR spectrum of neat nylon-66 (PA66). 

 

Fig. 5. FT-IR spectrum of PA66/Micro-CaCO3 composite: 1 wt.% micro-CaCO3 particles. 

 

Fig. 6. FT-IR spectrum of PA66/Micro-CaCO3 composite: 2 wt.% micro- CaCO3 particles. 
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Fig. 7. FT-IR spectrum of PA66/Micro-CaCO3 composite: 3 wt.% micro-CaCO3 particles. 

 

Fig. 8. FT-IR spectrum of PA66/Nano-CaCO3 composite: 1 wt. % nano-CaCO3 particles. 

 

Fig. 9. FT-IR spectrum of PA66/Nano-CaCO3 composite: 2 wt.% nano-CaCO3 particles. 
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Fig. 10. FT-IR spectrum of PA66/Nano-CaCO3 composite: 3 wt.% nano-CaCO3 particles.

Table 1. FT-IR spectra and assignment of PA66. 

Wavenumbers 

(cm-1) 
Assignment 

3305.52 N-H stretching 

3080.11 C-H asymmetric stretching 

3071.38 C-H symmetric stretching 

2936.45 CH2 asymmetric stretching 

2865.02 CH2 symmetric stretching 

1745.03 C=O stretching 

1638.76 Amide I band 

1539.55 Amide II band/CH2 

asymmetric deformation 

1420.49 N-H deformation/CH2 

scissoring 

1368.90 Amide III band/CH2 wagging 

1149.29 CCH symmetric bending/CH2 

twisting 

1128.20 CCH symmetric bending 

936.34 C-C stretching 

690.29 N-H wagging/CH2 rocking 

606.23 C-C bending 

579.17 O=C-N bending 

Optical absorption analysis 

Optical absorption occurs by transition of electrons 

and holes between electronic states (bands, tail and 

gap states) and the energy-band gap is the energy 

needed to break a bond in the crystal. When a band 

is broken, the electron has enough energy to leave 

the valence band and jump to conduction band. The 

width of the band gap determines the type of 

material (conductor, semiconductor and insulator). 

Optical absorption studies on neat PA66 and 

PA66/CaCO3 micro- and nano-composites recorded 

at room temperature and presented in Fig. 11 were 

carried out to obtain energy-band gaps of the 

samples. 

 

Table 2. FT-IR spectra and assignment of PA66/CaCo3 

nano-composite: 3 wt. % nano-CaCO3 particles. 

Wavenumbers 

(cm-1) 
Assignment 

3305.55 N-H stretching 

3178.57 C-H asymmetric stretching 

3091.43 C-H symmetric stretching 

2936.51 CH2 asymmetric stretching 

2865.08 CH2 symmetric stretching 

1745.23 C=O stretching 

1642.85 Amide I band 

1539.68 Amide II band/CH2 

asymmetric deformation 

1472.22 N-H deformation/CH2 

scissoring 

1369.04 Amide III band/CH2 wagging 

1142.85 CCH symmetric bending/CH2 

twisting 

1128.10 CCH symmetric bending 

932.53 C-C stretching 

690.47 N-H wagging/CH2 rocking 

606.23 C-C bending 

579.36 O=C-N bending 

 

Fig. 11. The optical absorption spectra for neat PA66 

and PA66/CaCO3 micro- and nano-composites. 
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Fig. 12. Evaluations of Eopt from optical absorption spectra of (a): neat polyamide-66 (PA66); PA66/micro-CaCO3 

composite (b): 1 wt. % micro-CaCO3 (c): 2 wt. % micro-CaCO3 (d): 3 wt. % micro-CaCO3; PA66/nano-CaCO3 

composite (e): 1 wt. % nano-CaCO3 (f): 2 wt. % nano-CaCO3 (g): 3 wt. % nano-CaCO3. 
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Fig. 13. The linear dependence of lnα on hν and estimation of Urbach’s energy for (a): neat polyamide-66 (PA66); 

PA66/micro-CaCO3 composite (b): 1 wt. % micro-CaCO3 (c): 2 wt. % micro-CaCO3 (d): 3 wt. % micro-CaCO3; 

PA66/nano-CaCO3 composite (e): 1 wt. % nano-CaCO3 (f): 2 wt. % nano-CaCO3 (g): 3 wt. % nano-CaCO3. 
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Table 3. The estimated optical data of neat PA66 and PA66/CaCO3 composites. 

Material 
Wavelength 

(nm) 

Absorbance 

(arb units) 

Eopt 

(eV) 

EU 

(eV) 

Neat PA66 280 0.029 4.10 0.25 

PA66/1 wt. % micro CaCO3 280 0.067 4.03 0.26 

PA66/2 wt. % micro CaCO3 280 0.098 3.82 0.41 

PA66/3 wt. % micro CaCO3 280 0.354 3.68 0.49 

PA66/1 wt. % nano CaCO3 280 0.061 3.93 0.39 

PA66/2 wt. % nano CaCO3 280 0.095 3.76 0.45 

PA66/3 wt. % nano CaCO3 280 0.343 3.47 0.55 
 

Table 4. Summary of DSC heat scan results of neat PA66 and PA66/CaCO3 micro- and nano-composites. 

Sample 
Wt. % of 

loading 

Tm 

(oC) 

∆Hm 

(J/g) 

Crystallinity 

(%) 

Neat PA66 0 262.14 85.14 44.78 

PA66/Micro-CaCO3 composite 1 

2 

3 

260.90 

254.80 

246.90 

84.05 

81.46 

73.13 

44.21 

42.41 

41.38 

PA66/Nano-CaCO3 composite 1 

2 

3 

259.40 

247.30 

242.70 

82.59 

75.47 

70.77 

42.99 

41.75 

39.54 

It may be deduced  from the curves in this figure 

that the addition of CaCO3 particles in polyamide-

66 increases the absorbance of the composites. In 

order to evaluate the energy band gaps for the 

composites, plots of (αhν)2 versus photon energy 

(hν) were obtained and are shown in Figs. 12-(a) - 

(g). The best fit to the absorption spectra were 

obtained when the value of n used was equal to 0.5, 

suggesting that the electron transition allowed 

direct transition for these nano-composite samples. 

It can be seen that the plots are linear in the region 

of strong absorption near the fundamental 

absorption edge. Thus, the absorption takes place 

through direct transition. The band gap obtained by 

extrapolating the linear part to zero of the ordinate 

are also indicated in the figures. This lead to the 

evaluation of the band gaps, Eopt, while slope gives 

the value of constant β. The factor β depends on the 

transition probability and can be assumed to be 

constant within the optical frequency range [33]. 

Adding CaCO3 in PA66 matrix may cause the 

localised states of different colour centres to 

overlap and extend in the mobility gap. This 

overlap may give an evidence for decreasing energy 

gap when adding CaCO3 in the polymer matrix. 

The Urbach formula was used to calculate the 

width of the Urbach’s tail of the localised states due 

to the defect levels in the transition gap, as 

suggested by Davis and Mott, 1970 [16]. The 

Urbach’s tail is generally attributed to the disorder 

in the material that leads to another tail in the 

valence and conduction bands [34]. It was reported 

that Urbach’s tail is often observed in crystalline 

and amorphous materials [35]; therefore the Urbach 

energy (EU) can be used as a parameter to 

determine the optimum growth conditions of these 

materials. The origin of EU is considered as thermal 

vibrations in the lattice, as reported by Zaki, 2008 

[33]. The logarithm of the absorption coefficient 

(lnα) was plotted as a function of the photon energy 

(hν) for composites as presented in Figs. 13-(a) to 

(g). The reciprocal of the slopes of the curves yields 

the magnitude of width of the band tail, EU.  The 

values of energy band gaps, Eopt and Urbach’s 

energy, EU for the pure PA66 and PA66/CaCO3 

composites obtained from the cited figures above 

are summarised in Table 3. A glance at the data 

presented in the table reveals that addition of 

CaCO3 particles in PA66, results in the decrease of 

energy-band gaps of the composites; the values 

being less than that for neat PA66. Highest 

reduction of energy-band gap was related to 

PA66/nano-CaCO3 with 3 wt. % CaCO3 nano-

particles. It was also observed that the Urbach’s tail 

for pure PA66 is less than that for PA66/CaCO3 

composites. The decrease in the Urbach’s energy in 

case of PA66 may be due to the decrease in the 

crystalline nature of the polymer. 

Differential Scanning Calorimetry (DSC) 

The influence of the micro- and nano-CaCO3 in 

the composites on the crystallization mechanism of 

the PA66 matrix was studied through differential 

scanning calorimetry. DSC studies for neat PA66 

and PA66/CaCO3 micro- and nano-composites 

upon heating provided the glass transition 

temperature (Tg), melting temperature (Tm) and 

degree of crystallinity (Xc) and the endotherms are 

presented in Fig. 14. 
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Fig. 14. Composite figure showing DSC melting 

endotherms during the heating scans of neat PA66 and 

PA66/micro- and nano-CaCO3composites. 

The DSC scans of the neat PA66 and 

PA66/CaCO3 complexes showed a single relaxation 

temperature (Tg) at 0C. The heat of fusion 

and melting temperatures obtained from the 

endotherms are summarised in Table 4. There is an 

interesting observation in DSC melting endotherm, 

Fig. 14. Neat PA66 gives two endothermic peaks 

during the heating ramp, one around 258oC and the 

other one at 262oC, the first melting peak 

corresponds to the α-crystalline phase and a small 

shoulder peak before the main endothermic peak 

(α-crystalline phase) corresponding to γ-crystalline 

phase of neat PA66, as noticed by other researchers 

[36, 37]. This observation is also supported by the 

XRD analysis of the neat PA66 where both α- and 

γ-crystalline forms were noticed, Fig. 2 and an 

explanation given thereof. The percent crystallinity 

of the PA66 samples was calculated as the ratio of 

the heat of fusion (∆Hm) of the sample to the heat of 

fusion of the pure crystalline at the weight fraction 

of composite form equation-1. The heat of fusion of 

pure polyamide is taken as 196 J.g-1 [13]. It can be 

observed in Table 4 that the crystallinity of pure 

PA66 is 44.78% and the addition of CaCO3 causes 

decrease in crystallinity and these observations are 

in accordance with the results obtained from the 

UV-VIS spectrophotometry. 

As a result, heat of fusion decreases when 

inorganic filler was added. It seems that the 

modified surface of the CaCO3 filler increases the 

amorphous region of polymer chains and is in good 

agreement with the results reported earlier by 

Basilia, et al., 2007 [30]. However, the DSC data 

indicate that incorporation of CaCO3 results in 

simultaneous decrease of melting point especially 

at the higher nano-CaCO3 content. The 

incorporation of nano-CaCO3 into polyamide 

composites shows lower degree of crystallinity than 

that of micro-CaCO3 filled polyamide composite. 

Analytical results for polymer composites obtained 

independently DSC studies show that incorporation 

of CaCO3 particles in the polymer matrix improves 

the thermal stability of the micro- and nano-

composites, more so for the latter. 

Characterization of molecular weight 

In a capillary viscometer, the ratio (t/to) of the 

flow time, t of a polymer solution of concentration 

c to the to of the pure solvent is proportional to the 

ratio of their viscosity (η/ηo) if temperature is kept 

constant and the density does not change with 

polymer concentration in solution [18]. In this 

study, molecular weights of the pure and 

synthesised samples were calculated using intrinsic 

viscosity values which were determined by the 

solution viscosity method. The experiments for 

determining the intrinsic viscosity of polyamide-66 

were conducted as follows. Polyamide-66 (1 g) was 

dissolved in formic acid (50 ml) to form a stock 

solution (2 g/dl). Other samples of varying 

concentration were prepared by serial dilution of 

the stock solution. The samples were poured into 

the viscometer maintained at 25oC. The time taken 

for the solution to flow between two points (efflux 

time) on the viscometer was recorded (efflux time 

was replicated in triplicate to get an average value). 

The concentration of the polymer solution and the 

corresponding efflux time was used to calculate 

various viscosity values. The reduced viscosity 

(ηreduced) values so obtained for each sample were 

plotted against concentration (c), and the best fit 

through the data provided the intrinsic viscosity. 

All the concentrations used in this study were in the 

range of 1.54 – 2.0 g/dl. Finally, the Mark–

Houwink formula was used to determine the 

viscosity-average molecular weight (Mv) of 

samples from the intrinsic viscosity measurements, 

resulting in a Mv ~ 18,000 g/mol. Therefore, it may 

be concluded that the presence of CaCO3 particles 

is not able to change the structure and molecular 

weight of PA66. 

Tensile properties of composites 

Tensile properties of the seven pieces of each 

composite sample were examined using Zwick 

1445 Universal Testing Machine (UTM).  For each 

piece of all the micro- and nano-composite 

samples, the stress-strain (σ-ε) data was plotted in 

terms of elongation. For each sample, 2-3 stress-

strain (σ-ε) curves which had significant differences 

with the others were rejected and the calculation for 

the tensile properties was done only on the 

remaining, and the average results were considered 

as the property of each sample. The calculated 

values of the Young’s modulus of neat PA66 and 

PA66/CaCO3 micro- and nano-composites are 
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plotted in Fig. 15 showing the effect of content of 

micro- and nano-sized CaCO3 particles on the 

modulus of PA66/CaCO3 composites. It has been 

widely accepted that doping of the fillers into 

polymer matrix would improve the mechanical 

properties of the resulting composites [38, 39]. The 

addition of the CaCO3 leads to improvement in 

stiffness for both the micro-composites and nano-

composites. The results shown in Fig. 15 reveal that 

the Young’s modulus of filled polyamide nano-

composites is higher than that of micro-CaCO3-

filled composites. Further, incorporation of CaCO3 

leads to increase in the Young’s modulus of 

polyamide-66 composites in proportion to the 

increase content of the filler and this observation is 

attributed to the higher reinforcing effect of nano-

particles compared to micro particles. Enhancement 

of the tensile modulus with increased filler content 

can be interpreted as follows. In general, adding 

filler to polymer matrix reduces the mobility of 

polymer chains which in effect causes more 

stiffness or higher value of tensile modulus of the 

polymer composite and also this effect can be 

raised by increasing the amount of filler.  

Fig. 15. Effect of filler loading on the Young’s 

modulus of micro- and nano- Polymer composites. 

The relationship between weight percentage of 

filler loading (micro- and nano-CaCO3) and 

strength at yield and break for PA66/CaCO3 micro- 

and nano-composites are shown in Figs. 16 and 17. 

The tensile strength of nano-CaCO3 filled 

polyamide composites is recorded higher than that 

of micro-CaCO3 filled polyamide composites; the 

highest loading of the filler (in the range studied) 

shows the highest tensile strengths of composites 

and nano-fillers provide higher tensile strength 

compared to micro-CaCO3. This increment in 

tensile strength is due to uniform dispersion of 

nano-filler throughout the matrix. The uniform 

dispersion of nano-CaCO3 is confirmed from the 

SEM images shown in Figs. 3(e)-(g). The reason 

for higher tensile strength of nano-composites is 

that the nano-sized CaCO3 particles have larger 

surface area in contact with the polymer matrix. As 

such, the overall bonding strength between the 

particles and matrix is higher. Thus, it is to be 

expected that nano-composites could stand higher 

loading under external forces, as suggested by Zhu, 

et al., 2006 [40]. When the content of CaCO3 is 

low, the micro- and nano-sized CaCO3 cannot well 

disperse in the polyamide matrix and agglomerate 

to form a big cluster and cause a decrease in tensile 

strength.  

Elongation percent of composite samples under 

stress can be calculated from the relation (equation-

11), where Lo is the initial length of the test 

specimen, and L is the final length of sample after 

applying the stretching force. 

100 




o
L

o
LL

 PercentElongation , (11) 

Fig. 16. Variation of tensile strength of micro- and 

nano-composites with filler loading at break. 

Fig. 17. Variation of tensile strength of micro- and 

nano-composites with filler loading at yield. 

Figs. 18 and 19 show the dependence of 

elongation at yield and break points, respectively. 

The incorporation of rigid fillers to polymer matrix 

reduces the elongation at yield and break. This is a 

common observation reported by earlier 

researchers. The results show that with increase in 

weight percentage of filler loading, elongation at 

yield and break for micro- and nano-composites 
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decreases. This might be due to the hard nature of 

polyamide as well as nano-inorganic filler. 

Addition of filler decreases the elongation at yield 

and break of composites. This is due to the 

increment in numbers of spherulites formation with 

reduction in size and increase in percentage of 

filler. This may be attributed to the fact that CaCO3 

particles included into the PA66 matrix restrict the 

movement of polyamide chains. In other words, 

with the enhancement in rigidity the ductility of 

composites decreases; consequently the composites 

break at lower elongation as explained by Zhu, et 

al., in 2006 [37]. 

Fig. 18. Variation of elongation of micro- and nano-

composites with filler loading at yield. 

Fig. 19. Variation of elongation of micro and nano-

composites with filler loading at break. 

CONCLUSIONS 

The major findings of this study are summarized 

as follows: 

PA66/CaCO3 micro- and nano-composites with 

loading of 0, 1, 2 and 3 wt. % of the micro-particles 

(~2 µm) and nano-particles (~33 nm) were 

successfully prepared using polymer solution 

method. The XRD results of composites have 

suggested that CaCO3 particles can form a PA66 

crystal thermodynamically more stable with the 

reduction of the metastable γ-crystalline phase 

within the polymeric matrix and forming only an α-

crystalline structure. SEM results also showed that 

both types of surface modified, micro- and nano-

particles are covered and quite welded to the PA66 

matrix. Moreover, nano-fillers appear 

homogeneously dispersed into polymer. Fourier-

transform infra-red (FT-IR) confirmed the chemical 

structure of the PA66 showing absorptions for all 

required chemical groups: N-H stretch at 3305.52 

cm-1, C-H stretch at 2865.02-2936.45 cm-1, Amide-I

at 1638.76 cm-1, and Amide-II at 1539.55 cm-1.

There were some significant changes observed in

the IR absorption of the C-H region at 1478.87 cm-1

between the filled and unfilled PA66. Changes in

the peaks proved that the addition of filler in the

matrix affects the transmittance of that polymer.

UV-VIS data proved that addition of CaCO3

particles in PA66, results in the decrease of energy-

band gaps of the composites, and the values are less

than that for neat PA66. It was also observed that

the Urbach’s tail for pure PA66 is less than that for

PA66/CaCO3 composites. DSC data indicated that

incorporation of CaCO3 causes the decrease in

crystallinity of composites and also results in

simultaneous increase of melting point.

Viscometric measurements demonstrated that the

presence of CaCO3 particles is not able to change

the structure and molecular weight of PA66. In

addition, the results showed that adding CaCO3 

micro- and nano-particles increased the modulus

and tensile strength of neat PA66 but decreased its

elongation at yield and break. As a result, the nano-

CaCO3 particles cause more effective reinforcement

and therefore a stiffer composite.
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We present Nichols stability analysis based on transmission line modeling for multiwall carbon nanotube 

(MWCNT) interconnects. This is the first instance that such an analysis has been presented for MWCNT so far. In this 

analysis, dependence of the degree of relative Nichols stability for MWCNT interconnects on the geometry of each tube 

has been acquired. It is shown that with increasing the length and the diameter of each tube, MWCNT interconnects 

become more stable. 

Keywords: Multiwall carbon nanotube, interconnects, Nichols stability, phase and gain margin. 

BACKGROUND 

Quoting the International Technology Roadmap 

for Semiconductors (ITRS) report: “traditional 

interconnect scaling will no longer satisfy 

performance requirements. 

Defining and finding solutions beyond copper will 

require material innovation, combined with 

accelerated design, packaging and unconventional 

interconnect.” The main challenges in scaling Cu 

interconnects are given by the poor current density 

allowed and the steep increase of the resistivity. 

Furthermore, the current density required for such 

technologies will rise to values well beyond the 

maximum allowed for copper. For these reasons, 

metallic CNTs have been suggested to replace 

copper in nano-interconnects [1]. 

CNTs have long mean free paths (MFPs) on the 

order of several micrometers (as compared to 40 

nm for Cu at room temperature), which provide low 

resistivity and possible ballistic transport in short-

length interconnects. More importantly, an isolated 

CNT can carry current densities in excess of 1010 

A/cm2 without any signs of damage even at an 

elevated temperature of 250◦C, thereby eliminating  

electromigration reliability concerns that plague 

nanoscale Cu interconnects [2]. 

While CNTs have desirable material properties, 

individual nanotubes suffer from an intrinsic 

ballistic resistance of approximately 6.5 k that is 

not dependent on the length of the nanotube. To 

reduce the impact of the resistance of individual 

nanotubes, bundles of CNTs in parallel, which have 

been proposed as a medium for, interconnect in 

very large scale integration (VLSI) applications [3]. 

Fig. 1 illustrates a schematic representation of a 

typical RLC model for a MWCNT interconnect 

made of N CNTs of the same lengths l and out-

diameters D. In this figure, RC, RQ, and RS represent 

the equivalent resistances introduced by the 

imperfect contacts, the quantum effect, and the 

carriers’ scatterings, respectively. One can 

approximate the quantum contact resistance as 

RQ≈h{2e2NchN}−1 [4], wherein h, e, and Nch are the 

Plank’s constant, electron charge, and number of 

conducting channels in each CNT. When the length 

of each CNT is greater than its carriers′ mean free 

path (λ), the equivalent distributed ohmic resistance 

(per unit length) introduced by carriers scatterings 

with defects, substrate-induced disorders, and 

phonons can be written as RS ≡ RQ / λ [4]. Also 

shown in Fig. 1 CE ≈2πε/(N×ln(y/D)) [5] in which ε 

is the dielectric permittivity, y is distance of 

MWCNT from ground plane, and D is diameter of 

each tube. CQ≈{RQvF}−1 is the per unit length values 

of the equivalent capacitances induced by the 

electrostatic and quantum effects, respectively, in 

which vF is the Fermi velocity in graphite. 

Fig. 1. Simple RLC schematic of transmission line 

circuit model for a driver- MWCNT interconnect-load 

configuration. *To whom all correspondence should be sent:

E-mail: somayehfotohi@yahoo.com
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Since the separation between any two CNT is 

much smaller than y, the effect of the electrostatic 

capacitances between any two CNT in the bundle is 

negligible. Furthermore, LK=RQ / vF and 

LM ≈μ×ln(y/D)/(2πN) [5] represent the per unit 

length values of the kinetic and the magnetic 

inductances, in presence of the ground plane, 

wherein μ is the CNT permeability. In a practical 

case LM << LK [4]. 

In order to obtain the number of conducting 

channels in each CNT, one can add up 

contributions from all electrons in all nC conduction 

sub-bands and all holes in all nV valence sub-bands 

[6]: 
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where i(=1, 2, 3, …) is a positive integer, EF, k, 

and T are the Fermi energy, the Boltzmann 

constant, and temperature, respectively, and Ei 

represents the quantized energy that corresponds to 

the i-th conduction or valence sub-band. This 

quantization is due to diameter confinement, 

introduced by the tube′ s finite diameter. 

In spite of the valuable properties there are 

several prospect that must be investigated to 

practical use of carbon nanotube interconnects. 

Stability analysis in driver-carbon nanotube 

interconnect-load system is an important viewpoint 

in performance evaluation of this system. In this 

paper we have used Nichols analysis as a criterion 

to compare the relative stability by changing the 

geometry of the CNTs. Before the frequency 

response analysis using Nichols chart, we need to 

ask the following questions: 

What is the difference between Nichols chart 

and any other analysis method like bode and 

Nyquist plot? What is the advantage of using it? 

A Nichol plot is similar to a Nyquist plot but 

shows gain on a logarithmic scale (dB) vs. phase on 

a linear scale (degrees), with an axis origin at the 

point (0dB,-180°). The advantage of Nichol's chart 

is the ease by which gain and phase margins can be 

determined graphically. The gain margin (GM) is 

the vertical distance in dB measured from the phase 

crossover to the critical point (the phase crossover 

frequency is where the locus intersects the -180 

axis). The phase margin (PM) is the horizontal 

distance measured in degrees from the gain 

crossover to the critical point (the gain crossover 

frequency is where the locus intersects the 0 dB). 

The system becomes more stable if the GM and PM 

increase [7]. 

MATRIX FORMULATION 

In the configuration illustrated in Fig. 1, a 

MWCNT interconnect of length l that is 

represented by a series of distributed resistances 

(RS), inductances (L), and capacitances (C) (all in 

per length units), is driven by a driver with an 

output resistance Rout and an output capacitance 

Cout. The MWCNT interconnects is also connected 

to a load of capacitance CL. 

In order to calculate the input-output transfer 

function of the configuration in Fig. 1, total 

transmission parameter matrix should be derived. 

For this purpose ABCD transmission parameter 

matrix are used for a uniform RLC transmission 

line of length l that contains NB distributed blocks. 

Accordingly, total ABCD transmission parameter 

matrix is defined as: 

, (2) 

Where Rex=(RC+RQ)/2, L=LK+LM, 

C=CECQ/(CE+CQ), dx=l/NB , and s=jω is the 

complex frequency. We obtain the linear parametric 

equivalent for the transfer function of as: 

, (3) 

Nichols stability analysis 

By varying the nanotubes′ dimensions, 

(2 μm≤ l ≤ 10 μm and 2 nm≤ D ≤10 nm) and 

generating various Nichols diagrams, we have 

studied the effect of MWCNT geometry on the 

relative stability of the configuration given in Fig. 

1. All geometrical and physical parameters are

according to the 22-nm technology node, extracted

from ITRS2009 [8]. Both local interconnects are

assumed to have ideal contact (i.e., RC=0) [8]. The

driver size is set to be 100 times the minimum sized

gate for the 22-nm technology node, given in

[8].The bundle width is 22 nm and its thickness is

44 nm. The space between two adjacent CNTs is

assumed as 0.34 nm and EF as 0.3 eV. All

individual CNTs are metallic.

Nichols diagrams are shown in Fig. 2 for the 

configuration of Fig. 1 regarding l=2, 6, and 10 μm. 
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The diameter of each tube is assumed to be 2 nm. 

As shown in Fig. 2, by increasing the length of 

CNTs to 2, 6, 10 μm, the curves in the critical point 

shift to the down and right, consequently the gain 

margin of interconnect increases as 0.54, 2.34 and 

4.13, and the phase margin of interconnect 

increases as -4.64, 44 and 133 respectively. 

Fig. 2. The Nichols diagrams for driver-MWCNT 

interconnect-load configuration of Fig. 1 for D=2 nm 

and 2 μm≤ l≤10 μm. 

Thus, with an increase in the length of CNT 

bundle, the system becomes more stable. This is 

because by increasing the length of tubes, the 

equivalence impedance of the interconnect 

increases so that the step response of the system go 

to more damping and the system tend to be more 

stable. 

Nichols diagrams for D = 2, 6, and 10 nm are 

illustrated in Fig. 3. The length of each tube is 

assumed to be 2 μm. As shown in Fig. 3, by 

increasing the diameter of CNT to 2, 6 and 10 nm, 

the curves in the critical point shift to the down and 

right, consequently the gain margin of interconnect 

increases as 0.54, 1.02 and 1.46, and the phase 

margin of interconnect increases as -4.64, 13.3 and 

27 respectively. Therefore, with an increase in the 

diameter of CNT bundle, the system approaches to 

more stability. This is because by increasing the 

tube diameters the bundle becomes less dense and 

its conductivity decreases so that its step response 

tends to be more damping. 

The present general analysis whose transfer 

function is of the order of 14, provides much more 

accurate and realistic numerical results than those 

that could be obtained by similar analyses presented 

in [9] with order of four and [10] with the order of 

six both for CNT-bundle interconnects, and in [11] 

with the order of four for multi layer graphene 

nanoribbon (MLGNR) interconnects. 

Fig. 3. The Nichols diagrams for driver-MWCNT 

interconnect-load configuration of Fig. 1 for l=2 μm and 

2 nm≤D≤10 nm. 

CONCLUSION 

Using transmission line modeling along with 

Nichols stability diagrams, relative stability for 

MWCNT interconnects has been studied. We have 

shown that with increasing either the length or 

diameter of each tube, the relative stability 

increases and hence the system becomes more 

stable. This is because an increase in either 

parameter gives rise to switching delay and hence, 

its step response tends to damp faster and as a 

result, the system becomes more stable. 
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Since the optimization objectives of the cathode catalyst layer (CCL) of a PEM fuel cell affect each other, thinking of 

them separately, would not be realistic and accurate; s o they must be solved simultaneously. In this study, a multi-

objective multivariable optimization based on an agglomerate model, is performed and objective functions like current 

density and the cost of CCL are optimized under different variables. Decision variables include important or measurable 

parameters, namely platinum loading, ionomer volume fraction, agglomerate radius and porosity, and water saturation. 

Comparing these results with those of optimizations whose objectives are combined as a single-objective, found the 

optimization results have a good overlap at low current densities, however when increasing the current the results diverge. 

This deviation occurs as a result of interaction between objectives. The sensitivity analysis shows that the best range of 

platinum loading is 0.1 and 0.4 mg cm-2. The Pareto curve at the voltage of 0.6 V indicates that the best trade-off between 

the cost and the performance of the CCL is achieved, when the current density increases in the range of 5 % to 12 %, 

where the optimization objectives are met simultaneously. 

Keywords: Agglomerate model, Cathode catalyst layer, Multi-objective optimization, Pareto curve, Trade-off. 

INTRODUCTION: 

Cathode catalyst layer (CCL) is an important 

component in proton exchange membrane (PEM) 

fuel cells. In this layer, the proton current and 

oxygen molecules are electrochemically converted 

into an electron current [1]. The losses resulting from 

this conversion; include the limitation in the 

transportation of reactants and products, and poor 

oxygen reduction reaction (ORR) kinetics, which 

can reduce the efficiency of the fuel cells. 

 Modelling of the cathode catalyst layer is 

performed to attain a better discernment of the 

conditions, structure, transport properties and 

electrochemical reactions and also to evaluate the 

effect of variables on the performance. In general, 

there are three models to describe the CCL: (i) ultra-

thin layer, (ii) pseudo-homogeneous and (iii) 

agglomerate models. Usually, the agglomerate 

model has the better representation of the catalyst 

layer (CL) compared to other models [2]. Thus, the 

overall accuracy of these models depends strongly 

on the description of the CL [3]. Therefore an 

agglomerate model has been considered in order to 

simulate the CCL. 

Then, the optimization of CL is performed to 

improve the performance and reduce the expenses of 

the fuel cells. Since improving the performance and 

reducing the cost of CL simultaneously are crucial 

precondition for the commercialization of fuel cell, 

this research has been conducted to study multi-

objective optimization (MOO) of the CCL. Many 

real problems require multi-objective evaluation [4] 

because their optimization objectives affect each 

other. Moreover, the inherent conflicting of the goals 

causes more difficulty during the calculation of the 

optimum solution. Hence, for the optimization study, 

a MOO coupled to above model is applied. 

In the literature, several studies were presented 

for optimizing the PEM fuel cell or its CLs. Some of 

these studies are discussed below in brief and then 

the overall conclusions are also drawn at the end of 

this section. In order to obtain optimum distributions 

of catalyst loading and ionomer across the CCL of 

the PEM fuel cell, Song et al. [5] showed that the 

optimum distributions are linear when the 

optimization is performed using a single-variable, 

while the optimum distribution of ionomer remains 

linear, but that of catalyst loading becomes convex 

when the optimization is behaved as a two-variable 

problem. According to their results, the interaction 

of variables is significant and should not be ignored. 

Madhusudana and Rengaswamy [6] studied the 
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optimization of the agglomerate CCL, in order to 

minimize the total amount of platinum and to 

maximize the current density, separately.  

For the first time, Na and Gou [7] proposed a 

MOO technique with two objective functions of 

performance and expense to optimize fuel cell 

systems. They demonstrated a more cost-effective 

fuel cell system with a high- performance level will 

be obtained. Then Ang et al. [8] suggested a MOO 

technique for a general PEM fuel cell system, using 

the weighted-sum method. They showed that, a more 

efficient system was bigger, and vice versa. Overall, 

their results indicated that, to reach the most of the 

size-efficiency trade-off, the system must be 

operated at efficiency between 40 % and 47 %. Ang 

et al. [9] in another work, reviewed the methods and 

strategies of fuel cell system optimization, and then 

categorized the MOO into a bi-objective and a tri-

objective optimal design. Secanell et al. [10] 

considered fuel cell Membrane-Electrode-Assembly 

for MOO. The objective was to simultaneously 

maximize the efficiency and minimize its production 

expenses. The results showed the expense - 

efficiency compromises, and they illustrated that 

considerable yields in the efficiency and cut in 

expenses were possible. 

Srinivasarao et al. [11] individually considered 

some objective functions in order to optimize the 

CL. The optimized parameters of CL are vigorously

influenced by the constraints and the objective

functions. Khajeh-Hosseini et al. [12] improved a 1D

agglomerate model for the CCL of a PEMFC to

study the effects of catalyst layer variables on the

activation loss. Additionally, the harmony search

algorithm was utilized to get the optimal values of

variables to minimize the activation overpotential of

CL.

Tahmasbi et al. [13] applied a novel approximate 

to the MOO technique in the fuel cell system based 

on simultaneous power maximization and cost 

minimization by a genetic algorithm. Power 

maximization results at the peak power (1.95 kW), 

the unit expense of energy is $0.64. On the contrary, 

the expense minimization decreased the unit expense 

of energy to $0.33, while, output power was 

decreased to 0.93 kW. It means the optimization of 

fuel cell system is strangely influenced by the 

weighting factors of the objective functions. Mert 

and Özçelik [14] implemented MOO of a direct 

methanol fuel cell with three objective functions of 

power, energy and exergy efficiencies, and then 

calculated the optimal values of objective functions 

separately and simultaneously. According to these 

results, the best results drawn for the objectives, 

when considered separately, are larger than those 

when all the objectives are considered 

simultaneously. At last Feali and Fathipour [15] 

determined the trade-off curve between fuel 

utilization and output power density by genetic 

algorithm. They showed that to attain the optimum 

trade-off between the power and utilization, the 

current of the fuel cell should be less than 0.9 mW 

cm-2.

Although recently a few multi-objective

optimizations have been performed for the fuel cell 

system, the optimizations of CCL are restricted to 

single-objective ones, such as that of cost or 

performance. Since the objectives of optimization 

affect each other, considering the objective functions 

separately would not be realistic and accurate, so 

objective functions of CCL must be solved 

simultaneously. In all cases above, the interaction 

between the goals of the CCL was not taken into 

consideration, each goal was optimized separately. 

In this study, a multi-objective multivariate 

optimization (MOMO) based on an agglomerate 

model is performed for CCL of PEM fuel cell. This 

optimization utilized to study the cost and the 

performance trade-off concerned with the model of 

CCL. The fminimax and bvp4c functions of

MATLAB software are aided in optimization and

modelling stage, respectively. Objective functions

are current density and cost of CCL, and decision

variables include platinum loading, ionomer volume

fraction, agglomerate radius and porosity, and water

saturation.

This paper is organized as follows: Section 2 

presents the CCL modelling. Section 3 describes the 

CCL optimization formulation based on this model. 

Section 4 provides the important results from the 

investigation of objectives and variables. Section 5 

concludes the paper. 

CATHODE CATALYST LAYER 

MODELLING 

Before any optimization can be done, the 

problem must first be modelled. The catalyst layer 

was modelled as an ultra-thin layer in the earlier 

models. Afterward, the catalyst layer is considered 

to be of finite thickness. Recently, microscopic 

images (SEM and TEM) have shown that the 

catalyst layer is built of Platinum/Carbon particles 

and a Nafion film, called agglomerates [16]. 

Agglomerate models have numerous parameters, 

including operational parameters, namely 

temperature, pressure and saturated liquid water, and 

structural parameters such as platinum loading, 

ionomer volume fraction, porosity and CL thickness, 

radius and porosity of agglomerate, etc.  
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Since the major variations occur in the diffusion 

direction of reactants (Z direction), a high-precision, 

one-dimensional model is applied to speed up the 

implementation of written code in the optimization 

stage. It’s reasonable to assume an isothermal model 

in the low-temperature fuel cell where the generated 

heat is spent on the heating of the produced water.  

In this study, a one-dimensional, isothermal, 

steady-state, agglomerate model is considered and 

developed for the CCL of a PEM fuel cell. 

The agglomerate CL consists of Nafion ionomer, 

platinum and carbon particles as shown in Fig. 1. 

There are more details of agglomerate models in the 

references [3, 6, 12, 17]. 

Other assumptions of modelling are: 

The void spaces between the agglomerates may 

be partially or fully filled with water 

The PEMFC operates at steady-state and 

isothermal condition 

The agglomerate particles are spherical in shape 

Reaction kinetics are first-order with respect to 

the oxygen concentration 

The gases are assumed to be ideal. 

 

Fig. 1. Cathode catalyst layer based on agglomerate 

model. 

GOVERNING EQUATIONS 

As the considered model is one-dimensional, 

isothermal and steady state, the CL phenomena 

consist of proton transfer, oxygen diffusion and 

overpotential losses along the vertical direction of 

catalyst layer (Z direction). Ohmic and concentration 

losses will be calculated when these parameters have 

been determined. 

 

Current Profile 

The oxygen conservation within agglomerate in 

steady-state indicates: 

∇. NO2
= RO2

               (1) 

Where 𝑅𝑂2
 represents the oxygen consumption 

rate and 𝑁𝑂2
 shows flux of oxygen in the Nafion that 

is defined by Fick’s diffusion law: 

NO2
= −DO2,agg

eff ∇CO2
        (2) 

Where 𝐷𝑂2,𝑎𝑔𝑔
𝑒𝑓𝑓

 is the effective diffusion 

coefficient of oxygen inside agglomerate that is 

calculated by the Bruggeman’s relation [6].  

A combination of Eqs. (1) and (2) and expanding 

the produced equation leads to: 

DO2,agg
eff

r2  
d

dr
 (r2 dCO2

dr
) − k1. a. CO2

= 0        (3) 

Equation (3) is a 2nd-order ODE which is solved 

analytically [17]: 

C∗ =
sinh (3φr)

r∗sinh (3φ)
 

(Where: φ =
ragg

3
√

k1.a

DO2,agg
eff  ) ,(4) 

Now, we define Er as the agglomerate 

effectiveness factor as [17]: 

Er =
R̅O2

RO2,max
= [

1

φ
(

1

tanh (3φ)
−

1

3φ
)] ,    (5) 

The consumption rate of oxygen per unit volume 

of the catalyst layer can be linked to the current of 

protons i as: 

RO2

A

a
=  

1

4F
 ∇. i                       , (6) 

Where  ∇. i can be substituted by di/dz for a one-

dimensional study [10]: 

di

dz
= 4F (

1

Erk1A
+

δ

aaggDO2,N

ragg+δ

ragg
)

−1
CO2

HO2

,  (7) 

Oxygen Profile 

For the ORR, the consumption rate of oxygen is 

(itot−i)/nF. Hence the distribution of oxygen 

concentration in the CL is [6]: 
dCO2

dz
=

i−Iδ

4FDO2,CL
eff                       , (8) 

 

Overpotential Loss Profile 

The resistance against the migration of electron 

and proton in the catalyst layer is defined by Ohm’s 

law [6]:  
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dη

dz
=

i

keff +
i−Iδ

σeff  , (9) 

Boundary Conditions 

According to Fig. 1 and ideal gas assumption, 

boundary conditions at Z=0 are: 

CO2
|

z=0
=

PO2

RT
=

PO2

1.33exp (−
666

T
) 

 ,  i|z=0 = 0,

(10) 

And boundary condition at Z=LC is: 

i|z=𝐿𝑐 = Iδ  ,(11) 

Solution method 

Equations (7-9) along with boundary conditions 

Eqs. (10) and (11) form a coupled system of 

nonlinear ODEs with the unknown independent 

variables i, CO2
 and η that control the transfer of

protons, oxygen and electrons within the catalyst 

layer. In this study, the coupled system of equations 

is solved through coding in MATLAB software by 

shooting method, as shown in Fig. 2. After solving 

the system of equations and calculating the losses, 

the performance curve is drawn. 

Model validation 

This model was verified using a comparison with 

the experimental data conducted by Chang et al. [18] 

and also the non-isothermal, two-phase and three-

dimensional model by Obut et al. [19] in Fig. 3. As 

seen over the whole range of the performance curve, 

a very good agreement between all results is 

obtained; therefore, if the agglomerate model 

including numerous operational and structural 

parameters were used, considering the assumptions 

such as the isothermal, one-dimensional and steady 

state could not reduce the accuracy of the results. 

The values of the input variables for the base case 

are shown in Table 1.  

Cathode catalyst layer optimization 

After the CL modelling has been conducted and 

its precision has been confirmed, CL optimization is 

performed. Modelling offers powerful tools and 

guidance for performance optimization.  

To cut the costs of the fuel cells, the studies 

progress in two routes: replacing the platinum with 

suitable non-precious metal alternatives [20] and 

optimal design of the fuel cell to predict and 

understand phenomena occurring in the cell. 

Optimal designs of catalyst layers will be further 

classified according to their composition and 

structure [21]. 

The optimization problems sometime include 

more than one objective function needing to be 

optimized simultaneously. The process of 

optimizing a number of objective functions is called 

multi-objective optimization [4]. MOO is also 

known as multi-criteria [22] or multi-attribute 

optimization. In MOO it is not possible to find a 

single solution as an optimal solution for all of the 

functions together [4]. MOO consists of three 

phases: model building, optimization and decision 

making. After having found some solutions of the 

MOO problem, we must select a solution from this 

set [23]. One of the benefits of MOO is that it takes 

the interaction between the objectives into 

consideration. 

Fig. 2. Algorithm for solving the differential equations 

of CCL. 

Objective Functions 

Objective functions of CL optimization usually 

contain maximization of current density, output 

power, current density per Pt loading, and 

minimization of voltage losses, fuel cell size, and CL 

cost per power. This simulation can optimize many 

objective functions simultaneously but here, in order 
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to compare our results with existing results, two 

objective functions namely current density and CL’s 

cost are used. 

The CL is a combination of Pt/C and ionomer 

solution; therefore, the sum of platinum and ionomer 

costs is a good indicator of CL’s cost. So in order to 

create the cost function of CL, the expression below 

is procured from curve fitting of rPt and related cost 

data and the cost of Nafion solution [11]. The 

manufacture cost of CL depends on the synthesis 

technology and the laboratory, and could be added to 

the cost function of the catalyst layer only if it was 

determined. 

The objective function of current density is also 

obtained from solving the modelling equations. A 

minus is added by the current density function, so 

that the two objective functions could be minimized. 

Table 1. Input data used for base case in modelling stage [10, 17-19]. 

Parameters Quantity Value / Units 

T 

P 

O2X 

s 

CL 

ohmicR 

Ptm 

Ptρ 

Cρ 

Pt/cr 

O2, refC 

Cα 

aα 

κ 

σ 

τ 

aggr 

aggε 

aggδ 

CLε 

gε 

mcL 

gcL 

Ap 

Temperature 

Pressure 

Oxygen mole fraction in CCL 

Liquid water saturation 

Catalyst layer thickness 

Ohmic resistance 

Pt mass loading 

Density of Pt 

Density of Carbon 

Platinum mass ratio on Pt/C  particles 

concentration2 Reference O 

Transfer factor of Cathode 

Transfer factor of Anode 

Protonic conductivity 

Electronic conductivity 

CL tortuosity 

Radius of agglomerate 

Spherical agglomerate porosity 

Thickness of agglomerate 

CL porosity 

GDL porosity 

Volume fraction of membrane in the CL 

Volume fraction of GDL in the CL 

Adjustable parameter 

Co60  

1.1 bar 

21 % 

0.5 

30 μm 
2Ωm 4-0.47×10 

2-0.003 kg m 
3-21,400 kg m 

3-1800 kg m 

0.2 
3-2.28 mol m 

1.0 

0.5 
1-m1-300 Ω 

1-m 1-72,000 Ω 

1.5 

0.3 μm 

0.45 

30 nm 

0.2 

0.74 

0.3 

0.1 

If  i < 2000  Ap=3 

else  Ap=0.3 

Table 2. Comparing the results of multi-objective optimization and optimization of Ref. [11]. 

 Results of  Ref. [11]: 

 % Gain 

in  cost  

% Gain in 

performance 

    1-Cost function / $ W 2-Current density / mA cm Voltage   

(V)    Base case    Optimized case     Base case      Optimized case 

 14.81 10 0.5212 0.61182 292.02 265.47 0.8 

 33.12 10 0.1339 0.2002 1189.9 1081.7 0.6 

 40.43 10 0.1021 0.17139 2084.8 1895.3 0.4 

 Results of this work: 

 14.68 10 0.523 0.613 290 265  0.8 

 24.38 10 0.152 0.201 1180   1070 0.6 

 26.01 5 0.128 0.173 1980 1880 0.4 
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Fig. 3. Comparing the modelling results with results 

in [18, 19]. 

Finally, the following relations are used for the 

cost function of carbon-supported platinum and the 

cost function of ionomer, respectively: 

C1=251.7 rpt/C+6.6092 , C2=24.0566       / $ 

g−1,(12) 

Weight of carbon-supported platinum and weight 

of ionomer come from the following relations, 

respectively: 

WPt+WC=mPt ×10−3 Area/rPt/C      / g,      (13) 

 Wi= mPt×10−3Area/rPt/C ×fi /(1-fi)       / g  

Where fi (mass ionomer ratio) will be obtained from 

the following relation: 

fi= 
Lmc  ρi rPt/C LC×105

mPt+Lmc ρi  rPt/C LC×105
 ,(14) 

Finally, the objective functions are obtained from the 

following relations: 

f1=-Iδ      /A cm-2,  (15) 

f2=( C1 (WPt + WC ) + C2Wi)      / $,   (16) 

Variables and constraints 

There are many variables in the catalyst layer 

structure that influence the efficiency of the fuel 

cells. These variables are a combination of structural 

and operational parameters. Operational parameters 

include temperature, pressure and water saturation, 

and structural variables include thickness of Nafion 

film, agglomerate radius and porosity, catalyst 

loading, carbon loading, carbon-platinum ratio, 

Nafion fraction, GDL passing into CL, GDL 

porosity, CL porosity and thickness. 

Although this study is theoretical, the decision 

variables can be controlled during the manufacture 

of the PEM fuel cell as follows:  Agglomerate radius 

and porosity, and water saturation can be controlled 

through the synthetic techniques of MEA, pore 

formers, and water management, respectively. The 

catalyst layer thickness and ionomer fraction depend 

on the amount of used ionomer, carbon and 

platinum. 

In a written program, we can investigate all 

variables simultaneously, but here only important or 

measurable parameters are scrutinized. These 

parameters include: platinum loading, ionomer 

volume fraction, agglomerate porosity, agglomerate 

radius and water saturation. 

To avoid unrealistic design criteria, the upper and 

lower limits below are applied to the parameters: 

x= [mpt, lmc, εagg, ragg, s] 

lb=[0.01, 0.1, 0.1, .01, .01];                           (17) 

ub=[2.0, 0.9, 0.9, 0 .5, 0.7]; 

Constraints of the multi-objective optimization 

problem can be imposed on problem variables or 

objective functions. Constraints of variables are 

defined as volume fraction of solid, ionomer and 

void in the CL: 

      εv = εCL = 1 −
mPt

LC
(

1

ρPt

+  
1−rPt/C

rPt/C.ρc

) −

Lmc    0 < εv < 1    

      εi = Lmc =
fi

1−fi
 

1

ρi

 
mPt

rPt/CLC
         0 < εi < 1, 

(18)        εs = 1 − εv − εi =
mPt

LC
(

1

ρPt

+

 
1−rPt/C

rPt/C.ρc

)     0 < εs < 1 

In addition, constraints imposed on objective 

functions, such as the cost and the performance, 

could be seen as CL cost less than a specific value 

(e.g., base cost) or its performance greater than the 

base value, e.g., up to 20 %. 

    CL costOptimized <  CL costBase case                 

(19) 

     Curren densityOptimized

− Curren density Base case

>  (0 − 20) % 

Solution algorithm 

However the possible solutions to the MOO are 

usually in conflict with several objectives, but the 

Pareto set has minimum conflict [24]. One of the 

methods most used to solve a MOO in order to obtain 

a Pareto-optimal set is the min-max method. This 

method tries to find a feasible design that minimizes 

its distance from the ideal design [25]. This method 

also uses the nonlinear programming algorithm, a 

sequential quadratic programming (SQP). There are 

two functions to solve constrained nonlinear MOO 

in MATLAB: fminimax and fgoalattain, both of 

which use a SQP method [26, 27].  

In this study, we use the fminimax method 

because the fgoalattain method is more complicated 
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due to use the weighting coefficients. However, both 

methods have local solutions [5]. Due to the low 

range of variables and because a local minimum for 

a convex function is always a global minimum, this 

disadvantage does not cause difficulties. On the 

other hand, same results are obtained for different 

initial guesses. 

In this research, the current density and the cost 

of CL are optimized under various conditions 

through the MOO technique using the min-max 

method. First of all, coding with MATLAB 

software, the set of equations obtained from the 

modelling stage is calculated using the bvp4c 

function as shown in the algorithm in Fig. 2. Then, 

MOO functions are solved through fminimax 

function and via Eq. (20). The fminimax is formed 

of objective functions, variables and constraints 

according to Eq. (20). The optimization algorithm is 

shown in Fig. 4. 

fminimax    f1 , f2

w.r.t.:    mpt, lmc, εagg, ragg, s (20) 

Subject to:   0 ≤  εv ≤ 1 , 0 ≤  εi ≤ 1  and

0 ≤  εs ≤ 1

Fig. 4. Algorithm for performed multi-objective 

optimization. 

Optimization validation 

This simulation can optimize many objective 

functions simultaneously, but here, in order to 

compare our results with the available result, only 

two objective functions, namely maximization of 

current density and minimization of CL cost, are 

used. Our results are arranged in such a way that they 

can be compared with results in Ref. [11]. Input data 

are also the same as those of Ref. [11], with the rest 

of the data used in Table 1. Many variables are also 

considered in the catalyst layer modelling, but here 

only important or measurable parameters are 

scrutinized. These parameters include: platinum 

loading, carbon-platinum ratio, ionomer volume 

fraction, agglomerate porosity and radius, and water 

saturation. 

Optimization results at three voltages, including 

high, medium and low voltages, and two states, base 

case and optimized case, are compared in Table 2 

and Fig. 5. As can be seen, the results of both models 

at the base case conformed at high, medium and low 

voltages; therefore, their results can be compared. 

Optimization results show a good agreement at low 

current density. Increasing current density, which 

causes an increase in losses and cost-saving resulting 

from using less platinum, makes a divergence appear 

between optimizations. It occurs because in the 

above-mentioned reference, two objectives are 

actually optimized through a single objective 

manner, while in our study two objectives are used 

separately and simultaneously, so interactive effects 

of objectives are considered. 

Fig. 5. Comparing these results and results in [11] at 

base case and optimized case. 

RESULTS AND DISCUSSION 

Since the amount of catalyst is the most important 

factor influencing the optimization objectives of the 

catalyst layer (performance and cost), before any 
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optimization is done, the effect of platinum on the 

performance is investigated in various voltages. 

Pt loading diagram is drawn vs. current density 

and cost at the voltages of 0.8, 0.6 and 0.4 V in Fig. 

6. The slope of the curve is very small where the

platinum loading is larger than 0.4 mg cm-2; that is,

increasing a large amount of platinum leads to small

changes in current density, so it would not be

economical to increase the platinum loading any

more than that. By contrast, the slope of the curve is

very sharp where the platinum loading is less than

0.1 mg cm-2; it means that, in order to reduce the

cost, a large drop in the current density occurs

through reducing Pt in small scales; therefore, the

reduction of Pt in larger scales would not be

technically justified. So, the best compromise

between the cost and the performance should be

achieved within this platinum range.

Fig. 6. Diagram of platinum loading vs. current 

density at the voltages of 0.8, 0.6 and 0.4 volt. 

Fig. 7. Performance curve of fuel cell for both the base 

case and the multi-objective optimization case. 

The catalyst layer cost increases 166 % at all 

three voltages in the above platinum ranges while the 

current density increases by 51.4 % at the voltage of 

0.8 V, 12.7 % at the voltage of 0.6 V and 9.2 % at 

the voltage of 0.4 V; thus, the current is more 

dependent on the amount of platinum at high 

voltages, due to the importance of activation 

overpotential, instead, it is far less dependent at low 

voltages. 

Figure 7 demonstrates the performance curve of 

the fuel cell in both cases; base case and multi-

objective optimization case. In Fig. 7, one of the 

objectives, namely cost, is considered the same as 

base cost, and another objective, namely 

performance, is optimized. Although the amount of 

increase in the CL performance is higher at the high 

currents, its relative increase is higher at the low 

current densities. 

Fig. 8. Pareto curve for multi-objective optimization 

of catalyst layer at the voltage of 0.6 V. 

In Fig. 8, a Pareto curve is drawn to optimize the 

objectives of performance and cost of the CL at the 

voltage of 0.6 V, where the base case (voltage 0.6 V, 

current 1.07 A cm-2 and cost 1.819 $) is also marked 

with a circle. With multi-objective optimization at 

the base case current density, first the cost suddenly 

dropped compared to the base case, and then to 

increase the current density, the cost gradually 

increases. As shown in the graph on the left, the 

slope of the curve is very smooth, which shows that 

increasing the current density does not lead to too 

high a price; therefore, the current density can be 

increased as necessary. In the graph on the right, a 

slight rise in current leads to an increase in the cost 

several times, so increasing the performance in this 

area would not be economical; therefore, the trade-

off between the cost and the performance is 

achieved, depending on the kind of application, 

when the current density increases in the range of 5 

% to 12 %. In this range, the optimization objectives 

are met simultaneously; that is, the current is more 

than the base and the cost is lower than the base case. 

In Fig. 9, a Pareto curve is drawn as the cost-

power ratio vs. current at the voltage of 0.6 V. The 

above base case is also marked with a circle to 

compare. Here, a compromise is achieved between 

the objectives of cost-power ratio and current density 
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in the current density range of 1.13-1.23 A cm-2 

depending on the decision maker. Likewise, the 

current is more than the base and the cost is lower 

than the base case simultaneously. 

Fig. 9. Pareto curve for multi-objective optimization 

of catalyst layer at the voltage of 0.6 V: as term of cost 

power ratio vs. current density. 

Fig. 10. Pareto curve as term of current density, cost, 

and power at the voltage of 0.6 V. 

Fig. 11. Comparing the amount of platinum loading in 

both the base case and optimized case. 

A Pareto curve for the three objective functions 

of current density, cost and power is drawn at the 

voltage of 0.6 V in Fig. 10. The diagram is drawn 

three-dimensionally in order to compare those 

variations caused by price, although the two 

functions of current density and power are not 

independent. As shown, the slopes of the current and 

the power are smooth, but the slope of the cost will 

be steep, particularly at the high currents; so even if 

the cost increases so much at higher currents, the 

current in these conditions cannot increase more than 

20 %. 

In Fig. 11, the platinum loading is compared in 

the base case and optimized case. As can be seen, a 

large amount of platinum is necessary due to the 

importance of activation overpotential caused by 

beginning the reaction at the high voltages. Even the 

Pt loading in the optimized case is higher than the 

base case. Conversely, less platinum is required at 

low voltages or high current densities because of the 

stronger effect of ohmic and mass transport losses. 

So, less platinum is consumed and costs are saved 

more significantly. 

Fig. 12. Objective functions vs. platinum loading 

(mPt). 

In this section, objective functions of current 

density and cost are plotted vs. two optimized 

decision variables at the voltages of 0.8, 0.6 and 0.4 

volts. In Figs. 12, 13, current density is considered 

the same as base case and cost is optimized. 

In Fig. 12, objective functions are plotted vs. 

platinum loading (mPt). Platinum loading has a direct 

and strong effect on CL cost, so usage of it must be 

reduced as far as possible. As shown, at low current 

densities, large amounts of platinum are necessary 

due to the activation overpotential caused by 

beginning the reaction that leads to increase in cost. 

Conversely, for the same reasons as in Fig. 11, less 

platinum is required at high current densities, so the 

cost decreases. 

In Fig. 13, objective functions are plotted vs. 

ionomer volume fraction (lmc). Ionomer content 

also directly effects CL cost, so usage of it must be 

reduced as far as possible. Ionomer volume fraction 

has two opposing effects on CL performance. Large 
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amounts of lmc lead to reduced catalyst layer 

porosity, and as a result a decrease in the oxygen 

diffusion coefficient. On the other hand, according 

to Bruggeman’s correction, the effective protonic 

conductivity increases, and hence CL performance 

increases. In high current densities, the effect of 

effective protonic conductivity dominates more 

clearly the effect of oxygen diffusion. Therefore, as 

shown, although more ionomer is used at high 

current densities, total cost is decreased. 

Fig. 13. Objective functions vs. ionomer volume 

fraction (lmc) 

CONCLUSIONS 

After the CL modelling has been conducted and 

its precision has been confirmed, catalyst layer 

optimization is performed. In this study, objective 

functions such as power, current density and CL cost 

are optimized under various conditions using the 

multi-objective optimization technique through the 

min-max method. 

The results of this study were compared with 

those of Ref. [11] to validate the performed 

optimization. This comparison suggested that the 

results of optimizations are in good agreement at low 

currents, however when increasing the current the 

results diverge, caused by increasing the amount and 

the number of losses. In fact, this deviation is due to 

the number of objectives; that is, whether single-

objective or multi-objective optimization is 

employed. 

The Pt loading curve is drawn vs. current density 

and cost at the voltages of 0.8, 0.6 and 0.4 V. It 

determines that increasing a large platinum loading 

leads to small changes in current density where the 

platinum loading is larger than 0.4 mg cm-2. 

Conversely, a large drop in the current density 

occurs through reducing Pt at small scales, where the 

platinum loading is less than 0.1 mg cm-2. So the best 

compromise between the efficiency and the cost 

should be attained within this platinum range. 

The performance curve demonstrates that in both 

cases, base case and multi-objective optimization 

case, although the increase in the CL performance is 

higher at high currents, its relative increase is higher 

at low currents. 

The Pareto curve demonstrates that to optimize 

the objectives of performance and cost of the CL at 

the voltage of 0.6 V, the trade-off between the cost 

and the performance is achieved, depending on the 

kind of application, when the current density 

increases in the range of 5 % to 12 %. In this range, 

the optimization objectives are met simultaneously; 

that is, the current is more than the base form and the 

cost is lower than the base form. 

The platinum loading is compared in the base 

form and optimized form, where the large amount of 

platinum is necessary due to the importance of 

activation overpotential caused by beginning the 

reaction at high voltages. Even the Pt loading in the 

optimized case is higher than the base case. 

Conversely, less platinum is required at low voltages 

or high current densities. So, lower platinum is 

consumed and costs are saved more significantly.  

Nomenclature 

a 

aagg 

A 

c 

CL 

DO2 

DKn 

Er 

fi 

F 

GDL 

HO2 

i 

Iδ  

kl 

LC 

Lg,c  

Lm,c 

mPt 

mC 

NO2 

ODE 

P 

ragg 

rPt 

R 

R̅
s 

T 

W 

r, z 

δagg  

εagg 

εCL 

εg 

εi 

εs 

εv 

η 

active surface area within the agglomerate / m−1 

total external area of active sites of agglomerate 

per unit volume of CL / m−1 

total active area of agglomerate per unit volume 

of CL / m−1 

concentration / mol m−3 

Catalyst Layer 

diffusion coefficient / m2 s−1 

Knudsen diffusion coefficient / m2 s−1 

effectiveness factor 

mass ionomer ratio   

Faraday constant 96,485 /coulombs mol−1 

Gas Diffusion Layer 

dimensionless Henry’s constant 

local current density /A m−2 

cell current density /A m−2 

reaction rate constant / m s−1

catalyst layer thickness / m 

volume fraction of GDL penetrating into the CL 

volume fraction of ionomer phase in the CL 

platinum mass loading / kg m−2 

carbon mass loading / kg m−2 

molar flux of dissolved oxygen in the ionomer 

phase of an agglomerate 

Ordinary Differential Equation 

Pressure / Pa 

agglomerate radius / m 

mass fraction of platinum to Pt/C  articles 

dissolved oxygen rate per unit of agglomerate 

/mol m−3 s−1 

universal gas constant  8.314 /J mol−1 K−1 

liquid water saturation 

temperature / K 

weight 

coordinate / m 

ionomer film thickness,m  

spherical agglomerate porosity 

CL porosity 

GDL porosity 

volume fraction of ionomer 

volume fraction of solids 
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ρc 

ρPt 

σ 

κ 

φ 

τ 

a 

c 

agg 

O2 

N 

r 

1 

CL 

C 
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tot. 

eff 

* 

volume fraction of voides 

activation overpotential / V 

 carbon density / kg m−3 

platinum density / kg m−3 

electronic conductivity / Sm−1 

protonic conductivity / Sm−1 

Thiele module 

CL tortuosity 

Subscriptions 

anode 

cathode 

agglomerate 

oxygen 

Nafion 

radius 

first-order reaction 

catalyst layer 

catalyst layer boundary  

reference condition 

total 

Superscriptions 

effective 

concentration or radius ratio 
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Determination of methane hydrate interfacial tension from measurement of induction 

time in methane hydrate crystallization 
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Abstract: In this work the interfacial tension between methane hydrate and water at various temperatures, pressures 

and solution concentrations is determined. The Induction time in methane hydrate crystallization has been evaluated in 

a batch system and correlation of the induction time with the solution supersaturation has been drawn by the Classical 

Nucleation Theory (CNT). The results have shown that the induction time decreases with increasing solution 

concentration at any constant temperature while the interfacial tension increases with rising temperature. Experimental 

values of Hydrate – Water interfacial tension are evaluated 1.22, 1.957 and 4.16 at three temperatures as 273.15, 273.65 

and 274.65 K. An empirical correlation has been used and the order of nucleation is thereby obtained to be 1.189.  

Key words: Interfacial tension, Methane hydrate, Induction time, Crystallization, Nucleation 

INTRODUCTION 

Gas hydrates are ice-like compounds that are 

formed by a mixture of water and light gas molecules 

such as methane, ethane, CO2, H2S, Ar, Kr, Xe, … at 

low temperatures and high pressures [1-4]. The 

crystal lattice is made up of water molecules which 

are strongly hydrogen bonded "host" and gas 

molecules "guest" that are engaged in cavities formed 

in the clathrates [5,6]. Gas hydrates are non-

stoichiometric crystalline inclusion compounds 

comprised of approximately 85 mol% water, 15 

mol% guest gas, and thermodynamically stable at 

low temperatures and high pressures [7]. Kinetics 

models proved that gas hydrate formation in general 

is a crystallization process including nucleation and 

growth steps [8-10]. Nucleation is an interfacial 

phenomenon, so interfacial properties like interfacial 

tension has a high effect on the rate of hydrate 

formation [11-13]. In this work the interfacial tension 

between methane hydrate and water has been 

determined by measurement of the induction time in 

methane hydrate crystallization. Induction time of 

crystallization depends on the temperature and the 

level of supersaturation [14]. In general, the 

induction time decreases with increasing 

supersaturation and rising temperature [15,16].  

PROBLEM DESCRIPTION 

A relation to evaluate the nucleation rate in 

supersaturated solutions is derived from classical 
nucleation theory (CNT) by Mullin [17]: 








 


kT

G
BB exp0  (1) 

In Equation (1) G  is the change of Gibbs free 

energy between a small particle of the dissolved 

substance and the solute in solution including two 

terms: the surface free energy and the volume free 
energy. 
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Considering the maximum value of G  at the 

critical nucleus size, Mullin [17] derived Gibbs-
Thomson relation to calculate the nucleation rate.   
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Where S = C/C* is supersaturation, k is 

Boltzmann constant by value of 

K

j
k 23103805.1  , T is temperature ,   is the 

interfacial tension and mV  is the molecular volume of 

methane which is calculated from following 
equation: 

A

m
NP

TRz
V    (4) 

In Equation (4) z is the compressibility factor of

methane, 
Kmol

mN
R

.

..
314.8  is the gas constant and 

NA is the Avogadro's number. 

The induction time is assumed to be inversely 

proportional to the nucleation rate, 
B

tind

1
 , which

gives Mullin [17] and Ghader [14] : 
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Which means that at different temperatures, a plot 

of )ln( indt versus 
 23 ln

1

ST
should yield a straight 

line with slope m  defined as:
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The interfacial tension between the nuclei and 
solution is therefore: 
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EXPERIMENTAL INVESTIGATION 

Material 

Required methane with 99.995 mol% purity was 

prepared by the Technical Gas Services co. and 

distilled water was applied as pure water. 

Apparatus 

The pressure cell made of 316 stainless steel has 

a volume of about 460 ml. For visual observation a 

glass window has been placed in the hydrate cell and 

an ultramodern CCD camera with high focus power 
is used for monitoring gas hydrate formation.  

The data from camera is sent to a computer using 

Honestech TVR software. The stirring rate of vessel 

is 60 rpm. Cooling of the vessel is supplied by 

ethanol circulation in the jackets (Figure 1). To 

monitor and report temperature in different places 

into the shell of the cell three thermocouples are used 

with ±0.1K accuracy at 0.1s time intervals. The 

accuracy and time interval of cell pressure 

measurement are 0.1 bar and 0.1 s, respectively. 

Schematic diagram of the experimental apparatus is 
shown in Figure (1). 

Procedure 

At first, the cell was washed with deionized water. 

To ensure that all parts of set up is free of any air; 

inner parts were evacuated with a vacuum pump. 100 

ml of deionized water was entered into the cell at 

room temperature and atmospheric pressure. To 

achieve the desired pressure the cell the cell was 

charged with methane. After the cell was pressurized, 

the system was cooled. Initial temperature is about 

5K below the anticipated hydrate-formation 

temperature. As temperature and pressure were 

monitored continuously, initial nucleation was 

eventually verified through visualization of the cell 

content. This was further confirmed by the fact that 

at the instance of hydrate formation, migration of 

methane to the solid phase leads to the release of the 

crystallization energy and a drop in methane 

concentration in water. This in turn causes a more 

tendency of methane to be absorbed in water from the 

gas and the release of absorption energy. The overall 

outcome is a relatively sudden decrease in the vessel 

pressure and an increase in the temperature. These 

events can only be observed if the rate of heat transfer 

to the coolant ethanol is temporarily kept at nearly 

zero when nucleation is about to take place, which 

turns the procedure into one which needs lots of 

delicate control. Results are later analyzed through 

Fig.1. Schematic diagram of experimental apparatus 
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study of the temperature and pressure profiles and 

the judged moments of nucleation are compared with 
results of the visual observations. 

RESULTS AND DISCUSSION 

Cell temperature and pressure were monitored 

and measured throughout the experiments. Using 

these data, the effect of parameters such as 

supersaturation and temperature on the induction 

time has been investigated. The cell pressure-

temperature profiles during one of the experiments 

have been drawn in Figure 2. The first section of 

Figure 2 is shown in Figure 3 in larger scale to help 

determining the induction time from temperature and 

pressure profiles with higher accuracy. As seen in 

Figure 3, at the first stages of the experiment, while 

cooling the cell, a decline in the pressure is observed 

which can be attributed to lowering the temperature 

and gas dissolution in water. These drops in 

temperature and pressure approach a minimum as the 

vessel temperature comes close to that of the coolant 

ethanol. Under this delicately controlled condition, 

when the methane concentration in water reaches a 

maximum value and a peak in its concentration and 

supersaturation in the aqueous media is achieved, the 

pressure and temperature profiles become flat. This 

condition will remain unchanged till the eruption of 

nucleation. The induction time will then be 

accurately measured by determination of the duration 

of constant temperature and pressure in this 

procedure. In each experiment, the instance of 

nucleation has been determined both by monitoring 

the end of the flat period in the temperature-pressure 

profiles from Figure 3 and also by the turbidity 

observed by the visual apparatus. A comparison of 
the results is shown in Figure 4. 

 

Fig. 2: Cell pressure and temperature profiles for Run (7). 

 

Fig. 3. Induction time determination from the pressure and temperature data for Run (7). 

30

35

40

45

50

55

60

65

0 10000 20000 30000 40000 50000 60000 70000

Time(s)

P
re

s
s
u

re
 (

b
a
r)

0

1

2

3

4

5

6

T
e
m

p
e
ra

tu
re

 (
◦C

)

Pressure

Temperature

45

47

49

51

53

55

57

59

61

100 600 1100 1600 2100 2600

Time(s)

P
re

s
s
u

re
 (

b
a
r)

0

1

2

3

4

5

6

T
e
m

p
e
ra

tu
re

 (
◦C

)

Pressure

Temperature

Figure 3 

Induction time 



Alireza Azimi et al.: Determination of methane hydrate interfacial tension from measurement of induction time… 

52 

 
Fig. 4. Comparison of the nucleation time determined by visual observation and pin-pointed from the temperature-

pressure profile. 

In this figure, the vertical axis is nucleation time 

determined by temperature-pressure profiles and the 
axial  

axis is the nucleation time observed by camera. By 

drawing a straight line from the origin with the slope 

1, it can be seen that the occurrence of nucleation 

phenomenon can be determined by both methods 

equally well. 

SUPERSATURATION EFFECT 

Solubility of methane hydrate in water has been 

gathered from literature [18]. Results show that the 

induction time decreases with increasing 

supersaturation, satisfying the general trend in 

Equation (6). In order to compare the experimental 

induction time results with predictions from the CNT 

at constant temperature
indtln was plotted against

2)(ln

1

S

. Figure 5 illustrates that a linear relation can 

be concluded. The values of R2 of the linear 

regression are 0.959, 0.967, and 0.960, respectively. 
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a:T=273.15 K, 

b: T=273.65 K , 

c: T=274.65 K. 
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Determination of the interfacial tension 

As Equation (6) shows, the classical nucleation 

theory (CNT) predicts that at different temperatures 

a linear relation between 
indtln and 

23 )(ln

1

ST
(with 

slope m) should exist. All induction time data of 

methane hydrate at T=273.15 K, T=273.65 K and 

T=274.65 K are presented in Figure (6) and the 

prediction of the Classical Nucleation Theory is 
presented by the slanted line.  

 

 
Fig. 6.  Measured data of 

indtln vs. 
23 )(ln

1

ST
 at different temperatures. 

A linear relation is observed. Equation (8) has 

been used to determine the values of the interfacial 

tension. The estimated interfacial tension values at 

different temperatures are shown in Table (1). The 

results show that Interfacial tension value is rising 

with temperature increasing. The temperature 

dependence of the solubility of gas in liquid and the 

Induction time is the main cause of the interfacial 
tension variation by temperature.  

The findings can be compared with the results given 

by Equations (9) and (10). 

  









C

C
NCTk s

AS ln..414.0 3

2

  Mersmann [19] 

(9) 

  
 xVTk m ln7.025.0.. 3

2

 , 

 cf. Bennema and Sohnel [20] (10) 

In Equation (9) CS is concentration of methane 

hydrate in the liquid phase, C* is the solubility of 

methane hydrate in water. The experimental values 

of C* are estimated 0.059, 0.061 and 0.064 at three 

temperatures as 273.15, 273.65 and 274.65 K 

respectively [18]. In equation (10) 
x  is the solubility 

mole fraction of methane hydrate in water is 

calculated by values of C*.The results of Equations 

(9) and (10) are also shown in Table. 1 for 

comparison. It is found that the values of the 

interfacial tension obtained in this work compare 

with predictions by Equation (10) rather more 

satisfactorily than by Equation (9). It may be 

attributed to the presence of the term 3

2


mV in both 

Equations (8) and (10). In Figure (7) the interfacial 

tension values at different temperatures and levels of 

supersaturation are shown. It is obvious that changes 

in supersaturation have little effect on the interfacial 

tension. 
 

Table 1. Interfacial tension of methane hydrate at 

different temperatures as estimated by applying 

experimental results into the CNT and values calculated 

using Equation (9) and Equation (10). 

Equation 

(10) 

(
m

mN) 

Equation 

(9) 

(
m

mN) 

Experimental 

(
m

mN) 

Temperature  

(K) 

9.378 0.011176 1.22 273.15 

9.4394 0.0134 1.957 273.65 

9.4898 0.0149 4.16 274.65 

Determination of the order of the nucleation 

An empirical correlation is used to correlate the 

nucleation rate with the level of supersaturation.  
n

bSKB                              (11) 

n

ind KSt                              (12) 

SnKtind lnlnln                (13) 

Fitting a straight line to the data of indtln  vs. Sln  

yields the value of the nucleation order. 
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Fig. 7. Interfacial tension values at different temperatures and supersaturation values. 

Fig. 8. A plot of Eq. (13) for calculation of the nucleation order at T=273.15 K. 

In Figure 8, indtln is plotted against Sln  for

calculation of the nucleation order at T = 273.15 K. 

The values of R2 of the linear regression are 0.938 
and n =1.189. 

CONCLUSION 

The induction time of methane hydrate 

crystallization is measured at various temperatures 

and supersaturation values. The experimental data 

indicate that the induction time decreased with 

increasing supersaturation at each constant 

temperature. The induction time data have 

satisfactorily been fitted into the Classical Nucleation 

Theory and the interfacial tension between methane 

hydrate and the solution has thereby been determined 

at 3 temperatures. The interfacial tension has been 

found to increase with rising temperature but changes 

in supersaturation has little effect. The nucleation 

order has also been determined by applying the 

results into the power law correlation for nucleation. 
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Nomenclature 

B, Number/m3.s     - nucleation rate

B0, Number/m3.s    -   pre-exponential value

C , mol/L    - concentration

CS, mol/L    - concentration of hydrate in the

liquid phase

C*, mol/L    - saturation concentration

k ,  J/(mol.K)          - Boltzmann constant

K,    ( -)         - proportionality constant

6.2

6.4

6.6

6.8

7

7.2

7.4

1.5 1.7 1.9 2.1 2.3 2.5

LnS

Ln
(t

in
d

)



Alireza Azimi et al.: Determination of methane hydrate interfacial tension from measurement of induction time… 

55 

M, kg/mol        - molecular mass

NA, Number/mol      - Avogadro's number

r, m     - radius of nucleus

tind ,  s         - induction time

Vm, m3       - molecular volume

G , J     - excess Gibbs free energy factor

Greek Symbol 

 ,  mN/m - interfacial tension

Superscript 

 *    - saturation 

Subscript 

S     - solid

REFERENCES 

1. E. D. Sloan, C. A. Koh, "Clathrate Hydrates of Natural

Gases", Taylor & Francis, CRC Press, 2008.

2. J. D. Lee, R. Susilo, and P. Englezos, Chem. Eng. Sci.

60,4203, 2005.

3. H. Ganji, M. Manteghian, K. Sadaghianizadeh, M. R.

Omidkhah, H. RahimiMofrad, Fuel Process.Technol.

86, 434, 2007.

4. Y. F. Makogon, J. Nat. Gas. Sci. Eng. 2, 49, 2010.

5. C. Y. Sun,  G. J. Chen, Fluid  Phase Equilib., 242, 123,

2006.

6. C. F. Ma, G. J. Chen, F. Wang, C. Y. Sun, T. M. Guo,

Fluid Phase Equilib., 191, 41, 2001.

7, M. Erik, M. Freer, M. S. Selim, E. D. Sloan, Fluid 

Phase Equilib.р 185, 65, 2001. 

8, M. Clarke, and P. Bishnoi, "Measuring and modeling 

the rate of decomposition of gas hydrates formed from 

mixtures of methane and ethane", Chem. Eng. Sci. 56, 

4715, 2001. 

9. P. Englezos, N. Kalogerakis, P. D. Dholabhai, P. R.

Bishnoi, Chem. Eng. Sci.р 42, 2647, 1987.

10. H.C. Kim, P.R. Bishnoi, R. A. Heidemann, S.S.H.

Rizvi, Chem. Eng. Sci., 42, 1645, 1987.

11.H. Luo, C. Sun, Q. Huang, B. Peng, G. Chen, J.

Colloid. Interface. Sci., 297, 266, 2006.

12.M. Lin, G.J. Chen, C.Y. Sun, Chem. Eng. Sci., 59, 44,

2004.

13.Z.G. Sun, R.Z. Wang,R S. Ma, "Natural Gas Storage

in Hydrates with the Presence of Promoters", Energy.

Converse. Manage. 44, 27, 2003.

14.S. Ghader, M. Manteghian, M. Kokabi, R. Sarraf,

Chem. Eng. Technol., 30, 8, 2007.

15.C.Y. Tai, W.C. Chien, J. Cryst. Growth, 237, 2142,

2002.

16.J. W. Mullin, Zacek, J. Cryst. Growth, 253, 515, 2003.

17. J.W. Mullin, "Crystallization" ,Butterworth–

Heinemann, Oxford, 2001.

18. P. Tishchenko, C. Hensen, K. Wallmann, C. S. Wong,

Chem. Geology, 219, 37, 2005.

19. A. Mersmann J. Cryst. Growth, 102, 841, 1990.

20.P. Bennema, O. Sohnel, J. Cryst. Growth, 102, 547,

1990.

http://www.amazon.com/Clathrate-Hydrates-Natural-Chemical-Industries/dp/0849390788
http://www.amazon.com/Clathrate-Hydrates-Natural-Chemical-Industries/dp/0849390788


56

Bulgarian Chemical Communications, Volume 47, Special Issue D (pp. 56 – 62) 2015 

The effects of anionic surfactants on the strength and environmental impacts of 

foamed concrete 

Amir Hossein Fani*, Afshin Pourafshar 

Department of Civil Engineering, College of Engineering, University of Tehran, 16-Azar Str., Tehran, Iran 

Received June 26, 2015,   Revised September 10, 2015 

Foamed concrete is an all-around material that can be applied in a wide range of construction projects due to its low 

self-weight, high workability, controlled low strength, excellent thermal properties, etc. Foamed concrete is produced 

by injecting preformed stable foam or by adding a special air-entraining admixture known as a foaming agent such as 

synthetic surfactants into a base mix of cement paste or mortar. The hydrophilic and hydrophobic structure of the sur-

factant molecules helps entrain air bubbles and stabilizes them in the fresh cement paste. The aim of this paper is to in-

vestigate the effects of two types of anionic surfactants on the mechanical and physical properties and, moreover, the 

environmental impacts of foamed concrete. Additionally, the potential of polypropylene fibers in foamed concrete to 

enhance compressive and tensile strength is examined. Twenty-four different mixtures were cast with two types of ani-

onic surfactant foaming agents (with densities of 960 and 1200 kg/m3), Portland cement contents between 350 and 450 

kg/m3, two ratio of water to cement (w/c), and polypropylene fibers. The results of compressive and tensile strength, 

water absorption, and heat transfer coefficient tests are reported and analyzed. 

Keywords: Foamed concrete; Surfactant; Mechanical properties; Environmental impact

INTRODUCTION 

Foamed concrete is a kind of lightweight con-

crete which is lighter than normal concrete by mix-

ing foams like surfactant foaming agents into ce-

ment slurry. The difference between foamed 

concrete and normal concrete is the use of aggre-

gate in the foam concrete is eliminated and been re-

placed by the homogeneous cells created by air in 

the form of small bubble which utilize a stable air 

cell structure rather than tradition aggregates [1]. 

Foamed concrete is a highly workable, low-

density material which can incorporate up to 50 per 

cent entrained air. It has a number of attractive 

characteristics. It requires no compaction, but will 

flow readily from an outlet to fill restricted and ir-

regular cavities, and it can be pumped over signifi-

cant distances and heights. Moreover, it has suitable 

compressive and tensile strength regarding its ap-

plication and significant reduction of overall weight 

results in saving structural frames, footing or piles 

[2, 3]. Foamed concrete has good thermal and 

acoustic insulation as its structure is porous due to 

usage of surfactant foam [4]. Liquid water absorp-

tion into foamed concrete is low, while retaining 

high water vapor permeability. Freez-

thaw resistance is excellent [5]. Foamed concrete is 

used for a variety of applications, ranging from 

thermal insulation and fire protection to void-filling 

and building elements with successively increasing 

density and strength requirements [6, 7]. 

Foamed concrete is made from Portland cement, 

water, foaming agent, and other additives if re-

quired. Portland cement is a hydraulic material 

which shall consist of at least two-thirds by mass 

of calcium silicates (CaO-SiO2), the remainder con-

sisting of aluminium and iron containing clinker 

phases and other compounds. The ratio 

of CaO to SiO2 shall not be less than 2. The magne-

sium oxide content (MgO) shall not exceed 5.0% 

by mass [8]. 

Synthetic or protein-based foaming agents (sur-

factants) can be used to produce foam. In this study, 

we perform tests using two types of synthetic sur-

factant foaming agents. The chemical composition 

of a surfactant must be stable in the alkaline envi-

ronment of concrete. Foam bubbles are formed un-

der the condition where air can be flowed into the 

solution through stirring or air injection after reduc-

ing the surface tension of solution with the surfac-

tant. The surface tension of water is generally 

72~73 mN/m but the surface tension of solution 

with the surfactant lowers to 40~50 mN/m so foam 

bubbles are easily formed [9, 10]. 

Synthetic surfactants are classified into four 

main types according to the nature of their hy-

drophylic group, i.e. that part of the molecule that is 

soluble in water. Figure 1 shows four types 

of surfactants and their structures. Hydrophilic and 

hydrophobic nature of the surfactant molecules 

helps entrain air bubbles and stabilizes them in the 

fresh cement paste [11]. 
To whom all correspondence should be sent: 

E-mail: amir.fani@ut.ac.ir
 2015 Bulgarian Academy of Sciences,  Union of Chemists in Bulgaria

https://en.wikipedia.org/wiki/Hydraulic_lime
https://en.wikipedia.org/wiki/Calcium_silicate
https://en.wikipedia.org/wiki/Alite
https://en.wikipedia.org/wiki/Calcium_oxide
https://en.wikipedia.org/wiki/Silicon_dioxide
https://en.wikipedia.org/wiki/Magnesium_oxide


A. H. Fani, A. Pourafshar: The effects ofanionic surfactants on the strength and environmental impacts of foamed concrete 

57 

 

Fig 1. Classification and chemical structure of sur-

factants 

There are many studies in the literature on foam 

concrete in terms of foaming agents, constituent 

materials, mix proportioning, production methods, 

and fresh and hardened properties of foam concrete 

[12].A description of commonly used natural mate-

rial-based and synthetic foaming agents have been 

presented by Valore [13], Taylor [14] and Laukaitis 

et al [15]. Du and Folliard [16] attempted to pro-

vide a framework for understanding the fundamen-

tal aspects of air entrainment in concrete. An inves-

tigation was carried out by Nambiar and 

Ramamurthy [17] on characterizing the air‐void 

structure of foam concrete by identifying few pa-

rameters and influence of these parameters on den-

sity and strength. Additionally, Cui-hua [18] dis-

cussed the effects of the amount of surfactants on 

improving foam stability using change of foaming 

times and foam volume along with time as the 

evaluation indexes for performance of the foaming 

agent.  

Puttappa and Ibrahim [19] designed 27 mixtures 

of foamed concrete and carried out an experimental 

and analytical study to evaluate the mechanical 

properties of lightweight foamed concrete. Chin-

daprasirt and Rattanasak [20] and Nambiar and 

Ramamurthy [21] presented the shrinkage behavior 

of preformed foam concrete for the influences of 

basic parameters such as density, moisture content, 

composition like filler-cement ratio, levels of re-

placement of sand with fly ash, and foam volume. 

Moreover, mechanical, thermal insulation, thermal 

resistance and acoustic absorption properties of ge-

opolymer foamed concrete were tested and ana-

lyzed by Zhang et al. [22]. In addition, Brady et al. 

[6] and Tian et al. [23] discussed the application of 

foamed concrete in construction, geotechnical and 

roadway projects. 

This paper examines the effects of two types of 

anionic surfactants on the mechanical and physical 

properties and the environmental impacts of 

foamed concrete. The environmental impacts are 

investigated in terms of energy consumption. 

Moreover, the potential of polypropylene fibers in 

foamed concrete to improve compressive and ten-

sile strength is studied. Twenty-four different mix-

tures were cast with two types of anionic surfactant 

foaming agents (with densities of 960 and 1200 

kg/m3), Portland cement contents (350, 400 and 

450 kg/m3), the ratio of water to cement (w/c) of 

0.5 and 0.55, and polypropylene fibers. The results 

of compressive and tensile strength, water absorp-

tion, and Heat transfer coefficient tests undertaken 

in this study are reported and analyzed in order to 

evaluate the influence of surfactants and other fac-

tors. 

EXPERIMENTAL METHOD 

The best method for evaluating the performance 

of new mixtures is conducting tests which can as-

sess the properties of the mixtures. In this paper, we 

carry out a laboratory study to measure the strength, 

durability and environmental criterion of foamed 

concrete. The compressive strength, indirect tensile 

strength, water absorption, and heat transfer coeffi-

cient tests are performed to analyze the properties 

of the mixtures. 

Materials 

Foamed concrete typically consists of cement, 

water, foaming agent and other additives. The ce-

ment used in this study is Portland cement type II 

of Tehran meeting Iran standard specificationNo. 

389 ISIRI [24]. Portland cement type II in Iran is 

used to produce concrete which the medium hydra-

tion heat is requiredfor and the sulphate attack is in 

the moderate range. This kind of cement is applica-

ble in all concrete structures and in soil and water 

environments in which sulfate ion concentration is 

relatively low. 

The quality of water in concrete is significant in 

view of the fact that the impurities in water may af-

fect the cement setting and also have an adverse ef-

fect on the strength of concrete. As a general rule, 

the water with the PH level between 6 and 8 and 

without salty taste can be applied for constructing 

concrete. To avoid any possible errors in the mix-

tures, distilled water with electrical conductivity 

(EC) of 8.5 to 11 μSiemens/cm, total dissolved sol-

ids (TDS) about 9.5 to 11 ppm, the maximum 

amount of silica (SiO2) equal to 0.105 ppm, and PH 

level about 6.5 to 7.5 is used for the mixtures. 

In this study, polypropylene fibers are applied to 

prevent shrinkage and cracking of foamed concrete 

at early ages (plastic shrinkage) in some mixtures. 

Polypropylene fibers are used to obtain a much bet-

ter and stable surface and more resistant piece of 

foamed concrete. It reduces the danger of micro 

cracks greatly. It predicts that this increases the life-

time of the foamed concrete specifically where this 

is exposed to changing weather condition. The half 

http://www.sciencedirect.com/science/article/pii/S0008884604003369
http://www.sciencedirect.com/science/article/pii/S0008884604003369
http://www.sciencedirect.com/science/article/pii/S0261306910004711
http://www.sciencedirect.com/science/article/pii/S0261306910004711
http://www.sciencedirect.com/science/article/pii/S0261306910004711
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of mixtures are constructed by polypropylene fibers 

with a short cut of 12 mm and the ratio of 0.5 

kg/m3. 

Hydrophilic and hydrophobic structure of the 

surfactant molecules helps entrain air bubbles and 

stabilizes them in the fresh cement paste. Surfactant 

molecules, defined as surface-active agents, consist 

of a hydrophobic and a hydrophilic moiety that are 

clearly separated in the molecular structure. The 

polar part engages in electrostatic interactions (hy-

drogen bonding, dipolar interactions, ionic bonding 

etc.) with surrounding molecules, e.g. water and 

ions. The non-polar part, on the other hand, associ-

ates with neighboring non-polar structures via hy-

drophobic and van der Waals interactions. In mixed 

foaming, the surface active agent is mixed along 

with base mix ingredients and during the process of 

mixing, foam is produced resulting in cellular struc-

ture in concrete [9]. 

Increase of surfactant concentration is not pro-

portional to decline of surface tension and this is 

because the CMC (Critical Micelle Concentration) 

is consistent according to the surfactant. However, 

the molecular activity varies depending on the type 

of the surfactant so the surface tension differs as 

well. In this study, two types of anionic surfactants 

is used to construct the specimens and evaluate the 

effects of them on the properties of foamed con-

crete. The first surfactant foaming agent which is 

named as surfactant type A is this study has a den-

sity of 960 kg/m3, foaming agent dilution of 1:25, 

PH value of 7, and foam stability time of 35 

minutes. In addition, the second anionic surfactant 

foam has a density of 1200 kg/m3, foaming 

agent dilution of 1:25, PH value of 7, and foam sta-

bility time of 45 minutes. It is named as surfactant 

type B in the production of the specimens of this 

study. 

Laboratory equipment and constructing specimens 

Laboratory equipment required for constructing 

foamed concrete mixtures include foam generator, 

foamed concrete mixer which has a horizontal axis 

of rotation, laboratory oven to dry samples, caliper, 

molds, laboratory balance, and curing pond. After 

removing the specimens form the molds, they are 

stored in a saturated limewater to achieve the de-

sired properties for its intended use. The curing 

pond is kept at a temperature of 25°C. 

As mentioned before, 24 mixtures of foamed 

concrete are designed in order to carry out tests. 3 

cube molds with dimensions of 15 cm, 3 standard 

cylindrical molds with a diameter of 15 and a 

height of 30 cm, 3 cube molds with dimensions of 

10 cm, and 3 cubic molds with dimensions of 

10×10×2 cm are employed for compressive 

strength, indirect tensile strength, water absorption 

and heat transfer coefficient tests, respectively. In 

general, weight ratio is not used for foamed con-

crete mixture because density of hardened concrete 

varies up to 10 percent. Therefore, foamed concrete 

is introduced usually based on the volume ratio. In 

this study, the design of all mixtures is volumetric. 

It means that the foam volume in the mixture is 

achieved regarding specifying volume of water and 

cement and ignoring the volume of polypropylene 

fibers (which are used in some mix designs) as 

shown in equations 1 and 2. Moreover, according to 

equation 3, the amount and volume of surfactant is 

achieved based on the mixing ratio of water and 

foaming agent. In the following equations, Vc, Vw, 

Vs and Vp.p denote cement, water, surfactant, and 

polypropylene volume, respectively. 

. 1000c w s p pV V V V  litr     (1) 

. 0, ,c w
p p C w

c w

M M
V   V   V  

ρ ρ
   (2) 

1000 c w
s

c w

M M
V  

ρ ρ
   (3) 

In general, in these 24 mixtures, two different 

types of anionic surfactant foaming agents which 

are introduced in the previous section, three cement 

content (350, 400and450 kg/m3), two water to ce-

ment ratio (w/c=0.5 and w/c=0.55), and two state 

for consume polypropylene (without polypropylene 

fibers and with polypropylene fibers) are used.  

In order to construct laboratory specimens, three 

steps of preparation laboratory equipment and 

weighing raw material, mixing the material in the 

blender, and molding are required. In this study, the 

same mixing method is used for all 24 mixtures in 

the laboratory. In the first step, the blender is turned 

and the weighed water is poured into the blender. 

As the blender is running, the weighing cement is 

poured within 30 seconds. After pouring the cement 

completely in the blender, cement and water should 

be mixed completely for 90 seconds.  At the end of 

90 seconds, the surfactant foam is added slowly to 

the mixture by turning on the foam generator and 

simultaneously, blender is working and mixing 

when the foam poured in the blender tank.   

Polypropylene fibers are used in the half of the 

designed mixtures. The time of adding the fiber into 

the blender tank is after the injection of surfactant 

into the blender. After completing foam injection 

into the blender, it is necessary to mix the materials 

for 4 minutes in the blender tank for homogenizing 

the mix. After making the mixtures, specimens 

should be cured. They are embedded in a saturated 
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limewater to achieve the desired properties for its 

intended use. The curing pond is kept at a tempera-

ture of 25°C. 

Tests 

Compressive strength tests 

Since the compressive strength is one of the im-

portant properties of concrete and foamed concrete, 

information about this parameter has an important 

role in quality control of foamed concrete. Com-

pressive strength testing in standard ASTM C869-

91 [25] is done on cylindrical specimens of 30 × 15 

cm and in the standard BSI [26] compressive 

strength tests is done on cube specimens of 15 cm. 

In this study, cube mold with dimensions of 15 cm 

is used to test the 28-day compressive strength. Be-

fore performing tests, the specimen dimensions 

must be measured with an accuracy of at least mm 

and then placed in a hydraulic jack. Loading speed 

is 50 KN per minute. Compressive strength is 

measured based on Equation 4. 

c
c

P
f  

A
           (4) 

In equation 4, P is the imposed force of hydrau-

lic jacks on specimens in kg and cA   (in square cen-

timeters) is side of the specimens placed under 

load. The compressive strength of the specimens 

( cf ) is obtained in terms of kg per square centime-

ter. 

Tensile strength test 

The purpose of this test is to determine the ten-

sile strength of concrete by split method of cylin-

drical specimens. In this method by applying a di-

ameter compressive force on the cylindrical 

specimen of foamed concrete placed horizontally 

between two pages of test device, tensile strength is 

determined by split method. Forms that can be used 

in this experiment are cylindrical which its height is 

twice its diameter. ASTM C496-96 [27] standard is 

used to test the tensile strength and the used molds 

have 15 cm of diameter and 30 centimeter of 

height.  

Performing this test is required to use two pieces 

of steel with a thickness of 5 mm and a width of 2 

cm and a length of at least 30 cm above and below 

the point of support on the jack. Loading speed in 

this test like the compressive strength is 50 KN per 

minute. The relationships between tensile stresses 

of split method and the applied load is shown in 

equation 5.  

2
t

P
f

π L D




 
          (5) 

In this equation, tf  is splitting tensile strength 

in kg per square centimeter, P is the maximum load 

in kg, and L and D are the height and diameter of 

the cylindrical specimen, respectively. 

Water absorption 

The water absorption determination test is done 

by modeling ASTM C642 [28] standard on three 

cube specimens of 10 cm. After incubating in the 

water for 27 days, these specimens are transferred 

to the stove with ventilation a temperature of 45 °C.  

The dry weight of the specimens are measured after 

14 days in a way that the obtained weight differ-

ence by weighing the interval of 24 hours is less 

than 0.1% of the weight of dried specimen. After-

wards, the dried specimens were immersed in water 

and the water level is within 5 ± 25 mm above the 

surface of specimens. Specimens at intervals of 1, 

3, 24, 48 and 72 hours were taken out of the water 

and surface water were dried by a fabric and 

weighed. Thus, the percentage of absorbed water is 

determined regarding the weight of the dry speci-

men and the weight at mentioned time intervals. 

Heat transfer coefficient 

The high thermal resistance of foamed concrete 

in comparison with conventional concrete results in 

saving energy. To illustrate this feature in foamed 

concrete, heat transfer coefficient tests are conduct-

ed. Heat transfer coefficient expresses the rate of 

heat transfer between a solid surface and the liquid 

by convection. This test is performed on the simple 

method proposed by Raeisi et al. [29] on 3 speci-

mens with dimensions of 10 × 10 × 2 cm. In the 

paper of Raeisi et al., a simple laboratory method is 

introduced to calculate the heat transfer coefficient 

of foamed concrete based on empirical formula to 

determine the heat flow. 

RESULTS AND DISCUSSION 

In this section, the results of laboratory tests, in-

cluding compressive strength, indirect tensile 

strength, water absorption, and heat transfer coeffi-

cient, are reported and analyzed. All experiments 

are carried out in the laboratory of concrete and 

building materials of University of Tehran. 

The 28-day compressive strength of foamed 

concrete is a function of some characteristics such 

as the type of surfactant foaming agent, the content 

of cement, water to cement ratio, and polypropyl-

ene fibers. In order to evaluate the effects of vari-

ous factors on the compressive strength, a diagram 

of compressive strength according to dry density 

and water to cement ratio of 0.5 and 0.55 is plotted 

in figures 2-1 and 2-2. 
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The effects of the type of surfactant and poly-

propylene fibers on the compressive strength are 

shown in Figures 2-3 and 2-4. Figure 2-3 is related 

to the specimens containing surfactant foam type A 

and figure 2 is related to the foam type B. Moreo-

ver, in these figures, dashed lines present the mix-

tures containing fiber. 

As shown in Figures 2.1 and 2.2, dry density 

and also the 28-day compressive strength are in-

creased with the increase of the cement content in 

the mixtures. Changes in 28-day compressive 

strength in terms of dry density are shown by fitting 

a line to the water-cement ratio of 0.5 and 0.55. 

Comparison of Figures 2-1 and 2-2 shows that the 

increase in water to cement ratio form 0.5 to 0.55 

reduces the 28-day compressive strength by 19.9 

percent in average. 

By comparing Figures 2-3 and 2-4, we find that 

the use of foam type B has a greater effect on im-

proving the compressive strength and increases it 

by 8.3 percent. Moreover, figures 2-3 and 2-4 rep-

resent that using polypropylene fibers enhance the 

28-day compressive strength significantly. 

As shown in Figure 3, various factors influence 

the tensile strength of foamed concrete. Figures 3-1 

and 3-2 are related to mixtures without fiber and 

with fiber, respectively. In these Figures, the tensile 

strength obtained by Brazilian cylinder test is fitted 

by a straight line according to dry density. As 

shown in figures, the increase in the cement content 

brings about higher dry density and tensile strength. 

Adding polypropylene fiber to the mixtures im-

proves the tensile strength of all designs. 

Fig. 2. Results of compressive strength test. 

Fig. 3. Results of indirect tensile strength test. 
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Fig. 4. Results of water absorption test. 

Figures 3-3 and 3-4 are related to the specimens 

containing surfactant foam type A and type B, re-

spectively. Additionally, dashed lines show the re-

sults of the specimens with fiber. The increase in 

water to cement ratio from 0.5 to 0.55 decreases the 

tensile strength by 10.6 percent. It can be concluded 

from figures 3-3 and 3-4 that the tensile strength of 

mixtures designed by surfactant type B is higher 

than type A by 5.8 percent. Moreover, adding poly-

propylene fibers has a positive effect on the tensile 

strength. The positive effect of using fibers in en-

hancing the tensile strength is more than the nega-

tive effect of the increase in the water to cement ra-

tio. 

ASTM standards accepted the volumetric water 

absorption criterion for determining the water ab-

sorption of specimens. In Figure 4, the effects of 

different factors such as the type of surfactant foam, 

content of cement, and water to cement ratio are 

displayed. According to the results in figure 4, the 

increase in density has little effect in reducing the 

volume of water absorption. The most important 

factor which influences the volumetric water ab-

sorption is water to cement ratio. As the ratio of 

water to cement is lowered from 0.55 to 0.5, the 

volumetric water absorption is also reduced by 22.7 

percent. Additionally, the type of surfactant has ap-

proximately no effect on the water absorption.    

Heat transfer coefficient of the mixtures contain-

ing surfactant type B is equal to 0.16 W/mk in av-

erage and foam type A is 0.18 W/mk. As can be 

concluded from the results, the performance of the 

mixtures with surfactant foam type B is slightly 

better than foam type A in terms of reducing energy 

loss, whereas the heat transfer coefficient of all 

mixtures is significantly lower than conventional 

concrete and natural lightweight aggregate con-

crete. 

Heat transfer coefficient of natural lightweight 

aggregate concrete is approximately equal to 0.45 

W/mk and conventional concrete is about 1.2 

W/mk [29]. As a result, the performance of foam 

concrete in terms of thermal conductivity is much 

better than conventional concrete due to its lower 

density. Therefore, it can be led to reduce energy 

loss significantly. 

CONCLUSION 

Foamed concrete is a vastly workable, low den-

sity material incorporating up to 50% entrained air. 

Surfactant foaming agents can be used to produce 

foam. Surfactant molecules, defined as surface-

active agents, consist of a hydrophobic and a hy-

drophilic moiety and help entrain air bubbles and 

stabilize them in the fresh cement paste. In this pa-

per, the mechanical properties and environmental 

impacts of foamed concrete under the influence of 

surfactant chemical foaming is studied. For this 

purpose, 28-day compressive strength, indirect ten-

sile strength, water absorption, and heat trans-

fer coefficient tests were conducted on 24 designed 

mixtures. 

Two types of anionic surfactant foaming agents 

(type A and type B) were employed to design the 

foamed concrete mixtures. The compressive and 

tensile strength of the experimental specimens with 

surfactant type B were higher than type A by 8.3 

and 5.8 percent, respectively. The specimens of 

both types of surfactants showed the same perfor-

mance regarding water absorption. Additionally, 

the thermal conductivity of the specimens with sur-

factant type B were slightly better than type A, 

whereas the heat transfer coefficient of all mixtures 

is significantly lower than conventional concrete 

and natural lightweight aggregate concrete. For in-

stance, heat transfer coefficient of the foamed con-

crete mixtures are roughly 3 times better than natu-

ral lightweight aggregate concrete which leads to 

considerable lower energy loss. 

Three cement contents of 350, 400 and 450 

kg/m3 were used in experiments and it was shown 

that the increase in the cement contents improves 

the compressive and tensile strength and reduces 

the volume of water absorption fairly. Moreover, 

the water to cement ratio of 0.5 and 0.55 were ap-

plied in the mixtures. It was presented that, In gen-
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eral, the increase in water to cement ratio from 0.5 

to 0.55 increases water absorption by 22.7 percent 

and reduces the compressive and tensile strength by 

19.9 and 10.6 percent, respectively. In addition, the 

effect of polypropylene fibers on the compressive 

and tensile strength of foamed concrete was inves-

tigated. It was found that the 28-day strength of 

foamed concrete was substantially improved by the 

addition 0.5 percent by weight of polypropylene fi-

bers. 
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Sulfate concentrations affected on the natural sulfur cycle in the anaerobic treatment, therefore pretreatment of 

wastewater containing sulfate must be considered. In this work electrocoagulation techniques have considered as an 

effective and environmentally friendly process for desulfurization from wastewater. Three factors including initial pH, 

initial sulfate concentration and current density were selected as the effective factors and were optimized using response 

surface methodology. An initial pH of 8, initial sulfate concentration of80mg/l and current density of12mA/cm2were 

determined to be optimum values by the statistical models. The maximum sulfate removal and minimum sludge 

generation under optimal conditions were 68.5% and 0.075g, respectively. The kinetics of sulfate removal study 

investigated the pseudo-first models were better described experimental data and was selected as overall kinetic 

removal of sulfate.  

Keywords: Sulfate removal; Electrocoagulation; Response surface methodology; Kinetics; Optimization 

INTRODUCTION 

High sulfate concentration in the wastewater 

faces important restrictions to anaerobic treatment 

due to several factors, including competition 

between sulfate reducing bacteria (SRB) and 

methanogenic microorganisms, non-competitive 

inhibition of methanogenesis due to SRB-generated 

sulfide, and finally the corrosive, dangerous and 

malodorous characteristics of sulfide. However, 

pretreatment of sulfate wastewater using the 

physical and chemical processes must be 

considered as an alternative [1]. Normally pulp and 

paper, petrochemical, edible oil, sugar-cane and 

solvent plants are industries that produce large 

amounts of wastewater containing high sulfate 

concentration [2]. To remove the sulfate several 

processes can be applied encompassing (i) 

Membrane (such as reverse osmosis, electrical 

dialysis and filtration), (ii) Chemical 

precipitation(gypsum, limestone/lime, barite, 

barium salts or ettringite, 

Ca6Al2(SO4)3(OH)12.26H2O, (iii) ion-exchange 

technologies and (iv) biological treatment using 

sulfate-reducing microorganisms[3]. When sulfate 

is present in the wastewater, sulfate-reducing 

bacteria (SRB) are able to couple the oxidation of 

organic compounds and hydrogen to sulfate 

reduction [4].  

In latest decade, electrocoagulation techniques 

have considered as an effective and 

environmentally friendly process for wastewater 

treatment. Due to several advantages of 

electrocoagulation techniques, treatment of various 

pollutants and contaminants such as heavy metals 

(Cr, Zn, Ni, and Cu), chemical oxygen demand, 

total organic carbon, total dissolved solids, oil and 
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grease, phosphate, fluoride, chloride and etc. have 

been done [5-8]. These benefits are due to no 

chemical requirements, little sludge generation, 

strong oxidation ability, fast reaction rate and lower 

need space [9]. 

Based on electrochemical process, the electrodes 

(such as iron or aluminum) are generally better than 

other reported electrode materials. When iron is 

used as electrode materials, following reactions are 

occurred [10]. 

At the cathode: 

3H2O+3e- 
 3/2 H2(g) + 3OH-  (1) 

At the anode: 

4Fe(s) → 4Fe2+
(aq) + 8e− (2) 

and with dissolved oxygen in solution: 

4Fe2+
(aq) + 10H2O(l) + O2(g) → 4Fe(OH)3 + 8H+

(aq)(3) 

overall reaction: 

4Fe(s) + 10H2O(l) + O2(g) → Fe(OH)3(s) + 4H2(g)   (4) 

During electrocoagulation with iron various 

species are formed such as: Fe(OH)4
−, 

Fe(H2O)3(OH)3
0, Fe(H2O)6

3+, Fe(H2O)5(OH)2+, 

Fe(H2O)4(OH)2+, Fe2(H2O)8(OH)2
4+, and 

Fe(H2O)6(OH)4
4+ [11, 12].In addition, depending on 

pH, Fe3+ and/or Fe2+ ions form various monomeric 

and/or polymeric metal hydroxides complexes. The 

most common complex is the hydrated ion 

[Fe(H2O)6]3+. In acidic pH (pH 4–5) the hydroxo 

complexes reorient to a bi-nuclear iron complex 

species having a high surface charge, and the bi-

nuclear ions have sufficient stability to exist in 

appreciable concentrations in solutions. In pH > 4, 

the octahedral hexaaquaions, [Fe(H2O)6]3+, gives a 

red-brownish gelatinous precipitate of hydrous 

oxide [11-13]. 

The sulfidic compound was removed in the form 

of metal sulfide in the presence of iron or aluminum 

anode. Sulfite and sulfate ions are getting removed 

possibly by adsorption on metal oxides/hydroxides. 

Sulfite and sulfate ions are possibly enmeshed in 

the porous metal oxide/hydroxide precipitate [14]. 

In the electrocoagulation process, some parameters 

such as initial pH, reaction time, initial 

concentration, current density and some other 

parameters were considered as effective factors but 

a methodology is required to optimize these 

parameters and to identify their interactions. 

Response surface methodology (RSM) is an 

efficient experimental tool based on statistical 

analysis to determine optimal conditions for a 

multivariable system. Statistical optimization can 

determine the role of each component and the 

interactions among the parameters, which can save 

time, decrease the need for instrumentation, 

chemicals, and manpower [15, 16]. In the present 

investigation, the electrode sulfurization technique 

is explored for instantaneous and effective removal 

of sulfate ion with the lowest sludge rate 

production. Optimization of operating conditions 

and effective parameters like working time, pH, 

sulfate concentration and current density has been 

done using RSM.  

MATERIALS AND METHODS 

Synthetic wastewater 

All reagents such as HCl, NaOH, Na2SO4, 

BaCl2, MgCl2.6H2O, Sodium acetate 

(CH3COONa.3H2O), KNO3, acetic acid 

(CH3COOH (99%)) were prepared in analytical 

grade, and deionized water was used in all 

preparations. Stock solution of sulfate (SO4
-2) was 

made by adding the specific values of sodium 

sulfate (Na2SO4) in deionized water. The synthetic 

wastewater was prepared from the stock solution by 

dilution. The desirable concentrations of sulfate 

were fabricated according to design of experiment 

runs. For all test the pH was adjusted using 1 M 

HCl and 1 M NaOH. 

Electro-desulfurization setup 

Electro-desulfurization was carried out in the 

batch reactors with a 500 mL capacity using iron 

(Fe/Fe) electrodes with a monoplar mode. Other 

appurtenance of electro-desulfurization unit consist 

of the DC power supply (TEK-8051, 30 V and 5 A 

double), and two electrodes with the dimensions 

140×60×2 mm at a fixed distance of 1.5 cm. The 

contents of the electrocoagulation react or were 

gently aerated with a magnetic rotator (Alfa, HS-

860) with 70 rpm. Fig. 1 shows the experimental

set-up. Before starting-up the each test, electrodes

impurity were cleaned with 1 M H2SO4 and rinsed

with deionized water.
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Fig. 1 Experimental set-up.

Sampling and analytical method 

The samples were collected from the two points 

of reactor (upper and lower portions) and were 

filtered by Watman 0.45 µm to remove the flock 

and interference material. The residual sulfate was 

determined according to Environmental Protection 

Agency (EPA) procedure (Turbidimetric Method 

9038)[17].Sulfate concentration was measured by 

turbidimetric method by UV-spectrophotometer at 

420 nm (Rayleigh UV 9200, China). The other 

experiments were performed regard to standard 

methods for the examination of water and 

wastewater[18]. 

Electrochemical experiments based on RSM 

RSM is a collection of mathematical and 

statistical techniques for empirical model building. 

By careful design of experiments, the objective is to 

optimize a response (output variable) which is 

influenced by several independent variables (input 

variables). Central composite design (CCD) was 

widely used for fitting a polynomial model. By 

using this method, modeling is possible and it 

requires only a minimum number of experiments. It 

is not necessary during the modeling procedure to 

know the detailed reaction mechanism since the 

mathematical model is empirical. According to 

CCD method with total number of 2k + nα + 

n0trials, where k is the number of independent 

variables, nα is axial points and n0 center points. In 

this work using Design-Expert 7.1.4a 8 (23) 

factorial design,6 (2×3) axial points with 6 central 

points was selected. The behavior of the system is 

explained by the quadratic polynomial empirical 

model. 
3

3 3 32

0 1 1 1
1

i i ii i j i ji i j
i

y X X i X X    
  



       (5)

where, y is the expected value of the response 

variable, 0 , ii , ij are the model parameters,

Xi and Xj are the coded factors evaluated. In this 

study, y represents the sulfate removal and sludge 

generation in the different empirical models. 

Confirmation experiments 

To check the validity of the models, a 

confirmatory experiment was done at optimal 

values predicted by the models. Values of sulfate 

removal and amount of sludge generation obtained 

from mentioned experiment were compared with 

the results predicted by the models and checked to 

be in the range of low and high confidence 

intervals. 

RESULTS AND DISCUSSION 

Statistical analysis 

Influent pH, time, initial sulfate concentration 

and current density for a three-factor-five-level 

CCD design were used to determine the optimal 

values. Table 1 showed the range sand levels of the 

variables in this study. Each factor was varied at 
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five different levels while the other parameters 

were kept constant. Once the desired ranges of the 

variables had been defined, they were coded to lie 

at±1 for the factorial points, 0 for the center points, 

and ±α for the axial points [19].The experimental 

conditions and their responses designed using CCD 

method is shown in Table 2. A total of 20 

experiments were required for this procedure. In 

order to investigate the effect of each factor 

including initial pH, initial sulfate concentration 

and current density on the response of the system, 

analysis of variance (ANOVA) results were 

calculated as shown in Table 3. 

This statistical tool is required to test the 

significance and adequacy of the model. The mean 

squares (MS) were calculated as MS=SS/DF, 

where: SS is the sum of squares of each variation 

source and DF is the degrees of freedom[15, 

16].The Fischer variation ratio (F-value) is a 

measure of how well the factors describe the 

variation in the data about the mean. Data has some 

variation around its mean value; the greater the F-

value from unity, the more acceptable is this 

variation. The amount of p-value values for the 

models which were less than 0.05 (<0.0001) 

indicated that the models were statistically 

significant with a 95%confidenceinterval. 

 

Table 1. Experimental variables at different levels used for the bioleaching experiment. 

Table 2. Experimental plan based on CCD and the results. 

 

Run 
A:pH 

B: Initial Sulfate 

Conc. (mg/l) 

C: Current Density 

(mA/cm2) 

Sulfate Removal 

% 

Sludge generation 

(g) 

1 8 80 8 48.8 0.04 

2 6 160 16 45 0.21 

3 7 120 12 47.1 0.09 

4 5 120 12 43.6 0.11 

5 8 160 8 42.4 0.05 

6 7 120 12 49.6 0.11 

7 7 40 12 55.0 0.10 

8 6 80 8 33.3 0.04 

9 7 200 12 30.3 0.01 

10 8 160 16 59.8 0.08 

11 7 120 4 26.6 0.03 

12 7 120 12 49.7 0.11 

13 7 120 12 49.5 0.09 

14 7 120 12 49.5 0.11 

15 6 80 8 48.8 0.1 

16 6 80 16 55 0.22 

17 8 80 16 50.5 0.1 

18 6 160 8 42.5 0.12 

19 8 160 16 74.34 0.2 

20 7 120 20 73.9 0.18 

Factor -α -1 0 +1 +α 

A: pH 5 6 7 8 9 

B: Initial  sulfate conc. (mg/l) 40 80 120 160 200 

C: Current density (mA/cm2) 4 8 12 16 20 
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Table 3. ANOVA for response surface models applied. 

Sulfate removal 

The model equation for coded values in a 

quadratic model fitting the experimental results for 

sulfate removal can be seen in Eq. (6). 

Removal =48.63+10.67A-4.04B+7.42 

C+0.41AB+3.19AC+0.81BC+4.80A2

-1.89B2+0.053C2(6)

where A is pH, B isinitial sulfate concentration and 

Cis current density (mA/cm2).It should be noted 

that polynomial models are reasonable 

approximations of the true functional relationship 

over relatively small regions of the entire space of 

independent variables [20]. Fig. 2 shows the 

predicted data (date that was gathered from model 

to percentage of metals recovery) versus actual data 

(data that was gathered from experimental 

condition to percentage of metals recovery).Results 

show the very good agreement between the 

experimental and predicted values. The relatively 

high R2and adjusted R2 (R2adj) (0.92 and 89 

respectively) values that presented in Table 3 

indicate that the modified quadratic model is 

capable of representing the system under the given 

experimental conditions. 

Fig. 2. Predicted vs. actual values for sulfate 

removal. 

Fig.3 shows the sulfate removal efficiency 

contour plots. There is clearly in Fig. 3a a 

combined effect of pH and initial sulfate 

concentration on sulfate removal at a constant 

current density (16 mA/cm2). The maximum sulfate 

removal (>73%) was observed for initial sulfate 

concentration of 80 mg/land pH of 8.  

Fig. 3b shows combined effect of initial pH and 

current density on the sulfate removal at a constant 

initial sulfate concentration of 80 mg/l. With 

current density increasing from 8 mA/cm2to16 

Response Model 
ANOVA 

Source S.S. Df M.S. F Value Prob> F 

Sulfate 

removal quadratic Model 5449.0797 9 605.45 27.55973 < 0.0001 

A-pH 2734.9248 1 2734.92 124.4915 < 0.0001 

B-Conc. 392.03108 1 392.03 17.84493 0.0004 

C-Current 1323.1091 1 1323.10 60.22683 < 0.0001 

AB 2.6405383 1 2.64 0.120195 0.7324 

AC 163.3284 1 163.32 7.434573 0.0130 

BC 10.465232 1 10.46 0.476368 0.4980 

A2 644.2403 1 644.24 29.32528 < 0.0001 

B2 99.96883 1 99.96 4.550498 0.0455 

C2 0.0773501 1 0.077 0.003520 0.9533 

Residual 439.37531 20 21.96 

(R2 = 0.92 R2
adj= 0.89) 

Sludge 

generation 

quadratic 

model Model 0.0152038 9 0.002 38.00663 < 0.0001 

A-pH 0.0039784 1 0.004 89.50644 < 0.0001 

B-Initial sulfate

Conc. 0.0039784 1 0.004 89.50644 < 0.0001 

C-Current density 0.005251 1 0.005 118.1392 < 0.0001 

AB 0.0003151 1 0.00031 7.088352 0.0150 

AC 0.0003516 1 0.00035 7.909538 0.0108 

BC 0.0002031 1 0.0002 4.568549 0.0451 

A2 0.0007176 1 0.0007 16.14495 0.0007 

B2 0.0002626 1 0.00026 5.908249 0.0246 

C2 3.161E-05 1 0.00003 0.711155 0.4090 

Residual 0.000889 20 0.00004 

(R2=0.94 R2
adj=0.91) 
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mA/cm2, the sulfate removal efficiency increased. 

The maximum sulfate removal (>73%) was 

observed for the current density 16 mA/cm2and 

initial pH 8. Current density increasing result in 

higher production of iron complexes means 

coagulant concentration was increased in the 

aqueous phase; therefore the efficiency of sulfate 

was increased that is compatible with Faraday's 

law. 
 (a) 

 

(b) 

 
Fig.3. Contour plots of the interactive effect for 

sulfate removal: (a) effect of initial pHand initial sulfate 

concentration at the constant current density of 16 

mA/cm2 and (b) effect ofinitial pH and current density at 

the constant initial sulfate concentration of 80 mg/l.  

Sludge generation 

The model equation for coded values in the 

quadratic model fittingthe experimental results of 

sludge production can be seen in Eq.(7): 

Sludge generation =0.074+0.013 A 

+0.013B+0.015C+4.438E-003AB+4.688E-003 

AC+3.563E-003BC +5.062E-003A2-3.062E-

003B2+ 1.063E-003 C2(7) 

 

where A is pH, B isinitial sulfate concentration and 

Cis current density (mA/cm2).Fig.4 shows the 

actual and the predicted sludge generation. The 

clustering of the points around the diagonal line 

indicates a satisfactory correlation between the 

experimental data and the predicted values, 

confirming the robustness of the model.R2 and 

adjusted R2 (R2adj) were found to be 0.94 and 0.91, 

respectively indicating that actual and predicted 

sludge generation were in agreement. The effect of 

pH and initial sulfate concentration on the amount 

of sludge generation is shown in Fig. 5a. According 

to this figure amount of sludge will be decreased 

from 0.13 g to 0.06 g by pH decreasing from 8 to 6 

and initial sulfate decreasing from 160 mg/l to 80 

mg/l at a constant current density 16 mA/cm2.  

Fig. 5b shows the interaction between pH and 

current density. According to this figure, the 

amount of sludge generation decreased by the 

decreasing of pH from 8 to 6 and the current 

density from 16mA/cm2to 8 mA/cm2  at a constant 

initial sulfate 120 mg/l. It should be say that in the 

pH below of isoelectric point (iep), iep of iron 

oxide/hydroxide was 7.7, the mechanism of 

removal sulfate is precipitation and in the pH 

higher than it the mechanism of removal sulfate is 

adsorption[14].By increasing the current density, 

the bubble flux and in turn the collision probability 

is increased. At the same time, the dissolution of 

anode and in turn concentration of metal ions also 

increases. At higher current densities the 

consumption of electrodes is high[14]. Thus current 

density plays an important role in achieving 

optimum results. 

 
Fig.4. Predicted vs. actual values for sludge production. 

Process optimization 

In the numerical optimization, a minimum and a 

maximum level must be provided for each 

parameter. The goals are combined into an overall 

desirability function. Desirability is an objective 

function that ranges from zero outside of the limits 

to one at the goal. The program seeks to maximize 

this function. By starting from several points in the 

design space chances improve for finding the best 

local maximum are high[21]. A multiple response 

method was applied for optimization of any 
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combination of two goals namely sulfate removal 

and sludge generation. Level of all parameters 

within the range of investigation was set for 

maximum sulfate removal and minimum sludge 

generation. According to numerical optimization by 

Design-Expert 7.1.4, at optimal conditions as 

follows: pH 8, initial sulfate concentration 80 mg/l 

and current density 12 mA/cm2, the maximum 

sulfate removal and minimum sludge generation 

were predicted as 68.5% and 0.075 g, respectively.  

Confirmatory experiments 

To test the validity of the optimized conditions 

given by the model, an experiment was carried out 

with the parameter suggested by the model. Table 4 

presents the results of the experiment conducted at 

the optimal conditions and showed that verification 

experiment and the predicted values from fitted 

correlations were in close agreement at a 

95%confidence interval. These results confirmed 

the validity of the model, and the experimental 

values were determined to be quite close to the 

predicted values. Under these conditions, the 

experimental value for the sulfate removal and 

sludge generation was found to be 68.5% and 0.075 

g, respectively. The 95% confidence interval (C.I.) 

is the range in which the process average was 

expected to fall 95% of the time. 

Kinetic study 

Fig. 6 shows the trend of sulfate removal 

efficiency under optimal conditions including initial 

pH 8, initial sulfate concentration 80 mg/l and 

current density 16 mA/cm2. Accordingly, large 

portion of sulfate was removed in first 5 min, and 

then the removal efficiency is increased, gradually. 

Maximum removal efficiency was determined 

around 85% at endpoint of 90 min. To evaluate the 

kinetics of sulfate removal, two of the most used 

kinetic models pseudo-first order (Eq. 8) and 

pseudo-second order (Eq. 9) were fitted to 

experimental results. The equation of two used 

kinetic are define as following[22]: 

, (8) 

 ,(9) 

where C0is the initial sulfate concentration and Ct is 

the sulfate concentration after time t; k1 and k2 are 

the first and second-order kinetic constants, 

respectively. The linear equations of the kinetic 

plots and their correlation factor were shown in the 

Fig. 7. The kinetic constants values of the k1 and k2 

were obtained about0.0214 min-1 and 0.0008l.g-

1min-1, respectively. The correlation factor (R2) of 

the straight lines was 0.97 for the pseudo-first order 

and 0.95for the pseudo-second order. It was evident 

that the correlation coefficient for the pseudo-first-

order kinetic model was higher than pseudo-second 

order; therefore the removal of sulfate using 

electrocoagulation method follows the pseudo-first-

order kinetic model for the entire process. 
 (a) 

(b) 

Fig.5. Contour plots of the interactive effect for 

sludge production: (a) effect of initial pHand initial 

sulfate concentration at the constant current density of 16 

mA/cm2 and (b) effect of initial pH and current density 

at the constant initial sulfate concentration of 120 mg/l. 

Table 4.Verification of the model at optimum condition. 

Response (%) Target Correlation 

Predicted (%) 

Confirmation 

Experiment (%) 

95% CI Low 95% CI High 

Sulfate removal (%) Maximize 66.6 68.5±0.2 62.2 71 

Sludge generation (g) Minimize 0.07 0.075±0.005 0.06 0.08 



Fig. 6. Sulfate removal efficiency vs. time under 

optimal condition (initial pH 8, initial sulfate 80 mg/l 

and current density 12 mA/cm2). 

   (a) 

   (b) 

Fig. 7. The plots of the kinetic model (a) Pseudo first 

order (b) Pseudo second order.  

CONCLUSION 

Removal of sulfate from synthetic effluents was 

studied using electrocoagulation method.CCD was 

fitted with a modified quadratic model 

polynomial 

70

equation for both sulfate removal and sludge 

production. The optimum values for variables were 

pH 8, initial sulfate concentration 80 mg/l and 

current density 12 mA/cm2.Maximum sulfate 

removal and minimum sludge generation were 

obtained as 68.5% and 0.075g, respectively. The 

kinetics of sulfate removal was investigated using 

the pseudo-first and second order models. Results 

showed the experimental data were better described 

by pseudo-first order and was selected as overall 

kinetic removal of sulfate.  
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In this study, the possibility of sulphate adsorption from a synthetic solution containing sodium sulphate was 

investigated using activated carbon derived from rice straw by ZnCl2 activation. The structural and morphological 

characteristics of rice straw and activated carbon were evaluated applying SEM, FTIR, and EDS techniques. Influence 

of various parameters such as agitation time, pH, temperature, sulphate concentration and adsorbent dose at 5 levels was 

also studied. The highest uptake of sulphate ions was determined as 56.49 mg/g (1.8 mg/g compared to adsorption by 

raw straw). Adsorption kinetics and sulphate adsorption equilibrium behaviour were studied. It was found that the 

adsorption process follows second-order kinetics model and Langmuir isotherm fits well the equilibrium data. ∆G0 was 

found to be -3.208, -3.230,-3.317,-3.372,-3.427 and -3.482 KJ/mol at 20, 25, 30, 35, 40, and 45°C, respectively. ∆S0 and 

∆H0 of the adsorption were 10.95 J/K/mol and 0.001076 KJ/mol, respectively. The results further show that the 

adsorption process was a spontaneous and endothermic reaction and the activated carbon derived from rice straw by 

ZnCl2 chemical activation can be considered as an effective adsorbent for sulphate adsorption from the aqueous 

solutions.   

Key words: Adsorption; Activated Carbon; Sulphate; Isotherm; Adsorption Kinetic; ZnCl2 activation.

INTRODUCTION 

Pollutants release, generation of the variety of 

organic and inorganic chemical compounds due to 

the rapid development of chemical industry, and 

entry of toxic and hazardous substances to natural 

resources have become a serious threat to 

environment. Analysis of the effluents from mining 

industry has shown that this type of waste is 

considered among the most dangerous industrial 

waste. Besides, they contain high concentrations of 

toxic elements due to high levels of the variety of 

minerals.  The annual costs which are paid for the 

treatment of such polluted effluents are 

considerable [1]. Sulphate ion is one of the major 

oxidation products of sulphide minerals in the 

tailings of ore processing plant and low-grade waste 

dumps containing sulphide minerals.  Rapid 

oxidation of sulphide minerals in particular pyrite 

in the presence of oxygen and moisture produces 

acid mine drainage (AMD). Acid mine drainage 

results in death of vegetation, death of aquatic life, 

surface and groundwater pollution and corrosion of 

mine equipment [2]. Common methods of 

removing toxic elements from the the industrial 

effluents include precipitation, coagulation, ion 

exchange, electro-dialysis, electro-conglutination, 

reverse osmosis, evaporation, and filtration [3, 4]. 

Although there are several techniques for removing 

dangerous elements from the aqueous solutions, 

most processes have significant disadvantages such 

as need for high energy and costly process, low 

efficiency, production of high amounts of sludge, 

sludge disposal problems, high levels of trace 

elements, high cost of specialty chemicals, and 

reclamation processes [3, 5]. Therefore, due to 

technical and economic constraints of the previous 

methods, the search for new methods is 

recommended and, in this regard, the biological 

uptake as a new option has been considered [6]. 

Biological adsorption or biosorption, is the process 

of using biological materials such as bacteria, fungi, 

algae, and agricultural waste through the creation of 

complex to toxic elements. Biological adsorption 

mechanism involves in chemical bonding between 

the metal ions and adsorbent surface groups or ion 

exchange reaction due to high ion exchange 

capacity of the adsorbent. Since this process is low-

cost, and eco-friendly as well as having high 

performance in adsorption, it is an efficient 

alternative to the traditional methods in terms of 

removal  of toxic elements [7].Thus, in recent 

years, the use of agricultural byproducts and 

residuals like bark, sawdust, pistachio skin, almond 

skin, rice and wheat bran, corn residue, etc. due to 

the presence of cellulose compounds, carbon, and 
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silica in their chemical structures has highly 

increased to adsorb toxic elements from the water 

and wastewater [8].These biological materials are 

overabundant and available. However, they are not 

used specifically. Activated carbon as an adsorbent 

with high adsorption capacity has many 

applications in adsorption processes of liquid or gas 

phase. Activated carbon could be produced using 

both physical and chemical methods [9, 10]. The 

purpose of activation is the creation of porous 

structure with a high free surface area in raw 

materials [11]. In this study, rice straw is used by 

chemical activation to produce activated carbon.  

EXPERIMENTAL PROCEDURE 

Material and methods 

Chemicals used in this study included sodium 

sulphate from Merck, deionised water to prepare 

the solution containing sulphate, hydrochloric acid 

and ammonia for pH adjustment from Merck, zinc 

chloride with the purity of 98 to 100 percent as well 

as molar mass of 136.28 g/mol, and distilled water 

to dilute solution system. Rice straw used in this 

research was prepared from the agricultural lands in 

Mazandaran Province in the north of Iran. In order 

to prepare the adsorbent, the rice straw was minced 

in an electric mill; then, it was washed several 

times with double distilled water and the oven was 

kept at 60°C to dry the adsorbent completely. 

Raw material was mixed with ZnCl2 boiling 

solution to combine them in a 2: 1 ratio and, the 

mixture was put on the heater at 100°C in order to 

evaporate the moisture. It was then put in the oven 

for 4 h at 150°C when completely dried. The 

resulting material was placed in a vacuum furnace 

for 1 h at 500°C. The adsorbent obtained was 

washed with the distilled water and then dried in 

the oven at 100°C. The obtained activated carbon 

was screened to reach the size of 250-500 μ using 

ASTM E11, 45 mesh sieve. Scanning electronic 

microscope (SEM) shows a layer of raw straw and 

activated carbon, as presented in Fig. 1. In addition, 

Fig. 2 demonstrate the functional groups and their 

links as well as their areas for raw straw and 

activated carbon using Fourier transform infrared 

spectroscopy (FTIR).The broader adsorption peak 

around 3440 cm-1 could be attributed to the 

stretching of H-bonded hydroxyl groups.The other 

adsorption at 2914 cm-1 relates to the C-H 

stretching. The band at 1649.15 cm-1 is assigned to 

the bending mode of the adsorbed water[12]. In 

contrast to raw rice straw, there is a sharp 

adsorption peak of the stretching vibration of C-N 

bond at 603.68 cm-1 in ZnCl2 activated  rice  straw  

carbon.  

 

 

Fig. 1. SEM images of raw straw (a) and activated 

carbon mixed with ZnCl2 (b). 

Adsorption studies 

Adsorption experiments were carried out in a 

batch system to determine solution pH, equilibrium 

time, optimum temperature, adsorbent dose, 

adsorption capacity, as well as the optimal kinetics 

and isotherm models and calculate the 

thermodynamic parameters. In this study, during 

the reaction time, a mixture of the certain amount 

of adsorbent and 30 mL solution containing a 

definite concentration of sulphate were placed on  a 

thermostated rotary shaker for stirring intensity at 

200 rpm and, after each experiment, the amount of 

remaining sulphate in the solution was measured 

and the amount of sulphate uptake was determined 

in each experiment. After completing the reaction, 

the amount of adsorbed sulphate was determined by 

calculating the difference between the initial and 

final concentrations and the quantity of adsorbed 

sulphate ions was calculated by the following 

equation: 



E. Farahmand et al.: Kinetics, equilibrium, and thermodynamic studies of sulphate adsorption from aqueous solution… 

74 

, (1) 

where qe is the amount of adsorbed sulphate (mg/g), 

C0 and Ce represent the initial and equilibrium 

concentrations of sulphate (mg/L), m denotes mass 

of adsorbent (g), and v stands for the volume of the 

solution (L). 

In this study, influence of various parameters 

such as contact time, pH, temperature, sulphate 

concentration, and adsorbent dose using 

experimental design at five levels has been studies. 

The optimization study of sulphate adsorption 

are presented in Table 1. 

Effect of temperature 

Temperature change is an important factor in 

determining the adsorption capacity. Effect of 

temperature on sulphate adsorption was studied at 

20, 25, 30, 35, 40, and 45°C in the thermostated 

rotary shaker and the results show that the uptake 

slightly increased linearly with the temperature. It 

remained constant at temperatures above 25°C. 

Studies reveal that this increase is related to the 

increased temperature, the number of active sites, 

and adsorption rate. Besides, at higher 

temperatures, the adsorption of sulphate might be 

decreased due to the damage and destruction of the 

active sites[13,19]. Fig. 3 shows the effect of 

temperature on the sulphate adsorption process. 

Effect of contact time 

Contact time is one of the effective factors in 

bioadsorption study. It plays an important role in 

improving the adsorption reaction and leads the 

reaction to the equilibrium. As shown in Fig. 4, 

during the first few minutes of the process, the 

adsorption rate increased intensely. It increased 

again with a gradual rate. The adsorption reached 

the maximum value after 90 min. After that, the 

adsorption remained constant with time [13]. The 

reason is that at the beginning of the adsorption 

reaction the number of sites available for adsorption 

is high. This results in high adsorption.  The 

remaining sites are filled due to the repulsive force 

between sulphate ions in the liquid phase and 

activated carbon in solid phase. As a result, the 

amount of adsorption is reduced gradually. 

 

Table 1. Values of sulphate adsorption parameters of 5 levels. 

Exam 

Number 

Uptake 

(mg/g) 

Time 

(min) 
pH 

Temperature 

(˚C) 

Concentration 

(mg/L) 

Adsorbent 

dose (g) 

Uptake 

(mg/g) 

1 5 2 20 250 0.02 51 

2 5 3 25 350 0.04 5.25 

3 5 4 30 450 0.06 10 

4 5 5 35 550 0.08 8.3 

5 5 6 40 650 0.1 6.9 

6 10 2 25 450 0.08 6.37 

7 10 3 30 550 0.1 8.4 

8 10 4 35 650 0.02 1.5 

9 10 5 40 250 0.04 14.25 

10 10 6 20 350 0.06 23.5 

11 20 2 30 650 0.04 22.5 

12 20 3 35 250 0.06 1 

13 20 4 40 350 0.08 10.12 

14 20 5 20 450 0.1 3.6 

15 20 6 25 550 0.02 6 

16 45 2 35 350 0.1 0.5 

17 45 3 40 450 0.02 10.5 

18 45 4 20 550 0.04 3 

19 45 5 25 650 0.06 12.5 

20 45 6 30 250 0.08 12.75 

21 90 2 40 550 0.06 1.5 

22 90 3 20 650 0.08 7.5 

23 90 4 25 250 0.1 4.2 

24 90 5 30 350 0.02 55.5 

25 90 6 35 450 0.04 2.1 
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Effect of initial sulphate concentration 

In order to evaluate the effect of initial sulphate 

concentration on adsorption process, several 

solutions   were    prepared   with    different 

concentrations in the range of 250-650 mg/L under 

optimal conditions. The results in Fig. 5 show that, 

by increasing the initial sulphate concentration to 

350 mg/L, the adsorption rate increased almost 

linearly. It increased again at lower rate as 

concentration was increased from 350 mg/L to 650 

mg/L. 

Fig. 2.The FTIR spectrum of raw rice straw(top), and 

activated carbon  mixed with ZnCl2(down). 

RESULTS AND DISCUSSION 

Adsorption isotherm 

One of the appropriate tools to model the 

thermodynamics and kinetics of adsorption process 

is the use of different methods for determining the 

adsorption isotherm, which is the relationship 

between the concentration of adsorbed onto solid 

surfaces and concentration of contaminants in the 

liquid phase at equilibrium and constant 

temperature [14]. The adsorption isotherms are 

obtained in the laboratory by batch systems [15, 

16]. The results obtained from the experimental 

data are often shown using Langmuir, Freundlich, 

and Temkin adsorption isotherm models [17,18]. 

Langmuir isotherm 

Langmuir model suggests a monolayer 

adsorption with no lateral interaction between the 

adsorbed molecules [19, 20]. This model can be 

expressed as follows: 

,    (2) 

where Ce is the equilibrium concentration of 

sulphate  in solution (mg/L). Qmax represents the 

theoretical monolayer adsorption capacity (mg/g) 

and b denotes the energy of adsorption (L/mg).  

Fig. 6 shows the linearised Langmuir isotherm and 

the adsorption isotherm parameters are presented in 

Table 2. 

Fig. 3. The effect of temperature on sulfate 

adsorption (adsorbent dose = 0.02 gr , pH = 5, stirring 

intensity =200 rpm, sulfate concentration= 350 mg/L and 

contact time = 90 min). 

Fig. 4. The effect of contact time on sulphate 

adsorption (adsorbent dose = 0.02 gr, pH = 5, stirring 

intensity =200 rpm, sulphate concentration= 350 mg/L 

and temperature = 30 ˚C).  

Freundlich isotherm 

Freundlich model assumes a heterogeneous 

adsorption process due to the diversity of sorption 

sites or diverse nature of the ions adsorbed, free or 

hydrolyzed species [21,22]. The Freundlich model 

is   expressed    as follows: 

log qe = log Kf + 1/n log Ce ,  (3)
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where Kf  is the Freundlich constant and  n 

expresses adsorption intensity. By plotting Log q 

versus Log Ce, Freundlich isotherm parameters 

(Fig. 7) can be achieved. The results for Freundlich 

isotherm parameters are given in Table 2. 

 

Fig. 5. The effect of initial concentration on sulphate 

adsorption (adsorbent dose = 0.02 gr , pH = 5, stirring 

intensity =200 rpm, contact time = 90 min and 

temperature = 30 ˚ C). 

 

Fig. 6. Linearised Langmuir plot for adsorption of 

sulphate by activated carbon derived from Rice Straw. 

 

 

Fig. 7. Linearised Freundlich plot for adsorption of 

sulphate by activated carbon derived from Rice Straw. 

Temkin isotherm 

This isotherm contains a factor that explicitly 

taking into the account of adsorbent-adsorbate 

interactions. By ignoring the extremely low and 

large value of concentrations, the model assumes 

that heat of adsorption (function of temperature) of 

all molecules in the layer would decrease linearly 

rather than logarithmic with coverage.This type of 

adsorption is expressed as follows: 

qe = B ln A + B ln Ce  ,                 (4) 

where B is the Temkin constant related to the 

adsorption heat (B=RT/b) and A represents the 

equilibrium constant hybrid (L/g) that corresponds 

to the maximum hybrid energy [23,24]. By plotting 

q versus LnCe, , the parameters of Temkin isotherm 

can be calculated (Fig. 8 and Table 2).      

As Table 2 shows, the Langmuir equation with a 

correlation coefficient (R2) of 0.999 fits well the 

equilibrium data. 

 

Fig. 8. Linearised Temkin plot for adsorption of  

sulphate by activated carbon derived from Rice Straw. 

Adsorption kinetics 

In order to understand the dynamics of adsorption 

reaction, adsorption kinetics data were studied. It 

was observed that, with increasing time, the uptake 

increased. It reached equilibrium state after 90 min 

of the adsorption process, (Fig. 4). The equilibrium 

and absorption process depend upon the initial 

concentration of the absorbed substance. At the 

early stage (first phase), the adsorption was rapid 

and, in the second phase, a gradual decline in 

adsorption can be observed where the diffusion 

phenomenon was under control. The final phase 

was the stage of the equilibrium state. Several 

mathematical models have described the  kinetics 

of adsorption [25]. In   this   study, first- and 

second-   order kinetics models, inter-particle 

diffusion kinetics model, and Elovich kinetics 

model were investigated. 

First-order kinetics model 

The kinetics  data  of  sulphate  were  analysed  

using   Lagergren   first-order    rate   equation  

[26,27,28]: 

,  (5) 
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where qe and  qt  are the amounts of sulphate 

adsorbed (mg/g) at equilibrium and  at time t, 

respectively, and K1 represents the rate constant of 

first-order adsorption (1/min). Values of qe and K1 

are calculated from the slope and intercept of the 

plot of log(qe-qt) vs t (Fig. 9 , Table 3). 

Second-order kinetics model 

The adsorption kinetics data could be also 

described   by a second-order   equation [29,30,31] 

given below: 

 ,  (6) 

where K2 is the  equilibrium rate constant of 

second-order adsorption (g/mg/min). Values of K2  

and  qe are calculated from the slope and intercept 

of the plot of  t/q  vs  t (Fig. 10 , Table 3). 

Inter-particle diffusion kinetics model 

This model is based on the diffusion of adsorbed 

molecules into the adsorption sites within the 

adsorbent that are available to be checked. 

The mathematical expression of inter- particle 

diffusion kinetics model is as follows: 

 ,  (7) 

where Kp is the inter-particle diffusion rate 

constant ((mg/g).min-0.5) and C denotes inter-

particle diffusion constant (mg/g) [32]. Constant 

values of inter particle diffusion kinetics model are 

calculated from plot of qt versus t0.5 (Fig. 11, Table 

3). 

Fig. 9. Plot of the first-order kinetics model for 

adsorption of sulphate. 

Fig. 10. Plot of the second-order kinetics model for 

adsorption of sulphate. 

Fig. 11. Plot of the inter particle diffusion kinetics 

model for adsorption of sulphate. 

Elovich kinetics model 

The Elovich kinetics equation describes the 

adsorption and desorption kinetics of minerals used 

in solid chemistry and can be expressed as follows 

[32]: 

 , (8) 

where  α and β are Elovich constants which are 

calculated from the plot of q versus ln t (Fig. 12, 

Table 3).  

     As shown in Table 3, based on the analysis of 

kinetics data on the adsorption process, correlation 

coefficient was higher for the second-order kinetics 

model than the other models. This describes that the 

second-order kinetics model suits well the 

equilibrium data related to sulphate adsorption by 

the adsorbent used in this study. 

Table 2. Parameters of various isotherm models for sulphate adsorption by activated carbon derived from rice straw. 

Langmuir Parameters Freundlich Parameters Temkin Parameters 

R2 qmax b R2 kf n R2 A B 

0.999 56.49 0.25 0.884 6.475 2.81 0.906 3.42 40.14 
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Table 3. Values of sulphate adsobtion kinetics parameters of various models used in this study. 

Kinetics models Parameters 

First-order kinetic 
K1 qe R2 

0.039 1.23 0.741 

Second-order kinetic 
K1 qe R2 

0.00591 57.1 0.999 

Inter-particle diffusion kinetic 
Kp R2 

2.038 0.661 

Elovich kinetic 
α β R2 

6.4 0.158 0.806 

Table 4. Thermodynamic parameters for the adsorption of sulphate on activated carbon. 

ΔG (kJ/mol) ΔH 

(kJ/mol) 

ΔS 

(kJ/mol) T (˚C) 

20 25 30 35 40 45 
0.001076 10.95 

-3.208 -3.230 -3.317 -3.372 -3.427 -3.482

Thermodynamic studies of adsorption 

The relationship between the distribution 

coefficient (Kd) and temperature in the form of 

Vant Hoff equation can be expressed as: 

 (9) 

where ΔH is the enthalpy change (kJ/mol), ΔS 

stands for the entropy change (J/mol.K), R denotes 

gas constant, and T represents the temperature in 

Kelvin. The values of ΔH and ΔS are calculated 

from the slope and intercept of linear regression of 

ln Kd versus 1/T. 

The Gibbs free energy change (∆G) values 

(kJ/mol) are calculated from the following equation 

[33-36]:  

 (10) 

Fig. 13 shows a Linearized plot of Eq. 9 and 

Table 4 gives the values of thermodynamic 

parameters. It was found that, the nature of the 

adsorption reaction is spontaneous and endothermic 

and the reaction tends to increase the irregularities. 

Using EDS and applying SEM analysis the 

chemical components of the adsorbent were 

analysed after adsorption process . Results of the 

interactions of electron beam and activated carbon, 

plot of the distribution of different chemical  

elements  in the adsorbent and measurement of the 

percentage of the elements are shown in Figs.14 

and 15. In addition, Fig. 16 demonstrates the FTIR 

spectrum of activated carbon after the adsorption 

process. 

Fig. 12. Plot of the Elovich kinetics model for 

adsorption of sulphate. 

Fig. 13. Plot of  ln Kd vs. 1/T for sulphate adsorption 

on activated carbon. 

Distribution of the chemical elements in the 

adsorbent is presented in Table 5.  
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Table 5. Distribution of chemical elements in the 

adsorbent  obtained by EDS. 

Element. 

(c/s) 

Line 

2-sig
Intensity Weight 

Concentration 

(wt. %) 

Si Ka 6.32 1.005 34.243 

S Ka 0.71 0.338 3.690 

Cl Ka 0.61 0.311 3.078 

Zn Ka 2.55 0.639 58.989 

Total 100 

Fig. 14. The image of activated carbon after sulphate 

adsorption by EDS. 

Comparison of  ZnCl2  activated  rice  straw  

carbon  with  other adsorbents 

The  application  of  low-cost  and  easily  

available  materials  in  wastewater  treatment  has 

been  widely  investigated  during  recent  years. 

Particularly, the  sulphate  adsorption  on  different  

materials  has  been  extensively  studied  during  

recent  years. Similar results were also observed for 

sulphate adsorption using other adsorbents. To 

illustrate the potential in the use of ZnCl2  activated  

rice  straw  carbon  in  real applications, a  

comparative  evaluation  of  the adsorption  

capacities  of various types of  adsorbents  for  the 

adsorption  of  sulphate species  is  provided  in 

Table 6. The results achieved in comparison with 

the results obtained by others are significant, and so 

studied adsorbent in sulphate adsorption can be 

important, in this regard carry out a series of 

complementary experiments on other 

characteristics including desorption needs to be 

done. 
Table 6. Adsorption capacity (q) of various adsorbents reported in literature. 

Adsorbent pH q (mg/g) Reference 

-Al2O3 5.7 7.7 [38] 

Chitin-based shrimp schells 4.5 156 [39] 

Powdered  TiO2 1 0.9 [40] 

Soil 4.1 1.42 [41] 

Volcanic  Ash 4 0.14 (m mol/g) [42] 

Soil 6.2 2.06 [43] 

Granite Sand 6.2 1.2 [44] 

Coir Pith Carbon 4 0.06 [45] 

ZnCl2 Activated Coir Pith Carbon 4 4.9 [19] 

Magnetite 4 15.4 [46] 

LDH (nano  particles) Acidic 30.22 [47] 

Rice  Straw Acidic 74.76 [48] 

Raw Date Palm Seeds 3.5 3.19 [13] 

LDH (nano particles) 7 
21 (Percent 

removal) 
[49] 

Soil 6.3 0.003 [50] 

Poly(m-Phenyl enediamine) 1.75 108.5 [51] 

LDH (nano particles) 7 0.13 (m mol/g) [52] 

AMX Membrane Acidic 80 [53] 

ZnCl2 Activated Rice Straw Carbon 5 56.49 
Present  

study 
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Fig. 15. Distribution of various chemical elements in activated carbon. 

 

Fig. 16. The FTIR spectrum of activated carbon after adsorption process. 
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CONCLUSIONS 

This study shows that the activated carbon 

obtained from rice straw and ZnCl2 boiling solution 

is an effective absorbent for the removal of sulphate 

from aqueous solutions. The adsorption equilibrium 

data was followed by Langmuir isotherm and a 

second-order model describes the kinetics of 

process. The maximum absorption capacity was 

56.49 mg/g at pH =5, contact time of  90 min, 

temperature of 30°C, sulphate concentration of 350 

ppm, and adsorbent dose of 0.02 gr.  Adsorption 

rate slowly increased with increasing temperature. 

The adsorption rate was directly proportional to the 

initial concentration and contact time. The positive 

values of ∆H0, and the negative values ∆G0 

confirmed the endothermic and spontaneous nature 

of adsorption, respectively. 
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Silica aerogel-iron oxide nanocomposites have been synthesized with sodium silicate precursor, iron oxide 

nanoparticles and ambient pressure drying method in this research successfully. For composite synthesis cogelation of 

the matrix precursor and the nanoparticles suspension method were used. Trimethylchlorosilane (TMCS) and 

hexamethyldisilazane (HMDZ) as modification agents were used to synthesize magnetic silica aerogel nanocomposite 

and their effects were studied. The properties of nanocomposites were determined by XRD, BET, VSM, AAS, FTIR, 

TEM and SEM methods. The results showed that by HMDZmodification agent, the magnetic and physical properties of 

iron oxide nanoparticles in silica matrix were retained. The XRD patterns proved the existence of magnetite in 

nanocomposite that was oxidized to maghemite after heating in 500˚C for 2 hr. The effect of iron oxide nanoparticles 

content also were studied and the results indicated that the density and specific surface area of the aerogels were 

increased with increasing the iron oxide amount. 

Keywords: Silica aerogel, Iron oxide, Magnetic, Ambient pressure drying, Sodium silicate.

INTRODUCTION 

Magnetic zero-dimensional nanoparticles 

especially magnetite (Fe3O4) and maghemite (γ-

Fe2O3) have very important application in many 

technological area such as catalysts, sensors, nuclear 

waste separation, biotechnology/ biomedical and 

magnetic recording systems [1-3]. But applications 

of these fine particles usually are difficult because 

of their tending to aggregation and chemically 

active natures that causes they become oxidized in 

air easily. One method to solve these problems is 

coating nanoparticles with inorganic layers such as 

carbon and silica [4, 5]. Continuous matrix such as 

silica aerogel also can be used to disperse iron 

nanoparticles [6, 7]. Silica aerogels and their 

composites has recently attracted so much 

considerations because of their unusual properties 

such as very low density, high porosity, high 

specific surface area, low dielectric constant and 

excellent heat insulation value. Aerogels are 

synthesized by sol-gel method and the liquid of the 

gels must be exit by special drying method so that 

the solid structure are retained. If the gels are dried 

in ambient pressure and temperature, they lost their 

porosity because the effects of the capillary forces 

and in that condition the xerogels are formed. 

Supercritical drying is the usual method to 

synthesize aerogel and their composites. But this 

method is dangerous and very costly. By solvent 

exchange and surface modification of the gels, 

capillary stresses can be avoided and the shrinkages 

are decreased considerably [8, 9]. 

All the reported literature in the field of synthesis 

iron oxide- silica aerogel nanocomposites have used 

supercritical drying method and mainly silicon 

alkoxides such as tetramethyl orthosilicate (TMOS) 

and tetraethyl orthosilicate (TEOS) as silica 

precursors [3, 6, 7, 10-22]. Several materials such as 

iron acetylacetonate [10, 11, 13, 19, 20, 23, 24], iron 

acetate [19], iron nitrate [3, 6, 7, 14-16, 18, 25],iron 

carbonyl [12] and iron chloride [17, 22] were used 

as iron oxide precursor. Most of above mentioned 

studies used cogelation matrix precursor and the 

inorganic precursor to synthesis nanocomposite. In 

this method the creation favorite iron oxide phase is 

difficult. In this work, silica aerogel- iron oxide 

nanocomposite were synthesized by simple ambient 

pressure drying method and water glass as a cheap 

precursor for first time. Magnetite nanoparticles as 

iron precursor and co-gelation of the nanoparticles 

and the matrix precursor were used to synthesize 

nanocomposites. This approach offers the advantage 

of producing materials with a controllable loading 

of nanoparticles. Trimethylchlorosilane (TMCS) 

and hexamethyldisilazane (HMDZ) as modification 

agents were used to synthesize silica aerogel-iron 

oxide nanocomposite and their effects were studied. 

The effect of iron oxide content on nanocomposite 

properties was investigated. Moreover, synthesis 

steps were summarized in this work. The alcohol 

and solvent were added to hydrogel in one step, 
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therefore the synthesis was done in one day less 

than previous procedure [26]. 

EXPERIMENTAL 

Chemicals and Characterization Tools 

Iron oxide nanoparticles were prepared from US 

Research Nanomaterials Company. The other 

materials were purchased from Merck Company.  

The bulk density of the nanocomposites was 

calculated using a microbalance scale, (10-5 g 

precision) and coulisse. The surface area was 

determined by Brunauer–Emmett–Teller (BET) 

method (BEL, JAPAN) from the amount of N2 gas 

adsorbed at various partial pressures. The Fe content 

in the samples were determined using an atomic 

absorption spectrophotometer (AAS, GBC Avanta). 

Organic and inorganic bonds present in an 

composite samples were studied by Fourier 

transform infrared spectroscopy (FTIR) using a IR 

spectrophotometer (PU 9800, from Philips) which 

gave the information about the various chemical 

bonding such as –OH, Si–OH, Si–O–Si, Si– C, C–H 

and Fe–O. The pore structure and particle 

morphology were characterized by field emission 

scanning electron microscopy (FESEM, Mira 3-

XMU) and transmission electron microscopy (TEM, 

Philips EM208). X-ray diffraction (XRD) 

measurements were performed at room temperature 

using a Bruker D8 advance X-ray diffractometer. 

Magnetic properties of samples were studied by a 

vibrating sample magnetometer (VSM, Daghigh 

Meghnatis Kashan Co.) at room temperature. 

Synthesis 

At first step for synthesis of silica aerogel- iron 

oxide nanocomposite, certain weight (0.02 -1 g) of 

iron oxide nanoparticles were dispersed in 20 cc 

deionized water by an ultrasonic mixer. The power 

of the mixer was 70 watt, and solutions were mixed 

for 1 hr. Then water glass was added to the mixture 

in 1 to 4 ratios. The solution pH was ~ 12 in this 

step. After well mixing, amberlite resin was used to 

exchange the ion Na+ with H+ and solution pH 

became 2-3. The hydrogel was prepared by 

controlled addition of the NH4OH solution (1 M) to 

the obtained sol. In this step to prevent deposition of 

Fe3O4 nanoparticles, the pH was adjusted so that the 

gelation time was limited in 1 minute. The mixture 

was transferred to Teflon vessels in airtight 

condition and 50 °C temperature. After 3 hours 

aging, 2-propanol and n-hexane in equal ratios were 

added to hydrogel to exchange the solvent. This step 

lasted 14-20 hours. The modification agent was 

prepared by adding 25% TMCS or HMDZ in n-

Hexane solution. After evacuation of propanol- 

hexane solution, surface modification agent was 

added to the gel. After 14-20 hours, the modification 

agent was extracted and the gels were dried. To 

drying, the gels were given in ambient temperature 

for one day. After that raising temperature program 

was applied from 50°C to 140°C slowly in one day. 

Beside iron oxide- silica aerogel nanocomposite, 

iron oxide- silica xerogel nanocomposite and pure 

silica aerogel were synthesized and their properties 

were compared together. For synthesis xerogel 

nanocomposite, the first steps were done similar to 

iron oxide- silica aerogel synthesis, but after 

gelation, the gels were dried without any excess 

operation in 50°C. In pure silica aerogel, iron oxide 

nanoparticles weren’t added to the sol and the other 

steps were repeated.  

RESULTS AND DISCUSSION 

Two modification agents, trimethylchlorosilane 

(TMCS) and hexamethyldisilazane (HMDZ), were 

used to change surface functional groups and 

prevent xerogel formation. The samples that were 

modified with HMDZ and TMCS will be named as 

“AH” and “AT” respectively.  

Apparent color of AT nanocomposites was 

altered in modification step. In the first step, the 

formation gel was dark brown. This gel kept its 

color in solvent exchange step. But after 

modification, the gel became transparent and 

colorless and the final product became white (Figure 

1 b, c, d). Surface modification of the silica gel with 

TMCS was done as below reaction [27]:  

≡Si−OH + (CH3)3−Si−Cl → ≡Si−O−Si−(CH3)3 + HCl , (1) 

It seems that after formation of HCl, the 

following reaction between iron oxide entrapped in 

the pores and hydrochloride acid was happened 

[28].   

Fe3O4 + 8HCl → FeCl2 + 2FeCl3 + 4H2O , (2) 

Thus resulting composition was iron chloride- 

silica aerogel nanocomposite and didn’t have any 

respond to external magnetic field.  

Apparent color of samples AH remained constant 

in all steps (Fig. 1 b′, c′, d′). Surface modification of 

the silica gel with HMDZ was done as below 

reaction [29]: 

,(3) 
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Fig. 1. Change in apparent color of iron oxide-silica gel in different steps (a) After solvent exchange; (b) and (b′) 

samples AT and AH after modification respectively; (c) and (c′) Position of gels after modification for samples AT and 

AH respectively; (d) and (d′) Final product of samples AT and AH respectively. 

NH3didn’t react with Fe3O4 nanoparticles in 

modification step. Thus the structure and magnetic 

properties of Fe3O4 nanoparticles were retained. 

Resulting nanocomposites responded to external 

magnetic field strongly, so the main studies were 

done about samples AH.  

Table 1 shows the effect of iron oxide initial 

weights on density and specific surface area of 

samples AH. Six initial weights of iron oxide 

nanoparticles (0.08, 0.1, 0.2, 0.5, 0.6 and 0.8 g) 

were examined and dispersed in 20ccdeionized 

water in first step of synthesis. The properties of 

pure iron oxide, silica aerogel and iron oxide-silica 

xerogel also were measured for comparison. The 

iron contents of samples were measured by atomic 

absorption spectroscopy (AAS). The measured Fe 

contents of samples were less than the additive 

amount in initial step. This was probably due to the 

leakage of a part of iron oxide nanoparticle at 

exchanging the solvent and surface modification 

steps from the pores. The other little part of iron 

oxide particles were attracted by ultrasonic mixer 

probe. As shown in table 1 the Fe content of sample 

AH with 0.5 g initial weight of iron oxide was less 

(5.74%) than its related xerogel (7.1%). Because in 

xerogel synthesis there wasn’t any solvent exchange 

and modification steps, so the leakage of iron oxide 

nanoparticles was less than aerogel in these steps.  

Table 1. The effect of initial weight of iron oxide on 

nanocomposite property. 

Sample 
Density 

(g/cm3) 

specific 

surface area 

( m2/g) 

Fe content 

 (%) 

Pure 

silica 

aerogel 

0.12 589 0 

AH 

(0.08)* 
0.35 366.8 3.02 

AH 

(0.1) 
0.36 368.07 3.74 

AH 

(0.2) 
0.39 430.1 4.63 

AH 

(0.5) 
0.42 499 5.74 

AH 

(0.6) 
0.51 509 6.81 

AH 

(0.8) 
0.58 517 7.49 

Iron 

oxide-

silica 

xerogel 

(0.5) 

2.2 521 7.1 

Pure 

Fe3O4 
5.1 82 100 

* The numbers in parentheses are the initial amounts of

iron oxide added to 20ccdeionized water in first step



L. Amirkhani et al.: Effect of surface modification agent and calcination process on the preparation of the hydrophobic magnetic… 

85 

The results showed that the density of samples 

AH were increased with increasing the iron oxide 

amount. The reaction between some of Fe3O4 

nanoparticles and SiO2 and formation of Fe-O-Si 

bonds led to decrease modification of SiO2 with 

silylating agent. This increased volume shrinkage 

and density. The values of density for the samples 

AH were between 0.35-0.58 g/cm3. For iron oxide-

silica xerogel samples this value was 2.2 g/cm3 and 

for pure silica aerogel was 0.12 g/cm3. These results 

showed iron oxide- silica aerogel surface 

modification were done less than pure silica aerogel 

and more than xerogel samples. Thus the porosity of 

pure silica aerogels was larger than their 

composites. On the other hand the density of pure 

iron oxide was 5.1 g/cm3 that reduced the density of 

composites. Figure 2 compares the apparent 

properties of sample AH with initial 0.5 g Fe3O4, its 

related xerogel and pure silica aerogel. 

  
(a)  (b)  (c) 

Fig. 2. Photographs of (a) pure silica aerogel; (b) 

magnetite-silica xerogel; (c) sample AH. 

Two factors can affect on the nanocomposites 

specific surface area. The first factor isthe presence 

ofiron oxide nanoparticles with a low specific 

surface area that reduce the specific surface area 

ofthe compositesconsiderably. The specific surface 

area of bare magnetite was 82 m2/g. Thus with iron 

oxide doping, the specific surface area of the 

composite was decreased respect to pure silica 

aerogel (Table 1). The second factor is the small 

pores volume in the dense structures leading to an 

increase in specific surface area of the composites. 

Increasing surface area with increasing the initial 

amount of iron oxide and decreasing the density in 

table 2 was for this reason. So with adding the 

appropriate amount of iron oxide, the properties of 

nanocomposites can be regulated. 

Figure 3 shows the result of XRD patterns of the 

magnetite and sample AH with 0.5 g iron oxide 

before annealing. The pattern for sample AH had 

four characteristic peaks at 30.3˚ (220), 35.7˚ (311), 

57.2˚ (511) and 62.7˚ (440) which was consistent 

with the standard pattern of Fe3O4 (00-019-0629). 

The broad peak between 20 and 30 degree in pattern 

of sample AH, was due to amorphous silica.This 

proved the existence of both amorphous silica and 

magnetite in nanocomposite before annealing. 

 

Fig. 3. The XRD pattern of (a) magnetite and (b) 

sample AH.  

After annealing silica aerogel-magnetite 

nanocomposites in 500˚C for 2 hr their apparent 

color was changed from dark brown to light brown. 

Figure 4 shows the XRD patterns of the magnetite 

and sample AH after annealing. There were ten 

characteristic peaks at 24.2˚(210), 30.4˚(220), 

33.3˚(310), 35.8˚(311), 41˚(321), 49.6˚(421), 

54.2˚(430), 57.6˚(511), 62.5˚(440) and 64.1˚(441) 

for annealing magnetite and seven characteristic 

peaks for annealing sample AH at 22.6˚ (210), 

30.4˚(220), 35.8˚(311), 43.4˚(400), 53.9˚(422), 

57.5˚(511) and 63.1˚(440) that corresponded to 

Fe2O3 (00-039-1346).  

 

Fig. 4. The XRD pattern of (a) magnetite and (b) 

sample AHafter annealing in 500˚C for 2 hr. 

These patterns showed that magnetite and sample 

AH were oxidized to maghemite and maghemite 

composite after heating in 500˚C for 2 hr. The broad 

amorphous silica peak was also seen in maghemite 

composite pattern. The result composite showed 

strong response to the external magnetic field that 

was also evidence of formation maghemite 

polymorph.  

Figure 5 (a) and (b) shows the XRD pattern of 

the AT sample before and after heating in 500˚C for 

2 hr respectively. Except of broad silica peak, any 



L. Amirkhani et al.: Effect of surface modification agent and calcination process on the preparation of the hydrophobic magnetic…

86 

other obvious peak wasn’t seen. This showed that 

there wasn’t any crystalline phase in silica structure 

that modified with TMCS.  

Fig. 5. The XRD pattern of sample AT: (a) before 

heating; (b) after heating in 500˚C for 2 hr. 

Crystallite size (D) is calculated using the 

Debye-Scherer’s formula: [30] 





cos

k
D  , (4) 

Where β is the full width at half maximum 

(FWHM) of the corresponding XRD peak, k is a 

constant (~1), λ is X-ray wavelength and θ is the 

Bragg angle. Crystallite size of magnetite and 

sample AH before and after annealing were 

calculated by the Scherer formula and are shown in 

table 2. These results were confirmed nano 

crystallite size of structures.  

Table 2. Crystallite size of samples magnetite and AH 

before and after annealing at 500˚C, calculated by the 

Scherrer formula. 

sample Crystallite size (nm) 

Before annealing After annealing 

magnetite 42 34 

AH 21 40 

Figure 6 shows field emission scanning electron 

micrographs for sample AH with 0.5 g iron oxide in 

two resolution and pure silica aerogel. The 

structures were uniform and porous. Comparison 

between SEM images of pure silica aerogel and 

magnetic silica aerogel showed that, the porosity of 

composite was less than pure silica aerogel in 

agreement with the results of BET analysis. The 

figures also showed that the particles and the pores 

size is less than 50 nm in agreement with XRD 

results.  

(a) (b) 

Fig. 6. FESEM image of sample (a) AH with 0.5 g 

iron oxide(b) pure silica aerogel  

The TEM images of the pure silica aerogel and 

sample AH were obtained at the scales of 25 nm and 

20 nm, respectively (Figure 7).This analysis showed 

that iron oxide nanoparticles were surrounded by 

porous silica aerogel matrix. When the magnetic 

particles disperse in silica sol, the inherent affinity 

between the silica and iron molecules is caused the 

formation of silica gel around the iron oxide 

nanoparticles.  

(a) (b) 

Fig. 7. TEM images of (a) pure silica aerogel (b) iron 

oxide- silica aerogel composite 

Magnetization curve in room temperature are 

shown in Figure 8 Measurements were obtained by 

the use of vibrating sample magnetometer (VSM) 

with maximum magnetic field of 10 kOe. This 

hysteresis loop shows 0.74 emu/g for Remanence 

magnetization (MR), 6.65 emu/g for Saturation 

magnetization (MS) and 97.5 Oe for coercive field 

(HC).  

The inset of Figure 8 is the magnetization curve 

of Fe3O4 nanoparticles that was measured in 

company. As could be seen from this picture, the 

value of MS for nanoparticles is 60.45 emu/g. 

Decrease in saturation magnetization is possibly due 

to the non‐magnetic silica aerogel layer that 

decreases surface moments. On the other hand in 

nanocomposite structure there is a little amount of 

ferromagnetic nanoparticles per unit weight [31]. 

Figure 9 shows the FTIR investigations of (a) 

sample AH and (b) sample AT. In Figure 9a the 

absorption peak at 585cm−1 is the characteristic 
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absorption of a Fe−O bond that confirm the 

presence of Fe3O4 nanoparticles [32]. This peak in 

Figure 9b is very weak that prove the reaction of 

Fe3O4 nanoparticles in this sample. The major peaks 

at around 3500 and1650 cm−1 are attributed to O-H 

bonding. In samples that were modified with TMCS 

these peaks are very weak. It shows that the surface 

modification with TMCS is more effective than 

HMDZ and the most of O-H groups are replaced 

with O-Si-(CH3)3.  

Fig. 8. Room temperature magnetization curve for 

iron oxide- silica aerogel nanocomposite. Inset figure is 

the magnetization curve of Fe3O4 nanoparticle 

The peaks at around 2900 and 1450 cm-1 

indicates to C-H bonds that were seen in two 

samples and were stronger in HMDZ samples due to 

two branches of  (CH3)3  groups in this material. The 

peaks at around1092 and 854 cm-1 show asymmetric 

and symmetric of SiO2 respectively. The strong 

peak in 469cm-1 are attributed to O-Si-O bond that 

exist in two graphs [33]. 

CONCLUSION 

In this research, iron oxide- silica aerogel 

nanocomposites were synthesized successfully by 

sodium silicate precursor and ambient pressure 

drying method. Co-gelation of the nanoparticles and 

the matrix precursor were used to synthesize 

nanocomposites. The effect of two modification 

agents (HMDZ and TMCS) and the iron oxide 

content were investigated on the nanocomposite 

properties. The BET, AAS, SEM, TEM, VSM, 

FTIR and XRD method were used to characterize 

the result structures. HMDZ modified the gels 

without any effect on iron oxide nanoparticles and 

these particles retained their magnetic properties. By 

increasing the iron content of the samples, the 

density and specific surface area were increased. 

The minimum density of the synthesized samples by 

HMDZ in this research were 0.485g/cm3 and the 

maximum specific surface area were 494.7m2/g. The 

other analysis revealed the formation of porous 

magnetic silica aerogel. These structures can have 

many applications such as chemical and 

biochemical catalysts. 

Fig. 9. FTIR spectra of (a) sample AH and (b) sample AT. 
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Acrylate grouting material has been widely used in dams, tunnels and other underground buildings. This paper 

introduces the basic components of acrylate grouting material, then the reaction mechanism and dynamics of gelation 

process are discussed based on the theory of free radical polymerization. By measuring the relationship between 

gelation time and the concentration of initiator ammonium persulfate, the chain termination of free radical is confirmed 

to be single-base termination reaction. The gelation time is inversely proportional with the concentration of initiator and 

is directly proportional to the natural logarithm of the ratio of the initial concentration [M]0 and a time component 

concentration [M] of the acrylate monomer. The quantitative relation between them was derived. The result has a 

guiding significance on the material design and the gelation control of acrylate grouting material. 

Key words: Kinetics, Reaction mechanism, Grouting material, Acrylate. 

INTRODUCTION 

Chemical grouting is a common method for the 

treatment of waterproof sealing [1, 2]. Chemical 

grouting material was filling into the formation or 

crack, which diffused, coagulated and cured, to 

increase the formation strength, reduce the 

permeability of the formation[3], prevent the 

formation of deformation[4, 5], or repair of cracks 

on concrete building[6, 7]. Acrylate is an important 

kind of chemical grouting material. Since the 

United States halted sales of acrylamide grouting in 

1978 because of the pollution risk, the research and 

application of acrylic acid salts grouting material 

got the attention of the countries [8]. In 1980, 

acrylate polymer (AC-400) slurry began to instead 

of acrylamide grout materials. The AC-400 used 

now is the mixture of calcium, magnesium acrylate 

monomer, a small amount of methyl double 

acrylamide, triethanolamine, ammonium persulfate 

and water. In the 70s, China began to study acrylate 

grouting materials. The Changjiang River Scientific 

Research Institute carried out a study of acrylamide 

non-toxic alternatives, develop less toxic acrylic 

mixed salts of calcium and magnesium, which was 

successfully applied in Wan'an hydropower and 

dam seepage in the Three Gorges Project. 

In recent years, a new crosslinking agent instead 

of methylene-bis-acrylamide was developed 

making acrylate grouting material more accord with 

the requirement of environmental protection, at the 

same time there is the component increasing 

inflation performance as well as antagonists to 

eliminate the toxicity, and it improved the 

production technology to make them more 

outstanding performance [9]. To synthesize a kind 

of environmental crosslinking agents, and a water-

soluble, non-toxic, replacing the original acrylic 

chemical grouting material used methylene bis-

acrylamide cross-linker solved methylene bis-

acrylamide difficult to dissolve and pollute the 

environment. This kind of crosslinking agent as raw 

materials in the preparation of acrylate chemical 

grouting material has low viscosity, good fluidity, 

can be poured into the tiny cracks in the gelation 

time control, low permeability, and high 

compressive strength of solid sand. Acrylate 

grouting material has been used in the dam 

foundation tunnels, sewers, underground buildings 

plugging and weak strata stabilization process, as 

well as other aspects of drilling wall has been 

widely used. Han’s group explored the dynamics of 

gelation time in the oxidant ammonium persulfate 

and reductant sodium thiosulfate. 

The reaction mechanism of grouting material is 

important because they can direct the actual 

application in engineering [10]. The kinetics of 

acrylate in ammonium persulfate oxidizer and 

triethanolamine accelerator was rarely reported. In 

this paper, bases on the theoretical basis of the 

radical polymerization, the reaction mechanism of 

acrylate grouting material in the present of the 

oxidizer ammonium persulfate and triethanolamine 
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accelerator were described and the reaction kinetics 

of acrylate grouting material was discussed. 

EXPERIMENTAL 

The basic compositions of the chemical grouting 

material are the acrylate, crosslinking agent, 

initiator, accelerator, retarder and water. The 

crosslinking agent has two or more functional 

group which can be reacted with the primary agent. 

The gelation time can be controlled by adjusting the 

amount of retarder in the slurry between several 

minutes to several tens of minutes. There are a lot 

of acrylate monomer can be used in grouting, such 

as calcium acrylate, magnesium acrylate, zinc 

acrylate, potassium acrylate and sodium acrylate. 

Calcium acrylate was added as antagonists to get a 

lower toxicity and good performance of the gel. In 

this paper the mixture of calcium acrylate and 

magnesium acrylate solution were selected as the 

main agent. 

Through a large number of tests, the best 

proportion of basic composition was determined, 

shown in Table 1. 

Table 1. The basic composition of acrylate grouting 

material. 

Materials 

composition 

Mass percentage  

(%) 

Acrylate monomer 10～20 

Accelerant 1～2 

Crosslinker 2～5 

Initiator 0.5～2 

Solvent 70～80 

Retarder 
be adjusted according to  

the curing time 

RESULTS AND DISCUSSION 

Radical polymerization mechanism 

Acrylate grouting material is carried out in 

accordance with the mechanism of free radical 

polymerization. Radical chain polymerization is a 

chain reaction, consisting of a sequence of three 

steps: initiation, propagation, and termination. 

With ammonium persulfate as initiator and 

triethanolamine as accelerator in water, primary 

free radicals formed and stimulated the acrylate 

monomers coupled to double bond structure of 

crosslinking agent. The primary radicals inspired by 

acrylate monomer could form monomer free 

radicals. Polymer with space network was formed 

structure by radical polymerization. Retarder can 

capture the primary radicals and extend the time of 

the combination of free radicals and monomers, 

which made the induction period of polymerization 

longer, thereby controlling the gelation time.  

It is assumed that the initiator ammonium 

persulfate generate the primary radical. (M, acrylate 

monomer or crosslinking agent; Mn•, the growing 

polymer chain) According to the theory of free 

radical polymerization, each elementary reaction 

expression was discussed as follows: 

Step 1: Chain initiation 

Chain initiation is the reaction of forming free 

radical of monomer, consisting of the following 

two steps. The first step is that the initiator 

decomposed to form a primary radical R •.  

 RI dk 2 , (1) 

where kd is the rate constant for the initiator 

dissociation 

The second step is that monomer free radicals 

formed with the addition of monomer to primary 

radicals 

 RMMR ik

, (2) 

Step 2: Chain propagation 

As the propagation continues, each monomer 

unit was added. The radical has the same identity as 

the previous radical. Therefore, Eq.(3) of chain 

propagation was shown as following:  





RMn

RMMnMRMMMRM nMk p

 , (3) 

In which kp is the rate constant for the Chain 

propagation. 

Step 3: Chain termination 

The growth of the chain takes place very rapidly 

to form higher weight polymer. But at some point, 

the polymer chain stops growing because the 

propagating radical could be terminated at the end. 

The termination of the radical occurs by the 

bimolecular reaction between two radicals. They 

reacted with each other by coupling or 

disproportionation. 

The two different modes of termination can be 

expressed as following: 

RRMRMRM mn
k

mn )(
a

 
, (4) 

（Coupling termination） 

m
kb RMRMRMRM nmn   , (5) 

(Disproportionation termination） 

In which ka and kb are the rate constants for 

terminations by coupling and, respectively. 
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Free radical polymerization kinetics of acrylate 

grouting material 

The polymerization process of acrylate grouting 

material includes chain initiation, chain propagation 

and chain termination. Here the reaction rate of the 

reaction material (monomer and crosslinking agent) 

is represented. According to the law of mass action, 

the reaction rate equation can be derived. 

The chain initiation rate equation was shown as 

following: 

][2/][ IfkdtRdR dd 
,(6) 

In which kd denotes the rate constant of chain 

initiation, Rd denotes the reaction rate of chain 

initiation, f denotes the initiator efficiency of 

initiation, and [I] denotes the concentration of the 

initiator. 

The overall rate of polymerization (Rp) can be 

considered as the rate of disappearance of monomer 

with respecting to time of d[M]/dt. This depletion is 

due to the initiator-monomer reaction and the 

propagation reaction. 

]][[/][ MMkdtMdR pp 
, (7) 

In which kp denotes the rate constant of the 

chain propagation, [M] denotes the concentration of 

monomer and crosslinker, [M•] denotes the total 

concentration of all the radical. 

The rate of chain termination (Rt) can be 

considered as the disappearance rate of all the 

monomer radical, with respecting to time d[M]/dt, 

including coupling and disproportionation 

termination: 
2][2/][  MkdtMdR tt , (8) 

In which kt denotes the rate constants for 

termination by coupling and disproportionation, 

and kt is the sum of ka and kb. 

In theory, three basic assumptions were 

introduced in polymerization kinetics, as the 

activity, large degree of polymerization and steady 

process. With three basic assumptions, the basic 

equations of polymerization kinetics can be 

introduced as following. 

 a
t

d
pp I

k

fk
MkR

21

][ 









, (9) 

In which a is a reaction coefficient between 0.5 

and 1. 

In Eq.(9) Rp is also the consumption rate of 

monomer M, so Rp may be expressed as: 
 

]/dt[-dp MR 
, (10) 

Supposing the starting concentration of 

monomer M equals [M]0, the combining of Eq.(9) 

and Eq.(10) can yield the time t as 
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  , (11) 

Eq.(11) shows the relation between gelation 

time t and monomer concentration [M], with 

reaction rate constant of k. 

According to kinetics theory, free radicals 

reacted with one another to be terminated by 

coupling, and the rate of polymerization is 

proportional to the square of initiator concentration. 

When they react with one another to be terminated 

by disproportionation, the rate of polymerization is 

proportional to the initiator concentration. One 

molecule of acrylate could form free radicals. 

Therefore it is impossible for one molecule of 

acrylate to be terminated by coupling. So Eq.(11) is 

transformed into Eq.(12). 

  2/1

][

][

][
2
1

0

Ik

In
t

t

d

k

fk
p

M

M



, (12) 

Eq..(12) shows that the gelation time is inversely 

proportional to ammonium concentration of 

persulfate initiator in temperature constant 

For a given concentration of acrylate materials, 

the ratio [M]0/[M] is fixed at different process of  

solidification. When the grouting material gels, 

Eq.(12) is transformed into the Eq.(13): 

][ItC  , (13) 

To verify the correctness of the above Eq.(12), a 

set of experimental data was done (in Table 2), 

showing the influence of ammonium persulfate 

dosage on the gelation time. 

If equation (12) is correct, the gelation time t 

multiplied by the concentration of ammonium 

persulfate should be a constant. So the data in Table 

1 was plugged into equation (13) to calculate the 

value of product concentration C, when the 

concentration of ammonium persulfate was 

different (Table 3). 

In Table 3, C is basically a constant. The results 

show that the gelation time of acrylate grouting 

material is inversely proportional to concentration 

of catalyst ammonium peroxydisulfate. Eq.(12) 

shows the relation between gelation time and 

initiator concentration. It also could been obtained 

that the acrylate grouting material chain termination 

reaction is a single-terminated reaction. 
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Table 2. Effect of (NH4)2S2O8 on the gelation time. 

Concentration

)1 -(mol·L
0.0286 0.0491 0.07365 0.0982

Gelation time 

(s)
163 95 63 47

Note: Concentration of acrylate grouting material 

equals 25%, concentration of triethanolamine equals 

1.0%, and the temperature is 25˚C. 

Table 3. The relationship of ammonium 

peroxydisulfate concentration and product concentration. 

Concentration

)1 -(mol·L
0.0286 0.0491 0.0736 0.0982

Product 

concentration C
4.66 4.66 4.64 4.62

CONCLUSIONS 

The reaction mechanism acrylate grouting 

material belongs radical polymerization reaction. 

The gelation time is inversely proportional with the 

concentration of initiator ammonium persulfate and 

is directly proportional to the natural logarithm of 

the ratio of the initial concentration [M]0 and a time 

component concentration [M] of the acrylate 

monomer. The quantitative relation between them 

is given. Its mathematical formula can be 

concluded. This formula has a guiding significance 

on gelation time for the formula design and the 

construction control of acrylate grouting material.  
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The ab initio calculations have been used to study the generalized stacking fault energy (GSFE) for the closed-packed 
(1 1 1) plane along <1 1 2>direction in FCC high entropy solid solutionsAlxCoCrCuFeNi with x=0, 0.5, 1, 1.5 and 2, 
respectively. The GSFE curves have been calculated by the first principle. Our calculated results of the GSFEs for FCC 
Al are agreement with previous calculation. The GSFE curves of high entropy solid solutions AlxCoCrCuFeNi are similar 
to which of FCC Al. The intrinsic stacking fault energy (ISFE) γ isf of AlxCoCrCuFeNi with x=1 is the maximum, and 
with x=2 is the least. The unstable stacking fault energy (USFE) γusof AlxCoCrCuFeNi with x=1 is maximum, and with 
x=0 is the least. The high entropy solid solution AlxCoCrCuFeNi with x=1 has the lowest γus/γ isfratio value, so full 
dislocation will be observed easily.We calculated the Peierls stress by Peierls-Nabarro model with GSFE curve, the 
changing of Peierls stress is similar to USFE with the different mole fraction of Al. 

Key words: High entropy solid solution, Generalized stacking fault energy, Intrinsic stacking fault, Unstable stacking 
fault energyFirst principle. 

INTRODUCTION 

High entropy alloys (HEAs) are a 
multicomponent system of 5 to 13 metallic elements 
with equiatomic or nearlyequiatomic compositions 
[1-9].The HEA AlCoCrCuFeNi was first 
synthesized by Yeh et al [7-11]. The most studies 
were about it. There are wear resistance and high-
temperature compression strength of 
Al0.5CoCrCuFeNi [5]; adhesive wear behaviour of 
AlxCoCrCuFeNi[9];microstructure characterization 
of AlxCoCrCFeNi[12]; mechanical performance of 
the AlxCoCrCuFeNi [13] and so on. 
Theseresearches indicate that it isimpact on 
microstructure characterization, adhesive wear 
behaviour, wear resistance, tensile property, 
compression strength and mechanical performance 
by the mole fraction of Al changed. Mechanical 
properties of metals depend on phenomena is a 
hierarchical structure from atomic up to a 
macroscopic length scale [14]. The generalized-
stacking-fault energy (GSFE), which was introduced 
by Vitek [14, 15], plays an important role in 
proposed model for the brittle-ductile transition and 
dislocation properties [16, 17]. However, it is 
possible to form material at the microscopic and 
nanoscopic length scales using deposition methods 
such as chemical vapour deposition, physical vapour 
deposition and molecular-beam epitaxy. In order to 

minimize the quantity of defect, researchers need to 
know the mechanisms of dislocation nucleation, 
possibly leading to a criterion that determines when 
a dislocation will be created.  

The GSFE is the interplanar potential energy for 
sliding one half of a crystal over the other half. 
Returning to the issue of dislocation nucleation in a 
crystal, it is desirable to know the shape of the entire 
GSFE curve, and to use it in a criterion for nucleation. 
Currently, such a potential can nowadays be 
determined from the embedded atom method (EAM), 
molecular dynamics (MD) calculations, and first-
principles calculations [18].The first-principles 
method has been successful in calculating the grains 
[19], so more accurate investigation of GSFE for 
FCC metals is needed.For example, Wu et. al 
calculated the generalized stacking fault surfaces 
and surface energies for FCC metals by first 
principle [18]; Muzyk et. al calculated the 
generalized stacking fault energy in aluminium 
alloys by first principle [20]; Wang et. al calculated 
the dislocation properties in magnesium by first 
principle [21]; Yan et. al calculated the generalized 
stacking fault energy and dislocation properties in 
BCC Fe by first principle [22], and so on.  

The energy-displacement curve, known formally 
as the GSFEcurve and introduced by Vitek [15, 23], 
cannot be measured experimentally except for a 
single point known as the intrinsic stacking fault 
energy (ISFE) sfγ . The simulation region was 
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rectangular with faces in the <1 1 2>, <1 1 0> and 
<1 1 1> directions. Periodic boundary conditions 
were used in the <1 1 2> and <1 1 0> directions; the 
(1 1 1) faces was free. The lattice was divided in half 
(cut by a (1 1 1) plane), with the lower-half 
remaining fixed and the upper-half displaced in the 
<1 1 2> direction in small increments. The average 
energy/atom was used to calculate energy per unit 
area of the slip plane. For slip in some directions, 
such as the <1 1 2> directions of a FCC crystal, 
positions exist at which the lattice is stable, although 
the crystal is not in its bulk equilibrium structure. 
This stable configuration is known as the intrinsic 
stacking fault (ISF). So slip in the <1 1 2> directions 
is common because the unstable stacking fault 
energy (USFE) γus is the lowest in those directions 
[24].  

In this paper, we present the GSFE for (1 1 1) 
plane <1 1 2>directionin FCCstructure using first-
principle calculations employing CASTEP package 
for high entropy solid solution AlxCoCrCuFeNi with 
x= 0, 0.5, 1, 1.5 and 2, respectively. The slab 
calculation is used to obtain the GSFE curves for 
FCC structures. Then the Peierls stresses were 
calculated by Peierls-Nabarro model with GSFE 
curves. 

COMPUTATIONAL METHOD 

The total-energy calculations based on the 
density functional theory (DFT) embodied in the 
CASTEP package [25] are employed in the present 
study. The Perdew-Burke-Ernzerhof (PBE) [26] 
exchange-correlation functional for the generalized-
gradient-approximation (GGA) [27]is used. A plane-
wave basis set is employed within the framework of 
the projector augmented wave (PAW) method [28, 
29]. The ion-electron interaction was modeled using 
norm-conserving pseudopotentials [30]. The model 
of high entropy solid solution AlxCoCrCuFeNi with 
x=0, 0.5, 1, 1.5, and 2 was built using the virtual 
crystal approximation (VCA) [31-33]. On the basis 
of tests, it is chosen the energy cut-off 250eV. For 
first-Brillouin-zone integrals, reciprocal space is 
represented by Monkhorst-Pace-special k point 
scheme[34] with 2×4×3 grid meshes for FCC 
structure. The equilibrium theoretical lattice 
structure is determined by minimizing the 
Hellmann-Feynman force on the atoms and stress on 
the unit cell. The convergence of energy is 2×10-5eV. 
In the present study, we calculated the GSFE curve 
for the <1 1 2> direction, since the slip between the 
closed-packed surface is most easily for FCC Al. 
The ideal FCC structure closed-packed surfaces 
have the configuration ……ABCABC…… stacking 

sequence of the atomic planes. To simulate the block 
shear process we use a slab consisting of 6 atomic 
layers in the <1 1 2> direction. Between periodically 
repeated slab the vacuum gap 15Å normal to (1 1 1) 
plane is chosen to avoid interactions between two 
slabs. 

RESULTS AND DISCUSSION 

First, we calculated the GSFE curve of FCC Al, 
shows the GSFE curve along 1/6 <1 1 2> direction 
in FCC Al. The energy minimum value corresponds 
to the ISFE, where a full dislocation dissociates into 
a pair of Shockley partials. The energy maximum 
value is the USFE, which represents the lowest 
energy barrier for dislocation nucleation [18]. The 
trend of GSFE curve for the <1 1 2> direction in FCC 
Al crystal was agreement with previous calculation 
[17, 24, 35-40]. As can be seen from Fig. 1, it is 
found that γus and γisf are 144 and 100mJ/m2 for 
FCC Al, respectively. Table 1 lists the corresponding 
unstable and intrinsic stable stacking fault energies 
for FCC Al along with other calculated values 
published in literature[39, 41-43]. 

These indicated that the set was reasonable. So 
we calculated the GSFE for the <1 1 2> direction in 
FCC high entropy solid solution AlxCoCrCuFeNi 
with x=0, 0.5, 1, 1.5 and 2, respectively. 

Using above set, we calculated the GSFE curve 
of the high entropy solid solution AlxCoCrCuFeNi 
with x= 0, 0.5, 1, 1.5 and 2, respectively. Fig. 1 
showed the GSFE curve along 1/6 <1 1 2> direction 
in FCC high entropy solid solution AlxCoCrCuFeNi 
with x=0, 0.5, 1, 1.5 and 2, respectively. It is 
foundfrom Fig. 1 that theGSFE of the high entropy 
solid solution AlxCoCrCuFeNi with x=1 is the 
largest at the same slide place, it indicate that the 
high entropy solid solution AlxCoCrCuFeNi with 
x=1 is difficult to slide, so its plastic property is 
better than the others high entropy solid solutions. 

To further study the ISFE and USFE, Fig. 2(a) 
shows the ISFE and USFE of the high entropy solid 
solution AlxCoCrCuFeNi, respectively. The 
calculated USFEs and ISFEs are listed in Table 1. 
With the values of γus and γ is increasing, the 
potential barrier to form the stacking fault increased, 
and therefore it is difficult to form the stacking fault, 
and it is not easily deformed. It is normally that the 
stacking fault energy is closely related to the plastic 
deformation of the materials. The material having 
low stacking fault energy which can easily produce 
large plastic deformation slip dislocations further 
excited by twinning, and it is difficult to form 
stacking fault due to the high stacking fault energy, 
so the material having high stacking energy is poor 
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plastic deformability. However, it is found from Fig. 
2 (a) that when the mole fraction of Al is 1, the ISFE 
and the USFE are the maximum. The ISFE is 
conducive to further stimulate the dislocation slip to 
improve the mechanical properties of materials. The 
ISFE and USFE increase first and then decrease by 
mole fraction of Al increasing, it indicate that the 
potential barrier which to form stacking fault is 
increased when the ISFE and USFE are increased, so 
it is difficult to form stacking fault, and is not easily 
deformed. For all high entropy solid solutions, the 
AlCoCrCuFeNi has the best plastic property due to 
the largest ISFE and USFE. It has been known that 
the deformation mechanism in crystals cannot be 
explained by the absolute value of ISFE γisf alone 
[44]. 
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Fig.1. The GSFE curve along 1/6 the <1 1 2> direction for 
FCC Al and FCC high entropy alloy AlxCoCrCuFeNi 
with x=0, 0.5, 1, 1.5 and 2, respectively. 

Although γus is not commonly used as fitting 
parameter for empirical potentials, the GSFE curves 
show the same qualitative trends for each type of 
materials. However, when applying a constant stress 
resulting in similar strain rates for both potentials, 
similar deformation mechanisms are observed, 
underlining the importance of the ratio of γus/γ is 
and not the absolute value of γisf [18, 44]. Although 
the stacking fault energy is higher, full dislocation 
will be observed more easily, but when this ratio is 
large, the energy increase necessary for nucleating 
the trailing partials substantial.  

The value of ratio is more low, the more easy to 
generate dislocations, otherwise easy to generate 
partial dislocations.  

Fig. 2(b) shows the ratios of γus/γ is for the high 
entropy solid solution AlxCoCrCuFeNi. It is found 
that the ratio was the least when the mole 
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(a) The USFE and ISFE for the high entropy solid
solutions AlxCoCrCuFeNi
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Fig.2. The USFE, ISFE andratio of γus/γisf of the high 
entropy solid solution AlxCoCrCuFeNi 

fraction of Al is 1, it indicate that the high entropy 
solid solution AlCoCrCuFeNi may generate 
dislocation easily, then when the mole fraction of Al 
is 0 or 2, although the ISFE γ is little, it is hard to 
generate dislocation, because the ratio of γus/γ is is 
large, especially mole fraction of Al is 2 for FCC 
high entropy alloy AlxCoCrCuFeNi. 

To describe the dislocation profile and other 
properties related to the core of a dislocation the 
atomic scale discreteness has to be considered. 
Peierls-Nabarro (P-N) [45-47] model provides a 
conceptual framework and combined with atomic 
forces derived from the GSFE. The PN model for 
planar dislocations provides a continuum solution 
for the dis-registry of the dislocation from which a 
misfit energy can be computed and thus also energy 
barriers and stresses for dislocation motion. In the 
PN model, a dislocation is introduced into a lattice 
and it generates stresses at the interface/glide plane 
which are calculated according to elasticity theory. 
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The elastic stresses are restored by atomic forces 
acting on either side of the glide plane due to the 
misfit of atomic planes[48]. First, we calculated the 
lattice parameters and elastic constants of FCC 
Aland high entropy solid solutions 
AlxCoCrCuFeNiby first-principle, the results were 
listed in Table 2. The anisotropic factor depends on 
the elastic constants. It is noticed that the anisotropic 
factor of FCC Al or high entropy solid solutions are 
not 1, so we calculated the Peierls stress of FCC Al 
and high entropy solid solutions AlxCoCrCuFeNi 
with improved P-N model [21, 49]. The calculated 
results and yield strengths are listed in Table 3. We 
found from Table 3 that the Peierls stresses of all the 
high entropy solid solutions are larger than FCC Al, 
it indicate that the yield strengthsof high entropy 
solid solution is larger than FCC Al, so the high 
entropy solid solution is difficult to yield, which is 
better than FCC Al. The Peierls stresses and yield 
strengths of high entropy solid solutions 
AlxCoCrCuFeNi with the different mole fraction of 
Al are shown in Fig. 3.  
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Fig. 3. The Peierls stress and yield strength of high 
entropy solid solutions AlxCoCrCuFeNi. 

It is noticed that the changing of Peierls stress 
with the different mole fraction of Al is similar to the 
USFE, this can explain that Peierls stress increases 
with the USFE increased [38, 50, 51,52]. 

Table 1. Unstable and intrinsic stacking fault energies calculated in the present work for FCC Al and previously 
published literature values, and the calculated values for high entropy solid solutions AlxCoCrCuFeNi. All values are 

given in mJ/m2. 

γus (mJ/m2) γ isf(mJ/m2) Reference 

Al 

144 100 This work 
178 a 146 a Brandl et al. [39] 
129 b 126 b Jahnaek et al. [41] 
162 c 130 c Kibet et al. [42] 
140 d 112 d Jin and Dunham [43] 

Al0CoCrCuFeNi 470.4 90.1 This work 
Al0.5CoCrCuFeNi 905.4 230.1 This work 
Al1CoCrCuFeNi 1070.1 362.8 This work 
Al1.5CoCrCuFeNi 863.3 232.6 This work 
Al2CoCrCuFeNi 652.8 38.9 This work 

a. Ref. [39]: using VASP-PAW-GGA; b. Ref. [41]: using VASP-US-GGA;
c. Ref. [42]: using VASP-PAW-GGA; d. Ref. [43]: using VASP-PAW-GGA, NEB-DFT method.

Table 2. The lattice parameters, elastic constants and anisotropy factor of FCC Al and high entropy solid solutions 
AlxCoCrCuFeNi 

a (Å) C11 (GPa) C12 (GPa) C44 (GPa) A=2C44/(C11-C12) 

Al 4.05 114.3 61.92 31.62 1.21 
Al0CoCrCuFeNi 3.57 359.1 156.6 182.5 1.81 
Al0.5CoCrCuFeNi 3.49 699.8 228.9 321.4 1.36 
Al1CoCrCuFeNi 3.48 888.1 292.7 288.7 0.97 
Al1.5CoCrCuFeNi 3.51 941.6 303.3 174.9 0.54 
Al2CoCrCuFeNi 3.59 323.8 442.2 -339.1 5.72 
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Table 3. The Peierls stress of FCC Al and high entropy 
solid solutions AlxCoCrCuFeNi. 

σp (MPa) σs (MPa) 

Al 12.2 36.6 
Al0CoCrCuFeNi 23.7 71.1 
Al0.5CoCrCuFeNi 28.5 85.5 
Al1CoCrCuFeNi 40.3 120.9 
Al1.5CoCrCuFeNi 35.4 106.2 
Al2CoCrCuFeNi 28.7 86.1 

CONCLUSION 

In conclusions, we present ab initio calculations 
on the GSFE on <1 1 2> directions for the closed-
packed (1 1 1) plane in FCC high entropy solid 
solutions AlxCoCrCuFeNi. The density functional 
theory (DFT) within generalized gradient 
approximation (GGA) is employed. Our values of 
the GSFEs are in better agreement with previous 
calculated results. The calculated results indicate 
that the USFE γus and ISFE γisf of FCC high entropy 
alloy AlxCoCrCuFeNi with x = 1 is the maximum. 
We analyze the ratio of γus/γisf and positions for the 
ISF and USF. The high entropy solid solution 
AlxCoCrCuFeNi with x=1 has the lowest 
γus/γisfratio value, so full dislocation will be 
observed easily.The calculated results of Peierls 
stresses indicate the high entropy solid solutions are 
difficult to yield, which is better than FCC Al. 
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The extraction of vanadium from the acid leaching solution contained high concentration of impurities from stone 

coal by ion exchange was studied. Experimental results showed that vanadium can be effectively separated and 

extracted from the solution containing 2.68 g/L V, 3.82 g/L Fe, 18.63 g/L Al, 5.67 g/L Mg, 5.94 g/L K, 1.43 g/L P and 

0.62 g/L Si by ion exchange and selective scrubbing and chemical precipitation. The proper pH range for ion exchange 

was 1.8-2.0. It was found that 98.5% of vanadium with 9.5% of iron and 7.41% phosphorus and 8.89% silicon were 

adsorbed by the resin D201 from the feed solution. Loaded iron can be selectively scrubbed by 0.5 mol/L HCl. 99.68% 

of vanadium with the same proportion of phosphorus and silicon was eluted by 2 mol/L NaOH. The removal of P and Si 

from the eluted solution was performed by adding 2 times stoichiometry of MgSO4 at pH 8.0 and 80 °C for 1 h. After 

precipitation of metavanadate and calcination, high purity of V2O5 was obtained.  

Keywords: Stone coal, vanadium extraction, ion exchange 

INTRODUCTION 

Vanadium-bearing stone coal is an important 

vanadium resource in China, hence, vanadium 

extraction from stone coal is paid more attention to 

in this country. At present, acid leaching with 

H2SO4 have been widely adopted for vanadium 

leaching from stone coal due to the merits of high 

vanadium recovery and low pollution [1, 2]. In 

order to improve the vanadium leaching rate, the 

high H2SO4 concentration is needed in acid leaching 

process commonly. Therefore, many impurities, 

such as Al, Mg and Fe ions are also leached along 

with vanadium from stone coal, which results in the 

complex vanadium-bearing leaching solution with 

high concentrations of impurities elements and low 

pH value. These impurities are detrimental to the 

recovery of vanadium from the acid leaching 

solution and need further separation and 

purification [3].  

In order to find an effective route for separating 

vanadium and iron, researchers have paid special 

attention to this subject in recent years. Solvent 

extraction [4, 5] and ion exchange [6, 7, 8] are 

widely used to recover vanadium from the leaching 

solution. The separation of vanadium from the acid 

leaching solution with the mixed reagent 

D2EHPA/TBP has been studied by many authors 

[9, 10]. Tavakoli and Dreisinger [11] studied the 

separation of vanadium from iron by solvent 

extraction using acidic and neutral 

organophosporus extractants and indicated that 

Cyanex 923 could selectively extract V(V) over 

Fe(III) and D2EHPA revealed a suitable separation 

for V(IV) over Fe(II). The separation of V(IV) and 

Fe(III) from the acid leach solution of stone coal by 

D2EHPA/TBP was studied by Ma [3]. However, 

separation of vanadium and iron is not complete in 

solvent extraction with the above extractants. 

Compared to solvent extraction, ion exchange has 

the advantage of simplely in operation and high 

purity of product. However, the study of extraction 

of vanadium by iron exchange mainly focus on 

low-acid solution with fewer impurities [6, 7, 8]. 

Moreover, little information has been found 

regarding the separation of vanadium from strong 

acid solution with high concentration of impurities 

by ion exchange. In our previous study, Al, Mg, Na 

and K almost have no effect on vanadium 

adsorption while it was difficult to separate V(V) 

from Fe(III) when weak base anion resin was 

selected [12]. Recently, by accident, it was found 

that the separation of vanadium and other ions from 

the acid leaching solution can be directly carried 

out with a strong base anion exchange resin D201. 

In this study, the loading behavior of D201 for 

vanadium at the optimum loading condition was 

determined. The recovery process of vanadium 

from the sulfuric acid leaching solution is reported. 
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Table 1. Composition of the solution (g/L). 

Elements V Fe Al Mg K P Si 

Acid leaching solution 2.68 3.82 18.63 5.67 5.94 1.49 0.49 

Filtrate at pH 2.0 2.56 2.24 18.51 5.65 5.72 1.25 0.45 

Effluent 0.04 2.02 18.49 5.65 5.71 1.16 0.33 

Eluted solution 15.36 0.012 0.011 0.002 0.003 0.18 0.037 

Purified solution 15.29 0.002 0.001 0.001 0.002 0.009 0.006 

 

EXPERIMENTAL 

Anion-exchange resin 

The strong base anion exchange resin D201 with 

function group of [-N(CH3)3] and structure of 

crosslinking acrylate was obtained from Hangzhou 

Zhengguang Chemical Company of China. The 

diameter of more than 95% resin beads is in the 

range of 0.45-1.00 mm. The resin was first soaked 

in distilled water for 24 h, and then alternately 

soaked in 2 mol/L NaOH and 2 mol/L HCl for 12 h, 

repeated three times as this way, at last activated 

with 2 mol/L HCl and rinsed with distilled water 

before use. After adsorption, the loaded resin was 

eluted by 2 mol/L NaOH and regenerated by 2 

mol/L HCl. 

Sample solution and analysis 

The sulfuric acid leaching solution of stone coal 

was prepared by roasting the stone coal at 850 °C 

for 1 h followed by leaching with 15% (v/v) H2SO4 

and 5% (wt) NaClO3 ( as oxidant) at 95 °C and for 

6 h. Due to roasting and oxidative leaching, 

vanadium and iron in the leaching solution existed 

predominantly in the form of V(V) and Fe(III). The 

composition of this solution was listed in Table 1 

and the pH value of the solution was 0.4. The 

adjustment of pH using CaO and H2SO4. After pH 

adjustment the solution was keep standing for 24 h 

and then the filtration was conducted. Vanadium 

concentration was titrated with ammonium ferrous 

sulphate [13]. The concentrations of other ions 

were determined by inductively coupled plasma-

optical emission spectrometer (ICP-OES, Optima 

4300DV, USA) after suitable dilution. The pH was 

determined with S220 SevenCompactTM pH meter 

(Mettler Toledo, Switzerland), and the degree of 

accuracy is 0.001. 

Batch adsorption experiments 

The experiments were carried out in the conical 

flask (500 mL) on the constant temperature bath 

oscillator at 150 rpm, at room temperature (25±0.5 

°C) for 24 h, the volumes of the solution and the 

wet resin were fixed in 200 mL and 10 mL 

respectively. After adsorption, the suspension was 

filtered, and the solution was analyzed for 

vanadium and other ions concentrations. Ion 

uptakes were obtained by determining the ion 

concentrations before and after contact with the 

resin. 

Column experiments 

Trials were carried out in a glass column 

Φ2.5×30 cm which operated with the leaching 

solution at the ambient temperature. Forty (40) mL 

of the pretreated resin, were wet-packed into the 

glass column. The operation was performed by 

downstream flow at a certain flow rate. Samples 

were collected periodically from the column eluate 

and analysed to determine ion content. The 

adsorption is stopped once the concentration of 

vanadium in the effluent reaches 0.05 g/L. 2 mol/L 

NaOH solution is then used to elute the loaded resin 

and the resin is then regenerated using 2 mol/L 

HCl. 

Experiment fundamental 

Fig.1 is the forms of vanadium (V) existing in 

sulfate solution under different pH and 

concentration [14]. As can be seen, vanadium (V) 

in the sulfate solution (log(V(V))=-1.28) is mainly 

in the forms of VO2SO4
-, H2V10O28

4-, HV10O28
5- 

between pH 1 and 4. These anionic vanadium 

species with other anionic species such as PO4
3-, 

SiO3
2- in the feed solution can be adsorbed by anion 

resin while cations such as Al3+, Mg2+, K+ and Na+ 

remain in the solution. It has been reported that 

iron(III) has a tendency to combination with sulfate 

to form the complexes Fe(SO4)2 
- [15], which can 

also be adsorbed by anion resin. Loading reaction 

of vanadium and other ions can be represented as 

Eqs.(1) to (6) and RCl represents chloride form of 

D201. 
 ClSORVOSOVORCl 42

-

42
, (1) 

 4ClOVHROVH4RCl 281024

-4

28102
, (2) 


 5ClOHVROHV5RCl 28105

5

2810
, (3) 


 3ClPORPO3RCl 43

3

4
,  (4) 


 2ClSiORSiO2RCl 32

2

3
, (5) 

     ClSORFeSOFeRCl
24

-

24
, (6) 
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Fig. 1. Activity–pH diagram for vanadium(V)–

water–sulfur–water system at 298.15 K [14]. 

RESULTS AND DISCUSSION 

Batch experiments 

Effect of solution pH 

In order to investigate the effect of solution pH 

on the loading of vanadium and other metal ions 

from sulfuric acid leaching solution, experiments 

were carried out in the solution pH range from 0.5 

to 2.4. Fig. 2 shows that pH value is an important 

condition for the vanadium adsorption in the 

solution and the adsorption efficiency of the resin 

for the vanadium increases with the pH from 0.5 to 

2.4. The loading behavior of vanadium with the 

acidity of the solution can be explained using the 

activity–pH diagram of vanadium shown in Fig. 1. 

From Fig. 1 it can be observed that with pH 

increasing, the predominant form of vanadium 

changed from VO2
+ to VO2SO4

-, H2V10O28
4- and 

HV10O28
5-. It is well known that the higher the 

charge of ion the better adsorption performance of 

it, thereby the adsorption rate of vanadium 

increases with pH. Iron adsorption increases slowly 

with pH increase and the total adsorption is below 

20%. However, both phosphorus and silicon 

adsorption decrease with pH increase. Since the 

charge of H2V10O28
4- and HV10O28

5- is higher than 

PO4
3-, SiO3

2- and Fe(SO4)2
-, the adsorption 

performance of vanadium is much better than that 

of phosphorus, silicon and iron. The adsorption 

percentage of Al, Mg, K was negligible in our 

experimental range which indicates that vanadium 

can be separated from Al, Mg, K. 

Although higher pH value is beneficial for 

vanadium adsorption, it was found that when pH is 

over 1.6, iron, phosphorus, silicon and vanadium 

gradually precipitated, which made the loss of 

vanadium. As showed in Fig. 3, the precipitation of 

the above ions increases with pH increases. 

Moreover, the loss of vanadium increases slowly 

with pH increased from 1.6 to 2.0 and increases 

rapidly with pH increased from 2.0 to 2.4. Hence, 

to maximise vanadium adsorption and minimise 

vanadium loss, accordingly, the solution pH was 

strictly controlled between 1.8-2.0. 

 
Fig. 2. Influence of pH value on vanadium and other 

metal ions adsorption. 

 
Fig. 3. Ions precipitation with pH. 

Scrubbing of impurities 

As mentioned above, the impurities of iron, 

phosphorus and silicon were adsorbed along with 

vanadium, and the scrub of these impurities from 

the loaded resin is necessary. The loaded resin was 

scrubbed by 0.5 mol/L HCl at the HCl/resin volume 

ratio of 2 and the results were shown in Table 2.  

Table 2. Scrubbing ions from loaded resin. 

Ion V Fe P Si 

Scrubbing 

efficiency, 

% 

5.17 94.19 15.23 23.15 

It was shown that 94.19% of loaded iron and 

15.23% of phosphorus and 23.15% silicon can be 

scrubbed by 0.5 mol/L HCl while 5.17% of 

vanadium was scrubbed off given a further 

separation of vanadium and iron, phosphorus and 

silicon. After scrubbing, there was a very small 

amount of impurities which may not effect the 

elution of vanadium. 
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Elution of vanadium 

In vanadium ion exchange process, NaOH is 

usually adopted as eluant and the pH of the eluate is 

higher than 13. It can be seen from Fig.1 that 

vanadium mainly exist in the form of VO4
3-

 under 

the pH value is higher than 13. Thus, the elution 

reaction can be represented by Eqs.(7) to (9), where 

ROH represents the hydroxide form of D201. 

O2HSOVOROH5OHSORVO 2

2

4

3

442 
 , (7) 

O14H10VO4ROH30OHOVHR 2

3

4281024 
 , (8) 

O13H10VO5ROH30OHOHVR 2

3

428105 
 , (9) 

In this study, batch elution experiments were 

carried out with different concentration of NaOH, 

and the results are presented in Fig.3. As is shown 

in Fig.3, the elution percentage of vanadium 

increased rapidly from 42% to 92% with the 

increase of NaOH concentration from 0.5 to 2 

mol/L.  Due to there was little difference in the 

elution performance of vanadium with NaOH 

concentration increasing from 2 mol/L to 4 mol/L, 

2 mol/L NaOH solution was chosen for the elution 

of vanadium in further experiments. 

 
Fig. 4. Effect of NaOH concentration on the elution 

of vanadium. 

Column experiment 

Continuous column experiments were 

performed under pH of 2.0 and a constant flow rate 

of 100 mL/h. The adsorption results of vanadium 

and other ions are shown in Fig. 4. As can be seen 

in Fig. 5, the concentrations of iron, phosphorus 

and silicon increased rapidly in the effluent with the 

increasing of effluent/resin ratio. When 

effluent/resin volume ratio reached 18, in the 

effluent, iron concentration was the same as that of 

the feed solution, while vanadium concentration 

was close to 0.03 g/L at this time. It was interesting 

that the concentration of iron in the effluent was 

slightly higher than that in feed solution after the 

volume ratio was above 12, which indicated that 

iron was eluted when effluent/resin volume ratio 

was about 12, and the concentration of iron 

indicating that some iron adsorbed in the resin was 

replaced by vanadium, the same phenomenon was 

observed by Fan [16]. There was no further 

adsorption of phosphorus and silicon once the 

effluent/resin volume ratio increased to 14 and 16 

respectively. The concentration of vanadium is not 

more than 0.03 g/L in the effluent until the volume 

ratio over 20. From Fig. 5 it can be seen that if the 

breakthrough point was 0.05 g/L vanadium, the 

volume ratio would be 30, and the average 

concentration of vanadium is less than 0.05 g/L in 

the collected effluent, suggesting that the vanadium 

can be removed effectively from the iron, 

phosphorus and silicon contained solution with the 

resin. The raffinate contained 0.04 g/L vanadium, 

2.02 g/L iron, 1.16 g/L phosphorus and 0.41 g/L 

silicon, which equate to 98.44% vanadium 

extraction whilst about 9.83% of iron together with 

of 7.41% phosphorus and 8.89% silicon were 

extracted.  

 

Fig. 5. Adsorption curves of the resin for irons. 

Loaded resin was scrubbed by 0.5 mol/L HCl, 

the scrubbing curves were represented in Fig. 6. 

The results showed that iron can be effectively 

scrubbed from the loaded resin while only a small 

amount of loaded vanadium was scrubbed off. The 

scrubbing efficiency of phosphorus and silicon was 

in the range of 7%~20%. The differences of the 

scrubbing behavior of vanadium, iron, phosphorus 

and silicon indicating that vanadium and iron can 

be completely separated in the scrubbing process 

while the completely separation of vanadium and 

phosphorus and silicon need further operation. The 

scrubbing of iron was increased from 50.86% to 

92.46% when the HCl to resin volume ratio was 

increased from 0.5 to 2. No significant difference 

was observed in the results obtained within the HCl 

to resin volume ratio range from 2 to 3. Therefore, 

HCl to resin volume ratio of 2 was selected for 

further investigations. 
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Fig. 6. Scrubbing of ions from the loaded resin using 

0.5 mol/L HCl. 

The scrubbed resin was eluted using 2 mol/L 

NaOH under the constant flow rate of 50 mL/h  at 

room temperature, and the results were shown in 

Fig. 7.  

 
Fig. 7. Desorption curves of the loaded resin. 

It was shown that the peak value of vanadium 

concentration in the effluent appeared when 

effluent/resin volume ratio was near 2, then the 

concentration of vanadium in the effluent was less 

than 0.1 g/L when the effluent/resin volume ratio 

was above 5, which can be regarded as the terminal 

point of the elution, and the desorption of vanadium 

reached 99.68% at this time. Phosphorus and 

silicon were eluted along with vanadium in the 

same proportion and need further purification. Then 

the resin was regenerated by 2 mol/L HCl and 

reused in adsorption. The concentrations of 

vanadium and other ions in the eluted solution were 

shown in Table 1. From Table 1, it can be seen that 

phosphorus and silicon were eluted along with 

vanadium and need further purification. To remove 

phosphorus and silicon, the chemical precipitation 

method was usually adopted. The pH of eluted 

solution was adjusted to 8.0-9.0, then 2 times of 

stoichiometry MgSO4 solution was added at 80 °C 

under stirring for 1 h to precipitate phosphorus and 

silicon as Mg3(PO4)2 and MgSiO3 [8]. After 

purification, the impurities concentrations are all 

below 0.01 g/L indicating that the purified solution 

is qualified feed solution for vanadium 

precipitation. 

Preparation of V2O5 

The purified solution was mixed with 2 times of 

stoichiometry (NH4)2SO4 to precipitate 

metavanadate for 4 hour at 60 °C. Precipitation was 

obtained after filtration, scrubbing with water and 

calcination at 550 °C for 2 h. The product of V2O5 

with purity of 99.52% was achieved, indicating that 

the product was of high quality. 

Process for the separation and extraction of 

vanadium from sulfuric acid leaching solution 

According to the previously mentioned test 

results, a process flowsheet of separation of 

vanadium and iron from acid leaching solution is 

shown in Fig. 8.  

 

Fig. 8. Flowsheet of recovery of vanadium from sulfuric acid leaching solution of stone coal.
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First, the solution pH was adjusted between 

1.8~2.0 and then filtration was taken. Then the 

filtrate was contacted with the D201 resin and 

above 98% of vanadium and a small amount of 

iron, phosphorus and silicon was adsorbed by the 

resin. Loaded resin was scrubbed by 0.5 mol/L HCl 

and almost all the loaded iron can be scrubbed. 

Then the resin was eluted by 2 mol/L NaOH 

solution for vanadium desorption and then the resin 

was regenerated by 2 mol/L HCl. The eluted 

solution was purified by MgSO4 to remove 

phosphorus and silicon. After precipitation and 

calcination, high purity of V2O5 can be obtained. 

CONCLUSION 

Batch adsorption experiments and column 

experiments have been carried out to verify the 

applicability of ion exchange for the separation of 

vanadium from the acid leaching solution of stone 

coal. The separation and recovery of vanadium 

from sulfuric acid leaching solution of stone coal in 

the presence of Fe, Al, Mg, K, P and Si were 

investigated using anion resin D201. The optimum 

pH value for the separation of vanadium with the 

resin was in the range of 1.8-2.0. Most of the 

vanadium together with a small amount of iron, 

phosphorus and silicon were selectively loaded by 

the resin at pH 2.0 but the loaded iron was 

separated from vanadium during scrubbing with 0.5 

mol/L HCl solution. The loaded vanadium was 

successfully eluted by using 2 mol/L NaOH 

solution. The impurities of phosphorus and silicon 

in the eluted solution were removed by MgSO4. 

After metavanadate precipitation and calcination, 

V2O5 with purity of 99.52% can be obtained. 

Acknowledgements: This research was 

financially supported by the National Key Science-

Technology Support  Programs of China (NO. 

2015BAB03B05), the National Nature Science 

Foundation of China (NO. 51404177). 

REFERENCES 

1. M. Li, C. Wei, G. Fan, C. Li, Z. Deng, X. Li,

Hydrometallurgy, 98, 308 (2009).

2. X. Zhang, K.Yang, X.Tian, W. Qin, Int. J. Miner.

Process., 100, 184 (2011).

3. Y. Ma, X. Wang, M. Wang, C. Jiang, X. Xiang, X.

Zhang, Hydrometallurgy, 153, 38 (2015).

4. M. Noori, F. Rashchi, A. Babakhani, E. Vahidi, Sep.

Purif. Technol., 136, 265 (2014).

5. X. Li, C. Wei, J. Wu, M. Li, Z. Deng, C. Li, H. Xu,

Sep. Purif. Technol., 86, 64 (2012).

6. T. H. Nguyen, M. S. Lee, Hydrometallurgy, 147-148,

142 (2014).

7. L. Zeng, Q. Li, L. Xiao, Hydrometallurgy, 97, 194

(2009).

8. X. Wang, M. Wang, L. Shi, J. Hu, P. Qiao,

Hydrometallurgy, 104, 317 (2010).

9. X. Li, C. Wei , Z. Deng, M. Li, C. Li, G. Fan,

Hydrometallurgy, 105, 359 (2011).

10. G. Hu, D. Chen, L. Wang, J. Liu, H. Zhao, Y. Liu, T.

Qi, C. Zhang, P. Yu, Sep. Purif. Technol., 125, 59

(2014).

11. M.R. Tavakoli, D.B. Dreisinger, Hydrometallurgy,

141, 17 (2014).

12. W. Li, Y. Zhang, T. Liu, J. Huang, Y. Wang,

Hydrometallurgy, 131-132, 1 (2013).

13. GB/T8704.5, National Standard of People,s Republic

of China, Ferrovanadium-Determination of Vanadium

Content- the Ammonium Ferrous Sulfate Titrimetric

Method and the Potentionmetric Titrimetric Method,

2007. (In Chinese)

14. X. Zhou, C. Wei, M. Li, S. Qiu, X. Li,

Hydrometallurgy, 106, 104 (2011).

15. M.C. Martí-Calatayud, D.C. Buzzi, M. García-

Gabaldón, E. Ortega, A.M. Bernardes, J.A.S. Tenório,

V. Pérez-Herranz, Desalination, 343, 120 (2014) .

16. Y. Fan, X. Wang, M. Wang, Hydrometallurgy, 136,

31 (2013).



 

105 

Bulgarian Chemical Communications, Volume 47, Special Issue D (pp. 105 – 111) 2015 

Statistical optimization of surfactant assisted dispersive liquid-liquid microextraction 

for trace mercury determination by GF-AAS 

A. Gholami*, H. Noorizade 

University of Kashan, Faculty of Chemistry, Department of Analytical Chemistry, Kashan, P.O. Box 87317-51167  

Islamic Republic of Iran 

Received June 26, 2015;   Revised September 10, 2015 

A new method of surfactant assisted dispersive liquid-liquid microextraction prior to graphite furnace atomic 

absorption spectroscopy (GF-AAS) has been developed for determination of trace amounts of mercury in aqueous 

solutions. In this method, Triton X-114 (TX-114), a non-ionic surfactant, compared with DLLME, was substituted as 

disperser solvent and emulsifier agent that could afford effective emulsification and make the extraction comparatively 

greener. 

The effects of different experimental factors on the extraction was examined using two experimental design methods; a 

screening design to identify more effective parameters and a central composite design at five levels of the operating 

parameters to find out optimum values.  

Under the optimal conditions, the limit of detection (LOD) for mercury was 0.023 µg.L−1, with enhancement factor (EF) 

of 125 and the relative standard deviation (RSD) of 8.1% (n= 5, C = 1.0 µg.L−1). 

The proposed method was applied for preconcentration and determination of mercury in different aqueous samples and 

the recoveries for the spiked samples were in the range of 95 – 106%. 

Keywords: Surfactant assisted dispersive liquid-liquid microextraction, Triton X-114, Mercury, Experimental design 

INTRODUCTION 

Mercury could be released to the nature from two 

major sources, weathering of rocks that contain Hg 

and industrial activities; also using 

mercury-containing fungicides may lead to releasing 

Hg to the environment. Another and major source of 

Hg contamination includes waste incinerators and 

coal-fired utilities [1]. 

Rise in environmental mercury occurred in 

condition that this element is very harmful for 

health. According to the researches, mercury 

pollutants could affect many different areas of the 

brain and its associated functions, resulting in a 

variety of symptoms. These include personality 

changes (shyness, irritability, and nervousness), 

changes in vision (constriction of the visual field), 

tremors, loss of sensation, deafness, muscle 

incoordination and difficulties with memory [2]. 

Mercury compounds also have been introduced 

by the US Environmental Protection Agency as 

possible human carcinogens. Therefore, the 

development of rapid and accurate determination 

methods for monitoring the levels of mercury in 

natural waters is absolutely necessary [3]. 

Regardless of good developments in the modern 

analytical instruments, direct trace determination of 

analytes at low concentrations is often a difficulty 

for analytical chemists and so a sample-preparation 

step is necessary [4,5]. 

Convention sample preconcentration and 

preparation methods such as solid phase extraction 

(SPE) and liquid-liquid extraction (LLE) are time 

consuming, laborious and need a large amount of 

organic solvents.  

In recent years, many researchers have focused 

on these methods to provide alternative pre 

ecological solvent-free extraction methods or 

techniques employing a minimal amount of 

solvents. 

LLE is one of the oldest extraction techniques 

used most frequently in the case of aqueous samples 

with complex matrix composition [6].  

First attempts to miniaturized LLE methods lead 

to introducing liquid phase microextraction (LPME) 

and then dispersive liquid- liquid microextraction 

(DLLME) methods [7]. The latter is basically 

consists of a proper mixture of disperser and 

extraction solvent that is injected into the aqueous 

sample containing analyte(s) rapidly. The cloudy 

solution is formed as a result of the formation of fine 

droplets of extraction and disperser solvent in the 

solution. Finally, the cloudy solution is centrifuged 

and small sedimented phase containing extracted 

analyte(s) is analyzed by appropriate analytical 

instruments [8].  To whom all correspondence should be sent. 
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DLLME is a low cost, fast and efficient 

extraction method but not completely environmental 

friendly. The main disadvantage of DLLME is using 

relatively high volume of disperser solvents (in ml 

range) such as acetonitrile or methanol. Usual 

disperser solvent are harmful and environmentally 

unfriendly. Another disadvantage is decreasing 

extraction efficiency because of increasing analyte 

solubility in the presence of a disperser solvent 

[9,10]. 

Among the efforts made to solve these problems 

and to develop miniaturized extracting method, one 

has led to surfactant-assisted dispersive 

liquid–liquid microextraction (SA-DLLME) 

[11-13]. In this method, surfactant was used as an 

environmental friendly emulsifier. Surfactants are 

surface (or interface) active chemicals that have both 

hydrophobic and hydrophilic parts, and are soluble 

in organic solvents and water. Because of particular 

properties, these compounds are considered good 

choices as disperser solvents in DLLME [14]. 

In the present study, SA-DLLME method for 

determination of Hg contamination in trace levels in 

an aqueous sample has been developed. 

 The first step in Hg2+ extraction into organic 

solvent from the aqueous phase is forming a suitable 

complex with acceptable hydrophobicity. 

Diethyldithiocarbamate (DDTC), an appreciate 

chelating agent, was used in this study to extract Hg 

ions from aqueous solutions. 

DDTC can form complexes with many metallic 

ions under suitable pH to extract metal ions into 

appreciate organic solvents. It is a common 

chelating agent which forms stable complexes with 

transition metals [15,16]. 

In SA-DLLME, a surfactant is used as a 

substitute of traditional disperser solvents in 

DLLME. The Triton X-114 (TX-114) is the most 

widely used surfactant that has been used in 

surfactant-assisted DLLME method [17,18] and was 

applied in this study. TX-114 is a Non-ionic 

surfactant with good emulsification properties 

which makes the extraction relatively greener. 

A few microliters of an organic solvent 

containing suitable amount of TX-114 were used to 

extract the Hg from water samples.  

Some affecting parameters on extraction process 

that must be optimized are as follows: volume of 

extraction solvent, concentration of chelating agent, 

time of extraction, pH, sample volume and salting 

out effect. One method for obtaining the best 

condition is using an experimental design method 

intended to: (1) Investigating the effect of different 

factors can affect enrichment factor in the extraction 

procedure. (2) Identifying the factors that have 

higher impact on the extraction results. (3) 

Obtaining a better insight about the method that 

would help us to find optimized conditions 

considering the interactions between factors. These 

steps have been done by Plackett Burman [19,20] 

design, central composite design [21,22] and 

response surface methods [23], respectively.  

The extracted analytes were determined by 

graphite furnace atomic absorption 

spectroscopy (GF-AAS). The analytical efficiency 

and possible application of the method in real water 

sample analysis were also investigated. 

EXPERIMENTAL 

Material and methods 

     Reagents and chemicals. All used reagents were 

of analytical grade purity purchased from Merck 

(Germany). Stock solution of mercury (1000 mgL-1) 

was prepared by dissolving the appropriate amount 

of HgCl2 (Merck, Darmstadt, Germany). Working 

standard solutions were prepared daily by 

appropriate dilutions of the standard stock solution. 

Working standard solutions were prepared daily by 

stepwise diluting of stock standard solutions. 

Diethyldithiocarbamate (DDTC) was solution 

prepared by dissolving suitable amount of the 

compound (Shanghai Reagent Factory, Shanghai, 

China) in 100 ml of deionized water. 

     Apparatus. An atomic absorption spectrometer 

(Unicam AA929) equipped with continuous source 

background correction (deuterium lamp) and 

graphite furnace atomizer (GF90) were employed. 

Hallow cathode lamps were utilized as the radiation 

source for each element. Instrumental parameters for 

mercury are shown in Table 1. The pH was 

measured by using a pH meter (Metrohm 691 pH 

meter).  
Table 1: Instrumental parameters for Mercury 

DLLME Procedure. 10 ml of sample solution after 

PH adjustment was placed in conical test tube. Then 

appreciate concentration of ligand (DDTC) was 

Instrumental parameters Mercury 

Wavelength (nm) 253.7 

Bandwidth 0.5 

Atomizer type Electrographite 

Injected sample volume (μl) 20 

Background correction D2 

Furnace heating program 

Step 
Temperature 

Hg (°C) 

Time 

(Sec) 

Ramp 

(°C.S-1) 

Drying 120 30 10 

Pyrolysis 500 10 50 

Atomization 1400 3 0 

Cleaning 1900 6 0 
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transferred into the vessel leading to form 

hydrophobic complex. Then, optimal amounts of 

surfactant (TX-140) were added into the solution 

and 180 µL of extractant (CCl4) was injected rapidly 

into the solution using a syringe. After the injection 

and shaking manually for 1 min, the solution became 

turbid because of the presence of emulsifier 

(surfactant) and so CCl4 was dispersed into fine 

droplets to extract the analytes. After this step, 

Cloudy solution was centrifuged to remove 

sedimented extraction phase at the bottom of conical 

test tube and finally it was placed in the graphite 

furnace cuvette using 20 µl Hamilton syringe for 

AAS analyses.  

RESULT AND DISCUSSION 

Optimization Step 

Some factors had effects on determination of Hg 

by SA-DLLME and should be optimized. Therefore, 

enrichment factor (EF) was chosen as an analytical 

response under different conditions. 

The enrichment factor as a response is defined in Eq. 

(1): 

EF=                        (1) 

where EF is enrichment factor; Csed and C0 are 

analyte concentration in sedimented phase and 

primary analyte concentration in aqueous phase, 

respectively. Csed was obtained from conventional 

LLE-ETAAS calibration curve (extraction 

condition: 10 ml of standard water sample, ligand 

concentration of 0.024M, 10 ml CCl4 and pH at 

5.06). 

Extraction solvent optimization 

The first step in SA-DLLME is finding a suitable 

extraction solvent. The extraction solvent must meet 

some conditions such as low solubility in water and 

low volatility, high capacity for analyte extraction 

and having density more than water. Generally 

extraction solvent conditions in SA-DLLME are 

very similar to conventional DLLME.  

Three solvents that have these properties 

including CH2Cl2, CHCl3 and CCl4 were examined. 

The highest enrichment factor at same condition was 

obtained for CCl4, so CCl4 was chosen as extraction 

solvent. 

Experimental design 

Some factors affect SA-DLLME and should be 

optimized, such as extraction solvent volume (A), 

ionic strength (B), pH (C), concentration of 

surfactant (D), extraction time (E), and ligand 

concentration (F).  

Optimization of these several factors requires a 

lot of experiments and it is a time-consuming and 

costly procedure. A screening experimental design 

method called Plackett Burman was used to find 

main effects with significant influence on resonance. 

After choosing significant factors, a central 

composite design (CCD) combined with response 

surface method (RSM) was used to derived response 

surface equation and to find optimized values for 

each factor. 

Plackett Burman Design 

A Plackett Burman design containing 12 runs 

was used to determined significant factors. Low and 

high levels for all factors were selected based on 

preliminary experiments. In order to eliminate 

nuisance and extraneous variables, these 12 runs 

were carried out randomly and after that, the 

ANOVA results were estimated for determining 

main effects. 

Plackett Burman design values for each 

parameter in coded and uncoded values are shown in 

Table 2. 

Table 2. Two level Plackett Burman design values 

Parameters Low (-1) High (+1) 

extraction solvent 

volume 

50µL 250µL 

ionic strength 5mmol/L 100mmol/L 

Ph 3 9 

concentration of 

surfactant 

0.01 %v/v 0.05%v/v 

extraction time 2 min 5 min 

ligand concentration 0.01M 0.1M 

Pareto chart of the studied variables has been 

obtained from screening experiment and are shown 

in Fig 1. The normalized effect of each variable is 

shown by horizontal bars and vertical line at 95% 

confidence level judges the effects that are 

statistically noteworthy.  

 Fig. 1: Standardized (P = 0.05) Pareto chart, representing 

the estimated the most effective parameters, extraction 

solvent volume (A), ionic strength (B), pH (C), 

concentration of surfactant (D), extraction time (E), and 

ligand concentration (F).  

Results indicate that the volume of extraction 

solvent (A), pH (C) and ligand concentration (F) 

were the most significant variables with noteworthy 

effects on the RF which were evaluated using CCD 
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for further assessment. Ionic strength (B) extraction 

time (E) and concentration of surfactant (D) were 

negligible parameters. The values of B and E were 

fixed at up level for further experiments because of 

their positive effects on extraction process. 

Commonly in DLLME experiments the extraction 

time (E) has no effect on extraction efficiency. It has 

been illustrated that due to the very large contact 

surface between the fine drops of extraction solvent 

and aqueous phase, DLLME process is a fast 

process. As it's shown here this parameter has 

positive and also unimportant effect on extraction 

process. Ionic strength (B) also was studied in 5 and 

100 mmol/L of NaCl showing a positive negligible 

effect. Concentration of surfactant (D) was fixed at 

lower level because of their negative effect 

according to Pareto chart.  

Considering the result of Plackett Burman 

design, three variables were fixed at suitable values 

(extraction time of 5 minutes, salt addition of 100 

mmol/L of NaCl and surfactant concentration of 

0.01% v/v of TX-114)  

These factors had no significant effect on the ER 

and thus were eliminated for further studies by CCD.  

Central composite design 

According to screening design results pH(x1), 

extraction solvent volume (x2) and Ligand 

concentration(x3) are effective variables on 

extraction results by SA-DLLME and should be 

optimized by a multivariate experimental design 

method. 

A central composite design followed by response 

surface methodology was used to optimize the 

SA-DLLME process of mercury extraction. The 

CCD matrix with 3 independent variables (factor), N 

(number of experiments) = 20 and three repeats, r =4 

was applied for model development.  

The design matrix in coded and uncoded values, 

as well as the responses obtained from 20 

experiments of a solution containing 1 µg.L-1 of 

mercury have been shown in Table 3 and Table 4. 
Table 3: The variables and values used for central 

composite design (CCD) 

Variable name 
Coded variable 

-2 -1 0 1 2 

Ph 3 4 5 6 7 

extraction solvent 

volume 
100 150 200 250 300 

Ligand 

concentration 
0.01 0.02 0.03 0.04 0.05 

(mol/L) 

 
Table 4: List of experiments in the CCD for model 

optimization (coded values) and the responses 

 Factors levels Response 

Design 

points 

F1 F2 F3 Enrichment 

factor 

1 0 2 0 55.6 

2 0 0 0 117.2 

3 0 0 2 49.5 

4 -2 0 0 51.8 

5 2 0 0 45.2 

6 -1 1 1 57.6 

7 -1 -1 -1 99.1 

8 0 0 0 119.0 

9 0 0 -2 106.5 

10 0 0 0 118.1 

11 1 -1 1 74.2 

12 1 1 -1 95.8 

13 1 1 1 44.6 

14 0 0 0 118.1 

15 0 0 0 117.9 

16 1 -1 -1 105.3 

17 -1 1 -1 82.2 

18 0 0 0 116.9 

19 -1 -1 1 90.8 

20 0 -2 0 101.4 

 

Analysis Of Variance (ANOVA) test has been 

done on the obtained results. The ANOVA results 

(Table 5) are used to evaluate model suitability and 

adequacy of the fitted model and also to select 

suitable model terms.  

The value of the adjusted R2 = 0.9991 shows that 

this model has good predictive ability and there is 

acceptable match between predicted and 

experimental values.  

The Model F-value of 2472.41 implies the model is 

significant. There is only a 0.01% chance that a 

"Model F-Value" this large could occur due to noise. 

Values of "Prob > F" less than 0.05 indicate that the 

model terms are significant. In this case x1, x2, x3, 

x1x2, x1x3, x2x3, x1
2, x2

2, x3
2 are significant model 

terms. Values greater than 0.05 indicate that the 

model terms are not significant. The "Lack of Fit 

F-value" of 1.44 implies that the Lack of Fit is not 

significant relative to the pure error. There is a 

34.91% chance that a "Lack of Fit F-value" this large 

could occur due to noise. Non-significant lack of fit 

is good because we wish the model to fit. 
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Table 5: ANOVA results for CCD model 

Source DF Seq SS Adj SS Adj MS F P 

Regression 9 15064.9 15064.9 1673.88 2472.41 0.000 

Linear 3 5359.4 5359.4 1786.46 2638.71 0.000 

x1 1 33.1 33.1 33.06 48.84 0.000 

x2 1 2043.0 2043.0 2043.04 3017.68 0.000 

x3 1 3283.3 3283.3 3283.29 4849.60 0.000 

Square 3 9219.7 9219.7 3073.23 4539.33 0.000 

(x1)2 1 5193.2 7523.0 7523.03 11111.93 0.000 

(x2)2 1 1550.9 2413.6 2413.60 3565.02 0.000 

(x3)2 1 2475.6 2475.6 2475.58 3656.57 0.000 

Interaction 3 485.8 485.8 161.93 239.18 0.000 

x1x2 1 15.1 15.1 15.12 22.34 0.001 

x1x3 1 305.0 305.0 305.04 450.57 0.000 

x2x3 1 165.6 165.6 165.62 244.63 0.000 

Residual Error 10 6.8 6.8 0.68   

Lack-of-Fit 5 4.0 4.0 0.80 1.44 0.349 

pure Error 5 2.8 2.8 0.55   

Total 19 15071.6     

 

The following equation was obtained for the 

response relating to x1, x2 and x3: 

y=117.95-1.43×x1-11.30×x2-14.32×x3-17.29×(x1)2-

9.79×(x2)2-9.92×(x3)2+1.37×x1x2 

-6.17×x1x3-4.55×x2x3   (2) 

The optimum values were obtained by graphical 

analysis of response surface plots (Fig. 2). The 

response surface is a graph of a response as a 

function of effective factors. This model was 

optimized with respect to maximum signal that is 

proportional to 180 μl of extraction solvent volume 

and ligand concentration of 0.024M at pH 5.06. 

These optimized values were used for determination 

of mercury in the following experiments. 

Performance of the SA-DLLME for mercury 

determination 

The analytical efficiency of the proposed method 

was evaluated by determining the limit of detection, 

linear dynamic range and relative standard deviation 

(RSD). 

The LOD was calculated as 3sb/a where sb is the 

standard deviation of the blank signal and "a" is the 

slop of calibration curve. 

To evaluate these parameters, a series of 

solutions at 12 different concentration ranging from 

0 to 3 µg.L-1 were prepared.  

Linearity was observed over the range of 0.08 to 

2 μg/L with an acceptable correlation coefficient 

value. LOD value for mercury determination was 

obtained 0.023 μg/L and relative standard deviation 

(RSD) was 8.1%. 

Results of proposed method compared with other 

published method are summarized in Table 6. It has 

been obviously concluded that this method is 

comparable with other published method and the 

extraction time of this method is shorter than other 

extraction methods. 
Table 6: Results of proposed method in compare with 

other published method 

Method 

Sample 

volume 

(ml) 

EF RSD 

LOD 

(µg 

L-1) 

Ref. 

LLE-CV-AAS 1000 - 1.2 0.01 24 

SPE-CV-AAS 250-400 300 0.8-1.7 0.01 25 

LLE-FI-CV-AAS 20 36 2.8 0.0023 26 

DLLME-CV-AAS 10 310 4 0.03 27 

CPE- UV-VIS 50 6 4.8 14 28 

SPE- UV-VIS 1000 100 2.5 4 29 

SPE- UV-VIS 100 50 1.6 15 30 

DLLME- UV-VIS 10 18.6 1.7 3.9 2 

DLLME-HPLC-DA

D 
5 107 4.1-7.3 0.32 31 

HF-LPME-ETV-IC

P-MS 
2.5 73 6.1 0.0048 16 

SA-DLLME-GF-A

AS 
10 125 8.1 0.023 

this 

work 

 

The effect of foreign ions on Hg2+ determination 

by the proposed method was studied in the presence 

of common metal ions such as Na+, K+, Mg2+, Ca2+, 

Al3+, Cu2+ and Fe3+. For this reason, solutions 

containing 1 µg.L-1 of Hg2+ and different 

concentration of foreign ions were prepared. The 

amount of these ions that would be tolerated without 

interference effects were examined and are 

demonstrated in Table 7. The results showed that the 

presence of large concentration of these common 

ions in water samples had no considerable effect on 

Hg determination by proposed SA-DLLME. 
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Fig. 2: Three surface plots that can be explained the 

optimal condition 

Table 7: Tolerance limit of some coexisting ion (results 

within 10% error) 

Ion Tolerance limit Cion/CAnalyte 

Na 160000 

K+ 140000 

Mg2+ 40000 

Ca2+ 40000 

Cu2+ 1400 

Fe3+ 1000 

Al3+ 4000 

Real samples 

The proposed SA-DLLME method was applied 

for Hg determination in water sample. In condition 

in which there is no standard reference with certified 

content as a target analyte, recovery study can be 

used as an alternative method for validation studies 

[24]. Tap and river water sample were collected as 

real samples. Kashan tap water was collected from 

our lab in Kashan University (Kashan, Iran). The 

river water sample was collected from Zayanderud 

River (Isfahan, Iran). 

The recovery percentage was calculated by 

equation (3) where ms and me are total amount of 

analyte and extracted amount into extraction 

solvent, respectively.  

Also Cs, Ce, Vs and Ve are initial concentration of 

analyte in aqueous sample, concentration of analyte 

in extractant, volume of sample solution and volume 

of extraction solvent, respectively. Ce was obtained 

from calibration graph of Hg2+ complex using 

GF-AAS results. 

R%= ×100= ×100         (3)          

Real sample were filtered by Millipore 

Membranes and then were extracted by the proposed 

method. Hg residues were found in the tap and river 

water samples at the concentration of 0.6 and 1.2 

μg/L, respectively. The Percentage of Recoveries 

where standard solution of Hg was added at two 

different levels (0.5 and 1 μg/L) was also 

investigated and results are listed in Table 8. Results 

show that the recoveries for the spiked samples are 

within a satisfactory range (95 to 106 %) and so the 

proposed method is applicable for Hg 

preconcentration and determination in water 

samples.  

In SA-DLLME a surfactant was used as a 

substitution for traditional disperser solvents in 

DLLME. The Triton X-114 is the most widely used 

surfactant that has been used in surfactant-assisted 

DLLME method and was applied in this study. 

TX-114 is a non-ionic surfactant with good 

emulsification properties which makes the 

extraction relatively greener. 

CONCLUSION 

In this paper, a new, reliable and disperser 

solvent free method based on SADLLME using 

DDTC chelating agent combined with GF-AAS was 

developed for mercury analysis in aqueous samples. 

The method was fully optimized by screening 

design and multivariate methodology and it has been 

demonstrated that these are useful methods which 

enable us to determine significant variables and also 
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Table 8: Analytical results (mean  SD, n = 3) for trace Hg, in real water samples (μg/L) 

Sample Tap Water River Water 

Added 

(μg/L) 

Determination 

(μg/L) 

Recovery (%) Added 

(μg/L) 

Determination 

(μg/L) 

Recovery (%) 

Hg 

0 0.60 0.08 0 1.20.07 

0.5 1.050.07 95 0.5 1.650.07 103 

1 1.640.06 103 1 2.330.05 106 

to evaluate the interaction of variables and 

determining the correct optimization. 

The established method also was applied for the 

determination of mercury in some real water 

samples with satisfactory analytical results. 

Some considerable features of this method 

include low cost and matrix effect, good extraction 

efficiency and recovery, more environmental 

friendly method compared with DLLME, because of 

the absence of organic disperser solvent, and also 

acceptable sensitivity and precision. 
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Abstract 

The flixweed grain as a known medicinal herb is consumed more in Iran due to its beneficial properties. There are two 

known species of Descurainina Sophia and Sisymbrium Irio. The Descurainina Sophia is highly used in Iran and this 

species has significant health benefits. The aim of this research is to examine some of the minerals and also fatty acids 

profiles in the Descurainina Sophia and Sisymbrium Irio and also compare them with other food products. In this study, 

the moisture, calcium, iron, sodium and potassium contents were measured in both species. The results revealed that the 

Descurainina Sophia is superior to Sisymbrium Irio in all parameters significantly. Measuring minerals content showed 

that the Descurainina Sophia had high moisture, calcium, iron and potassium content and Sisymbrium Irio had high 

sodium content which was considered as the main property of the Descurainina Sophia. The results of measuring fatty 

acids of both species depict high amount of essential fatty acids particularly in Descurainia Sophia.  

Keywords: Descurainina Sophia, Sisymbrium Irio, minerals, fatty acids 

1.INTRODUCTION

Medicinal herbs have been considered since old 

times and most of the medicinal effective 

substances have been extracted from these herbs [1]. 

Medicinal herbs have played a determinant role in 

traditional treatment methods for thousands of years 

[2]. These herbs are used I n traditional medicine for 

control and remedy of most diseases. Humans have 

had a close relationship with medicinal herbs and 

traditional medicine. According to the WHO report, 

nowadays more than eighty percent of the world 

people consume medicinal herbs for remedial 

purposes [1]. This organization estimated that annul 

consumption of medicinal herbs will increase from 

14 billion dollars to 5 trillion dollars in 2050 [2]. 

Medicinal herbs can produce a broad scope of 

chemicals which are very important 

physiologically. These herbs include active 

medicinal compounds used for production of drugs 

[1]. The producers produce these herbs in the forms 

of pill, capsule, syrup or cream and herbal tea as a 

new form [3]. Low side effects compared to 

synthetic herbs, lack of drug resistance, health and 

environmental hygiene are advantages of medicinal 

herbs. Due to climatic diversity, Iran has a broad 

and unique biodiversity. This diversity is seen in the 

herbs particularly in the medicinal herbs. Among 

the medicinal herbs, flixweed has been considered 

by numerous therapeutic properties. Flixweed is an 

annual and biennial herb from Mustard family 

grows in non-agricultural and relatively humid areas 

as wilding herb. The seed of this herb is small and 

yellow or light brown. In Iran traditional medicine, 

the flixweed grain is used as laxative, stomach tonic 

and also as an appetizer. The grain is bitter and 

consumed for remedy of chest pain and reducing 

fever in case of bronchitis [4].      

In this research two species of Descurainia 

Sophia (Flixweed) and Sisymbrium Irio (London 

rocket seed) were evaluated. Descurainia Sophia is 

popular species in Iran characterized by specific 

feature of being healthy which has caused to be 

considered as a traditional medicinal herb. It is a 

very popular beverage. In botany, Descurainia 

Sophia has a lot of leaves and the fruits growing on 

the short branch bent inside and the herb is white 

and grows in the ruins and low water areas in spring. 

Sisymbrium irio is consumed less than Descurainia 

Sophia species and it is used only in some parts of 

Iran. Sisymbrium irio has large leaves, seen along 

streams in the spring and it is an annual or biennial 

herb [5].  

In 1980 and 1992, Descurainia Sophia was 

examined as a good source for medicinal herb. In *To whom all correspondence should be sent.
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these research, their presence or absence was 

determined, in many combinations due to the 

available facilities cf. Baghi [5] and Dehdar [6]. In 

2005, the microbial effect of Descurainia Sophia on 

inhibiting the standard Escherichia coli and 

Staphylococcus aurous strains growth were 

evaluated [7]. In 2007, the effect of consumption of 

Descurainia Sophia in late pregnancy on 

spontaneous onset of delivery in women with first 

pregnancy was examined. The results showed that 

this herb influences delivery process by opening the 

uterus cervical and increase possibility of vaginal 

delivery. Therefore, it is recommended to use it as 

facilitator of delivery [8]. In 2009, a study was 

conducted on the chemical constitutes of 

Descurainia Sophia and its biological activity. In 

this study, whole herb was examined. The herbs 

were collected from northern part of Egypt. 

Proteins, amino acids, fatty acids compounds and 

carbohydrates were determined [9].  

 Research on the Sisymbrium irio and 

Descurainia Sophia nutrition value was very 

limited so that the latest research on the medicinal 

use of this herb dates back 20 years ago. However, 

need for transparency and more information about 

some micronutrients seems necessary. For this 

reason, this study aimed to examine some basic 

components involved in feeding as oral 

administration. 

2. MATERIALS AND METHODS

2.1. Primary materials

Two varieties of Sisymbrium Irio and 

Descurainia Sophia were collected randomly from 

the west of Tehran. Then their grains were approved 

by the Department of Herbarium at Tehran 

University.  

2.2. Methods 

The moisture of the species was determined 

using the oven according to the Iran National 

Standard No.6330. For determination of ash 

percentage, samples of both species were measured 

using an electric furnace [10]. Using Atomic 

Absorption Spectrometry some minerals such as 

calcium and iron were measured [11] and the 

amount of sodium and potassium in Descurainia 

Sophia and Sisymbrium Irio were measured using a 

flame photometer device [12]. Their oil was 

extracted from the seeds of two species by cold 

method using petroleum ether [9] and then the fatty 

acids became volatile derivatives by converting to 

methyl ester and prepared for GC analyses [10]. 

2.3. Statistical analysis 

The results of comparison of the chemical 

compounds (nutritional value) of Descurainia 

Sophia and Sisymbrium Irio were analyzed through 

simple random using SPSS software Version 19. In 

comparison of treatments means the T-student test 

were used for statistical analysis.  

3. RESULTS AND DISCUSSION

3.1. Determination of moisture percentage 

The content of moisture of Descurainia Sophia 

and Sisymbrium Irio is shown in Fig. 1. As it is seen 

there is a significant difference in 1% in both 

species moisture percentage (P<0.05) so that the 

Descurainia Sophia has high moisture percentage 

compared with Sisymbrium Irio. It is likely 

physiologic conditions of these herbs are effective 

in significance of their moisture percentage. 

The main point on Descurainia Sophia is that 

this medicinal herb is not considered among 

nutrients as source of water but since it is consumed 

as a drink with significant amount of water, it plays 

an important role in meeting body need for water 

particularly in hot seasons due to tendency toward 

consumption of this herb. 

Fig 1: Descurainia Sophia and Sisymbrium Irio 

moisture content. Different letters depict significance of 

the treatments, mean in 1%. 

3.3. Determination of calcium and iron in both 

flixweed species with atomic absorption system 

and comparison with other resources 

 The calcium content was measured in both 

species using atomic absorption system. The reuslts 

showed that there is a significant amount of calcium 

in both species and compared to other resources, 

milk is the common resource of calcium which has 

low content of calcium compared to flixweed [15]. 

It is necessary to point that when the food products 

including calcium are examined, calcium content is 

less important; however, since most of the food 

resources have not been described accurately in 

research so biological availability has not 

considered as a factor for determining daily needs 

for calcium [13].  

a
b

0

2

4

6

Descurainia

Sophia

Sisymbrium

Irio

M
o
st

u
re

(%
)



S. M. Kazemeini et al.: Evaluation of the minerals content and fatty acids profiles in Descurainia Sophia and Sisymbrium Irio

114 

Calcium constitutes 1% to 2% of the body 

weight of an adult. The highest need for daily 

calcium in men is in age range 14-18 years (1094 

mg or 22.2 mol/day) while for women this range is 

9-13 years (889 mg or 22.2 mol/day) [13]. 

Approximately 236 ml fatless milk includes 300 mg 

calcium so drinking one glass of milk provides a 

part of the body required calcium [3]. Therefore, 

consuming diaries particularly milk plays an 

important role in meeting daily calcium need. 

However, some people suffer from digestive 

disorder by drinking milk [14] which reduces 

drinking milk. It should be pointed that the calcium 

content in the prepared grains is about 36763.2 

mg/kg which includes highest content of calcium in 

highly consumed food products [15]. Although this 

amount is more than Sisymbrium irio calcium 

content, but it is less than Descurainia Sophia 

calcium content significantly. 

It is necessary to point that a glass of drink 

including 4 grams Descurainia Sophia meets 20% 

of calcium dietary reference intake (DRI) 

(approximately 900 mg). 

Shamsa et al. [16] measured the Descurainia 

Sophia calcium content 24270 mg/kg which this 

content is very lower than amount measured in this 

research. One of the reasons can be considered as 

the weather that the herb grows in it. The diagram 

in Fig. 2 depicts the Descurainia Sophia and 

Sisymbrium Irio calcium content measured by 

atomic absorption system compared to other 

resources. 

Fig. 2. Calcium content in both flixweed species 

compared to other resources. Different letters depict 

significance of the treatments mean in 1%. 

Osteoporosis is one of the common diseases in 

this century. Calcium deficit is the main cause of 

this disease. Reduction of dairy products and 

enhancement of eating fast foods are the main 

reasons for calcium deficit. In addition some people 

cannot drink milk as the enriched source of calcium 

due to intolerance of lactose. Thus, according to the 

results of this research flixweed is recommended as 

a resource enriched with calcium in the people 

suffering from osteoporosis and of lactose 

intolerance. 

2.3. Iron.  Iron has been known as an essential 

nutrient for more than one century [17]. The daily 

reference intake of iron is 12-16 mg/day which it 

reaches to 18 mg/day in women older than 50 years. 

Anemia is one of the main problems in developed 

and developing countries. The major resource of 

iron is liver and then marine foods including oyster 

and fish, kidney, heart and red meat [18]. The results 

of this research revealed that flixweed particularly 

Descurainia Sophia is a good resource for iron so 

that the iron content  in this species has no 

significant difference with other resources 

particularly red meat (P>0.05). According to the 

results, Descurainia Sophia has significant iron 

compared with Sisymbrium Irio (P<0.05). 

In a research conducted in 2009 the content of 

iron was measured in ten medicinal herbs. The 

results showed that iron content in Descurainia 

Sophia is higher than other medicinal herbs [19]. 

However, due to outbreak of anemia resultant from 

iron deficit on one hand and unavailability of red 

meat resources due to economic problems flixweed 

is considered as an enriched and effective resource 

of iron besides other food products. 

Also, anemia is one of the main problems in hot 

areas so flixweed drink can be effective in these 

areas. It should be pointed that high amount of iron 

cannot be considered as a reason for appropriateness 

of this resource as providing body iron. The aim is 

to use this product besides other products for 

meeting iron and other essential minerals reference 

intake [19].  

Fig. 3 depicts iron content in Descurainia Sophia 

and Sisymbrium Irio and other foods containing 

iron. 

Fig. 3. Iron content in Descurainia Sophia and 

Sisymbrium Irio and other foods containing iron 

Different letters depict significance of the treatments 

mean in 1%. 
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3.4. Determining sodium and potassium content 

using flame photometer 

    3.4.1. Sodium. Sodium is the main cation of the 

extracellular fluids. Measuring sodium content      

in both species showed that sodium content is higher 

in Sisymbrium Irio than Descurainia Sophia 

although there is no significant difference in sodium 

content  in both species (p>0.05). 

Fig. 4. Sodium content in both flixweed species 

compared to other resources. Different letters depict 

significance of the treatments mean in 1%. 

Salt is the main resource of sodium in the body. 

More than 40% of the salt body is sodium. Sodium 

amount is high in salt about 380000 mg/kg. Totally, 

the lowest DRI of sodium is 0.2 gram equal 0.5 

gram of chloride sodium. Also, the results of a 

research conducted in Harvard University showed 

the effect of consuming more sodium on blood 

pressure and its direct association with 

cardiovascular diseases. According to the reports of 

this research of ten morbidities related to 

cardiovascular diseases one is related to 

consumption of more than 2000 mg/kg/day sodium. 

The result of measuring sodium compounds content 

is shown in Fig. 4 which depicts among different 

products, flixweed has less sodium. Since sodium 

content is low in flixweed, so this drink can be 

considered as a drink with very low sodium. When 

the sodium content of a drink is low it can be drunk 

with proteins without concern [3]. In addition since 

the sodium content is very low in flixweed so 

drinking flixweed is useful for patients with blood 

pressure and kidney disorder. 

    3.4.2. Potassium. Potassium content in 

Descurainia Sophia and Sisymbrium Irio was 

measured by photometry and the results are shown 

in Fig. 5. The results showed significant increase of 

potassium in Descurainia Sophia compared to 

Sisymbrium Irio (P<0.05).  

Potassium is the main intracellular cation that 

balances the cells osmosis pressure and acidity and 

base of the body. Sodium and potassium are two 

main ions controlled in the patients with kidney 

disorder [1]. These compounds have similar 

functions in the body but their functional ways are 

completely different. The individuals who consume 

low sodium and in contrary high potassium, their 

blood pressure and diseases resultant from blood 

pressure are reduced Potassium plays adjusting role 

in blood pressure. The studies showed that if 

potassium content reaches 400 mg/day the 

morbidity resultant from stroke is reduced by 40% 

[14]. It should be pointed that potassium has a direct 

Fig. 5. Potassium content in both species of flixweed 

compared to other resources. Different letters depict 

significance of the treatments mean in 1%. 

association with sweating. The daily reference 

intake of potassium in adults is 4.7 g or 120 

Mmol/day. High sweating as a result of physical 

activities and hot weather causes to reduction of 

potassium. Potassium concentration in sweating is 

4-5 mmol/day or 0.2 gram in a day. However, this 

content reaches 14 mmol or 0.5 gram in a day in hot 

weather. Sweating in hot weather can reach 11 

litters which loss potassium content is about 60 

mmol/day or 2.3 gram in a day that complete loss 

can be 116 mmol/day or 4.5 gram/day more than the 

body dietary reference intake. For this reason, need 

to potassium is high [13].  Thus it is likely that one 

of the reasons for heat exhaustion is losing much 

more potassium which in such cases consumption 

of the compounds with high amount of potassium is 

useful. Flixweed (as a drink) is one of the resources 

enriched in potassium and since it is considered as a 

good resource for providing potassium so these 

compounds are effective in the case of heat 

exhaustion for meeting needs for lost potassium and 

water. 

3.5. Fatty acids profiles in Descurainia Sophia 

and Sisymbrium Irio 

Fatty acids in Descurainia Sophia and Sisymbrium 

Irio were measured by gas chromatography. The 

results showed that Descurainia Sophia has higher 

fatty acids than Sisymbrium Irio, cf. Table 1.  
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Fig. 6.  Type and content of fatty acids in both flixweed species. Different letters depict significance of the treatments 

mean in 1%. 

Table 1. Fatty acid content.  

Flixweed Mean % 

Descurainia Sophia 29.21 ± 0.108 

Sisymbrium Irio 25.05 ± 0.350 

Some research has introduced Descurainia Sophia 

as a good resource for meeting edible oil in the body 

(Peng et al. [20]; Peng et al. [21]; Zhang et al. [22]; 

Shie [23]).  

   In a research it was tried to use canola oil 

production [24]. Canola oil is produced from 

Brassica napus and Brassica rapa which are 

genetically modified and contain low erusic acid 

[25]. Accordingly, it was tried to produce a hybrid 

of Descurainia Sophia and Brassica napus which its 

erusic acid is less than 0.5%. In this research the 

produced hybrid was recommended for edible oil 

industrial production [24].  

Both of the flixweed species were the same in 

fatty acids type but they were different in levels of 

them. Fig. 6 depicts types and content of fatty acids 

in both flixweed species. 

Amount and mean of saturated and unsaturated 

fatty acids are shown in Fig. 6. According to the 

results, unsaturated fatty acid in Descurainia Sophia 

is 88.41% and in Sisymbrium Irio is 81.80%. 

Among varieties of fatty acids both linoleic acid 

and linolenic acid are essential fatty acids. Essential 

fatty acids are one of the constituents of oils and the 

major fatty acids are omega 3 and omega 6. 

Generally, fatty acids in human regimes are more 

important than total consumed oils [26]. Also, fatty 

acids ratio is very important in nutritional and 

economic value [27]. Among fatty acids, omega 3 

(essential and unsaturated fatty acid) is considered 

essential fatty acid that body cannot produce and 

synthesis it and it is provided by food. The body 

should receive balanced amount of omega 3 and 

omega 6 existed in foods in order to convert them to 

required derivatives. Nowadays, due to benefits of 

omega 3 fatty acids they have been considered in 

daily foods. WHO recommends that the ratio of 

omega 6 to omega 3 unsaturated fatty acids should 

be minimum 5 to 1 and maximum 10 to 1. In other 

words, in daily nutrition the content of omega 6 is 

minimum 5 and maximum 10 times of omega 3. The 

role of omega 3 fatty acids has been proved in 

prevention of cardiovascular diseases [28]. 

According to the results of this research, flixweed 

compared to other resources is considered as a good 

resource of essential fatty acids Table 2 depicts the 

level and type of fatty acids measured in this 

research. 

The results of measuring types and levels of fatty 

acids in both flixweed species showed that linolenic 

acid is the common fatty acid in both Descurainia 

Sophia and Sisymbrium Irio, by this difference that 

this fatty acid amount was higher in Descurainia 

Sophia than Sisymbrium Irio. After linolenic acid, 

linoleic acid was in the second rank of the fatty acids 

in both species which its content was high in 

Descurainia Sophia. Hence, Descurainia Sophia is 

very important in omega 3 and omega 6 content and 

it can be used as a proper resource of essential fatty 

acids. Also, by comparison of essential fatty acids 

in the two flixweed samples it was specified that 

essential fatty acids in the sample flixweed was high 

compared with  cottonseed oil, soybean oil, 

sunflower oil and Turkish olive oil and on the other 

hand, unsaturated fatty acids in the Descurainia 

Sophia was higher in amount of all mentioned oils. 
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Table 2.  Fatty acid content in both flixweed species. 

Fatty acid Carbon  No. RT (min) Ratio (%) 

Descurainia  

sophia 

Sisymbrio irio Descurainia 

sophia 

Sisymbrio irio 

Luric Acid 12:0 13.74 13.71 0.008 0.013 

Miristic Acid 14:0 14.99 14.96 0.066 0.089 

Pentadecanoic acid 15:0 15.88 15.83 0.050 0.051 

Palmitic Acid 16:0 17.02 16.98 7.418 13.013 

Palmitoleic Acid 16:1 - 18.18 - 0.465 

Stearic Acid 17:0 18.23 - 0.435 - 

Stearic Acid 18:0 20.21 20.15 2.356 4.240 

Oleic Acid 18:1 21.98 21.87 13.551 15.713 

Linoleic Acid 18:2 24.83 24.65 20.204 19.471 

Linolenic Acid 18:3 29.10 28.80 53.855 44.854 

Arachidic Acid 20:0 31.97 31.87 1.256 0.789 

Erusic Acid 22:1 33.40 33.31 0.801 1.301 

4. CONCLUSION 

 Medicinal herbs have played a very important 

role for thousands years in traditional treatment of 

diseases. These compounds are known as a 

valuable, ready to use and reliable source for 

individuals. One of the varieties of medicinal herbs 

is Descurainia Sophia as the oldest drinks 

consumed among Iranians. There are Descurainia 

Sophia and Sisymbrium Irio grains known as 

medicinal herbs in Iran with high usage because of 

its beneficial properties. Descurainia Sophia is 

consumed more in Iran and it has a lot of health 

benefits. On the other hand, Sisymbrium Irio is 

consumed in some parts of the country and it used 

less due to its bitterness. The results obtained in this 

study showed that Descurainia Sophia elements 

superiority is connected perfectly with its great 

popularity. So that in most of the factors measured, 

Descurainia Sophia elements were superior and 

only the amount of sodium was high in Sisymbrium 

Irio and since low intake of sodium is considered as 

favorable property, so sodium deficit is considered 

as advantage of Descurainia Sophia. In addition, the 

moisture, calcium, iron and potassium contents 

were high in Descurainia Sophia. Measuring the 

amount and types of fatty acids in two species of 

Descurainia Sophia showed that it is an excellent 

source of essential fatty acids. The essential fatty 

acids content is higher in Descurainia Sophia than 

other resources enriched with essential fatty acids. 

However, according to the obtained results using 

this herbal drink is recommended for supplying 

some required minerals in the body. 
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The molecular characteristics of stem extractives from Vitex negundo were studied to be known and further utilize 

the drug resources. Fresh Vitex negundo stems were pound to pieces and extracted by single extraction and sequential 

extraction. And then the extractives were obtained and analyzed by GC/MS. The leaching rule of stem extractives from 

Vitex negundo was obvious. What’s more, the stem extractives contained drug activities, such as eicosane, 3,3,7,11-

tetramethyltricyclo [5.4.0.0(4,11)] undecan-1-ol, etc. The stem extractives of Vitex negundo could be used to prepare 

the rich and rare drug activities. 

Keywords: Drug activities, Vitex negundo, Stem extractives, Molecular, GC-MS 

INTRODUCTION 

Vitex negundo, which was a deciduous shrub, 

was widely distributed in North China. It was often 

born in the mountain slope to form dense thickets 

and abundant resources. [1, 2] And Vitex negundo 

was used as drugs for a long time. Vitex negundo 

real was bitter, warm and non-toxic; the leaf was 

bitter, cold and non-toxic; the root was sweet, bitter 

and non-toxic; the stem was sweet, flat and non-

toxic. Vitex negundo as traditional Chinese 

medicine was recorded in the Pharmacopoeias such 

as “Herbal classic variorum”, “Materials Science”, 

“Qian Jin Fang”, and so on. [3] Vitex negundo 

could attend the symptoms including leucorrhea, 

small intestine hernia, wet phlegm turbid urine and 

deafness. Vitex negundo leaf could be used to heal 

the nine orifices bleeding, piss hematuria; stems 

could do burning boil heat and wind toothache. [4, 

5]. So Vitex negundo had the drug effect. 

Vitex negundo had antiasthmatic, antitussive, 
expectorant effect, on cardiovascular function, 

blood pressure lowering effect, and other effects 

[3]. However, the researches on the active 

ingredients in Vitex negundo were less done, and 

concentrated in seed. For example, β–

caryophyllene, caryophyllene oxide, β-elemene, a-

pinene, P-cymene, 1,8-cineole, vanillic acid, 

alkaloids, and amino acid were found in the volatile 

oil of Vitex negundo seed. Peng et al. had studied 

the molecular identification methods, many woody 

extractives and biomass’ chemical composition [7-

21]. The researches were very effective and had 

great reference value. Therefore, the molecular 

characteristics of the stem extractives in Vitex 

negundo were investigated and analyzed by the 

optimized extraction techniques so as to further 

utilize the drug resources. 

MATERIALS AND METHODS 

Materials 

Fresh Vitex negundo stems were collected from 

the Tongbai Mountain, Henan Province, China. The 

fresh stems were pound to pieces and kept in 

vacuum. Acetic ether, methanol, benzene, 

petroleum ether and ethanol were chromatographic 

grade, preparing for the experiments. Cotton thread 

and bag were both done in benzene/ethanol 

extraction for 12 h.. 

Experimental methods 

Single extraction. Weighed 54 pieces of Vitex 

negundo stems, each was about 20 g (0.1 mg 

accuracy) and finally parceled into the cotton bag 

and then tied by cotton thread, and signed. 

Extraction was carried out in 350 ml solvents by the 

Foss method for 1, 3, 4, 5, 6, 7 hours. Ethanol/ 

methanol (Vethanol/Vmethanol=2), petroleum 

ether/acetic ether(Vpetroleum ether /Vacetic ether = 2) , and 

benzene/ethanol (Vethanol/Vbenzene= 2) extraction were 

done at the temperature of 75°C, 90°C and 95°C, 

respectively. After extraction, the one portion was 

dried in 105°C to oven dry, and weighed. The 

extractives were obtained by evaporation in 60 - 

70°C. 

Sequential extraction. Weighed 27 pieces of 

stems, each was 20 g (1.0 mg accuracy), and finally 

parceled into cotton bag tied by cotton thread, and 

signed. Three-step extractions were carried out by 

large-caliber Soxhletor by ethanol/methanol → 
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petroleum ether/acetic ether → benzene/ethanol 

(JY-YS-BC), petroleum ether/acetic ether → 

benzene/ethanol → ethanol/ methanol (YS-BC-JY), 

benzene/ethanol → ethanol/methanol → petroleum 

ether/acetic ether (BC-JY-YS), respectively. After 

every step extraction, the one portion was dried in 

105°C to oven dry, and weighed. The extractives 

were obtained by evaporation in 60°C - 70°C. 

GC/MS condition. Among the above extractives, 

the JY extractives in JY-YS-BC extraction, BC 

extractives in BC-JY-YS extraction, jyYS 

extractives in JY-YS-BC extraction, and bcJY 

extractives in BC-JY-YS extraction were analyzed, 

respectively. Each 0.5 mg extractives was analyzed 

by online linked GC/MS, respectively. The GC/MS 

analysis was carried out as the same as the 

documents [13, 14, 15, 16]. 

RESULTS AND DISSCUSION 

The leaching rates of single extraction and three-

step extraction were listed in Table 1 and Table 2, 

respectively. And the JY, BC, jyYS and bcJY 

extractives were obtained. The total ion 

chromatograms of four extractives by GC/MS were 

shown in Figure 1, respectively. 

Leaching rule of stem extractives of Vitex negundo 

The trend of leaching rates of stem extractives 

from Vitex negundo in different solvents was 

described in Table 2. It was observed that during 

ethanol/methanol extraction, the leaching rate of 

stem extractives fluctuated, and reached the 

maximum (9.79%) when extraction time was 5 h. 

During petroleum ether/acetic ether extraction, 

the leaching rate of stem extractives first increased 

and then decreased, and reached the maximum 

(3.70%) when extraction time was 4 h. During 

benzene/alcohol extraction, the leaching rate of 

stem extractives fluctuated, and reached the 

maximum (5.19%) when extraction time was 7 h. 

And the optimal extraction time of 

ethanol/methanol extraction, petroleum ether/acetic 

ether extraction, and benzene/alcohol extraction 

were 5 h, 4 h, and 7 h, respectively. 

During the three-step extractions, the 

ethanol/methanol extraction, petroleum ether/acetic 

ether extraction, and benzene/alcohol extraction 

were done for 5 h, 4 h, and 7 h, respectively. The 

statistical results showed that the leaching rate of 

Vitex negundo stem extractives by JY-YS-BC 

extraction was 28.42%, 24.23% by YS-BC-JY 

extraction, and 28.22% by BC-JY-YS extraction. 

Comparing with table 2, it was observed that the 

leaching rate of each single extraction was less than 

that of table 1, suggesting that the solvent effect 

also existed in the leaching periods of stem 

extractives. During the three-step extractions, JY-

YS-BC extraction was the optimum extraction 

mode for the leaching rate was 28.42%. 

Molecular properties of Vitex negundo stem 

extractives 

Analyzing the MS data, the NIST standard MS 

map by computer, open-published books and 

papers, then components and their contents were 

identified. 

According to GC/MS result, 7 components were 

identified from JY extractives of Vitex negundo 

stem. The result showed that the main components 

were cyclotrisiloxane, hexamethyl- (36.588%), 

3,3,7,11-tetramethyltricyclo [5.4.0.0(4,11)] 

undecan-1-ol (34.642%), 1,2-benzenedi -carboxylic 

acid, butyl 2-methylpropyl ester (10.074%), silicic 

acid, diethyl bis (trimethylsilyl) ester (8.153%), 

hexanedioic acid, bis (2-ethylhexyl) ester (2.456%), 

eicosane (2.111%), 1,2-benzenedicarboxylic acid, 

mono (2-ethylhexyl) ester (5.977%). 

Table 1. Leaching rates of each single extraction [%]. 

Extraction time [h] ethanol/methanol petroleum ether/acetic ether benzene/ethanol 

1 5.53 1.20 0.90 

3 8.63 1.22 3.21 

4 7.16 3.70 4.23 

5 9.79 3.44 3.84 

6 7.01 3.51 3.48 

7 7.22 1.02 5.19 

Table 2. Leaching rates of three-step extractions. 

Extraction JY-YS-BC YS-BC-JY BC-JY-YS 

Time [h] 4 7 5 7 5 4 5 4 7 

Step 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 

Leaching rate [%] 9.22 7.52 11.68 5.99 7.56 10.68 9.81 9.52 8.89 
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Fig. 1. Total ion chromatogram of four extractives of Vitex negundo stems by GC/MS 
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The 7 components were identified from BC 

extractives of Vitex negundo stem. The result 

showed that the main components were dibutyl 

phthalate (40.003%), 1,2-benzenedicarboxylic acid, 

mono(2-ethylhexyl) ester (18.803%), 

cyclotrisiloxane, hexamethyl- (19.351%), 1,1,1,3,5, 

5,5- heptamethyl-trisiloxane (15.402%), 

hexanedioic acid, bis (2-ethylhexyl) ester (2.965%), 

phthalic acid, isobutyl nonyl ester (1.58%), benzo 

[g] pteridine, 2,4-diamino-6,7,8,9-tetrahydro -7-

methyl- (1.895%).

The 4 components were identified from jyYS 

extractives of Vitex negundo stem. The result 

showed that the main components were dibutyl 

phthalate (45.37%), cyclotrisiloxane, hexamethyl- 

(35.713%), cyclohexanecarboxylic acid, dodecyl 

ester (4.003%), 1,2-benzene -dicarboxylic acid, 

mono (2-ethylhexyl) ester (14.914%). 

The 5 components were identified from bcJY 

extractives of Vitex negundo stem. The result 

showed that the main components were dibutyl 

phthalate (49.917%), 1,2-benzenedicarboxylic acid, 

mono(2-ethylhexyl) ester (38.537%), 1,2-

benzenedicarboxylic acid, bis(2-methylpropyl) 

ester (2.037%), silicic acid, diethyl bis 

(trimethylsilyl) ester (5.075%), hexanedioic acid, 

bis (2-ethylhexyl) ester (4.435%). 

Resource Properties of Stem Extractives of Vitex 

Negundo 

There were many biomedical components in the 

stem extractives of Vitex negundo. Because of their 

public role and value, dibutyl phthalate was a 

pesticide to keep the environment homeostasis. [15, 

16] 1, 2-benzenedicarboxylic acid, butyl 2-

methylpropyl ester was hydrolyzed to 1,2-

benzenedicarboxylic acid which could be used to

make some drugs.

Hexanedioic acid, bis (2 -ethylhexyl) ester could 

be used in various products such as cosmetics, auto 

interior protectant, and lubricant 

(www.chemicalsubstances.gc.ca). Eicosane was the 

main compositions of rose essential oil which had 

the remarkable beauty effect and health care 

efficacy [22]. 3,3,7,11-

Tetramethyltricyclo[5.4.0.0(4,11)] undecan-1-ol 

was the significant alcohol of volatile compositions 

in needle and branch of Picea crassifolia which 

could lure Ips typographus Linnaeus [23]. Phthalic 

acid, isobutyl nonyl ester was the main small 

constituents of Elaeagnaceae plant which might 

cure chronic cardiovascular and cerebrovascular 

diseases and had anti-tumor, anti-inflammatory, 

antibacterial functions [24]. The components were 

rare medicinal herds including hexanedioic acid, bis 

(2-ethylhexyl) ester, cyclohexanecarboxylic acid, 

dodecyl ester. And there were some drug activities 

of the stem extractives from Vitex negundo. 

CONCLUSION 

The leaching rule of stem extractives from Vitex 

negundo was obvious. The optimal extraction time 

of ethanol/methanol, petroleum ether/acetic ether, 

and benzene/alcohol extraction were 5 h, 4 h, and 7 

h, respectively. The leaching rates of each single 

extraction were less than those of three-step 

extractions, and JY-YS-BC extraction was the 

optimum extraction mode with the leaching rate of 

28.42%. What’s more, the stem extractives of Vitex 

negundo, which was rich in drug activities. For 

example, hexanedioic acid, bis (2-ethylhexyl) ester 

was used in Canada in cosmetics, care products, 

heavy-duty hand cleanser and lubricant; eicosane 

was the major composition of the rose essential oil 

which had the remarkable beauty effect and health 

care efficacy; 3,3,7,11-tetramethyltricyclo [5.4.0.0 

(4,11)] undecan-1-ol could lure Ips typographus 

Linnaeus. And the stem extractives of Vitex 

negundo contained many rare drug activities. 
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By oxidizing primary hydroxyl on surface of the salix microcrystalline cellulose with NaClO, we studied the effects 

onto performance of salix microcrystalline cellulose resulted from oxidant in different amounts. Performance of salix 

microcrystalline cellulose having been oxidized takes on attributes including lower degree of polymerization, stronger 

hydrophilicity due to increased carboxyl, which also resulted in larger water retention values; oxidation at para-

crystalline areas began to oxidize crystallization areas, making the oxidized cellulose have higher pyrolysis temperature, 

significantly smaller granularity and increased specific surface, which caused some damage to superficial and internal 

structures, so that changes occurred in form of the cellulose. 

Keywords: Salix Cellulose, Selective Oxidation, Performance 

INTRODUCTION 

During selective oxidation of the cellulose, 

intramolecular hydroxyl will be oxidized into 

carboxylic acid group, which will enhance 

cellulose's reactive activity and adsorptive capacity 

for ion. In the process of preparing composite 

material in the solution, dispersion degree of 

carboxylic acidified cellulose has also been 

improved, which greatly expanded the application 

range of cellulose in different fields. Together with 

biocompatibility and degradability, cellulose has 

been under the spotlight in fields of nanophase 

materials and biomedicine [1, 2, 3, 4, 5]. Richard K. 

Johnson used to utilize TEMPO to oxidize cellulose 

and study the application of cellulose in the field of 

nanocomposites, where content of carboxyl group 

reached up to 1.1 mmol/g after cellulose having 

been carboxylic acidified. Youssef Habibi [6, 7] 

carboxylic acidified the nano-cellulose, 

microcrystalline cellulose and cellulose whiskers 

they have prepared. Flocculation didn't appear in 

those cellulose having been treated and 

birefringence occurred in the cellulose whiskers 

under polarizing microscope. He also prepared 

nano-composite materials with those carboxylated 

cellulose. After the study, he found that carboxylic 

acidification could greatly improve adsorptive 

capacity of the fiber, which serves as the best 

template for nanocomposites. T. Saito et al [8] 

conducted attribute analysis on aldehyde content 

and carboxylic acid group of the carboxylated 

cellulose with different cellulosic feedstocks and 

oxidation processes and studied changes of 

performance index with polymerized degree, 

pattern, crystal structure, crystallinity, water 

retention value and so on. A. Isogai et al [9] 

oxidized cellulose materials with the TEMPO / 

NaClO / NaBr oxidation system. A lot of 

experiments showed that amount of TEMPO had 

great impact onto polymerization degree of the 

product. Both regenerated fiber and mercerized 

fiber can be completely oxidized. However, natural 

cellulose can't realize complete selective oxidation, 

mainly due to high crystallinity of native cellulose 

affects the oxidation effect.. 

EXPERIMENTAL 

Disperse the prepared salix microcrystalline 

cellulose in deionized water to make 2.0% solution 

of microcrystalline cellulose, add TEMPO (0.1 

mmol/g) and NaBr (1 mmol/g) to make stable 

solution for later use, adjust PH to 10.75 with 

sodium carbonate/sodium bicarbonate solution as a 

buffer, add a certain amount of 9% NaClO solution, 

adjust PH to be constant with ammonia, and then 

finish the preparation of salix cellulose with 

different levels of carboxylic acid groups. As PH 

value keeps unchanged during reaction, add a 

certain amount of absolute ethanol to terminate the 

reaction. Stir for 10 minutes, centrifuge at high 

speed and then obtain the carboxylated salix 

cellulose. Repeatedly wash with deionized water, 

add 0.1 mol/L AgNO3, test to make sure no 

presence of chloride ions, dry at low temperatures 

for later use. 
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To Determine Content of Carboxylic Acid Group in 

Salix Cellulose 

Obtain carboxylic acid in free state by the 

replacement reaction between calcium acetate and 

carboxylic acid group on the salix cellulose, and 

then use standard NaOH solution to titrate. The 

principle as follows: 

2R-(COOH) + (CH3COO)2Ca R-(COO)2Ca + 

2CH3COOH 

Weigh 1 g of the sample mentioned above, soak 

the sample with 50 ml of 0.1 mol/L newly-prepared 

calcium acetate in a 100 ml iodine flask, place for 

24 hours with stirring. Take 10ml of solution 

mentioned above and place in a 250 ml conical 

flask, add mixed indicator of cresol red - thymol 

blue, select 0.1 mol/L standard NaOH solution as 

the titration reagent, observe colour of the solution 

changing from yellow to purple, record 

consumption volume of NaOH solution as V, take 

another 10ml of solution mentioned above for blank 

test, titrate with standard NaOH solution at c = 

0.1mol/L, and record volume of the standard NaOH 

solution as V0. 

Formula for calculating content of the 

carboxylic acid group as follows: 

Carboxyl group content (mmol ·g-1) = (V-V0) × 

5c / W 

Where, W is the absolutely dry mass of test 

sample under accurate weighing. 

To Determine Polymerization of Salix Cellulose 

with Carboxylic Acid Group 

Adopt the Uno Viscosity Method to calculate 

the degree of polymerization. Dissolve 0.05 g of 

salix microcrystalline cellulose and 0.05 g of 

oxidation product respectively in 1 M of copper 

ammonia solution and 0.1 M of NaCl solution, and 

analyze viscosity of the solution in a thermostat. 

Draw 15 ml of the prepared solution and inject into 

the viscometer, keep temperature of the viscometer 

constant, let the solution flow from end opening of 

the viscometer, and record the time for solution to 

flow through the viscometer with a stopwatch. 

Repeat the test for three times, ensuring time 

difference among the three tests to be 0.2 s. 

Determine relevant value at T2 with the same 

method, adding 5 ml, 15 ml and 25 ml of copper 

ammonia solution respectively. And then determine 

relevant values at T3, T4 and T5. Obtain viscosity 

of the salix cellulose at 25°C -- [η]. In the same 

way, obtain viscosity of the carboxylated salix 

cellulose at 25°C -- [η]. 

To Determine Water Retention Value of the Salix 

Cellulose with Carboxylic Acid Group 

Weigh 0.25 g of absolutely-dry cellulose with 

carboxylic acid group, put into stainless-steel 

strainer, and make absorption at 25°C for 30 

minutes. Put the strainer with sample into high 

speed centrifuge at 6000 rev / min for 15 minutes. 

Take out the sample and weigh, and record the 

weight as W1. Place the sample in a vacuum drying 

oven at 105°C for 4 hours, weigh the sample and 

record the weight as W2. Use the following formula 

to calculate the water retention value (WRV%): 

WRV=100(W1-W2)/W2 

RESULTS AND DISSCUSION 

Effect of the Amount of Naclo onto Carboxyl 

Content of Salix Cellulose 

Figure 1 showed that carboxyl content of salix 

cellulose increased along with the amount of 

NaClO getting larger. As amount of NaClO 

increased to 5.0 mmol/g from 1.0 mmol/g, content 

of carboxylic acid group in the salix cellulose 

increased to 0.90 mmol/g from 0.21 mmol/g, 

indicating that larger amounts of NaClO could 

break crystalline areas on the surface of salix 

cellulose and thus enhance the degree of oxidation 

in crystalline areas of the salix cellulose. A small 

amount of hemicellulose contained in the salix 

cellulose may serve as another reason, because 

hemicellulose has the lower molecular weight 

whose pentosan can be easily carboxylated. 
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Fig. 1. Effect of the amount of NaClO onto carboxyl 

content of salix cellulose. 

Effect of The Amount of Naclo onto Polymerization 

of Salix Cellulose 

In general, water retention value of the cellulose 

is related to length of the cellulose, swelling 

resistance of the cellulose, fibrillation and other 

factors. 
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As having been oxidized, amount of small 

pieces in the cellulose will increase. However, 

water retention value of the oxidized cellulose gets 

larger due to increased amount of carboxyl group 

which has the hydrophilicity. Therefore, as amounts 

of NaClO changing, salix cellulose will change and 

water retention value will get larger. As shown in 

the figure 2, water retention value increased for 

198% as amount of NaClO reached to 5 mmol/g, 

which was one time larger than the water retention 

value of non-oxidized cellulose. 
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Fig. 2. Effect of the amount of NaClO onto water 

retention value of salix cellulose. 

Ultra-Red Adsorption Spectroscopy on Naclo 

Amounts Used for Salix Cellulose 

As shown in Figure 3, increased amount of 

NaClO enhanced the oxidizing power of the 

oxidation system for salix microcrystalline 

cellulose. Along with changing amounts of NaClO, 

oxidized salix microcrystalline cellulose showed 

strengthened absorption peak at 1650 cm-1 site, 

which was mainly the carbonyl absorption peak. 

Because carboxyl groups were introduced onto 

macromolecule chain of the salix cellulose having 

been oxidized. Content of carboxylic acid group 

increases along with increased amounts of NaClO, 

where absorption styrength and width of the peak 

also enhanced. There were no changes at other 

major absorption peaks, which indicated that other 

functional groups had no changes and congruous 

chemical structures during the oxidation. However, 

stretching peaks of the secondary hydroxyl group at 

sites of 1110 cm-1 and 1175 cm-1 showed 

significantly decreased vibration, because 

secondary hydroxyl groups at C2 and C3 on 

macromolecular chains of salix cellulose had been 

oxidized into aldehyde groups. Therefore, it 

indicated that selective oxidation mainly occurred 

in the oxidation process which produced the 

dialdehyde-oxidized salix cellulose. Also shown in 

the figure, absorption peak at the 1650cm-1 site had 

no obvious changes as amounts of NaClO 

increasing from 1 mmol/g to 3 mmol/g. Changes on 

absorption peak at the 1650cm-1 site became 

obvious as amounts of NaClO increasing from 3 

mmol/g to 5 mmol/g. Because NaClO at the amount 

between 1 mmol/g and 3 mmol/g mainly oxidized 

paracrystalline areas of the microcrystalline 

cellulose. As the amount continued to grow, 

oxidation in the paracrystalline area finished and 

began to occur in the crystalline area, which caused 

enhanced absorption peak at 1650 cm-1 site and 

increased exposure of secondary hydroxyl group in 

the crystalline area, where stretching peaks of the 

secondary hydroxyl group at sites of 1110 cm-1 and 

1175 cm-1 showed enhanced vibration. 
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Fig. 3. Ultra-red adsorption spectroscopy on different 

NaClO amounts used for salix cellulose. 

Thermo-Gravimetry for Salix Cellulose Based on 

Naclo Amounts 

Figure 4 to Figure 8 showed that heat resistance 

of the carboxylated cellulose changed along with 

the amounts of NaClO going as 1 mmol/g, 2 

mmol/g, 3 mmol/g, 4 mmol/g and 5 mmol/g. Free 

water contained in the carboxylated cellulose acts 

as the reason for weight loss at 150°C. In an 

amount of 1.0 mmol/g NaClO, weight loss started 

at 215°C and ended at 408°C. When the amount of 

NaClO reached to 2.0 mmol/g, initial temperature 

for weight loss had no obvious changes and 

termination temperature was at 443°C. In an 

amount of 3.0 mmol/g NaClO, termination 

temperature for weight loss was at 476°C. In an 

amount 4.0 mmol/g NaClO, termination 

temperature for weight loss was at 528°C. When 

the amount reached to 5.0 mmol/g, termination 

temperature for weight loss was at 551°C. 

Strengthened oxidation in the salix microcrystalline 

cellulose caused the thermal decomposition 

temperature presenting an upward trend. As 

oxidation in the microcrystalline cellulose getting 



Y. Li, J. Huang: Performance of naclo in selective oxidation of salix microcrystalline cellulose 

127 

deepened, non-crystalline areas on the surface will 

be oxidized and degraded. As a result of oxidation 

getting into the crystalline area, amount of cellulose 

will get larger and thus termination temperature 

will get higher. In addition, absorption peaks on 

thermal decomposition became significantly 

moderate, which was mainly caused by a large 

amount of oligosaccharides produced during 

oxidation. 

 

Fig. 4. TG diagram under 1.0 mmol/g NaClO. 
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Fig. 5. TG diagram under 2.0 mmol/g NaClO. 
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Fig. 6. TG diagram under 3.0 mmol/g NaClO.  
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Fig. 7. TG diagram under 4.0 mmol/g NaClO. 
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Fig. 8. TG diagram under 5.0 mmol/g NaClO. 

Sem Analysis for Salix Cellulose Based on Naclo 

Amounts 

As seen from figure 9-13, changes occurred on 

surface of the cellulose with continuous adding of 

NaClO. When NaClO added in an amount of 1.0 

mmol/g, surface of the cellulose having been 

carboxylated became rough, interface on the 

surface became blurred and began to show 

coarseness. When NaClO added in an amount of 

3.0 mmol/g, orientation of the cellulose 

deteriorated. When NaClO added in an amount of 

4.0 mmol/g, orientation of the cellulose 

disappeared. When NaClO added in an amount of 

5.0 mmol/g, cavities began to appear on the surface, 

which mainly because larger amounts of oxidant 

continuously got into crystalline areas of the 

cellulose and resulted in oxidation. Meanwhile, 

granularity of the cellulose became significantly 

small and specific surface became larger, which 

indicated that increasing amounts of oxidizer were 

liable to cause some damage for surface and 

internal structures of the suit fiber, making forms of 

the cellulose change. 
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Fig. 9. Scanning electron micrograph under 1.0 

mmol/g NaClO. 

 

Fig. 10. Scanning electron micrograph under 2.0 

mmol/g NaClO. 

 

Fig. 11. Scanning electron micrograph under 3.0 

mmol/g NaClO. 

 

Fig. 12. Scanning electron micrograph under 4.0 

mmol/g NaClO. 

 

Fig. 13. Scanning electron micrograph under 5.0 

mmol/g NaClO. 

CONCLUSION 

1. With the increasing amounts of NaClO, 

number of carboxylic acid groups becomes larger 

during selective oxidation of salix cellulose, 

changing from 1.0mmol/g to 5.0mmol/g. On the 

contrary, increasing amounts of NaClO can 

decrease polymerized degree of the salix cellulose, 

which indicates that carboxylicly acidified degree 

of the salix cellulose is related to the polymerized 

degree. After cellulose having been oxidized, 

content of carboxyl groups will get larger, leading 

to stronger hydrophilicity. As amounts of NaClO 

changing, salix cellulose will change and water 

retention value will get larger accordingly. Water 

retention value increased for 198% as amount of 

NaClO reached to 5 mmol/g, which was one time 

larger than the water retention value of non-

oxidized cellulose. 

2. NaClO at the amount between 1 mmol/g and 

3 mmol/g mainly oxidized para-crystalline areas of 

the microcrystalline cellulose. As the amount 

continued to grow, oxidation in the para-crystalline 

area finished and began to occur in the crystalline 

area, which caused enhanced absorption peak at 

1650cm-1 site and increased exposure of secondary 

hydroxyl group in the crystalline area, where 

stretching peaks of the secondary hydroxyl group at 

sites of 1110 cm-1 and 1175 cm-1 showed 

enhanced vibration. 

3. As amount of NaClO added in larger 

amounts, strengthened oxidation in the salix 

microcrystalline cellulose will cause the thermal 

decomposition temperature presenting an upward 

trend. Along with oxidation in the microcrystalline 

cellulose getting deepened, non-crystalline areas on 

the surface will be oxidized and degraded. As a 

result of oxidation getting into the crystalline area, 

amount of cellulose will get larger and thus 

termination temperature will get higher. Absorption 

peaks on thermal decomposition became 

significantly moderate, which was mainly caused 
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by a large amount of oligosaccharides produced 

during oxidation. 

4. Larger amounts of oxidant continuously will

get into crystalline areas of the cellulose and result 

in oxidation. Meanwhile, granularity of the 

cellulose became significantly small and specific 

surface became larger, which indicated that 

increasing amounts of oxidizer were liable to cause 

some damage for surface and internal structures of 

the suit fiber, making forms of the cellulose change. 
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As one of dominant species of medicinal plants in North China, Cercis chinensis was also considered as the 

important immune active drug resources for physical anthropology, however, the molecule constituents of Cercis 

chinensis stems was not known. Therefore, the molecular characteristics of extractives from Cercis chinensis stems 

were studied to further utilize the drug resources. The GC/MS analysis results showed that 6, 13, 3, and 8 components 

were identified by GC/MS in the SY extractives, syJC extractives, syjcBY extractives, jcsyBY extractives from Cercis 

chinensis stems, respectively. The multi-steps extraction method was fit to extraction and separation for the particular 

extractives from Cercis chinensis stems. What’s more, the extractives of Cercis chinensis stems contained biomedical 

constituents, such as phytol, 4,6-di-O- methyl- .alpha.-d-galactose, 2-C-methyl-myo-Inositol, and so on. The analytical 

result suggested that the extractives of Cercis chinensis stems were used to prepare the rich and rare immune activities 

for the better physical anthropology. 

Keywords: Immune activity, Physical anthropology, Cercis chinensis stem, Extractives molecule, GC/MS 

INTRODUCTION 

Cercis chinensis, which easily growing in 

average, medium and well-drained soil, should be 

planted when young and left undisturbed. Cercis 

chinensis was native in central and southern China, 

commonly called Chinese redbud, and usually 

grown much smaller as an open, densely branched, 

multi-stemmed shrub or small tree to 8-15' tall [1]. 

Its leaves would turn a respectable yellow in fall 

[2]. Especially, Chinese redbud was less affected by 

the common diseases and pests of our native 

redbud. Cercis chinensis was also an important or 

namental shrubs for large beautiful flowers with 

bright color, and then was widely welcomed for 

good adaptability, high survival rate, low price, and 

good greening effect. Cercis chinensis tree should 

be transplanted in the bud before or after the leaves, 

roots could be cultivated, but could not be the first 

root transplanting and colonization [3, 4]. Cercis 

chinensis had the well-developed root system, and 

was not easy to cut so as to avoid tearing the root 

bark. When transplanting the proper pruning, part 

old branches should be updated each year before 

germination. It need be fertilized for 2-3 times 

during the growth period. 

Cercis chinensis was a tree which had economic 

value. In the past, Cercis chinensis stems were 

mainly used in furniture and building. However, 

Cercis chinensis stems were always abandoned. 

Cercis chinensis biomass had the functions of 

clearing heat and cooling blood, detoxification, 

activating blood flow, swelling pain [5, 6, 7, 8]. It 

could cure rheumatism, traumatic injury, wind cold 

dampness arthralgia, amenorrhea, snake bite, 

bloodfeud, rabies and other diseases [2]. Its bark 

was bitter and flat to activate blood flow and swell 

detoxification for wind cold dampness arthralgia, 

amenorrhea, blood gas pain, sore throat, stranguria, 

carbuncle swollen, tinea cabies, traumatic injury, 

insect and snake bite. Its wood was bitter and flat to 

promote blood circulation, stranguria for blood 

stasis dysmenorrhea, abdominal pain and 

stranguria; Its flowers had heat-cleared 

detoxification for rheumatism muscles pain and 

nasal abscess; Its fruit was used for coughs and 

pregnant women [1, 5, 6]. Cercis chinensis biomass 

was also used as traditional Chinese medicine for 

thousands of years. However, the medicinal 

components of Cercis chinensis were less recorded. 

Yanyan et al. [9] found N naphthyl 2 aniline, 

biocyclomahanimbine, mahanimbine and 

girinimbine in Bauhinia variegate. Wanxi et al. [10, 

11, 12, 13, 14, 15, 16, 17]; Lansheng et al. [18] had 

studied many woody extractives and their pyrolysis 

products [11, 19]. Zhu-Ping et al. [20] had studied 

the synthetic bio-drugs [21, 22, 23, 24, 25, 26, 27]. 

Some researchers had explored a variety of immune 

biological active ingredients [5, 6, 7, 8, 28, 19, 29, 

30, 18, 31, 32, 33]. And Cercis chinensis was also 
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considered as the important immune active drug 

resources to maintain and enhance the fine physical 

anthropology. However, the molecule constituents 

of immune activities from Cercis chinensis stems 

were not known. Therefore, the molecular 

characteristics of the stems extractives from Cercis 

chinensis were investigated and analyzed by the 

optimized extracting techniques in order to better 

utilize immune activities from Cercis chinensis 

stems as bio-drug resources for the better physical 

anthropology. 

EXPERIMENTAL 

Materials 

In winter, fresh Cercis chinensis stems were 

collected from the Tongbai Mountain, Henan 

Province, China. The fresh stems were directly 

pound to pieces and kept in the dryer. Acetic ether, 

methanol, benzene, petroleum ether and ethanol, 

which were prepared for the subsequent 

experiments, were chromatographic grade. Cotton 

thread and cotton bag were both extracted in 

benzene/ethanol solution (Vethanol /Vbenzene = 2) for 

the treatment time of 12 h. 

Experimental methods 

Weighed 27 pieces of stems, each was 20 g (1.0 

mg accuracy), and finally parceled by cotton bag 

tied by cotton thread. Method of three-step 

extraction was carried out by large-caliber Soxhlet 

according to the solution’s different orders 

combined by JC-SY-BY (methanol → petroleum 

ether/acetic ether (Vpetroleum ether /Vacetic ether = 2) → 

benzene/ethanol), SY-BY-JC (petroleum 

ether/acetic ether → benzene/ethanol → methanol), 

BY-JC-SY (benzene/ethanol → methanol → 

petroleum ether/acetic ether), respectively. After 

each step extraction, the extractives solutions were 

removed and evaporate in 60°C-70°C air, and then 

kinds of extractives of Cercis chinensis stems were 

obtained. The extraction times were both 2.5 hours. 

GC/MS condition 

Among the above extractives, the SY extractives 

in SY-JC-BY method (Number LD-120), syJC 

extractives in SY-JC-BY method (Number LD-

123), syjcBY extractives in SY-JC-BY method 

(Number LD-125), and jcsyBY extractives in JC-

SY-BY method (Number LD-127) were analyzed, 

respectively. Each 0.5 mg extractives was analyzed 

by online linked GC/MS (gas chromatograph / mass 

spectrometer), respectively. The GC/MS analysis 

was done as the same as the documents [18, 12, 13, 

14, 15]. 

EXPERIMENTAL RESULTS 

Results of stem extracts from Cercis chinensis 

The SY extractives, syJC extractives, jcsyBY 

extractives, and syjcBY extractives were obtained 

respectively. The total ion chromatograms of four 

extractives by GC/MS were shown in Figure 1. 

Relative content of each component was counted by 

area normalization. The components and their 

contents were identified by analyzing the MS data, 

the NIST standard MS map, open-published books 

and papers. And the results were listed in table 1, 

table 2, table 3 and table 4, respectively. 

RESULTS’ ANALYSES 

Molecular properties of stem extracts from Cercis 

chinensis 

According to GC/MS result, 6 components were 

identified from SY extractives of Cercis chinensis 

stems. The result showed that the main components 

were 2-butanone, 4,4-dimethoxy- (14.602%), 4,6-

di-O- methyl-.alpha.-d-galactose (50.990%), n-

hexadecanoic acid (1.811%), 9,12-octadecadienoic 

acid, methyl ester (4.059%), tetrasiloxane, 

decamethyl- (7.041%), 1H-indole, 1-methyl-2-

phenyl- (21.497%). 

The 13 components were identified from syJC 

extractives of Cercis chinensis stems. The result 

showed that the main components were 1,3-

hexadien-5-yne (2.619%), benzene, 1-pentynyl- 

(0.392%), 5,6-epoxy-6- methyl-2-heptanone 

(1.114%), diazene, butyl[1-(2,2-

dimethylhydrazino)ethyl]-(87.380%), myo-Inositol, 

2-C-methyl- (0.278%), n-hexadecanoic acid 

(0.543%), dibutyl phthalate (0.897%), (R)-(-)-14-

methyl- 8-hexadecyn-1-ol (0.140%), phytol 

(0.377%), 9,12-octadecadienoic acid (Z,Z)- 

(0.914%), 2-bromo- 4,5-dimethoxycinnamic acid 

(2.730%), 2,4,6-cycloheptatrien-1-one, 3,5-bis-

trimethylsilyl- (0.550%), 1H-indole, 1-methyl-2-

phenyl- (2.068%).  

The 3 components were identified from syjcBY 

extractives of Cercis chinensis stems. The result 

showed that the main components were 2,4-

hexadiyne (92.924%), dibutyl phthalate (4.520%), 

1,2-benzenedicarboxylic acid, diisooctyl ester 

(2.555%). 
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SY extractives 

 
syjcBY extractives 

 
syJC extractives 

 
jcsyBY extractives 

Fig. 1. Total ion chromatograms of four stem extractives of Cercis chinensis by GC/MS. 
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Table 1. The compounds of SY extractives of Cercis chinensis stems by GC/MS. 

No. Retention time [min] Peak area [%] Chemical compound 

1 15.836 14.602 2-Butanone, 4,4-dimethoxy- 

2 22.384 50.990 4,6-Di-O-methyl-.alpha.-d-galactose 

3 26.223 1.811 n-Hexadecanoic acid 

4 28.307 4.059 9,12-Octadecadienoic acid, methyl ester 

5 39.958 3.154 1H-Indole, 1-methyl-2-phenyl- 

6 45.612 7.041 Tetrasiloxane, decamethyl- 

7 46.687 18.343 1H-Indole, 1-methyl-2-phenyl- 

Table 2. The compounds of syJC extractives of Cercis chinensis stems by GC/MS. 

No. Retention time [min] Peak area [%] Chemical compound 

1 10.239 2.619 1,3-Hexadien-5-yne 

2 13.895 0.392 Benzene, 1-pentynyl- 

3 18.074 1.114 5,6-Epoxy-6-methyl-2-heptanone 

4 23.024 87.380 Diazene, butyl[1-(2,2-dimethylhydrazino)ethyl]- 

5 23.888 0.278 Myo-Inositol, 2-C-methyl- 

6 26.152 0.543 n-Hexadecanoic acid 

7 26.349 0.897 Dibutyl phthalate 

8 28.264 0.140 (R)-(-)-14-Methyl-8-hexadecyn-1-ol 

9 28.556 0.377 Phytol 

10 28.834 0.914 9,12-Octadecadienoic acid (Z,Z)- 

11 36.431 2.730 2-Bromo-4,5-dimethoxycinnamic acid 

12 41.998 0.370 1H-Indole, 1-methyl-2-phenyl- 

13 45.539 0.550 2,4,6-Cycloheptatrien-1-one, 3,5-bis-trimethylsilyl- 

14 46.628 1.698 1H-Indole, 1-methyl-2-phenyl- 

Table 3. The compounds of syjcBY extractives of Cercis chinensis stems by GC/MS. 

No. Retention time [min] Peak area [%] Chemical compound 

1 4.661 92.924 2,4-Hexadiyne 

2 27.364 4.520 Dibutyl phthalate 

3 36.314 2.555 1,2-Benzenedicarboxylic acid, diisooctyl ester 

Table 4. The compounds of jcsyBY extractives of Cercis chinensis stems by GC/MS. 

No. Retention time [min] Peak area [%] Chemical compound 

1 13.716 1.425 Ethanone, 1-(2,4,5-trimethylphenyl)- 

2 15.817 2.909 2-Butanone, 4,4-dimethoxy- 

3 18.083 0.980 3,3'-Thiodipropanol 

4 22.398 34.002 4,6-Di-O-methyl-.alpha.-d-galactose 

5 24.955 1.854 Phthalic acid, isoporpyl propyl ester 

6 26.365 35.106 Dibutyl phthalate 

7 32.922 1.380 Hexanedioic acid, bis(2-ethylhexyl) ester 

8 35.2 22.344 Phthalic acid, 2-ethylhexyl hexyl ester 

 

The 8 components were identified from jcsyBY 

extractives of Cercis chinensis stems. The result 

showed that the main components were ethanone, 

1-(2,4,5-trimethylphenyl)- (1.425%), 2-butanone, 

4,4-dimethoxy-(2.909%), 3,3'-thiodipropanol 

(0.980%), 4,6-di-O-methyl-.alpha.-d-galactose 

(34.002%), phthalic acid, isoporpyl propyl ester 

(1.854%), dibutyl phthalate (35.106%), hexanedioic 

acid, bis(2-ethylhexyl) ester (1.380%), phthalic 

acid, 2-ethylhexyl hexyl ester (22.344%). 

Based on the above molecular properties, kinds 

of extractives Cercis chinensis stems were 
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significantly different in several solvents and 

extraction order. There were the vast differences in 

the different three-step extraction method. 

Therefore, the multi-step extraction method was fit 

to extraction and separation of the particular Cercis 

chinensis extractives. 

Resource properties of stem extractives from Cercis 

chinensis 

There were many biomedicine and drug 

components in stem extractives of Cercis chinensis. 

Because of its bio-drug value, dibutyl phthalate was 

a pesticide to keep internal environment 

homeostasis [16]. Phthalic acid, isobutyl nonyl 

ester, which had the potential efficacy on curing 

chronic cardiovascular and cerebrovascular 

diseases, had anti-tumor, anti-inflammatory, 

antibacterial functions [34]. Phytol, which was an 

acyclic diterpene alcohol that could be used as a 

precursor for the manufacture of synthetic forms of 

vitamin E and vitamin K1, was used not only as 

food which converted to phytanic acid and stored in 

fats of body, but also in the fragrance industry, 

cosmetics, shampoos, toilet soaps, household 

cleaners, and detergents [35, 36, 37, 38]. 4, 6-di-O-

methyl-.alpha.-d-galactose was a form of sugar that 

could provide a great deal of energy in a very small 

amount of product, enhance nutrient properties, and 

be used as a nutritive sweetener. The n-

hexadecanoic acid was an anti-inflammatory agents 

whose binding energy was calculated by in silico 

method and compared with known inhibitors [39]. 

Myo-Inositol, 2-C-methyl, which are found in 

many foods, in particular fruit, especially 

cantaloupe and oranges, played an important role as 

the structural basis for a number of secondary 

messengers in eukaryotic cells, the various inositol 

phosphates, and had a taste which has been assayed 

at half the sweetness of table sugar. 2, 4, 6-

cycloheptatrien-1-one, 3,5-bis-trimethylsilyl- was 

one of the bioactive components of Microcosmus 

exasperatus which might heal some diseases [41]. 

9,12-octadecadienoic acid, methyl ester, and 9,12-

octadecadienoic acid (Z,Z)- had been identified as 

the main medical component of dried worms, and 

has diuretic, swelling and detoxification properties 

[41, 15]. Hexanedioic acid was also rare medicinal 

herds. The analytical result suggested that there 

were many bio-drug activities in kinds of 

extractives from Cercis chinensis stems.. 

CONCLUSION 

The analytical analysis result of different Cercis 

chinensis stem extractives was obtained. 6, 13, 3, 

and 8 components were identified by GC/MS in SY 

extractives, syJC extractives, syjcBY extractives, 

jcsyBY extractives, respectively. There were the 

vast differences in the different three-step 

extraction methods. The multi-step extraction 

method was fit to extraction and separation of the 

particular extractives from Cercis chinensis stem. 

What’s more, the kinds of extractives from Cercis 

chinensis stem were rich in bio-drug activities, such 

as Phytol was used not only as food which 

converted to phytanic acid and stored in fats of 

body, but also in the fragrance industry, cosmetics, 

shampoos, toilet soaps, household cleaners, and 

detergents; 4,6-di-O-methyl-.alpha.-d-galactose was 

used as a nutritive sweetener; myo-Inositol, 2-C-

methyl played an important role as the structural 

basis for a number of secondary messengers in 

eukaryotic cells, and so on. And the stem 

extractives of Cercis chinensis were rich in rare 

bioimmune-drug activities for the better physical 

anthropology. 
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Pentafluoropropionic acid efficiently catalyzes the one-pot reaction of 4-hydroxycoumarin and aryl aldehydes under 

mild reaction conditions to yield biscoumarin derivatives in high yields. The products were obtained in short reaction 

times. We believe this applicability of pentafluoropropionic acid with mentioned advantages makes our method superior 

over previous reported methods to the synthesis of biscoumarins.  

Keywords: Biscoumarins, 4-hydroxycoumarin, Aryl aldehydes, Pentafluoropropionic acid.

INTRODUCTION 

Coumarin derivatives and especially 

biscoumarins are important classes of heterocyclic 

compounds because their biological activities [1-5]. 

Compounds with these ring system have diverse 

pharmaceutical activities such as cytotoxicity, 

antithrombotic, anticancer, anti-HIV, antioxidant, 

anticoagulant, urease inhibitory and enzyme 

inhibitory [6-10]. A number of structurally different 

natural and synthetic coumarin derivatives have 

been reported to exert notably antimicrobial as well 

as antifungal activity [11-13]. Moreover a number 

of biscoumarins are useful as malignant melanoma, 

metastatic renal cell carcinoma and prostate cancer 

drugs [14-16]. Therefore, the development of new 

and efficient methodologies for the synthesis of 

biscoumarin derivatives will be interesting in both 

synthetic organic and medicinal chemistry. The 

general method for synthesis of biscoumarin 

derivatives involves the reaction of 4-

hydroxycoumarin with aryl aldehydes in the 

presence of different catalyst such as cellulose 

sulfonic acid [17], nano TiO2 [18], Zn(proline)2 

[19], ruthenium (III) chloride hydrate [20], 

tetrabutylammonium bromide (TBAB) [21], 

molecular iodine [22], [bmin]BF4 [23], SO3H-

functionalized ionic liquid [24], nano silica chloride 

[25], sodium dodecyl sulfate [26], piperidine [27],  

n-dodecylbenzene sulfonic acid (DBSA) [28], 

heteropolyacids [29], phosphotungstic acid [30], 

POCl3 in dry DMF [31], 1,8-diazabicyclo [5.4.0] 

undec-7-ene(DBU) [32], manganous chloride [33], 

and tetrabutylammonium hexatungstate [34]. 

Although these methods may be effective, some of 

them have relatively long reaction times and 

tedious work up. These finding prompted us toward 

further investigation in seach for a new catalyst, 

which will carry out the synthesis of biscoumarins 

under simpler experimental set up and eco-friendly 

conditions. In this article, we present a one-pot 

reaction for the synthesis of biscoumarin 

derivatives in the presence of pentafluoropropionic 

acid (PFPA) in aqueous medium (Scheme 1). 

O O

OH

O OO O

OH OH
O

2 + PFPA

Ar

ArCH

1    2a-h           3a-h  

Scheme 1. PFPA catalyzed synthesis of 

biscoumarins. 

EXPERIMENTAL 

Chemical were purchased from Merck and used 

without further purification. All yields refer to the 

isolated products. The purity determination of the 

substrate and reaction monitoring were 

accompanied by thin layer chromatography (TLC) 

on Silica-gel Polygram SILG-UV 254 plates. 

Melting points were recorded on an Electrothermal 

type 9100 melting point apparatus. The IR spectra 

were obtained on a 4300 Shimadzu 

spectrophotometer in KBr disks. The 1H NMR (500 

MHz) spectra were recorded on a Bruker-Ac-500 

spectrometer. 

TYPICAL PROCEDURE 

A mixture of 4-hydroxycoumarin 1 (2 mmol), an 

aromatic aldehyde 2a-h (1 mmol) and PFPA (0.4 

mmol) in H2O (10 mL) was heated on the oil bath 

under reflux with stirring for the time period as 

indicated in Table 1. The progress of the reaction 
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was monitored by TLC. After completion of 

reaction, the mixture was cooled to room 

temperature and the solid product was collected by 

filtration, and washed with cold water. The solid 

product was obtained by recrystallization in 

ethanol. Products were characterized by their 

physical constants (m.p.), IR and 1H NMR 

spectroscopy and comparison with authentic 

samples.  

RESULT AND DISCUSSION 

In order to optimize the reaction conditions, 

including solvents and temperature, the reaction 

was conducted under various conditions and the 

results are listed in Table 1. In an optimized 

reaction condition, 4-hydroxycoumarin (2 mmol) 

and benzaldehyde (1 mmol) in H2O (10 mL) were 

mixed in the presence of PFPA (0.4 mmol) as 

catalyst for 60-100 min. The reaction proceeds very 

cleanly under reflux and was free of side products. 

After completion of the reaction (monitored by 

TLC), a simple work up affords the products in 

high yields (Table 2). 

Among the solvents tested, the reaction in 

CHCl3 using 40 mol% of the catalyst gave a low 

yield of desired product. Ethanol, methanol and 

CH3CN gave moderate to good yields under these 

conditions. Without catalyst, in refluxing EtOH, 

MeOH, H2O, CHCl3 and CH3CN the reactions 

times are prolonged and the yields are poor. 

However, the reaction at reflux in H2O with 

40mol% of catalyst afforded desired product in 

high yield. In the solvent free conditions, even in 

the presence of 50 mol% of the catalyst at 120 C, 

the yields are low. We also evaluated the amount of 

PFPA required for this transformation. It was found 

that the yield of product was affected by the 

catalyst amount. Increasing the amount of the 

catalyst up to 40 mol% at reflux in H2O increased 

the yield of the product. Further increase in the 

catalyst amount did not increase the yield 

noticeably. In order to show generality and scope. 

 

Table 1. Optimizing the reaction conditionsa. 

Entry Catalyst (mol%) Solvent Condition Time (min) Yield (%) 

1 -- EtOH Reflux 180 25 

2 -- MeOH Reflux 180 20 

3 -- H2O Reflux 180 30 

4 -- CHCl3 Reflux 240 Trace 

5 -- CH3CN Reflux 180 28 

6 30 -- 120 C 60 40 

7 40 -- 120 C 60 45 

8 50 -- 120 C 60 45 

9 30 H2O Reflux 100 82 

10 40 H2O Reflux 80 88 

11 50 H2O Reflux 80 87 

12 40 EtOH Reflux 80 75 

13 40 MeOH Reflux 100 64 

14 40 CHCl3 Reflux 100 40 

15 40 CH3CN Reflux 100 72 
a Benzaldehyde (1 mmol) and 4-hydroxycoumarin (2 mmol) 
b Isolated yields 

Table 2. Synthesis of biscoumarins using pentafluoropropionic acid as catalyst a. 

Entry Ar Product b Time (min) Yield (%)c m.p. (C) [reference] 

1 3-NO2C6H4 4a 60 92 234-235 [25] 

2 4-HOC6H4 4b 100 86 223-225 [19] 

3 4-NO2C6H4 4c 60 90 233-235 [25] 

4 C6H5 4d 80 88 227-229 [19] 

5 4-ClC6H4 4e 80 87 250-252 [20] 

6 4-MeOC6H4 4f 80 87 243-245 [20] 

7 4-MeC6H4 4g 80 89 267-268 [25] 

8 2-ClC6H4 4h 100 86 221-223 [25] 
a 4-hydroxycoumarin (2 mmol), aryl aldehyde (1 mmol) and PFPA (40 mol%). 
b The product were characterized by comparison of their spectroscopic and physical data with those reported in the literature. 
c Isolated yield. 
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Table 3. Comparison of efficiency of various catalyst in synthesis of biscoumarin derivatives. 

Entry Catalyst Conditions Time (min) Yield (%)c Reference 

1 Cellulose sulfonic acid H2O, reflux 100-150 80-90 [17] 

2 Nano TiO2 H2O, reflux 5-10 84-96 [18] 

3 Zn[proline]2 H2O, reflux 5-9 91-96 [19] 

4 RuCl3.nH2O H2O, 80 C 25-35 75-95 [20] 

5 Nano SiO2Cl CH2Cl2 , 40 C 60-360 68-95 [25] 

6 SDS H2O, 60 C 138-180 84-98 [26] 

7 DBSA H2O, 40 C 60 78-92 [28] 

8 [TBA]2[W6O19] EtOH, reflux 5-10 85-92 [34] 

9 PFPA H2O, reflux 60-100 86-92 This work 

 

Of this new protocol, we used various 

substituted aromatic aldehydes and the results 

obtained are summarized in table 2. In all cases, 

aromatic aldehydes with substituents carrying either 

electron-donating or electron-withdrawing groups 

reacted successfully and gave the expected products 

in high yields. The type of aldehyde had no 

significant effect on the reaction. The efficiency of 

PFPA as a catalyst for the synthesis of the 

biscoumarin derivatives was compared with that of 

other catalysts reported in the literature. Some of 

the results are summarized in table 3. It is clear 

from this table that PFPA is an efficient catalyst 

which could be useful in the synthesis of a series of 

biscoumarin derivatives. 

CONCLUSION 

In conclusion, we have developed new method 

for the one-pot synthesis of biscoumarin derivatives 

from 4-hydroxycoumarin and aryl aldehydes using 

pentafluoropropionic acid (PFPA) catalyst. Easy 

work up, ready commercial availability of the 

catalyst, short reaction time and high yield, make 

the procedure an attractive alternative to the 

existing methods for the synthesis of biscoumarin 

derivatives.  
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The kinetics of superheated water extraction of berberine from Berberis vulgaris root was investigated. Response 

surface methodology was employed to reduce the experimental efforts of the kinetic study. A response surface model 

was successfully developed for berberine extracted concentration on the basis of the experimental data that gathered 

according to a central composite design and it was employed to generate several simulated data. The simulated response 

surface data was then employed to develop a kinetic model for berberine extraction. It was found that a second order 

kinetic model is able to fit the experimental/simulated data. The activation energy for the superheated water extraction 

kinetics of berberine with sample/solvent ratio of 0.03 and 0.02 was found to be Ea= 61.4 kJmol−1 and 37.93, 

respectively.  

Key Words: Kinetic modeling, superheated water Extraction, Berberine, Design of Experiments

INTRODUCTION 

Extraction of bioactive materials from herbal 

plants may be interesting due to the growing trend 

of using herbal remedies and food additives instead 

of chemical ones. For the chemical standardization 

of botanicals and herbal preparations, the extraction 

of bioactive components is an essential step. 

Extraction is the process of separating active 

portions of plant (or animal) tissues using selective 

solvents through standard procedures [1, 2]. The 

products obtained from plants are relatively 

complex mixtures of metabolites, either in liquid or 

semi liquid or dry powder [2, 3 and 4]. The seedless 

barberry plant (Berberis vulgaris L. family 

Berberidaceae), is one of the commercial shrub 

trees.The fruit and various extracts obtained from 

the plants of this family are widely used in 

commercial scale and as food additive in folk food 

systems and medicines. All species of 

Berberidaceae produce alkaloids. The main 

component of Berberis vulgaris (barberry ) stem 

and root extract is berberine which is a quaternary 

ammonium salt derived from the protoberberine 

group of isoquinoline alkaloids. Berberine (BBR) is 

the major compound identified in the root, rhizome 

and stem bark of many plants .Berberine has been 

used for over 2000 years in traditional Eastern 

medicine and is also effective in the prevention and 

treatment of some illnesses [5-9]. These properties 

were summarized in recent reviews [5, 6, 8].The 

conventional extraction techniques include 

maceration, infusion, percolation, digestion, 

decoction, Soxhlet, counter-current extraction, 

aqueous- alcoholic extraction. For a general 

extraction such as solvent extraction, there are few 

adjustable parameters to control the selectivity of 

extraction processes. Consequently, the application 

of alternative extraction techniques with higher 

selectivity and efficiency is desirable [10, 12]. 

Pressurized solvent extraction (PES) is a solid-

Liquid extraction (SLE) technique which has been 

developed as an alternative to current extraction 

methods. When water is used as the extraction 

solvent, the technique is named as Pressurized Hot 

Water Extraction (PHWE), Sub-critical Water 

Extraction or super heated water extraction [4, 10-

12]. SCW extraction, using water under external 

pressurization above its boiling point offers an 

efficient, non-toxic, and environmental-friendly To whom all correspondence should be sent: 

E-mail: n.rahimi@iaubir.ac.ir 
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alternative to extract polar or slightly polar 

compounds. The polarity of subcritical water is 

much less than that of water at ambient condition 

(= 79 at 298 K). The dielectric constant of SCW is 

in the range of 20-40 depending on temperature and 

pressure. It is very similar to the dielectric constant 

of methanol ( =33 at 298 K) or ethanol ( =25 at 

298 K).In addition, the densities of subcritical water 

are high (0.82- 0.98g/cm3 at 4.0MPa).Thus, desired 

polar or slightly polar components, that are not 

soluble well in water at ambient conditions, can be 

much more soluble in subcritical water[10-13]. The 

effect of general operating parameters such as the 

extraction solvent, solvent to feed ratio, sample 

particle size, time and temperature extraction are 

mentioned as important factors for both 

conventional and non conventional techniques. The 

non-conventional extraction techniques are 

presumed to replace conventional solvent 

techniques, which make studying their kinetics 

mechanisms and modeling essential. Such studies 

enable prediction of the extraction behavior which 

is considered to be useful for scaling up of the 

process [14-16].  

Many studies have been carried out on the 

kinetic modeling of continuous solvent extraction 

such as supercritical fluid extraction. Following the 

experimental determination of the extraction yield, 

using non-conventional extraction techniques 

modeling is the next important step, not only for 

predicting the extraction yield at unmeasured 

operational conditions but also for optimizing the 

process and determining the best process 

parameters [15]. Nowadays, there is a wide 

spectrum of mathematical models that a number of 

studies have applied in order to describe the process 

of extraction from plant materials. Based on the last 

approach, these models can be classified into three 

groups. The first is empirical models which are 

used when there is no information about the mass 

transfer mechanisms for extraction process. In the 

second group models, second Fick, s law of 

diffusion is combined with the heat-mass transfer in 

order to obtain analytical solutions of the model 

equations. The third groups of models consist of 

models based on setting and solving the mass 

balance equations [16]. So far, berberine has been 

extracted from various plant sources using 

conventional and non-conventional methods. 

Considering the accessible literature data, there is 

no reported kinetic study of berberine extraction. 

This study was aimed to develop a kinetic model 

for berberine extraction by sub critical water. 

 

MATERIAL AND METHODS 

Preparation of plant material 

The barberry root was collected from Barberry 

gardens around Birjand (South Khorasan Province, 

Iran) at the end of the harvest season, subsequently 

dried in Vaccum oven at 50°C for 72hrs and ground 

into fine powder. In order to avoid any sort of 

confusion between samples, the powder was 

classified in 3 groups with three kinds of sieves 

(mesh No. 24, mesh No. 35, mesh No. 45 sieves) 

SCW Extraction Instrumentation 

Subcritical water extraction processes were 

performed using a reactor that was designed and 

manufactured in the novel technologies laboratory 

of Research Institute of Food Science and 

Technology, Mashhad, Iran. This reactor was made 

from stainless steel 316. The temperature values 

were measured by a digital thermometer. Pressure 

was controlled by pressure gauge manometer (with 

an accuracy of 2 bars).Thermal supply was an 

electrical element fed with 220V alternative current 

(AC). The glycerol was an intermediate to transfer 

stable heat. 

Design of Experiments 

In this study, a three factors central composite 

design (CCD) was employed for SCW modeling. 

The factors and their levels are as follows: 

Temperature: 110-170 oC, time: 30-70 mins, 

Sample/Solvent Ratio: 0.01-0.03. Totally 20 points 

were designed and extraction was performed by 

subcritical water according to each experiment 

condition. Design of experiments as well as 

statistical analysis was performed by MINITAB 16. 

HPLC Conditions 

Preparation of reference standards. Some 

standard berberine solutions (10, 50, 100, 250 and 

500 µg/ml) were prepared in methanol. Calibration 

curve was prepared by plotting respective peak 

areas of berberine against concentration. Then 

Quantization was done using standard berberine 

calibration curve.  

Measurement of berberine concentration. The 

crude extracts were passed through Whatman No. 1 

filter and were analyzed by Knauer HPLC 

including HPLC pump (k-1001), C18 Column, UV-

detector (k-2600) measuring wavelengths used in 

330 nm. Injection volume was 20 micro liters. The 

conditions of solvent mixtures (methanol + water) 

were supposed to run as follows. 

The 20% methanol /80% water solution 

becomes a 100% methanol solution in 10 mins and 
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remains for 5 mins in this mode. It gets back to its 

earlier mode in 5 mins and stays the same for 

another 5 mins. It took 25 minutes altogether. The 

extracts obtained from each batch of subcritical 

water extractions were quantitatively analyzed by 

HPLC and berberine concentration µgr /ml 

(extract)) was calculated. As indicated in the 

chromatogram (Fig.1) the berberine peak is visible 

in the chromatogram after approximately 9.4 

minutes.  

Response surface models 

In this study, berberine concentration was 

analyzed by multiple regressions through the least 

squares method to fit the following equation: 

  jiijiiiii0 xxB+xB+xB+B=Y 2 ,(1) 

Where, Y is the predicted response variable; B0,  Bi,, 

Bii, and Bij are constant regression coefficients of 

the model, and xi, xj (i = 1,2,3;  j = 1,2,3; i ≠ j) 

represent the independent variables in the form of 

coded values according to the following 

transformation equation: 

ΔX

XX
=x i

i
0

,         (2) 

Where x is the dimensionless coded value of the 

variable Xi, X0 is the value of Xi at the center point, 

and X is the step change [17-19].  

The second-order polynomial coefficients were 

calculated using the software MINITAB 16 to 

estimate the responses of the dependent variable.  

Kinetic modeling of berberine extraction 

The aim of kinetic study is to develop a kinetic 

model for berberine extraction by superheated 

water. The kinetic data were employed to fit several 

kinetic rate equations and it was found the 

following kinetic rate equation is able to fit the 

data: 

Bt+A

t
=C ,                (3) 

:C Concentration of Berberine in the solution at 

any time.   

The above kinetic rate has been derived 

according to the assumption of a second order rate 

law for berberine extraction: 

)Ck(C=
dt

dC
s ,  (4) 

k  is the second-order extraction rate constant, 

mL.g-1. min-1. 

Cs is the extraction capacity (concentration of 

berberine at saturation in g L−1) 

By considering the boundary condition t = 0-t 

and Ct = 0-Ct, the integrated rate law for a second-

order extraction was obtained: 

ktC+

ktC
=C

s

s

1

2

,   (5) 

or  

ss
C

t
+

kC

t
=C

2

1

,   (6) 

(7)         ,kC=A 2
s 

(8)           
sC

=B
1

 

For a second order system, the rate constants 

increase with temperature and may be described by 

the Arrhenius law: 
RTE

0ek=k /
,  (9) 

Where: k is the extraction rate constant (L mg−1 

min−1), k0 is the temperature independent (pre-

exponential) factor (L mg−1 min−1), E is the 

activation energy (J moL−1), R is the gas constant 

(8.314 J moL−1 K−1), T is the absolute suspension 

temperature (K). 

RESULTS AND DISCUSSION 

Development of the response surface model 

     Table 1 shows the experimental data of SCW 

berberine extraction in different process conditions. 

The estimated regression coefficients of response 

surface model were presented in Table 2. The 

estimated regression coefficients of polynomials in 

coded unit, the standard errors of coefficients and 

their t-statistic and P-values are shown in Table 2. 

The correlation coefficient and adjusted correlation 

coefficient of the fitted model are also presented in 

the Table. 

The principal model analysis is based on 

analysis of variance (Table 2), which provides 

numerical information for the F-value and the P-

value. A summary of the analysis of variances 

(ANOVA) is given in Table 2. The ANOVA of 

regression model reveals that the model is highly 

significant as evident from Fisher’s F-test value 

being 68.84 with a low probability value (Pmodel < 

0.0001). The goodness of the fit of the model was 

checked by determination coefficients, R2 = 

98.41% and R2
adj=96.98% that revealed that there is 

a good agreement between experimental and 

predicted value of concentration. The RSM 

predicted data are presented in Table 1.  
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Table 1. Design of Experiments (CCD) for barberry root and prediction of berberine concentration by RSM. 

Points Temperature 
Time 

(min) 
Ratio 

Concentration 

Experimental Data 

(µg/ml) 

Concentration 

Predicted Data 

( µg/ml) 

1 170 70 0.03 281.128 256.385 

2 140 50 0.02 77.683 66.748 

3 170 30 0.01 90.739 76.129 

4 170 50 0.02 141.572 144.120 

5 140 50 0.03 110.906 119.066 

6 110 30 0.01 20.739 28.600 

7 170 30 0.03 226.072 215.056 

8 140 50 0.02 80.239 66.748 

9 110 70 0.01 31.183 25.822 

10 110 50 0.02 31.906 18.175 

11 140 50 0.02 75.294 66.748 

12 140 50 0.01 54.906 36.256 

13 140 70 0.02 76.128 77.820 

14 110 70 0.03 54.461 52.604 

15 140 50 0.02 75.80 66.748 

16 140 50 0.02 78.80 66.748 

17 170 70 0.01 84.572 77.233 

18 140 30 0.02 70.406 58.299 

19 110 30 0.03 23.628 14.576 

20 140 50 0.02 66.683 66.748 

Table 2. Estimated regression coefficients of response surface model, the standard errors of estimated coefficient, 

the statistics and ANOVA results 

Term Coef SE Coef T P 

Constant 74.102 3.840 19.299 0.000 

Temperature 66.2167 3.532 18.748 0.000 

Time 9.5889 3.532 2.715 0.022 

Ratio 41.4056 3.532 11.723 0.000 

Temperature* Temperature 14.7468 6.735 2.190 0.053 

Time* Time 1.2745 6.735 0.189 0.854 

Ratio *Ratio 10.9134 6.735 1.620 0.136 

Temperature* Time 0.9514 3.949 0.241 0.814 

Temperature* Ratio 38.2153 3.949 9.678 0.000 

Time* Ratio 10.2014 3.949 2.583 0.027 

F- Regression= 68.84; R-Sq = 98.41%; P_value = 0.000; R-Sq(adj) =96.98% 

 

Fig.1. Chromatogram obtained for berberine in barberry root by SCW extraction. 
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All three factors (time, temperature and 

sample/liquid ratio) have statistically significant 

effect on the berberine concentration according to 

the t-student test and corresponding P-value of each 

coefficient. However, the higher value of estimated 

regression coefficient for temperature indicates that 

temperature has more effect. 

Kinetic study 

According to the second order nature of the 

kinetic model, temperature should have an 

increasing effect on the berberine concentration. 

However, this behavior is not observed in low 

temperatures in the range of 110-120oC. To reduce 

the errors of parameter estimation, the kinetic study 

was limited to temperature range of 120-170oC. In 

addition, the dependency of berberine concentration 

on time is significantly affected by the ratio 

according to the response surface results. So, the 

ratio has the significant effect of the kinetics of 

extraction and the kinetic study should be 

conducted in fixed ratios. If we develop a kinetic 

model separately in each ratio, the number of 

experimental points that are necessary for an 

efficient parameter estimation of the kinetic model 

significantly decreases. For example, the number of 

experimental points in ratio of 0.03 is 5 according 

to the Table 1. So, to increase the points we 

employed response surface model to generate 

several simulated data and conduct the kinetic study 

with simulated data. So for the purpose of the 

kinetic study, the response surface model was first 

employed to generate several simulated data, 

sample/water ratio of 0.03 at temperatures 120, 

130, 140, 150, 160 and 170oC, time 20-70 mins 

(stepwise 1 min). A total of 246 points were 

produced for berberine concentration (41 points in 

each temperature). This procedure was repeated for 

ratio of 0.02 and 246 points were produced from a 

similar manner. Each data set was employed to fit 

the second order kinetic model (Eq. 6).  The 

estimated coefficients of the kinetic model with 

their associated 95% confidence intervals as well as 

the statistical criteria are presented in the Table 

3.The high R2 and R2
adj values of above 0.99 

reveals that the regressed rate model fits the data 

well in agreement with the low values of RMSD 

and Variances as presented in Table 3 in different 

temperatures. 

Calculation of activation energy 

The estimated k values in the six temperatures 

are 2.69E−05 (120°C), 1.05E−04 (130°C), 

1.71E−04(140 °C), 2.19E−04 (150°C), 2.54E−04 

(160°C) and 2.79E−04 (170°C) in the case of 

sample/water = 0.03. 

Linearization of Eq. 9 as shown below will give 

the value of the activation energy (E) and the 

temperature independent factor (k0) from ln (k) 

against 1/T plot: 

)
RT

E
(k=k 0lnln ,  (11) 

Fig. 2 presents the plot of lnk against 1/T. The 

activation energy for berberine extraction is 

calculated as 61.4 kJ mol-1 from the slop of the 

fitted line (see Fig. 2). 

The pre-exponential factor of this extraction (k0) 

is evaluated as 6734.5 from interception of fitted 

line (see Fig. 2) 

 
Fig. 2. Linear relationship between second order 

extraction constant, ln(k) and temperature for 

superheated water extraction of berberine 

(sample/ratio=0.03). 

The estimated k values of ratio=0.02 are 1.50E-

04 (120 °C), 3.19E-04 (130 °C), 4.43E-04 (140 °C), 

5.26E-04 (150 °C) , 5.81E-04 (160 °C)  and 6.15E-

04 (170 °C) as presented in Table 3. 

The plot of ln k against 1/T is presented in Fig. 

3. The slop of the fitted plot presents the E/R value 

and the activation energy is 37.93 kJ/mol. It is clear 

that the activation energy significantly decreases 

(about 24 kJ/mol) when sample/water ratio 

decreases from 0.03 to 0.02. So the activation 

energy depends to the ratio. Further kinetic study 

(not presented here) showed that activation energy 

approaches to zero in lower ratios (0.02 to 0.015). 

This means that temperature dependency of 

berberine extraction decreases significantly. 

When sample/liquid ratio was low, the 

concentration gradient was high and, thus, the 

transfer rate increased. Goula [20], Qu et al. [21], 

Rakotondramasy-Rabesiaka et al. [22] , Zhang et al. 

[23] and Li et al. [24] reported the same effect of 

sample/liquid ratio on concentration of 

pomegranate seed oil, antioxidant from 

pomegranate, protopine, oil from flaxseed and 

chlorogenic acid from Ecommia ulmodies. 
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Table 3. Parameter estimates with associated confidence intervals for Equation 3.1 regressed from the simulated/ 

experimental data set. 

 T A B Cs k R2 R2
adj RMSD Variance 

R
at

io
=

0
.0

3
 

120 0.5785±0.01867 0.0039±34E-05 253.6 2.69E-05 0.995 0.995 0.156 1.074 

130 0.2630±0.0128 0.0053±25E-05 190.1 1.05E-04 0.992 0.992 0.249 2.747 

140 0.1423±0.0082 0.0049±16E-05 202.8 1.71E-04 0.992 0.992 0.304 4.09 

150 0.0858±0.0054 0.0043±11E-05 230.7 2.19E-04 0.993 0.993 0.341 5.14 

160 0.0557±0.0037 0.004±7.6E-05 266.0 2.54E-04 0.995 0.995 0.368 5.98 

170 0.0382±0.0026 0.0033±5.5E-05 306.4 2.79E-04 0.996 0.996 0.389 6.69 

Estimated Activation Energy, E(kJ/mol):61.4                   Pre-exponential Factor, k0:6734.5 

R
at

io
=

0
.0

2
 

120 
0.7908±0.0448 0.0109±0.00085 91.9 1.50E-04 

0.988 0.987 0.132 0.7659 

130 
0.3686±0.0251 0.0108±0.00049 92.1 3.19E-04 

0.988 0.988 0.168 1.2397 

140 
0.1962±0.0146 0.0093±0.00029 107.2 4.43E-04 

0.990 0.990 0.192 1.6192 

150 
0.1148±0.0090 0.0078±0.00019 128.6 5.26E-04 

0.993 0.993 0.2094 1.9330 

160 
0.0721±0.0058 0.0065±0.00012 154.5 5.81E-04 

0.995 0.995 0.2236 2.2039 

170 
0.0478±0.0039 0.0054±8.27E-05 184.4 6.15E-04 

0.996 0.996 0.2355 2.4473 

Estimated Activation Energy, E(kJ/mol): 37.93                  Pre-exponential Factor, k0: 22.18 

 

Fig. 3. Linear relationship between second order 

extraction constant, ln(k) and temperature for 

superheated water extraction of berberine (sample ratio = 

0.02) 

Fig. 4 and Fig. 5 present the predicted kinetic 

model in different temperatures in sample/water 

ratio 0.03 and 0.02 respectively. The experimental 

points and some RSM simulated data are also 

presented. The graphs clearly show the capability 

of the kinetic model for demonstration of 

experimental and simulated data. It is important to 

note that the model is applicable in sample/water 

ratio of 0.02-0.03 and the temperature range of 

120°C -170°C.  

Generally, the solid-liquid extraction process 

can be considered as the reverse of an adsorption 

process. Due to this, the kinetic equations of 

adsorption process can be applied to solid-liquid 

extraction. So, the second-order law gives the best 

fits for the extraction rate. Whereas, mechanistic 

models provide more from a basic understanding of 

a given system, a greater basis for extrapolation and 

a representation of a response function that is more 

precise than one attained empirically. [14, 15] 

 

Fig. 4. Extraction of berberine using superheated water 

at different temperatures and sample/ratio of 0.03: 

comparison between experimental data, response surface 

simulated data and second order kinetic models. 
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Fig. 5. Extraction of berberine using superheated water 

at different temperatures and sample/ratio of 0.02: 

comparison between experimental data, response surface 

simulated data and second order kinetic model 

CONCLUSION 

Combined RSM/kinetic modelling was 

employed to study the rate of berberine extraction 

from Berberis vulgaris root using superheated 

water at various temperatures, times and 

sample/solvent ratios. It was found that a second 

order kinetic model can describe the berberine 

extraction process. The experimental trials showed 

that k has high values at high temperatures. The 

activation energy depends on sample/solvent ratio, 

as increase of sample/solvent ratio increases the 

activation energy of extraction. 

Superheated water extraction technique is a notably 

faster extraction method than conventional 

extraction techniques, as well as being clean, cheap, 

and environment-friendly. 
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Cancer is an important issue and cause of death among human breast cancer is the most common form of cancer types 

within women population in world. Oxaliplatin is a chemotherapy compound for treatment of cancer with side effects. 

Drug delivery system (DDS) and using of nanocarriers are known as one of the effective methods for cancer treatment. 

In this study, nanotechnology was applied to decrease drug side effects and enhancement of therapeutic index. In order 

to improve chemotherapeutic effective of Oxaliplatin, Nanoliposomation is used in pharmacological as beneficial 

developments. To achieve this results polymers, such as polyethylene glycol can reduce interactions with 

reticuloendothelial system (RES) and increase the circulation lifetime of the drug. In this work, pegylated nanoliposomal 

oxaliplatin was synthesized by reverse phase evaporation technique. The particle size and zeta potential were confirmed 

with dynamic light scattering (DLS). The results showed that the size of pegylated nanoliposomal oxaliplatin was147.7 

nm. The zeta potential of pegylated nanoliposomal oxaliplatin assessed -20.5 mv. Zeta potential exhibits stability of 

pegylated nanoliposomal preparation. Morphology of liposomal nanodrug were examined by scanning electron 

microscopy (SEM).Entrapment efficiency of pegylated nanoliposomal oxalipltin was determinated 40.2%. Cytotoxicity 

effects of drug-loaded nanoparticles and pure drug were evaluated for MCF-7 and MDA-MB-231 breast cancer cell lines 

by MTT assay. The IC50 values for pegylated nanoliposomal oxaliplatin and pure oxaliplatin were assessed 0.1046   

mg/ml and 0. 2307 mg/ml respectively for MCF-7 and 0.05125 mg/ml and 0.1023 mg/ml respectively for MDA-MB-231, 

hence the IC50 values of pegylated nanoliposomal oxaliplatin was estimated as 1/2 the IC50 of pure oxaliplatin. This 

indicated cytotoxicity of oxaliplatin-loaded nanoparticle was decreased in comparison to pure drug. Finally, in this 

investigation, effect of pegylated nanoliposomal oxaliplatin on MDA-MB-231 showed 2-times decrease of (in) IC50 

value in comparison with MCF-7 at 96 h incubation. 

Keywords:   Breast cancer, Oxaliplatin, Liposome, polyethylene glycol, Nano drug delivery 

1. INTRODUCTION 

Cancer represents one of the most common diseases 

in the world. As shown in figure 1 the breast cancer 

is the major cause of mortality among women world 

[1]. Breast cancer increases with age and all women 

are at risk. It is always caused by a genetic 

abnormality. However, only 5-10% of cancers are 

due to abnormality inherited from parents. About the 

90% of breast cancers are due to genetic 

abnormalities that happen as a result of the aging 

process and the “wear and tear” of life in general. 

Treatment of breast cancer is consists of surgery, 

radiotherapy, hormonal therapy and chemotherapy 

[2]. Oxaliplatin is a chemotherapy drug based on 

platinum for curing breast cancer. Platinum 

compounds is include of cisplatin, carboplatin, 

oxaliplatin, satraplatin, nadaplatin, triplatin, etc [3]. 

Oxaliplatin antitumor compound is third generation 

platinum (Pt) [4]. The mechanism action of  

 

Figure 1. The most common cancer in women. 

     Oxaliplatin is similar to mechanism of cisplatin, 

involving DNA cross linking mechanisms [5]. 

Oxaliplatin is one of potent compounds be used in 

treatment of cancer, which inhibits DNA replication 

and transcription [6]. 

     In order to improve chemotherapeutic effective of 

oxaliplatin, nanoliposomation is used in 

pharmacological as beneficial developments. 

Liposomes are colloidal, spherically shape vesicles 

of one or more lipid closed bilayers phospholipid 

systems and were used as drug delivery systems [7]. 

To achieve this results polymers, such as 

polyethylene glycol can reduce interactions with 
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reticuloendothelial system (RES) and increase the 

circulation lifetime of the drug. Liposomes are able 

to pass successfully through biological barriers 

protection of drugs against destructive conditions 

and compounds, delivering the drug to the target 

tissue [8]. Polyethylene glycol used to increase 

resistance, applicability and solubility and extending 

the circulation lifetime of liposoms [9, 10]. 

Polyethylene glycolis used to reduce interactions 

with reticuloendothelial cells and not to be taken up 

by them [11].  Liposomal drug nanoparticles can 

self-load the drug as a carrier and prevents damage 

to non-cancerous tissues. Moreover, they can 

increase the rate of drug delivery to target cells 

(figure (2)). Indeed, liposome uptake by tumors 

relies primarily on the enhanced permeability and 

retention (EPR) effect [12, 13]. 

 

Figure 2. Schematic picture of a liposomal nanocarrier 

and its effect on cancer cell [13]. 

This article aimed to improve the drug therapeutic 

index and decreasing its side effects by preparation 

of pegylated nanoliposomal of oxaliplatin. 

2. MATERIALS AND METHODS 

2.1 Materials 

     Phosphatidylcholine, cholesterol, polyethylene 

glycol 2000 (PEG 2000) and MTT (3-(4,5-di-

methylthiazolyl-2)-2, 5-di-phenyltetrazolium 

bromide), were purchased from sigma company 

(SIGMA, USA). Ethanol and Isopropanol purchased 

from Merck Company (Merck, Germany). The 

RPMI-1640 culture medium was purchased from 

Invitrogen (Invitrogen, USA) and Oxaliplatin was 

preparated from Sobhan Ancology Company.  

Breast cancer cell lines (MCF-7) were purchased 

from cell bank of Pasteur institute Iran. 

2.2 Preparation of pegylated nanoliposomal  

oxaliplatin 

In order to produce pegylated liposomal oxaliplatin, 

phosphatidylcholine (50mg) and cholesterol (10mg) 

and polyethylene glycol 2000 (15mg) were 

dissolved in 15 ml chloroform and then 5 ml of 

oxaliplatin solution (1 mg/ml) added to resultant 

mixture. The resultant solution was stirred (at 300 

rpm, at room temperature, 1h) to gain a transparent, 

yellow suspension. The solvent phase was removed 

by rotary evaporator (Heidoiph, Germany). The 

buffer phosphate saline (pH 7.4) (30 ml) was added 

to resultant film. Resultant solution was stirred (150 

rpm, room temperature, 24 h). Also control solution 

was prepared without oxaliplatin. The emulsion was 

sonicated (Bandelin Sonorex Digital, 60 HZ) for 10 

min to reduce the size of liposomes. [14] Then 

resultant solution was hemogenised (7000 rpm, 5 

min)and Then was extruded through a polycarbonate 

membrane (200 nm pore size) (pegylated 

nanoliposomal oxaliplatin and pegylated nano 

liposomal) .  

2.3 The particle size and zeta potential 

measurement 

     The particle size and zeta potential were 

measured by Zeta sizer (Malvern, Instruments Ltd, 

Worcestershire, Zen 3600 UK) [15]. 

Charges present on the surface of the vesicles 

indicate in vivo performance of the liposomes. Thus 

the zeta potential demonstrates the degree of 

repulsion between adjacent vesicles. 

3. Entrapment efficiency 

For evaluation  of  encapsulated  oxaliplatin,  1 ml 

from formulation was centrifuged  at  13,000 rpm  

for  2 h  at 4°C and  the  optical density (OD) of the 

upper phase of solutions were measured at 210 nm  

wavelength  by  spectrophotometer (UV-160IPC, 

Shimadzu, Japan). Calculations were performed by 

using the standard curve. The standard curve of 

oxaliplatin was obtained by different concentration 

of pure oxaliplatin and their optical density(OD) 

were determinated (measured) at 210 nm 254 nm 

wavelength by spectrophotometer. Encapsulation 

efficiencies were calculated as follows [16]: 

100
t

a
OX

OX

OX
                          (1) 

Where, ɳ is the oxaliplatin encapsulation efficiency, 

OXa and OXt are actual and theory amount of 

oxaliplatin loaded in nanoparticles respectively. 

3.1. In vitro release study 

     In order to determine of the oxaliplatin release 

rate from liposomes employed membrane diffusion 

method, thus 1 ml from oxaliplatin and pegylated 

nanoliposomal oxaliplatin added to the dialysis 

bags(cut off 12000Da, sigma) separately and dialysis 

bags were transported to 25 ml phosphate buffer, pH 

7.4,  and left on the magnetic stirrer (37 ºC, 120 rpm, 
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24 h) separately.   At certain intervals, 1.5 ml of 

phosphate buffer around dialysis bags was taken and 

replaced with an equal volume of the phosphate 

buffer. The optical density samples were separately 

measured by spectrophotomer at 210 nm 

wavelength. Then the amounts of released 

oxaliplatin and pegylated nanoliposomal oxaliplatin 

in phosphate buffer were assessed by 

spectrophotometer and standard curve [17]. 

3.2 Evaluation of cellular cytotoxicity 

     Cellular cytotoxicity was evaluated on breast 

cancer cell lines MCF-7 and MDA-MB-231 by MTT 

assay. 

   A sample of 100 μL of cells suspension contained 

10,000 cells were seeded onto 96-well plates in 1 ml 

of RPMI 1640 medium containing 10%fetal bovine 

serum (FBS) and incubated for 24 hours under 10% 

carbon dioxide at 37° C. Subsequent to 24 hours of 

cells culturing, the supernatant was removed and 

various concentrations of formulations of pure 

oxaliplatin and pegylated nano liposomal oxaliplatin 

and its control was substituted and then incubated for 

96 hours at 37°C. After 96 h of incubation again 

culture supernatants were poured off and 100 μL the 

3-(4,5-dimethylthiazol-2-yl)-2,5diphenyl 

tetrazolium Bromide (MTT) solution with pH equal 

to 4.7  was added to each well and incubated for 3 h. 

MTT solution was replaced with 100 μL Isopropanol 

and stirred to dissolve the formed Formazan crystals. 

The optical absorption was determined at 570 nm by 

a spectrophotometer. The cell viability rate was 

calculated from the ratio of treated cells absorption 

with different formulations of the drug to the 

absorption of control cells, and the results were 

assessed by the Pharm program. IC50 values (IC50 

values expressed drug concentrations that cause 50% 

cell death) was determined for each of the samples. 

The experiment was performed in triplicates. 

Cytotoxicity effects of drug nanoparticles and pure 

drug were evaluated for breast cancer cell lines 

MCF-7 and MDA-MB-231 by MTT assay. 

4. RESULT AND DISCUSSION 

     Polyethylene glycol- coated liposomes can 

reduce interactions with reticuloendothelial cells and 

increase the circulation lifetime for the drug [17]. 

     Zeta potential increases repulsive forces, while 

electrostatic repulsion of particles with the same 

electric charge prevents aggregation of the spheres 

particles [18]. 

     Oxaliplatin is a third generation of platinum (Pt) 

anti-tumor compound and has minimum ototoxicity 

and nephro-toxicity in comparison to cisplatin and 

carboplatin platinum compounds [19, 20]. 

4.1. Morphology and determination of particle 

sizes and zeta potential 

     The mean diameter of pegylated nano-liposomal 

oxaliplatin was determined as 147/7 nm. The zeta 

potential of pegylated nanoliposomal oxaliplatin 

was assessed -20.5 mv. Zeta potential exhibit 

stability of pegylated nano liposomal preparation. 

 

Figure 3. Representative scanning electron microscopy 

(SEM) image of nanodrug. 

 

Figure 4. Dynamic light scattering (DLS) examination 

for the particle size distribution. 

4.2. Entrapment efficiency 

  The entrapment efficiency was calculated 

according to the standard curve and using the 

encapsulation formula. The percent of encapsulation 

was 40.2%. 

4.3. In vitro release study 

     The values of released oxaliplatin from two 

formulations of pure oxaliplatin and pegylated 

nanoliposomal oxaliplatin in phosphate buffer was 

assessed at 1, 2, 3, 4, 5, 6, 17, 18, 20, 22, 24, 48, 96, 

120 hours. Our results demonstrate the release of 

oxaliplatin from pegylated nanoliposomal was 

gradually increased over time at 6 hours about 38% 

and at 120 h there was an increase of over 80% and 

pure oxaliplatin exhibited the highest level at 2,3,4 

hours about 90% . 
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4.4. Cytotoxicity assay 

     In our investigation, pegylated nanoliposomal 

oxaliplatin exhibited slightly decrease of 

cytotoxicity when cell viability was evaluated 

(determined) at 24 and 48 h and it showed increase 

of cytotoxicity when cell viability was evaluated 

(determined) at 96 h. This could be due to retard 

release of oxaliplatin from pegylated nanoliposomal 

oxaliplatin in compared to pure oxaliplatin. Cause of 

this observation is reduction of oxaliplatin release 

rate from liposomes at 48 h and a drastic increase of 

oxaliplatin release rate from liposomes at 96 h. 

IC50 values express (represent) drug 

concentrations that cause 50% cell death for the pure 

oxaliplatin and pegylated nano liposomal 

oxaliplatin. Results demonstrated the higher 

effectiveness of the pegylated nano liposomal 

oxaliplatin formulation in comparison to pure 

oxaliplatin. Also, it depicted that the cytotoxicity of 

the empty pegylated nano liposomal was low. 

In MTT assay, the IC50 of the pegylated nano 

liposomal oxaliplatin formulation was about 1/2 the 

IC50 of pure oxaliplatin at 96 h incubation. (MCF-7 

and MDA-MB-231 breast cancer cell lines). 

Effect of pegylated nanoliposomal oxaliplatin on 

MDA-MB-231 showed about 2-times decrease in 

IC50 value in comparison to MCF-7 at 96 h 

incubation. This could originate from increasing of 

cellular uptake by MDA-MB-231 cell line in 

comparison to MCF-7 cell line. 

 

Figure 5. The IC50 of pegylated nanoliposomal 

oxaliplatin and pure oxaliplatin was assessed for MCF-7 

cell line by using MTT assay at 48h and 96h. 

 

  

Figure 6. The IC50 of pegylated nanoliposomal 

oxaliplatin and pure oxaliplatin was assessed for MDA-

MB-231 cell line by using MTT assay at 48h and 96h. 

 

Figure 7. The IC50 values of pegylated nanoliposomal 

oxaliplatin and pure oxaliplatin were evaluated on breast 

cancer cell lines MCF-7 and MDA-MB-231 by MTT 

assay. 

5. CONCLUSION 

    In this paper, a novel method was proposed that 

Pegylated liposomes at nano scale carry oxaliplatin 

in order to increase the effectiveness and decrease 

the side effects of the drug. Pegylated nanoliposomal 

oxaliplatin formulation was successfully prepared 

by reverse phase evaporation method. The results 

indicated that cytotoxicity of pegylated 

nanoliposomal oxaliplatin formulations was better. 

In this approach, it was found that pegylated 

nanoliposomal oxaliplatin had a slower release of 

oxaliplatin to prevent drug dispertion before 

reaching the cancer cells. The in vitro release study 

showed that pegylated nanoliposomal oxaliplatin on 

MDA-MB-231 showed about 2-times decrease in 

IC50 value compared with MCF-7 at 96 h 

incubation.  
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The discharge of produced water accounts for the largest volume of waste associated with offshore oil and gas 

production operations. With the development and expansion of Iran's offshore gas reserves in the South Pars fields, 

there is concern over the potential long-term impacts of produced water discharges in the Persian Gulf. To deal with this 

emerging issue, the present study focused on modeling and assessment of environmental impacts associated with 

produced water discharges based on the integration of Gulf hydrodynamic and oily components dispersion models. It 

provides three-dimensional hydrodynamic input to a Random Walk model focused on the dispersion of oily pollutant 

components within the produced water effluent stream at a regional spatial scale. In this paper at first the quantity and 

quality of produced water are measured and reported for one year and some statistical reviews has done. Determination 

of the oil content of effluent water - Extraction and infra-red spectrometric and OSPAR Reference Method which is the 

standard method for dispersed oil in produced water analysis in the UK for both oil and gas facilities was used as 

standard method. Advection, diffusion and fate of oil spills by wind and tidal currents and transport are indirectly taken 

into account in this study. Hydrodynamic, oil spill and path of the oil pollutants in Offshore Gas Platforms in South Pars 

Gas Field in 3 month has been simulated in a few scenarios. The results of modeling in this research approved the risk 

of oily components pollution nearby of onshore ecosystems through 3 months. 

Key Words: Modeling, Dispersion, Oil, Offshore, Persian Gulf  

INTRODUCTION 

The most significant energy development 

project, the South Pars field, produces about 44 

percent of total natural gas in Iran. Discovered in 

1990 and located 62 miles offshore in the Persian 

Gulf, South Pars has a 24-phase development 

scheme. Phases 1-10, which are operational and are 

allocated for the domestic market for consumption 

and reinjection for EOR Produced water is the 

largest effluent discharge associated with South 

Pars offshore gas production. (Fig. 1&2) The total 

volume of produced water effluent is expected to 

increase with future anticipated development of 

offshore gas reserve. The environmental impact 

potentially which is caused by produced water is 

related to the fate and transport of its individual 

components including organic and inorganic 

compounds (e.g., petroleum hydrocarbons, heavy 

metals, nutrients, natural radionuclide), as well as 

the formation water and treating chemicals. 

Although produced water discharges are associated 

with rapid dilution and low-to-trace levels of 

pollutants, the potential for cumulative toxic effects 

under regional ocean currents warrants a need to 

assess the long-term risks on the marine ecosystems 
Recently, the increasing development of economy 

has considerably raised the demand for fossil fuels 

all over the world. Consequently, oil spill disasters 

in coastal areas, which may be the result of oil 

production or transportation, have become one of 

the most serious threats against marine 

environment. Understanding the nature of oil spills 

in coastal areas plays a crucial role in alleviating 

destructive impacts of oil spill disasters on marine 

environment [1]. Produced water consists of water 

naturally present in the oil and gas reservoir 

(formation water); flood water previously injected 

into the formation, and/or, in the case of some gas 

production condensed water. Produced water is part 

of the well stream together with oil and/or gas. Oil 

and/or gas are separated from the produced water 

on the production platform. The produced water is 

treated to reduce the dispersed oil content to below 

the regulatory maximum limit of 40 mg/1, set by 

OSPAR, before it is discharged from the production 

platform. 

     Typical produced water flow diagrams of 

studied platforms are shown in Fig.3. The package 

is designed to process a feed rate of 2000 bpd 

liquids and to reduce suspended oil in water content 

of the separated water to 40 ppm wt. max. 
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Fig. 1. A typical platform. 

 

Fig. 2. The South Pars Gas Field location 

 

 

Fig. 3. Typical produced water flow diagram of 

platforms and oil spills changes in Sea. 

 

 

MATERIALS AND METHODS 

Sampling, preparation and measurement of total 

petroleum hydrocarbons (TPH) as main oily 

components in produced water of each platforms 

has done based on OSPAR Agreement 2005-15 and 

ISO 9377-2 and ISO 5667-3 test methods[3]. The 

calibrated GC-FID as an accurate laboratory 

equipment used for all 52 times analysis of samples 

and expert personnel through a year carried out 

reliable tests (Fig. 4). 

The MIKE 21/3 software provides three-

dimensional hydrodynamic input to a Random 

Walk model focused on the dispersion of oily 

pollutant components within the produced water 

effluent stream at a regional spatial scale. 

 

 

Fig. 4. GC- FID test equipment and lab experts. 

RESULTS 

The quantity and quality of produced water are 

measured and reported for one year and assumed 

for modeling and some statistical reviews. Table 1 

includes oil content of produced water discharge 

within 3 months on the platform No.5. An average 

of daily BBL of produced water discharges per 

each platforms and average of TPH components are 

shown in Table 1. 



G. Bahmannia et al.: Dispersion model for assessing oily components of produced water discharges from South Pars Gas… 

154 

Table 1. Data of oil content in platforms no. 5. 

Oil 
Gasoline 

(C6-C10) 

Diesel 

(C10-C20) 

Heavy Oil 

(C20-C28) 

160 92 53 15 

180 101 67 12 

177 98 62 17 

165 105 51 9 

155 80 56 9 

145 100 38 7 

176 111 55 11 

160 115 35 10 

166 107 48 11 

154 99 41 14 

166 111 45 10 

170 135 30 5 

163 109 41 13 

144 88 46 10 

130 75 48 17 

134 85 35 14 

144 92 42 10 

136 87 43 6 

190 122 60 8 

185 129 51 5 

 

Statistical review by SPSS started with Manova 

method for 8 platforms TPH data in 26 times 

measurement. It assumed that sampling was 

random and error of first type was a = 0.05. 

This analysis shows that data of platforms are 

acceptable and useful for mathematical modeling 

input which is an effective tool for the management 

of Persian Gulf operational platforms’ oily water 

discharges.  

MODEL SETUP 

In order to the model input data the bathymetry 

is used by structure distances of geographical width 

2 minute in Southern- Northern direction, and the 

geographical 2 minute in Western-Eastern direction 

related to ETOPO1 altimetry data in NOAA site. So 

by the use of these data in 0.10 structure, the 

altimetry features of the place is counted and 

rendered in model (Fig. 5). Tidal surface elevation 

in Hormuz station utilized for Flow Model FM 

boundary condition that is shown in Fig 6. Also 

constant coefficients of oil spill model of Mike 21 

are shown in Table 3. 

 

Table 2. Data of platforms. 

Platforms SPD1&2 SPD3 SPD4 SPD5 SPD6 SPD7 SPD8 SPD9 SPD10 SPD11 

Water bbl./D 541 167 326 732 1664 389 430 304 2042 1987 

Ave. TPH mg/L 43 0 0 155 192 215 330 177 143 208 

 

Table 3. Multivariate Tests. 

Effect Value F 
Hypo- 

thesis df 
Error df Sig. 

Intercept 

Pillai's Trace .999 a38754.175 4.000 197.000 .000 

Wilks' Lambda .001 a38754.175 4.000 197.000 .000 

Hotelling's Trace 786.887 a38754.175 4.000 197.000 .000 

Roy's Largest Root 786.887 a38754.175 4.000 197.000 .000 

platform 

Pillai's Trace 1.686 20.822 28.000 800.000 .000 

Wilks' Lambda .002 109.934 28.000 711.716 .000 

Hotelling's Trace 149.993 1047.271 28.000 782.000 .000 

Roy's Largest Root 148.352 b4238.641 7.000 200.000 .000 

a. Exact statistic-  

b. The statistic is an upper bound on F that yields a lower bound on the significance level. 

c. Design: Intercept + platform 
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Fig. 5. Mesh Data of Hydrodynamic and Oil Spill model. 

Table 3. Constant coefficients of oil spill model. 

№ Description Class Value 

1 Evaporation: Submit number (dim. less) 1 2.6 

2 Evaporation: Average molecular weight of volatile fraction of oil (g/mol) 1 60 

3 Evaporation: Vapor pressure (atm) 1 0.04 

4 Spreading: Terminal thickness (mm) 1 0.005 

5 Spreading: Maximum oil-front velocity (m/s) 1 0.4 

6 Biodegradation: Decay rate (per day) 1 0.01 

7 Emulsification: Rate (s/m2) 1 2e-006 

8 Emulsification: Maximum water fraction (m3/m3) 1 0.6 

9 Emulsification:Constant Kao equal 3.3 at 293 K (dimentionless) 1 3.3 

10 Emulsification: Constant Kao equal 200 at 293 K (dimentionless) 1 200 

11 Emulsification: Fraction of asphaltene (g/g) 1 0.01 

12 Emulsification: Fraction of wax (g/g) 1 0.05 

13 Buoyancy: Density of original oil at 20 ˚C volatile fraction (kg/m3) 1 950 

14 Buoyancy: Density of original oil at 20 ˚C heavy fraction (kg/m3) 1 980 

15 Buoyancy: Grain diameter of oil particles (mm) 1 0.001 

16 Photooxydation: Decay rate (per day) at 100 watt/m2 1 0.001 

17 Photooxydation: Light extinction coefficient (1/m) 1 1 

18 Dissolution: Rate light fraction (per day) 1 0.1 

19 Dissolution: Rate heavy fraction (per day) 1 0.005 

20 Vertical dispersion: Fraction of wave height (dim. less) 1 0.1 

21 Vertical dispersion: Parameter for wave break 1 0.001 

 
Fig. 6. Tidal elevations at Hormuz station used as boundary conditions for the Flow Model. 

 
Fig. 7. Model Validation and Sensitive Analysis between Numerical Model and Measurement Data 
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RESULTS 

In this research, hydrodynamic parameters such 

as tidal surface elevation that measured in Daiier 

Port have been used for model validation (Fig 6). 

Comparing numerical results and field 

measurements shows a good agreement between 

numerical results and field measurements in Daiier 

Port. Hydrodynamic results of are shown in Fig 7. 

Oil dispersion model, which includes 

hydrodynamic model and qualitative water model 

from produced water, has been done for a year for 

each discharge location. Oil spill modeling in 

Offshore Gas Platforms in South Pars Gas Field is 

shown in Fig 8. Path of the oil pollutants in 

Offshore Gas Platforms in South Pars Gas Field is 

shown in Fig 9. 

Fig. 8. Flow velocity vectors in the surrounding area 

of Asalooye.  

CONCLUSIONS AND DISCUSSION 

Comparing Industry development and growing 

marine transportation, together with oil spill 

disasters in the seas and oceans have resulted in 

contamination of marine environments. Advection, 

diffusion and fate of oil spills by wind and tidal 

currents and transport are indirectly taken into 

account in this study. This study was done on Gas 

Platforms in South Pars Gas Field in Iran; however 

there are other platforms belonging to Qatar, so 

there are actually produced water discharges and 

pollutants from those platforms, too. Therefore,  

Fig. 9. Path of the oil pollutants in offshore gas 

platforms in South Pars Gas Field during the simulation 

period. 



G. Bahmannia et al.: Dispersion model for assessing oily components of produced water discharges from South Pars Gas… 

157 

future studies can be done on other platforms in 

South Pars Gas Field and the obtained results can 

be compared, so better and more accurate results 

can be achieved. 
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The most significant energy development project, the South Pars field, produces about 44 percent of total natural gas 

in Iran. Discovered in 1990 and located 62 miles offshore in the Persian Gulf, South Pars has a 24-phase development 

scheme. Phases 1-10, which are in production mode and are allocated for the domestic market for consumption and 

reinjection for EOR Produced water is the largest effluent discharge associated with South Pars offshore gas production. 

The total volume of produced water effluent is expected to increase with future anticipated development of offshore gas 

reserve. The environmental impact potentially caused by produced water is related to the fate and transport of its 

individual components including organic and inorganic compounds (e.g., petroleum hydrocarbons, heavy metals, 

nutrients, natural radionuclides) associated with the formation water and treating chemicals. Although produced water 

discharges are associated with rapid dilution and low-to-trace levels of pollutants, the potential for cumulative toxic 

effects under regional ocean currents warrants a need to assess the long-term risks to the marine ecosystems. In this 

paper at first the quantity and quality of produced water are measured and reported for one year and some statistical 

reviews has done. Determination of the heavy metals of effluent water - extraction and infra-red spectrometric and 

OSPAR reference method which is the standard method for dispersed heavy metals in produced water analysis in the 

UK for both oil and gas facilities used as standard method. Advection, diffusion and fate of heavy metal by wind and 

tidal currents and transport are indirectly taken into account in this study. Hydrodynamic, heavy metal and path of the 

heavy metal in Offshore Gas Platforms in South Pars Gas Field in 3 month has been simulated.  

Keywords: Heavy Metals, Dispersion, Statistical, Analysis, Modelling, Persian Gulf

INTRODUCTION 

Increasingly, offshore outfalls are being used for 

the disposal of wastewater in coastal areas. Because 

the discharged effluents generally exert different 

velocity, temperature, and density compared with 

the receiving water body, waste discharges form 

plumes and jets with high momentum and different 

densities [1,2,3]. The mixing and dispersion 

processes of a continuous discharge into a receiving 

water body can be divided into near-field, far-field, 

and intermediate regions according to length and 

time scale. In the vicinity of the discharge point, the 

jet trajectory and mixing are dominated by the 

momentum of the discharges and the density 

differences between discharges and the receiving 

water body. This region is referred to as the near 

field, where the typical time and length scales of 

the plume are in the order of minutes and water 

depths (tens to hundreds of meters), respectively. 

After some time, or some distance, from the 

discharge point, the influence of the inflow 

characteristics dissipates and ambient flow 

conditions then control transport and mixing of the 

discharges. This region, where the diluted effluents 

are diffused with ocean currents, is referred to as 

the far field, where the typical time and length 

scales are in the order of hours and kilometers. 

Between these two regions, there is a zone called 

the intermediate field, which starts at the end of the 

jet regime [2,4,5]. The intermediate field may 

extend over distances greater than the water depth 

under conditions of weak ambient flow; however, 

under strong ambient conditions, intermediate-field 

processes can be far less significant than far-field 

dispersion processes. There is increasing 

environmental concern over the ocean discharge of 

contaminants, such as metals and hydrocarbons, in 

produced water because of their potential for 

bioaccumulation and toxicity, particularly by those 

dissolved in the water phase. It is noted that 

hydrocarbons and heavy metals show different fate 

and transport mechanisms due to their differences 

in physico-chemical properties. Low concentrations 

of hydrocarbons in a large discharge of produced 

water can be rapidly diluted by tidal currents and 

decay over time due to aerobic degradation. Thus, 
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the effects of hydrocarbons associated with 

produced water discharges are primarily linked to 

localized areas and unlikely to cause large-scale 

environmental impacts. In contrast, a large number 

of heavy metals are stable, environmentally 

persistent, and highly toxic. Furthermore, they can 

be accumulated by marine life in concentrations 

several thousand times higher than those in the 

surrounding seawater [3]. For example, lead (Pb) is 

a highly toxic metal with persistent adverse effects 

in the marine ecosystem, and the toxic effects on 

shell_ sh can occur even in the presence of a very 

low concentration of Pb [5, 6, 7]. 

Produced water is the largest volume waste 

stream in the exploration and production process of 

oil and gas. Over the economic life of a producing 

field, the volume produced water can exceed by ten 

times the volume of hydrocarbon produced. During 

the later stages of production, produced water can 

account for as much as 98 % of the extracted fluids. 

Typical water production rates from oil platforms 

are from 2 400 to 40 000 m3/day and for gas 

platforms 1, 6-30 m3/day [6, 8]. These amounts to 

an expected discharge of produced water to the 

North Sea in 1998 of 3, 4 x 108 m3. When 

discharged the produced water still contains a wide 

range of components: dissolved organic 

components, various production chemical trace 

metals, naturally occurring radioactive material, 

inorganic salts. In addition the discharged water is 

almost depleted for oxygen and has an average 

COD or BOD value of 4 000 mg O2/l [5, 8, 9, 10]. 

In addition to the organic components trace 

elements as Pb, Cd, Cu, Hg, Ni, Zn, As and Cr are 

dissolved in the produced water in considerably 

greater concentrations than in sea water [11, 12]. 

In this field, 11 platforms (we know as SPD) are 

in production mode and very platforms normally 

have 10-12 gas wells. The layout and configuration 

of these platforms has shown in Fig.1.  

 

Fig. 1. The South Pars Gas Platforms layout 

On the platforms, in process diagram separated 

water from the FWKO (Free Water Knock Out) 

drums and Coalesces is routed to the Oily Water 

Treatment Package that is common to both trains 

[13]. Typical produced water flow diagrams of 

platforms which are studied are shown in Fig.2. 

 

Fig. 2. Typical produced water flow diagram of 

platforms and Heavy Metal Changes in Sea 

The package is designed to process a feed rate of 

2000 bpd (barrels per day) liquids and to reduce 

suspended oil in water content of the separated 

water to 40 ppm wt. max [8]. Prior to disposal 

overboard via a disposal caisson. The Oily Water 

Treatment Package comprises: 

 Hydro cyclones (two per FWKO Drum – 

one operating, one installed spare - and one for Test 

Separator). 

 A water degassing drum – this handles the 

water from the hydro cyclones and the coalescing 

vessels. Reject oil from the hydro cyclones enters 

directly into the oil compartment of the drum. 

 Filters and coalescer filters – these handle 

water from degassing drum before discharge to sea. 

The treated water from the coalescer filters is 

discharged to the sea via the caisson. The reject 

stream from the OWTP (recovered condensate in 

water) is recycled back to the inlet of the FWKO 

Drum via the Flare KO Drum and Condensate 

Injection Pumps, due to its high water content. 

METHOD 

The data of produced water discharges and 

analytical results are gathered through one year and 

a statistical review has done. The IP 426:98 (04), 

Determination of the oil content of effluent water - 

Extraction and infra-red spectrometric and OSPAR 

Reference Method which is the standard method for 

dispersed oil in produced water analysis in the UK 

for both oil and gas facilities used as standard 

method (See Figure 3). 
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Fig.3. Infra-red spectroscope 

In this method a sample of the discharge water 

to be analyzed is acidified to a low pH (<2), 

extracted with two volumes of Tetrachloroethylene 

(TTCE) or an alternative solvent approved by 

DECC, and the IR absorbance measured using an 

infrared analyzer with a fixed wavelength of 2930 

cm-1. The oil content of the sample is determined by 

comparison of the infrared absorbencies of the 

extract against a calibration graph prepared using a 

series of standards containing a known heavy 

metals [9]. The SPSS software for statistical 

assessment is used for analysis of produced water 

rate and oil content in all platforms.  

MEASUREMENT DATA 

The quantity and quality of produced water are 

measured and reported for one year and assumed 

for modeling and some statistical reviews. Table 1 

includes oil content of produced water discharge 

and heavy metals within 3 months on the platform 

no5. An average of daily BBL of produced water 

discharges per each platforms and average of heavy 

metals components are shown in Table 1. 

Statistical review by SPSS started with Manova 

method for 8 platforms heavy metals data in 26 

times measurement. It assumed that sampling was 

random and error of first type was a=0.05. 

This analysis shows that data of platforms are 

acceptable and useful for input of mathematical 

modeling which is an effective tool for the 

management of Persian Gulf operational platforms’ 

oily water discharges. Two soft wares; MIKE 21/3 

(DHI 2007) and Delft3D (Delft3D 2009) are 

proposed software’s for predictions of ocean 

hydrodynamics; pollutant fate and transport in the 

far field; water quality and sediment processes (See 

Figure 4 and Figure 5). 

MODEL SETUP 

To order the model input data the bathymetry is 

used by structure distances of geographical width 2 

minute in Southern- Northern direction, and the 

geographical 2 minute in Western-Eastern direction 

related to ETOPO1 altimetry data in NOAA site. So 

by the use of these data in 0.10 structure, the 

altimetry features of the place is counted and 

rendered in model (Fig. 4 and Fig. 5). Tidal surface 

elevation in Hormoz station utilized for Flow 

Model FM boundary condition that shown in Fig 5. 

By using Particle Tracking model of MIKE21, 

DHI, path of heavy metal has been simulated.  

 
Fig.4. Measurement data gathering in gas platforms 

 

Table 1. Data of heavy metals in platforms no. 5 

Fe Cr Pb Cd Mo Ni 

101 11 146 129 55 200 

99 12 150 111 50 201 

97 15 134 100 48 199 

90 9 135 120 48 188 

90 10 142 118 44 189 

92 11 141 117 34 199 

98 17 120 110 30 167 

100 14 122 120 46 168 

86 19 160 121 43 155 

93 23 165 119 42 185 

90 15 133 101 46 183 

81 15 133 102 48 190 

81 15 140 109 40 199 

78 17 138 115 38 193 

78 18 132 114 37 188 

102 17 119 115 34 193 

102 11 123 119 43 170 

93 10 125 118 39 173 

95 16 140 117 51 190 

99 16 139 110 33 177 

92 16 147 103 39 160 

91 15 148 111 41 161 

100 23 134 124 40 171 

103 22 130 127 31 155 

88 21 136 109 34 163 

85 20 143 107 32 190 
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Table 2. Multivariate Tests 

Effect Value F Hypothesis df Error df Sig. 

Intercept 

Pillai's Trace .999 a38754.175 4.000 197.000 .000 

Wilks' Lambda .001 a38754.175 4.000 197.000 .000 

Hotelling's Trace 786.887 a38754.175 4.000 197.000 .000 

Roy's Largest Root 786.887 a38754.175 4.000 197.000 .000 

Platform 

Pillai's Trace 1.686 20.822 28.000 800.000 .000 

Wilks' Lambda .002 109.934 28.000 711.716 .000 

Hotelling's Trace 149.993 1047.271 28.000 782.000 .000 

Roy's Largest Root 148.352 b4238.641 7.000 200.000 .000 

a.Exact statistic b. The statistic is an upper bound on F that yields a lower bound on the significance level. 

c. Design: Intercept + platform 

 
Fig. 5. Bathymetric data particle tracking models. 

RESULTS 

In this research hydrodynamic parameters such 

as tidal surface elevation that measured in in Daiier 

Port have been used for model validation. Compare 

between numerical results and field measurements 

shown a good agreement between numerical results 

and field measurements in Daiier Port. 

Hydrodynamic results of model have been shown in 

Fig 6. The model shows the tracking of heavy 

metals from in offshore gas platforms in South Pars 

Gas Field for 6 month (See the 4 Shapes in Fig 6). 

Dispersion modeling of heavy metals, which 

includes hydrodynamic model and qualitative water 

model from produced water which has been done 

for a year for each discharge location.  

CONCLUSIONS AND DISCUSSION 

Gathering of sound and acceptable data for 

modeling is very important step of work. In this 

paper we submit a few tables of data which has 

produced by standard sampling and lab tests. Then 

a statistical review report has submitted based on 

SPSS software and it proved that these data are 

useful for next step of modeling. In this paper at 

first the quantity and quality of produced water are 

measured and reported for one year and some 

statistical reviews has done. 

In addition to the organic components trace 

elements as Pb, Cd, Cu, Hg, Ni, Zn, As and Cr are 

dissolved in the produced water in considerably 

greater concentrations than in sea water the risk 

assessment of that high environment risk near 

Booshehr seaside and transition of heavy metals 

was indirect of northwest of Persian gulf. 
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Fig. 6. Tracking of heavy metals from in offshore gas platforms in South Pars Gas Field for 6 month. 
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Today, vermicompost process with earthworms has been focused to stabilize waste materials. Consistent and rapid 

steady passing of materials from congestive system of eart hworm along crushing, grinding, stirring, and mixing it in 

various parts of this path and staining these materials with all types of congestive system secretions of this animal, and 

finally providing proper conditions to synthesize humic acid lead to produce a totally different material in properties 

from sank materials that is called vermicompost. Since there are contradicted records about vermicompost nutritious 

materials (K, P, N, Fe, Ca, Mg, B, S, Cu, Zn, Mo Mn), the first matter arising for a former is about amount of nutritious 

materials in vermicomposts and also organic materials and proportion of carbon to nitrogen in obtained vermicomposts 

from animal manures (sheep, cow, chicken, and fish) and whether it has significant changes from initial animal manures 

or not.  According to affluent benefits of vermicomposts, the necessity of developing its producing system and 

supporting its producers is one of important today global needs with significant help to reduce costs and keeping 

environment that humans are dependent on it for living. This study explores nutritious materials needed for pistachio 

trees in vermicomposts manure.  Obtained vermicomposts is a proper organic modifier to improve agricultural soils 

fertilization for pistachio trees.  

Keywords: animal manure, decomposition process, pistachio tree, quality control 

INTRODUCTION 

Farmers spend too high costs for animal 

manures annually. This manures are used for soil 

fertilization and fertility of pistachio trees. Costs of 

buying and transferring these manures are problems 

for farmers. Therefore, composting chemical 

manures has been focused recently. Composting is 

a proper method, because it is affordable 

economically. Composting by organic materials by 

microbial, thermal, and aerobic methods is done by 

a great population of natural microorganisms 

leading to stability, handling, removing undesirable 

odors, and producing high humic materials. 

Compost is easy to store and supply for selling 

[13]. Many researchers have emphasized on 

efficiency of using earthworms in changing 

chemical manures to usable vermicompost manures 

in agricultural lands [2]. Adding earthworms to 

process of vermicompost is a proper technology to 

manage chemical manures. Earthworms’ activities 

protect aerobic condition and increase speed of 

microbial decomposition. Weights of alive 

earthworms increase and their rich nutritious wastes 

are produced in this process [12]. Adding plumping 

materials to animal manures increases worm 

activities and improve production quality [14]., 

1999). Gondek&Filipek-Mazur [3] used conifer 

sawdust, cardboard trinkets, and straw trinkets as 

plumping by proportion of 15% mixture to prepare 

vermicompost manure. Arumuga et al. [15] used 

mixture of sludge, rice straw, and animal manure to 

prepare vermicompost in 2004. Vigueros& 

Ramirez-Camperos [10] used water hyacinth as 

plumping material. These researchers also saw 

significant reduction in population of coliform 

bacteria and parasite eggs. Eastman et al. [9] 

showed that population of fecal coliform bacteria 

and parasite eggs in vermicomposts were very 

lower than compost and producing vermicompost is 

a very proper substitute method for compost class 

A. Studies have been so limited in Iran particularly 

no study was about using native worms and effect 

of various plumping materials and their mixture 

proportion to sludge and worms reproductions. 

Naddafi et al. [16] (2004) used Eisenia foetida 

species in experimental level to produce 

vermicomposts from sewage sludge of Tehran.  In 

Shahmansuri et al. [17] (2005) experiment, 

aggregation of heavy elements in native and 

importing earthworms, Eisenia foetida species, was 

explored in production process of vermicompost. 

The purpose of this study is exploring feasibility of To whom all correspondence should be sent: 

E-mail: samalbert_908@yahoo.com 
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changing animal manure to organic manure using 

native vermicomposts and changing useful 

chemical elements to feed pistachio trees in these 

manures. In addition, the best and most proper 

plumping material were examined for these 

manures.  

METHODS AND MATERIALS 

This study was done in a workshop near Sirjan 

city. Experiment was in framework of split factorial 

that steps of changing animal manure was 

considered as the main factor and type of plumping 

materials and mixture percentage were considered 

as factorial. Samples of animal manures were 

bought in bulk and initial experiments were 

performed to determine the present elements in 

these manures. Samples of manure types were dried 

and ground under 50 °C during 48 hr.  1 gr of this 

material was burnt in electric furnace and extracted 

by HCL 2N acid. The obtained extraction was used 

to determine all chemical elements (Jones et al, 

1999).  Chemical properties of manures in various 

decomposition steps were measured including PH, 

EC in extraction 1:5 (distilled water and materials), 

organic carbon by Walkley Black method, total 

nitrogen by Kjeldahl automatic system made by 

Gerhard Co. model 2020, total phosphorus by 

colorimetric method, total sodium and potash by 

flame photometer method, calcium and magnesium 

by complexometry, and Iron, copper, and zinc by 

spectrophotometry (Sparks, 1996). The most proper 

changing step, type of plumping materials, and 

proportion of mixing manures with plumping 

materials was determined using one-way variance 

analysis tests and Duncan compare means test by 

Spss and MSTATE software. Differences in 

mixture of manure with plumping was considered 

by proportion of 0%, 15%, 30%, and 45%  and 

worm number in 1*1 environment was considered 

as 300 worms. 

Table 1. Chemical properties of animal manures in initial decomposition step. 

Sampling  step 

Properties 
Sheep 

manure 
Cow manure Chicken manure Fish manure 

PH 8.00 7.5 7.5 7.2 

Electric conduction 

(dS/m) 

25.33 19.74 46.00 41.02 

Organic carbon (%) 77.30 85 73.63 80.25 

Total nitrogen (%) 3.22 2.71 4.08 3.55 

C/N proportion 6.36 6.45 3.34 4.87 

Phosphorus (%) 0.78 0.59 1.98 1.59 

Potash (%) 2.98 2.24 1.76 3.35 

Calcium (%) 1.80 1.42 7.11 4.45 

Magnesium (%) 0.47 0.45 0.89 0.77 

Sodium (%) 0.21 0.15 0.35 0.32 

Iron (mg/kg) 4368.5 1856.13 1681.22 2023.10 

Zinc (mg/kg) 148 209.8 462 380.70 

Copper (mg/kg) 26.97 54.77 123.5 134.40 

Magnesium (mg/kg) 352.78 238 528.39 446.23 

Table 2. Chemical properties of plumping materials used in the test. 

Plumping materials 

Properties Leaf of pistachio tree Wood chip of pistachio tree 

Organic carbon (%) 18.8 22.5 

Total nitrogen (%) 1.12 0.092 

C/N proportion 16.8 244.6 

Phosphorus (%) 0.199 0.018 

Potash (%) 0.21 0.11 

Calcium (%) 3.2 4.8 

Magnesium (%) 2.4 3.7 

Sodium (%) 0.62 0.45 

Iron (mg/kg) 23 19 

Zinc (mg/kg) 0.2 0.5 

Copper (mg/kg) 1.2 0.7 

Magnesium (mg/kg) 3.45 3.6 
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Table 3. Comparison interactive effects of factors on worms’ weights 

Material Mixture percentage Worm weight 

leaf 0 % 11.23 c 

Leaf 15 (%) 19.23 bc 

Leaf 30 (%) 14.99 c 

Leaf 45(%) 13.04 c 

Wood chip 0 (%) 12.99 c 

Wood chip 15 (%) 21.17 b 

Wood chip 30 (%) 32.79 a 

Wood chip 45 (%) 24.35 b 

Table 4. Chemical properties of animal manures in final step of analysis 

Sampling  step 

Properties               Sheep manure Cow manure Chicken manure Fish manure 

PH 7.5 7.00 7.1 7.5 

Electric conduction (dS/m) 28.23 23.13 49.13 45.60 

Organic carbon (%) 81.45 91.50 79.12 89.33 

Total nitrogen (%) 2.90 2.13 3.38 2.88 

Phosphorus (%) 1.09 0.63 2.32 1.67 

Potash (%) 3.34 2.54 1.97 3.67 

Calcium (%) 1.85 1.45 7.12 4.40 

Magnesium (%) 0.50 0.45 0.91 0.80 

Sodium (%) 0.32 0.27 0.46 0.44 

Iron (mg/kg) 4634.43 1987.87 1875.09 2365.37 

Zinc (mg/kg) 156 231 495 410 

Copper (mg/kg) 33.29 61.80 139.20 145.78 

Magnesium (mg/kg) 355 241 530 448 

 
RESULTS 

Chemical properties of manures are shown in 

Table 1: 

As it is seen, these manures have neutral PH and 

relatively proper EC for plants growth particularly 

pistachio tree. C/N for all 4 manures is proper (for 

cow manure is more than others) and this issue 

reduces necessity of using plumping materials to 

compensate carbon. Analysis of plumping materials 

(leaf and chips of pistachio trees) is collected in 

Table 2: 

In this research, leaf of pistachio tree is used as 

plumping material for having proper C/N. 

Leaf of pistachio tree was fully dried and mixed 

to 15% of animal manure and explored to 300 

worms during 2 months. Results of table 4 shows 

analysis of composed animal manure by worms: 

CONCLUSION AND DISCUSSION 

Vermicompost is biologic organic manure 

obtaining by consistent steady passing of 

organic materials while decomposition in 

digestive system of earthworms species and 

removal of these materials from worms body.  

By passing these materials from worm body, 

they are stained to digestive system (Mucus), 

vitamins, and enzymes which are finally 

produced and used as a rich organic and very 

useful manure for construction and soil 

nutritious elements improvement. To be assure 

of quality and security of organic manure, 

some parameters are controlled during 

composing process. These parameters are 

examined based on physical, chemical, and 

microbial analyses from the first to the end of 

process based on standards.  

By comparison results of table 1 and 4, we 

can see that PH and EC didn’t change so much. 

Organic carbon increased as interaction of 

animal manures with secretion materials of 

worms’ digestive systems and nitrogen reduced 

for removal of some nitrogen compounds in 

worms as N2 gas from the obtained compost. 

Other elements such as phosphorus, iron, zinc, 

and potash changed significantly which are 

really effective in growth of pistachio tree. 

According to increase in useful elements of 

vermicompost than initial manure, it is useful 

for pistachio trees, but usage amount should be 

mentioned, because some elements are not only 

harmful for pistachio trees, but also cause 

irreversible damages in their products.  
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Medicago sativa L. (alfalfa) has been reported to be extremely resistant to contaminants as well as a bioaccumulator. 

However, heavy metals accumulated by alfalfa in different period was less analyzed and reported. In the present 

experiment, the alfalfas grew for 10 days, 40 days and 80 days in different soils which were polluted by Cd, Pd, and Zn. 

It was found that: alfalfa could be applied for phytoremediation of soil polluted moderately by Cd, Pb, and Zn. Alfalfa 

could transfer heavy metals from roots to shoots in seedling period. Alfalfas had the higher biomass in maturation 

period. However, biomass of alfalfa was not significant difference in the same period. In different period, alfalfa 

showed the similar ability of accumulating Cd, Pb and Zn in roots and shoots. Compared with the shoots, the contents 

of Cd, Pb and Zn in the roots were higher. BCF (bioconcentration factor) values of alfalfa in Cd, Pb and Zn were higher 

in maturation period. Alfalfa had a better ability of accumulating Cd. TF (translocation factor) values of alfalfa were 

low and tended to decrease with the increasing contents of Cd, Pb and Zn in the soils.  

Keywords: Heavy metals, Biomass, Bioconcentration factor, Translocation factor, Medicago sativa L 

INTRODUCTION 

Anthropogenic activities have concentrated 

some heavy metals in certain areas up to dangerous 

levels for living organisms [1]. Activities such as 

mining and agriculture have polluted extensive 

areas throughout the world [2, 3, 4, 5]. As well 

known, Cadmium (Cd) and lead (Pb) have long 

been considered as a major contamination problem, 

not only for working conditions but also for the 

environment [6, 7]. Cd and Pb were environmental 

pollutants mainly of anthropogenic origin [8, 9]. It 

was well known that zinc (Zn) in low 

concentrations was essential for plant growth [10, 

11], nevertheless, beyond certain a threshold 

concentration, it became toxic for most plant 

species [12, 13]. 

Recently, there have been some studies on the 

ability of biomaterials or biomass to extract heavy 

metals from the environment, and phytoremediation 

has emerged as one of the alternative technologies 

for removing pollutants from the environment. 

Interest in using plants for environmental 

remediation was increasing due to their natural 

capacity to accumulate heavy metals and degrade 

organic compounds [14]. Phytoremediation was 

defined as the use of plants to remove pollutants 

from the environment or to render them harmless 

[15]. Alfalfa was also found to show highly 

resistant to contaminants as well as a 

bioaccumulator [16]. Previously, Angle and Chaney 

[17] reported that alfalfa has the ability to 

accumulate concentrations of heavy metals well 

above the tolerance levels of other plants. Alfalfa 

may be a good source of plant tissues because it has 

been found to tolerate heavy metals and grow well 

in contaminated soils [18]. Further, alfalfa was 

shown to be used as a potential source of 

biomaterials for the removal and recovery of heavy 

metals [19]. In this work, the accumulation of Cd, 

Pb, and Zn by alfalfa in different period (seedling 

period, vegetation period, and maturation period) 

was investigated.  

EXPERIMENTAL 

Soil sources and preparation 

The soil samples were collected from the Bohai 

University in Jinzhou city of Liaoning Province, 

China. The climate style belongs to the warm 

temperate zone, the annual average parameters 

were as follows: temperature 9.2 °C, rainfall 436.7 

mm. The major heavy metals in the soil were Cd, 

Pd, and Zn. The physical and chemical properties of 

the soil were shown in Table 1. 
To whom all correspondence should be sent: 

E-mail: fortunewang@163.com  2015 Bulgarian Academy of Sciences,  Union of Chemists in Bulgaria 

app:similar
app:ds:cadmium
mailto:fortunewang@163.com


Fu-qiang Wang et al.: Phytoremediation of cadmium, lead and zinc by Medicago sativa L. (alfalfa): A study of different… 

168 

The salts used in this study included Cd(NO3)2, 

Pb(NO3)2, and Zn(NO3)2. The collected soils (5 kg) 

were added into each pot. The salts were separately 

diluted with deionized water, and all solutions were 

adjusted to pH 7.5-7.7 with HNO3 and NaOH 

before being added into pots. The urea was added 

into soils of the pot to keep the N at the same level. 

Treatments were prepared at the concentrations of 

(1) control, Cd 7.843 mg/kg + Pb 55.120 mg/kg + 

Zn 221.078 mg/kg (following as S0); (2) treatment 

1, Cd 8.143 mg/kg + Pb 105.120 mg/kg + Zn 

271.078 mg/kg (following as S1); (3) treatment 2, 

Cd 8.843 mg/kg + Pb 155.120 mg/kg + Zn 346.078 

mg/kg (following as S2); (4) treatment 3, Cd 

17.843 mg/kg + Pb 355.120 mg/kg + Zn 471.078 

mg/kg (following as S3); (5) treatment 4, Cd 

27.843 mg/kg +Pb 555.120 mg/kg + Zn 771.078 

mg/kg (following as S4). 

Table 1. The physicochemical properties and patterns of 

soils. 

Parameter Soil 

pH 7.63 

organic matter 5.26 % 

CEC 8.64 cmol/kg 

total N 0.12 % 

total P 0.06 % 

total K 1.13 % 

Cd 7.84±2.38 mg/kg b 

Pb 55.12±5.07 mg/kg a 

Zn 221.08±10.55 mg/kg a 

aSignificant at p < 0.01.  
bSignificant at p < 0.05. n=10. 

Plant culture 

Seeds of alfalfa were obtained from Tai Yuan 

Seed Company. Seeds were surface sterilized by 

immersion in 2% (v/v) H2O2 and shaken at 144 rpm 

on an orbital shaker in sterile deionized water for 6 

h [20]. They were then sown onto stainless plates 

with aseptic gauze in incubator, and the temperature 

and moisture were kept at 25 °C and 60%, 

respectively. Seedlings grew at a length of 2 cm and 

then 60 seedlings were transplanted to each pot in a 

green house. After 2 days, pots were migrated and 

grew under natural conditions. 

 

 

Analysis 

In the experiment, 10 alfalfas were harvested by 

clipping the shoots and pulling out the roots 

randomly after they have grown for 10 days 

(seedling period), 40 days (vegetation period), and 

80 days (maturation period), respectively. After the 

roots and shoots were washed with deionized water 

and dried in an oven at 70 °C for 72 h, the dry 

weights were recorded by electronic balance. The 

roots and shoots of alfalfa were digested at 150 °C 

for 200 min with 10 ml mixture of HNO3/HClO4 

(4:1) [21]. The digestion was accomplished using 

the simple setting- furnace digestion and big 

cuvettes. Subsequently, the volume of digested 

sample was adjusted to 20 ml with double 

deionized water and analyzed using ICP-OES. 

Two bio-concentration factors, BCF (bio-

concentration factor, defined as concentration ratio 

of plant shoot to soil) and TF (translocation factor, 

defined as concentration ratio of shoot to root) 

computed from the treatments concentrations would 

be used to discuss the results of this study. All the 

data obtained from this study were analyzed by 

SPSS 13.0. The Duncan multiple range test was 

used to determine the statistical significant (P < 

0.05). Controls and treatments were in triplicates 

for analysis.  

RESULTS AND DISSCUSION 

Biomass of alfalfa 

After 10 days, 40 days and 80 days, 10 alfalfas 

were dried and recorded by electronic balance 

(table 2). The biomass of alfalfa, grown in soil 

polluted by different concentration of heavy metal, 

was not significantly different in the same period (P 

< 0.05). Appropriate heavy metals could promote 

alfalfa to accumulate the biomass, but high contents 

of heavy metals were harmful to alfalfa. It meant 

the alfalfa growing has been affected under the 

contents of the Cd, Pb, and Zn in soil. 

Bioaccumulation of Cd, Pb, and Zn by alfalfa 

After 10 days, 40 days and 80 days, alfalfa could 

uptake Cd, Pb, and Zn from the soil. Figure 1-3 

show the total mass of heavy metals in the alfalfa's 

shoots and roots in three periods. 

Table 2. Biomass of alfalfa. 

Time S0 S1 S2 S3 S4 

10 days 12.98±1.12b 14.57±1.39b 13.30±0.82a 13.26±1.01a 11.12±0.78a 

40 days 39.64±2.99a 46.70±2.63a 41.29±1.93a 43.71±2.67a 32.06±1.48a 

80 days 56.32±3.23a 68.15±3.71a 62.37±2.54a 65.22±2.48a 40.80±3.85b 

Unit was mg/plant. aSignificant at p < 0.01. bSignificant at p < 0.05. n=10. 
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The contents of Cd, Pb, and Zn in alfalfa were 

the highest after alfalfas have grown for 80 days. 

Alfalfa accumulated more Cd and Zn with the 

increasing contents of Cd and Zn in the soils, but 

the contents of Cd, Pb, and Zn in alfalfa were not 

significant different in seedling period. Compared 

with the contents of Cd, Pb, and Zn in alfalfas 

which have grown for 80 days, 65.54%-94.58% of 

Zn, 63.98%-86.90% of Cd, and 60.38%-93.51% of 

Pb have been accumulated by them which have 

grown for 40 days. The contents of Cd, Pb, and Zn 

were higher in the roots than in the shoots, which 

may be it is related to both heavy metals uptake 

from the soils and xylem translocation from roots to 

shoots. The contents of Cd, Pb and Zn in alfalfa 

under treatment 3 level were highest in each period. 

It meant that Cd, Pb and Zn could be absorbed by 

alfalfa in soil polluted moderately. Alfalfa showed 

the similar ability of accumulating Cd, Pb and Zn in 

roots and shoots in the whole period. The 

accumulation of Cd, Pb, and Zn in both shoots and 

roots of alfalfas was increased with the increasing 

contents of Cd, Pb, and Zn in the soils, but the 

accumulation was decreasing after the contents of 

Cd, Pb, and Zn (especially for Pb) were achieved 

treatment 3 level in three periods, respectively. In 

general, Cd has greater toxic effects on plants than 

Pb and Zn. The damage to plants made by Cd could 

affect the growth of plants and tolerance to heavy 

metals much more than Pb and Zn. Thus, the 

content of Zn in the shoots was significantly higher 

than Cd and Pb, which was in accordance with the 

previous results found for alfalfa [22]. The content 

of Cd in roots of alfalfa was higher than Pb, and 

this result was agreed with that found for alfalfa 

[23]. The content of Pb in the alfalfa was low, and it 

was not agreed with the finding of alfalfa adsorbing 

metal order: Pb > Zn > Cd [24], this may be due to 

the pH of soil and Pb bound by soil or alfalfa, the 

metal binding affinities for ligand in the soils, the 

antagonism of ions, chemical competition for multi-

metal and physicochemical properties of Pb in the 

soils. Bioaccumulation depends not only on the 

characteristics of the organism itself, but also on the 

characteristics of the substance and the 

environment factors. With increasing contents of 

heavy metals in the soils, alfalfa showed 

performance to avoid and resist.  

BCF and TF of alfalfa in Cd, Pb and Zn 

BCF values were studied in each sample (Figure 

4-6). BCF values of alfalfa in Cd, Pb and Zn were 

higher while alfalfas were grown, and BCF values 

of roots were higher than those of shoot. Also, 

concentrations of heavy metals in soils could 

influence the abilities of phytoextraction, higher 

concentration maybe increase the contents of heavy 

metals in tissue compartments of plants [25]. 

The BCF values of shoots were nearly 

equivalent compared with roots in seedling period, 

since the xylem has not got formed during seedling 

period. After alfalfas have grown for 40 days, BCF 

values for Cd, Pb and Zn were higher. After alfalfas 

have grown for 80 days, BCF values for Cd were 

from 5.72 to 71.85 in shoots and from 13.75 to 

571.97 in roots; BCF values for Pb were from 0.25 

to 9.61 in shoots and from 0.34 to 98.25 in roots; 

BCF values for Zn were from 1.91 to 20.64 in 

shoots and from 2.75 to 43.65 in roots; the average 

BCF values of alfalfa for Cd, Pb, and Zn were 

30.66, 3.63, and 7.47 in shoots and 250.21, 39.32 

and 16.31 in roots, respectively. Values of BCF can 

be an index for the plant’s ability to accumulate 

heavy metals. BCF values are different in response 

to concentrations, kinds of heavy metals, the 

accumulation ability, physiological factors of plants 

and environmental conditions. In this experiment, it 

was apparent that alfalfa had better ability of 

bioaccumulate Cd than Pb and Zn, the result was 

agreed with that found for alfalfa [20]. Alfalfa 

could uptake much Zn and Pb, but BCF values 

were not the highest, which may be due to the 

physiological and morphological characteristics of 

alfalfa, concentrations of heavy metal and 

conditions of environment. 

The average values of TF were studied in each 

sample (table 3). The higher values of TF indicated 

that plants could move and distribute more heavy 

metals. The TF values of alfalfa were low, it 

showed that there were less Cd, Pb and Zn moved 

into shoots. The TF values of alfalfa tended to 

decrease with the increasing contents of Cd, Pb and 

Zn in the soils. The TF values in Zn were higher 

than Cd and Pb, maybe it is related to the 

characteristics of the alfalfa and characteristics of 

Cd, Pb and Zn in the soils. Since movement of 

heavy metal from roots to shoots was likely to 

occur via the xylem and to be driven by 

transpiration from the leaves, alfalfa could move 

much heavy metal from roots to shoots in seedling 

period. The study of heavy metals translocation and 

accumulation occurred predominantly via the 

phloem (Popelka et al., 1996). Cellular 

sequestration of Cd or Pb could have a large effect 

on the levels of free Cd or Pb in plants, thus, it can 

potentially influence the movement of Cd or Pb 

throughout the plant [20]. 
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Fig. 1. Contents of Cd, Pb, and Zn accumulated in alfalfas after alfalfas have grown for 10 days. 

Significant at p < 0.05.  

Fig. 2. Contents of Cd, Pb and Zn accumulated in alfalfas after alfalfas have grown for 40 days, 

Significant at p < 0.05. 

Fig. 3. Contents of Cd, Pb and Zn accumulated in alfalfas after alfalfas have grown for 80 days, 

Significant at p < 0.05. 

Fig. 4. Values of BCF of alfalfa for Cd. Significant at p < 0.05. 
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Fig. 5. Values of BCF of alfalfa for Pb. Significant at p < 0.05. 

 

Fig. 6. Values of BCF of alfalfa for Zn, Significant at p < 0.05. 

Table 3. The average TF values of alfalfa in Cd, Pb, and Zn. 

days Cd Pb Zn  

10  40  80  10  40  80   10  40  80  

S0 0.57  0.49  0.42  0.91  0.58  0.75  0.84 0.70  0.69 

S1 0.82  0.18  0.15 0.87  0.06  0.05  0.83 0.69  0.61 

S2 0.91 0.07 0.06 0.88  0.09 0.09 0.74  0.81 0.62  

S3 0.85  0.13 0.13 0.71  0.10  0.10  0.71 0.52 0.47 

S4 0.77 0.16 0.15 0.69  0.06 0.06  0.86 0.32 0.34 
 

CONCLUSIONS 

In this work, the accumulation of Cd, Pb, and Zn 

by alfalfa in different period was investigated. The 

results indicated that alfalfa had the higher biomass 

while alfalfa was grown. However, biomass of 

alfalfa, grown in soil polluted by different 

concentration of heavy metals, was not significantly 

different in the same vegetation period; the contents 

of Cd, Pb, and Zn in alfalfas were the highest after 

they have grown for 80 days. Alfalfa accumulated 

further Cd, Pb, and Zn with increasing contents of 

Cd, Pb, and Zn in the soils, but the contents of 

heavy metal in alfalfa were not significantly 

different in seedling period. Alfalfa had better 

ability of bioaccumulate Cd than Pb and Zn; the TF 

values of alfalfa were low and tended to decrease 

with the increasing contents of Cd, Pb, and Zn in 

the soils. The TF values in Zn were higher than Cd 

and Pb. Alfalfa could be applied for 

phytoremediation of soil moderately polluted by 

Cd, Pb, and Zn. 
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Due to the limitations of a cold climate to a conventionally constructed wetland system(CWS) during anual 

operation, a new type of compound double-layer subsurface flow wetland system was developed. A full-scale test trial 

of this system has been operated in the Northeast of China, which was used for advanced sewage treatment. By 

increasing the depth of the wetland structure, setting down insulating material layers, filling with a high-efficiency 

compound substrate and using the bioaugmentation technology. The purification efficiency and the operational stability 

of this CWS has been effectively improved. The new type of double-layer subsurface flow of the CWS still showed a 

high purification capacity for organic matter in the winter. It was hard to obtain a high purification effect for the 

ammonia with the wetland system in winter because of the limitation of nitrification at low temperatures, but the system 

had a significant effect in denitrification and nitrate-nitrogen removal. The compound substrates provide a high 

performance of the system in Total Phosphorus (TP) removal. 

Key words: Constructed wetland; Horizontal subsurface flow; Nutrient Removal; Cold areas 

INTRODUCTION 

Contaminant and nutrient discharged from 

sewage into an aquatic environment can cause 

serious pollution and the nitrification of lakes, 

rivers and sea coasts and is one of the major 

environmental concerns in the world [16]. The 

traditional municipal wastewater treatment 

technology is a challenge to small towns, for it 

requires sophisticated maintenance and 

management, high investment and high running 

costs. Furthermore, the wastewater treatment 

systems used in small towns also cannot produce 

effluent with a high quality, especially in nitrogen 

and phosphorus removal. Therefore, it is of great 

importance to develop the process for advanced 

wastewater treatment in rural areas and small towns. 

The constructed wetland system (CWS) is an 

efficient system for secondary or tertiary sewage 

treatment and as such could significantly improve 

the quality of wastewater effluent [1,5,6]. CWSs 

are widely used for domestic wastewater, 

agricultural wastewater and industrial wastewater 

as these are cost-effective, technically feasible and 

enhance the landscape quality [11, 19].  

In China, the constructed wetland system is very 

suitable for decentralized wastewater treatment in 

small towns and the countryside. However, the cold 

climate in the Northeast of China has negative 

effects on the conventional CWS while in operation 

through out the whole year [2, 17], which makes 

the CWS unsuitable in the traditional view for 

sewage treatment in the Northeast of China. This 

limits the field application of the constructed 

wetland system in north China. Nivala et al. [15] 

pointed out that the low temperatures could cause; 

the wetland system pipes to rupture, plant 

dormancy, rhizosphere microbial metabolism slow 

down or even system stoppage and other 

phenomena. The results indicated that the rate of 

nitrification and denitrification with temperature are 

positively correlated in constructed wetlands. The 

nitrogen removal is significantly impacted by the 

low temperature in winter, which is caused by the 

low activity of microbes and plants in the wetlands 

at low temperatures [7, 10]. In the cold winter, the 

low temperature of the water affects the operating 

efficiency of constructed wetlands, which can 

decrease the adsorption capacity of the media, 

increase the viscosity of the water, lower the 

diffusion rate, decrease the rate of water molecule 

transport in the roots, reduce the oxygen transfer 

efficiency, decrease the metabolic rate of the 

bacteria and plants, stimulate the accumulation of 

organic matter particles in the packed media and 

cause soil clogging. In addition, the temperature 

can affect the dissolved oxygen concentration and it 

will directly impact the aerobic treatment process. 

At low temperatures, the purification of the sewage 

by the wetland is not stable, which may lead to a 

suspension of function [12, 14]. In conclusion, the 

effective operation of traditionally constructed To whom all correspondence should be sent: 
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wetlands in the cold is elusive. 

In cold regions, the design and construction of 

CWSs have special requirements on the structure of 

the wetland, the selection of media, and the 

insulation measures. Compared with natural 

wetlands, the pollutants removal rate of the 

constructed wetlands depends largely on the 

substrates. The contaminant removal in the wetland 

bed depends mainly on the purification of 

substrates and microorganisms, especially after the 

plants are harvested in the autumn and winter [11]. 

The cold climate can strongly affect the efficiency 

of CWSs as well as the wastewater characteristics 

and the filling material composing the wetland. 

Therefore, it is necessary to develop systems for 

low temperatures together with appropriate design 

and operational criteria. For the problems faced by 

CWSs in the cold winter, the Subsurface Flow 

Constructed Wetland is generally designed as a 

major wetland in the cold regions. The cover of the 

substrates on the surface of the subsurface flow 

constructed wetland can reduce the energy loss due 

to sewage evaporation, transportation and flow. It is 

able to maintain and improve the temperature inside 

the wetland, which can protect the constructed 

wetland internal micro-organisms from the 

influence of the external low temperature [22]. At 

present, several measures have been used to ensure 

the effective operation of the constructed wetlands 

and to improve the purification at low-temperature. 

It includes increasing the depth of the wetland 

structure, applying insulating materials, artificial 

aeration, extending the hydraulic retention time and 

effluent return. It is of great importance to solve the 

problem that CWSs cannot operate normally in the 

freezing winter and develop a highly efficient 

constructed wetland system to be used in cold areas, 

especially in small towns and the countryside to 

control the decentralized point source and non-

point source pollution. 

MATERIALS AND METHODS 

Experiment site and raw water quality 

A full-scale test trial of the system for advanced 

sewage treatment has been constructed and 

operated in the Harbin Taiping Wastewater 

Treatment Plant (45°49' 0.51"N, 126° 43' 8.91"E) 

in the northeast of China. The experimental site is 

in a sub-frigid monsoon climate zone which has a 

winter as long as 6 months and the lowest 

temperature in winter can be lower than -30°C. The 

average temperatures through out the trail period 

were -10°C in the winter (from February to April, 

2010) and 23°C in the summer (from May to 

August, 2010). 

The main purpose for developing the novel 

Subsurface Flow CWSs was to treat the secondary 

effluent of the small treatment plants, especially 

focused on total nitrogen (TN) removal, because 

most small sewage treatment plants in China are 

without the process for TN removal. The untreated 

water was the effluent of a high load sewage 

biological treatment reactor with a jet loop 

technology, which was focused on the COD 

(Chemical Oxygen Demand) and Ammonia 

Nitrogen removal with the aeration condition. The 

contaminant concentration range of the untreated  

water involved COD of 85~120 mg/L, SS 

(Suspended Solids) of 18~27 mg/L, NH4
+-N 

(Ammonia Nitrogen) of 18~30 mg/L, TN (Total 

Nitrogen) of 24~45 mg/L, TP (Total Phosphorus) of 

1.3~3.9 mg/L. 

The configuration of the constructed wetland 

system 

In accordance with the characteristics of the cold 

climate and the sewage composition in the 

northeast of China, a new type of the compound 

double-layer subsurface flow constructed wetland 

system has been developed based on the 

conventional CWSs research. As shown in Fig. 1, 

the system has a structure with two layers of 

horizontal subsurface flow wetland. The tank of the 

full-scale trial wetland system was constructed by a 

5 mm welding steel plate with waterproof an epoxy 

coating and the total size of the tank was 11 m long 

× 4m wide × 3m deep. The system consists of three 

main parts, including: an influent tank (2m long), 

the double subsurface flow constructed wetland 

(8m long) and an effluent tank (1m long).  

The core of the system consists of the two layers 

of horizontal subsurface flow wetland and the total 

size of the wetland tank was 8m long × 4m wide × 

3m deep with each part having a 1.2m deep 

substrate layer and a baffle plate between the two 

layers. To improve the microorganism activity and 

remove the phosphorus, a compounded substrate 

was filled in the top layer with grit, haydite, cinders 

and lime stones, while the under layer was filled 

with gravel, volcanic rocks and lime stones. 

Cold-proof measures and operation of the system 

The two layer wetland of the system was 

operated in an alternating mode. In the winter the 

sublayer was operated as a bio-filtration bed and 

the top layer was frozen as a thermal insulation 

materials layer to protect the under layer from the 

cold weather. Another measure for cold-proof was 

to set a 10 cm cover of dry straw and reed over the 
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top surface of the top layer wetland. The system 

can operate stably by the combined of cold-proof 

measures during the frozen winter. In the summer, 

the top layer was used and the contaminant was 

removed by the combined purification of the 

substrate, microorganisms and plants. 

The untreated water from the biological reactor 

was introduced into the effluent tank and then the 

wastewater was fed to the wetland with a 

submerged pump (QDX1.5-16-0.37KW, Shanghai 

People Pump Factory Co., Ltd.). A pre-aeration 

device was equipped in the influent tank to improve 

the DO (Dissolved Oxygen) of wastewater. The 

effluent of the wetland system was discharged into 

the effluent tank and pumped out batch-wise with a 

submerged pump. There was another submerged 

pump placed in the effluent tank, which recirculates 

the water from the effluent tank to the front of the 

wetland in order to obtain a higher performance of 

organic matter and nutrients purification. The flow 

rate of the CWSs was 1.5-2m3/h monitored by an 

Electromagnetic Flow Meter (SITRANS F M 

MAGFLO MAG 1100, SIEMES Co., Ltd.) and the 

hydraulic retention time (HRT) was 19~26h. The 

top layer wetland was planted with reeds at a 

density of 16 rhizome/m2.  

Rapid start-up with bio-augmentation 

In order to render the system a rapid start-up and 

enhance the performance of organic and nitrogen 

removal in the frozen winter, the engineering 

bacterium agent with a psychrotolerant 

denitrification consortium obtained by fast 

enrichment and domestication [8] was added into 

the constructed wetland, which can remove the 

ammonia, nitrate and organic matter simultaneously 

and efficiently at a low water temperature (<10°C). 

At system start-up, 200L of bacterium agents were 

added to the wetland system every three days, 3 

times in total. 

Analytical methods of the effluent 

     The influent and effluent of the CWS was 

measured each day by detecting the chemical 

oxygen demand (COD), ammonia nitrogen (NH4
+-

N), total nitrogen (TN) and total phosphorus (TP) 

according to the standard methods [2]. Every 

sample had been detected 3 times and the results 

shown in the paper were the average of the 3 time 

detections.  

RESULTS AND DISCUSSION 

The performance of the cold-proof measures 

In order to investigate the performance of cold-

proof measures, the temperatures of the influent, 

effluent and atmosphere in the system during the 

winter have been recorded (Fig.2). The temperature 

data shows that the atmospheric temperatures were 

low in the first month when the system was started, 

the average temperature was below -10°C and the 

lowest temperature reached about -25°C. The 

temperature of the influent was relatively stable, the 

average temperature was 13°C during the 

operational period in the winter and the lowest 

 

Fig.1 Double-layer subsurface flow constructed 

wetland system 

temperature was 11°C. The temperatures of the 

effluent show that the cold-proof measures 

designed in the system can significantly reduce the 

heat loss from the inner wetland and the average 

temperature of the effluent was 10.6°C during the 

winter operation period with an average 

temperature drop less than 3°C. The temperatures 

of wetland effluent could still be above 7°C in the 

coldest period (temperatures about -25°C), which 

can allow for normal system operation and stable 

purification. In contrast, a pilot-scale wetland 

system (volume 4 m3) used in the previous winter 

was completely frozen when the air temperatures 

fell below -10°C. The results prove that the 

structural design of the double-layer constructed 

wetland and the cold-proof measures can make the 

system operate stably without freezing in the cold 

of Northeast China. 

Organic matters and suspended solids removal 

The purification effect of the system on organic 

matter during the two periods (winter and summer) 

is shown in Fig. 3. The results indicate that the 

system had a good performance for organic 

pollutant removal under at a low temperature and 

high hydraulic loading operational conditions. The 

main purpose for developing the novel CWSs was 

for the advanced treatment of the secondary 

effluent of the small treatment plants, focused on 

Total-Nitrogen removal, but the system can also 

purify the organic contaminant. The effluent COD 

concentrations were 43 to 55mg/L in winter and 40 

to 50mg/L in summer, while the influent COD 

concentration was 85 to 120 mg/L. The average 

javascript:showjdsw('showjd_0','j_0')


C. Pang et al.: A novel subsurface flow constructed wetland used in anvanced wastewater treatment for nutrient removal in... 

176 

effluent COD concentration of the CWSs was 

46.4±4.3mg/L in winter and 41.4 ± 2.2mg/L in 

summer, the average removal rate of the COD was 

51.5 % in winter and 57.0 % in summer. The bio-

augmentation with adding the psychrotolerant 

bacterium consortium agent has obviously 

improved the organic removal performance at low 

temperature. The average removal rate of the COD 

was 44.2 % in the first ten days and then the 

removal rate has been improved to about 55 % after 

adding bacterium agent. 

 

Fig. 2. The temperatures of the influent, effluent, and 

atmosphere in the system during the winter. 

Furthermore, the CWSs had a good performance 

in Suspended Solid removal during the whole 

period of operation. The values for SS in the 

effluent were always lower than 10 mg/L and the 

effluent showed an excellent sensory indicator. The 

mechanisms of purification of SS by the wetland 

system mainly include the filtration of the 

suspended particulates with the substrate, the 

flocculation and settling of colloidal particulates 

with a bio-film attached to the substrate [4, 20]. 

This subsurface flow constructed wetland has 

played a role as a filter bed and the suspended 

solids have been removed effectively by the 

filtration of the fine and polyporous substrates.  

The removal of the organic matter in the 

wetlands is largely regulated by microorganisms 

and their metabolism. The microbial biomass is a 

major sink for organic carbon and many nutrients. 

In the winter, the system was operated to purify the 

wastewater in the under layer. With the function of 

the top layer as an insulating materials layer and 

other anti-freezing measures, the inner temperature 

of the wetland has been improved significantly with 

the effluent at 8~10℃ in the frozen winter. Without 

plants, the under layer subsurface wetland acts as a 

fixed-film bioreactor and the bio-augmentation has 

been used to improve the purification ability at low 

temperatures. The contaminant was removed by the 

combined purification of the substrate and 

microorganisms. The mechanisms of the particulate 

organic matter removal were similar to suspended 

solids separation in the horizontal substrate beds. 

The dissolved organic matters from the influent or 

cycled from solids decomposition could likely be 

adsorbed on the biofilm surfaces attached to the 

media and they would be purified by the 

assimilation or degradation of the microorganisms. 

The predominant metabolic pathways leading to 

organic matter removal from the system were the 

aerobic reaction and denitrification. The aerobic 

reaction was most likely to occur in the front of the 

wetland because of the pre-aeration in the influent 

tank. The operation results suggest that the 

purification efficiency and the operation stability of 

the CWSs has been improved effectively by placing 

an insulating top substrate layer and surface 

materials cover filling into a high-efficiency 

compound substrate and applying the bio-

augmentation technology. The new type of double-

layer subsurface flow CWS still showed a high 

purification capacity of the organic matter in the 

winter. 

 

Fig. 3 The performance of COD removal in a CWS 

over the winter and summer. 

Nitrogen removal 

The concentrations of the TN, NH4
+-N and NO3

-

-N in the influent and effluent of the CWSs during 

the winter and summer periods has been measured 

and the statistical results of 40 samples in winter 

and 41samples in the summer is been shown in Fig. 

4. The TN, NH4
+-N, and NO3

--N averager 

concentrations of effluent were 19.7 ± 4.5 mg/L 

(range from 14 to 29mg/L), 15.7 ± 3.9 mg/L (11 to 

21 mg/L), 4.6 ± 2.5 mg/L (3 to 8 mg/L) in the 

winter, and 16.6 ± 3.6 mg/L (9 to 27mg/L), 7.6 ± 

2.7 mg/L (5 to 16 mg/L), 6.3 ± 1.9 mg/L (4 to 11 

mg/L) in the summer, while the TN, NH4
+-N and 

NO3
--N average concentration of influent were 34.0 

± 7.7 mg/L (24 to 45mg/L), 23.1 ± 5.1 mg/L (18 to 

30mg/L) and 9.4 ± 3.6 mg/L (6 to 15 mg/L). This 

indicated that the under layer constructed wetland 

in the winter obtained a relatively higher removal 
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rate of NO3--N (average 51%), but a lower rate of 

NH4
+-N removal (average 32%) and the average 

removal rate of TN was 42% in the winter. In 

summer, the top layer constructed wetland, yields a 

much better performace for NH4
+-N removal 

(average 67%) than that in the winter and the 

average removal rate of TN was 51%.  

The predominant pathways for nitrogen (N) 

removal in CWSs contain the assimilation and 

storage by plants and microorganisms, burial of 

organic N and the production/release of N2 [21]. In 

these processes, N2 release represents the only 

permanent removal mechanism of N from the waste 

stream. The production of N2 in wetlands has been 

principally attributed to the process of nitrification-

denitrification and the anammox process can also 

contribute to the N2 production in CWSs [9, 18]. 

For this constructed wetland, the nitrogen removal 

pathways from the top layer of wetland in the 

summer was the combined nitrification/ 

denitrification process by the microbes, the 

absorption and assimilation process by the plants. 

The under layer wetland can depend mainly on the 

nitrification/denitrification process to remove the 

nitrogen. On the other hand, the temperature was an 

important factor in the nitrification of constructed 

wetlands [23], the reaction likely slowed down by 

the low temperature. Therefore, by using this 

wetland system it was hard to obtain a high 

purification effect on the ammonia in the winter, 

but the system performed well in denitrification or 

the nitrate nitrogen removal at low temperatures. 

Phosphorus removal 

The purification performance of TP in the CWSs 

is shown in Fig. 5. The TP average concentrations 

of effluent were 0.49 ± 0.14 mg/L (0.38 to 0.69 

mg/L) in the winter and 0.46 ± 0.13 mg/L (0.36 to 

0.62mg/L) in the summer, while the influent TP 

average concentration was 2.10 ± 0.95 mg/L (1.3 to 

3.9 mg/L). The results pointed out that the wetland 

system showed a good performance of phosphorus 

removal both in the winter and summer. The 

average removal rates of TP were 76.7% in the 

winter and 78.1% in the summer.  

The mechanisms of phosphate removal from 

wetland systems mainly include the uptake by 

plants, the transformation by microorganisms and 

the precipitation/exchange/sorption by the 

substrates [13]. 

Since there is no important gaseous component 

in the biogeochemical cycle, phosphorus tends to 

move to the sediment sink in natural systems and 

become scarce in the ecosystem. In fact, it is the 

accretion of mineral phosphates and biomass in the 

sediment that is the primary mechanism for 

phosphorus removal in the wetland environment. 

The TP removal by the under layer wetland in the 

winter depends mainly on the adsorption of the 

substrates, the biofilm and the high performance of 

TP removal indicated, that the compound substrates 

of gravel, volcanic rocks and lime stones had a 

strong capability of phosphate removal. 

 

Fig. 4 Concentrations over the winter and summer  of 

the Total Nitrogen, Ammonia Nitrogen and Nitrate- 

Nitrogen inflow and outflow of the wetland system. 

 
Fig. 5. Concentrations over the winter and summer 

of the Total Phosphorus inflow and outflow of the 

wetland system.  

CONCLUSION 

A novel compound double-layer subsurface flow 

constructed wetland system has been developed and 

a full-scale test trial of this system was used in 

advanced sewage treatment in the northeast of 

China. The design of the double-layer constructed 

wetland with an insulating surface materials cover 
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filling and a high-efficiency compound substrate 

applying the bio-augmentation technology, the 

operational stability of the CWSs have been 

improved effectively, while in use through the 

freezing winter. The novel double-layer subsurface 

flow constructed wetland system maintained a high 

purification capacity for the organic contaminants 

at low temperatures. There was a relatively low 

removal rate of the ammonia in the system during 

the winter because of the limitation of nitrification 

by the low temperature, but the system had a much 

better performance in denitrification for nitrate 

nitrogen removal, where the system average TN 

removal rate was about 42%. The compounded 

substrates provide the system with a high 

performance of TP removal. The results of this full-

scale research study can be used for determination 

of the technologically feasible and applicability of 

advanced wastewater treatment systems in the 

northernmost province of China, which was 

considered unsuitable for using CWSs in the past. 

The novel structure of CWSs can be used to solve 

environmental problems caused by decentralized 

wastewater systems in small towns and the 

countryside in Northern China. 
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The aim of this applied-analytical research was to investigate acid red18(AR18)removal from water by a batch EPC 

reactor using zinc oxide (ZnO) nanoparticles immobilized on a zinc(Zn) sheet-copper electrode and an emitting 

dynode(LED)ultraviolet-A (UV-A) lamp. Various operating variables were tested; these include current density, initial 

concentration of AR 18, lamp intensity, concentration of ZnO nanoparticles, pH and radiation time. To prepare the ZnO 

films on the Zn electrode dry methods were used. The studied variables were pH(4-10), AR 18 concentration (100-300 

mg L-1), lamp intensity(120-360 mW cm-2), radiation time(0-45 min), concentration of zinc oxide nanoparticles(1.5-4.5 

mg cm-2) and current density(3-9 mA cm-2). The AR 18 concentration was measured by a spectrophotometer. The 

optimal removal(0) was obtained at pH 4, a radiation time of 30 minutes, 3 mg cm-2 of ZnO nanoparticles 

concentration, lamp intensity of 360 mW cm-2 and a current density of 9 mA cm-2. The AR 18 degradation followed a 

first order reaction. The results of AR 18 removal efficiency via the Taguchi model indicated that the concentration was 

the most important variable. The rate of degradation decreased at higher concentrations. Thus, batch experiments 

showed that the EPC reactor can be considered a promising technology for treating AR 18-polluted water. 

Key words: Acid red 18 (AR 18), Drinking water, Electrophotocatalytic, Taguchi model, Zinc oxide. 

INTRODUCTION 

We deal with a variety of chemical materials in 

the textile effluent such as enzymes, detergents, 

dyes, sodas, salts and acids [1]. Annual azo dyes (-

N=N-) production in the world during 2010 is 

estimated to be about 350000 tons, including red, 

yellow, orange, blue, black, green and violet [2]. 

The characteristics of acid red 18 (AR 18), 

C20H11N2Na3O10S, is a low lethal dose (8000 mg kg-

1 bw in rat fed). AR 18 is approved for use as a food 

colorant and as a direct dye in semi-permanent hair 

dye. Azo dyes may be due to their toxicity a source 

of a potential danger to both human health and the 

environment [3]. The textile industry in Iran has 

been situated mainly in Yazd, Kashan and 

Mazandran states. The increase in AR 18 levels in 

the groundwater in the country of Iran has been 

mainly attributed to the discharge of dye effluent. 

The national emission standard for discharging into 

a surface water source has been promulgated as 75 

TCU. A wide range of traditional methods are used 

for the treatment of AR 18-contaminated water 

including adsorption, chemical precipitation and 

reverse osmosis [4]. In recent years, advanced 

oxidation processes (AOPs) such as 

electrophotocatalytic (EPC) are applied to treat the 

dye-contaminated water [5]. The presence of a 

catalyst in the electrical field or combined and 

direct photoelectrochemical application increases 

the treatment efficiency with lower energy 

consumption [6]. This process is a coupling of 

electrochemistry with heterogeneous photo- 

catalysis to avoid photohole/photoelectron 

recombination [7]. The advantages of a thin layer 

electrophotocatalyst stabilized on a metal surface 

are; more homogeneous UV radiation of the  

catalyst and avoiding filtration [8]. Effective factors 

for the optimal performance of a thin layer 

electrophotocatalyst stabilized on a metal surface 

are: the catalyst gap bond, layer thickness, light 

intensity, oxygen and the presence of particles [9]. 

In this study the coupling of a light emitting dynode 

(LED) UV-A lamp and immobilized zinc oxide 

(ZnO) semiconductor on a zinc (Zn) electrode have 

introduced a new method to meet the efficient 

decay of AR 18. The aim of this study is the 

removal AR 18, an azo dye which is considered a 

dye stable to ultraviolet and visible light irradiation, 

from drinking water using a thin layer of 

photocatalytic ZnO nanoparticles stabilized on Zn. To whom all correspondence should be sent: 

E-mail: g.kashi11@yahoo.com 

 2015 Bulgarian Academy of Sciences,  Union of Chemists in Bulgaria 

mailto:g.kashi11@yahoo.com
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The studied variables are pH, the concentration of 

AR 18, the lamp intensity, the radiation time, the 

concentration of zinc oxide nanoparticles, and the 

current density. 

EXPERIMENTAL 

Materials 

The ZnO nanoparticles with a special area of 50 

m2 g-1 and particle size of 20 nm were supplied by 

Amohr Co. (Germany). Sulphuric acid, AR 18, and 

sodium hydroxide were purchased from Merck Co. 

(Germany). Sulphuric acid and sodium hydroxide 

(1 N) were applied for pH adjustment.  

Preparation of ZnO nanoparticles 

5 grams of ZnO nanoparticles were placed into 

100 ml of distilled water. To improve the dispersion 

of ZnO, the suspension was mixed with a magnetic 

stirrer for 30 min and then sonicated in an 

ultrasonic bath (MATR.N.B., Italy) in distilled 

water at a frequency of 50 kHz for 22 min.  

Immobilization of ZnO nanoparticles 

To prepare the ZnO films, dry methods were 

used [10, 11]. After the pre-treatment, the Zn 

electrode was weighted, immersed in the colloidal 

solution and dried in an oven (Dyna, Iran) at 35°C 

for 30 min. The coated particles were then calcined 

in a muffle furnace (Shoele, Iran) at 105 and 320°C 

for 60 min.  

Batch EPC reactor 

The batch reactor was a 250-ml glass vessel 

(10×5×5 cm) (Figure 1). The characteristics of the 

electrodes were as follows: two electrodes of a thin 

layer of ZnO nanoparticles were immobilized on a 

Zn (anode) and a copper electrode (cathode). The 

area of each electrode was 40 cm2 (10×4×0.1 cm). 

The distance between the LED UV-A lamp and the 

Zn/ZnO electrode was adjusted to 2 cm. The 

alternating current (AC) electrical source (Iran 

Jahesh, Iran) was equal to 1-5 A. The LED UV-A 

lamp (OSRAM, Holand) had a radiation intensity 

of 120 mW cm-2, a wavelength of 395 nm and a 

voltage of 3.4 V. To evaluate the effect of the 

current densities, catalyst and UV light on the 

degradation process, samples underwent LED UV-

A lamp treatment at (120, 240, and 360 mW cm-2), 

with an electrode and thin layer of ZnO 

nanoparticles immobilized on Zn of (1.5, 3, and 4.5 

mg cm-2) at different current densities (3, 6, and 9 

mA cm-2), different pHs (4, 7, and 10) and different 

radiation times (15, 30, and 45 min.).  

 

Analytical methods 

All tests were performed in triplicate and the 

mean data values were reported. The water samples 

were tested for AR 18, oxidation reduction 

potential (ORP), pH and temperature by EPC using 

a spectrophotometer (Hack, America), ORP-meter 

(CG, Malesia), pH-meter (Hack, America), 

respectively. The percentage of AR 18 removal was 

calculated in accordance with the following 

equation [12]: 

  1000/(1(%)  CCtR   (1) 

where R was the percentage of AR 18 removed, Ct0 

and Ct were the average of AR 18 concentrations in 

milligrams per before and after treatment.  

   The kinetics reaction models were determined 

from the following Equations (2) and (3): 

tKCtCt 10lnln         (2) 

0/12/1 CttKCt           (3) 

where C0 and Ct are the concentrations of AR 18 in 

the beginning and after a time (t) of the reaction, 

respectively. K1 and K2 were the first and second 

order reaction constants, respectively [13]. 

Preparation of water sample 

AR 18-contaminated water samples used for 

EPC experiments were obtained from an urbane 

distribution system situated at the site of a 

laboratory in the Islamic Azad University Tehran 

Medical Sciences Branch in the city of Tehran. The 

AR 18 was measured by a standard method 2120 C 

at a wavelength of 510 nm [14]. After each round 

of the study, reactor water was picked and analyzed 

to evaluate the efficiency of the removal process. 

EPC experiments were duplicated and all samples 

were analyzed in triplicate. 

 

Fig. 1. The batch EPC reactor with a thin layer of 

ZnO nanoparticles immobilized on Zn (1.Power supply; 

2.Current volume; 3.Voltage volume; 4.Copper 

electrode; 5. Zinc/Zinc oxide electrode; 6. Light emitted 

dynode ultraviolet-A lamp; 7. Magnetic stirrer bar; 8. 

Magnetic stirrer 
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RESULTS AND DISCUSSION 

The effect of the initial concentration of AR 18 

on the removal efficiency of the EPC process was 

investigated (Figure 2). The removal efficiency was 

decreased by an increase in the concentration from 

100 to 300 mg L-1. The EPC reactor showed that 

the removal percentage for an AR 18 concentration 

(100 mg L-1) decreased from 100% to 82% as the 

pH increased from 4 to 10, with 15 min. irradiation. 

The EPC reactor showed the removal percentage 

for an AR 18 concentration (300 mg L-1) decreased 

from 82% to 62% as the pH increased from 4 to 10, 

with 15 min. irradiation. This effect was attributed 

to increasing the concentration of AR 18 and 

accordingly fixed the number of photocatalytic sites 

and UV-A light due to an increase of the adsorbed 

AR 18 molecules on the catalyst surface. Therefore, 

fewer photons reached the catalyst surface and the 

production of OH˙ radicals decreased because the 

photocatalytic sites were occupied by AR 18 

molecules. The Rate of degradation was decreased. 

The higher AR 18 concentration played an 

important role for the inhabitation of OH˙ radicals 

during production. Alizadeh et al. (2013) 

investigated the effect of electrocoagulation 

degradation on the dye reactive orange 16. These 

experiments were performed at an initial dye 

reactive orange 16 concentration in the range of 50 

to 250 mg L-1 at a reaction time of 5 min., a current 

density of 20 mA cm-2 and the removal percentage 

for dye reactive orange 16 decreased to 10% as the 

concentration increased from 50 to 250 mg L-1 [15]. 

Abdelwahaba et al. (2009) investigated the effect of 

electrocoagulation degradation on phenol. These 

experiments were performed at an initial phenol 

concentration in the range of 0 to 300 mg L-1 at pH 

7, a reaction time of 120 minute, a distance between 

the aluminum electrodes of 2 cm and a current 

density 19.3 mA cm-2 [16]. At higher 

concentrations, the efficiency began to decrease. 

The EPC reactor reached the highest efficiency 

(100%) at pH 4, a radiation time of 15 minutes and 

a concentration of 100 mg L-1. The photocatalytic 

exposure times required for complete degradation 

(100 and 200 mg L-1) were 15 and 30 min. This 

finding was in agreement with previously published 

data. Saggioro et al. (2011) performed an initial 

study with a C.I Reactive Black R 5 concentration 

in the range of 30 to 150 mg L-1 at acidic pH, TiO2 

0.1g L-1, an irradiation time of 120 min. and a 

radiation intensity of 260 mW cm-2 [17]. At lower 

concentrations, the photocatalytic exposure time 

required for complete AR 18 degradation began to 

decrease. Meena et al. (2013) indicated that 

Methylene Blue immobilized resin Dowex-11 

(MBIRD) photocatalyst nanoparticles degraded 40 

mg L-1 of AR 18 in 160 minutes [18]. 

The degradation effect of this method was 

strongly dependent on pH and was enhanced by a 

decrease in pH. In the EPC process, different 

concentrations of OH˙ radicals from water were 

formed depending on the pH. These products 

played an important role in the removal of AR 18 

concentrations in the EPC process. This effect was 

attributed to an increase in the availability of OH- 

anions at an acidic pH that generated more OH˙ 

radicals due to decreasing ORP. Basiri et al. (2014) 

investigated the effect of ozone-electrolysis 

degradation on Azo dye CI AR 18 and informed 

that the optimum pH was 2 [19]. The decrease in 

AR 18 removal at pH 10 could be attributed to 

increasing the oxidation of hydroxide anions in the 

anode. The optimum pH for reaching the AR 18 

standard was 4. The above increased mineralization 

activity was explained by a higher formation of 

ROS in the reactor due to accelerating the mass 

transfer by electron migration of the AR 18 towards 

the electrode. This effect was also attributed to a 

decrease in the reduction potential of the reactor at 

an acidic pH that generated more OH˙ radicals. The 

initial and final pH values were measured in this 

study in order to investigate the effect of pH more 

effectively. The initial pH was enhanced during 

EPC studies (Figure 2-3). The EPC reactor reached 

the highest efficiency (100%) at pH 4, radiation 

time 15 minutes, ZnO nanoparticles 3 mg/cm2, 

distance between the LED UV-A lamp and Zn/ZnO 

electrodes 2 cm, LED UV-A lamp intensity 360 

mW cm-2, current density 3 mA cm-2 and an AR 18 

concentration of 100 mg L-1. pH 4 requires a lower 

current density, compared with the two other 

current densities. The point zero charge point (zpc) 

of the ZnO was at pH 9.05. The excess positive 

charge at the ZnO surface, developed the power 

interaction of the dye with the SO3
- groups in acidic 

conditions (pH≤ pHZPC). The SO3
- groups at AR 18 

can gain or lose protons depending on the pH of the 

sample. Mahanpoor et al. (2008) reported using 

TiO2 supported on clinoptilolite as a catalyst [20]. 

The removal percentage for an AR 18 

concentration (300 mg L-1) increased from 12% to 

15% as the LED UV-A lamp intensity increased 

from 120 to 360 mW cm-2, with 45 min. of 

radiation and at pH 4 (Figure 4). The removal 

efficiency of AR 18 was proportional to the LED 

UV-A lamp intensity and enhanced by an increase 

in the LED UV-A lamp intensity since the grater  

the number of photons produced, required more 

electrons to migrate from the valence band to the 

conduction band of the photocatalyst. Kundua et al. 
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(2009) reported the concentration 50 mg L-1 of 2,4-

dichlorophenoxyacetic acid (2,4-D) decreased 

progressively from 49.5 mg L-1 to 30 mg L-1 as the 

UV-C lamp power increased from 100 to 400 W 

[21]. At a higher lamp intensity, the exposure time 

and current density start to decrease. The above 

increase in optical activity was explained by a 

higher formation of reactive oxygen species (ROS), 

such as electron donor OH˙ radicals from hydroxide 

anions of water and superoxide anion (O2˙-) 

radicals. This phenomenon was attributed to the 

efficient separation of photo generated holes and 

electrons, reducing their recombination by the 

application of an external electric bias. 

Consequently, more holes were available for the 

degradation of AR 18 and its intermediates; the 

photocatalytic process in the EPC process was more 

effective than the photoelectrochemical (PEC) 

process alone. This finding was consistent with 

photocatalytic experiments performed using 

Ti/TiO2 nanoparticle electrodes [22]. The removal 

rate at the same reaction time during the EPC 

process was larger than the sum of for the PEC and 

electrochemical (EC) process. Therefore, a 

synergetic effect was proved, which is consistent 

with the result in Figure 4. The trend of a linear 

increase in the degradation rate for AR 18 at given 

UV-A lamp intensity was explained by producing 

more electron/hole pairs due to the availability of 

more photons for excitation at the Zn/ZnO surface.  

The removal percentage for AR 18 

concentrations dramatically increased in the 

presence of ZnO photocatalyst nanoparticles and 

the LED UV-A lamp since the availability of a 

greater catalyst surface area for absorption of 

photons and the interaction of AR 18 reaction with 

the ZnO catalyst led to an increase in the number of 

holes and OH˙ radicals generated (Figure 5). At a 

higher lamp intensity along with a higher amount of 

ZnO catalyst, up to 3 mg cm-2, the exposure time, 

and current density start to decrease. At fixed lamp 

intensity, it was that an optimum catalyst amount 

would present where the photocatalyst would form 

a maximum concentration of ROS which could take 

part in a reaction at the outer film surface. The 

optimum amount of ZnO catalyst had the highest 

surface for decay of AR 18. The optimum amount 

of ZnO catalyst concentration and optimum 

intensity of the LED UV-A lamp reaching the AR 

18 standard were 3 mg cm-2 and 360 mW cm-2, 

respectively. While the removal efficiency 

decreased at 1.5 and 4.5 mg cm-2 of ZnO 

nanoparticle films, it reached the highest value 

(100%) for 3 mg cm-2 ZnO nanoparticle film. This 

finding was attributed to an increase in the surface 

area for degradation of AR 18 concentrations. 

Elaziouti et al. (2011) concluded that the decay rate 

constant of Congo red (CR) was proportional to the 

ZnO concentration. The decay rate enhanced from 

68.73 to 90.02% as the ZnO concentration was 

increased from 0.25 to 0.5 g/L. However, the 

increase in the ZnO concentration more than 0.5 

g/L led to a decrease in the decay rate of CR [23]. 

However, a limiting value was observed for thick 

films due to an increase in opacity and light 

scattering leading to a decrease in the passage of 

irradiation through the film. At higher catalyst 

loadings (i.e. more than 3 mg cm-2) the removal 

efficiency of AR 18 started to decrease due to the 

photo emission. This phenomenon was attributed to 

a decrease in UV penetration through the outer 

layers of the film and a decrease in protection due 

to the clusters blocking UV from reaching the 

catalyst surface. The presence of ZnO photocatalyst 

nanoparticles and UV-A led to increasing the 

removal efficiency of AR 18 and generation of OH˙ 

radicals. Nafie and Yasmen (2013) used ZnO and 

UV-A LED for degradation of phenol [24]. OH˙ 

radicals led to oxidation of AR 18. The O2˙- hydro 

peroxyl radical and hydrogen peroxide generated 

by the reduction of dissolved oxygen in the anode, 

could also feed the photocatalytic degradation 

mechanism. These species were responsible for 

degrading the AR 18. Madhusudhana et al.  (2012) 

reported the photocatalytic degradation of the 

Violet GL2B azo dye using CaO and TiO2 

nanoparticles [25]. 

A key variable parameter affecting the oxidation 

ability of EPC processes was the applied current 

density since it regulated the amounts of generated 

OH˙ radicals acting as oxidizing agents. At a lower 

current density and a lower radiation time the 

removal efficiency of AR 18 began to decrease 

(Figure 6). The optimum current density for AR 18 

as a standard is 9 mA cm-2. At lower initial 

concentration loadings, the photocatalytic treatment 

time required for complete degradation started to 

decrease. The experimental results show that the 

current density electrode enhances the resulting 

gradient separated electron–holes, thereby 

diminishing its recombination rate, enhancing the 

photocurrent rate and expediting the degradation as 

shown in Figure 3. Under higher applied current 

densities, the external electric field improved the 

direct and indirect electro-oxidation reactions at the 

anode. The degradation efficiency was proportional 

to the specific surface area of photocatalysts 

because the number of OH˙ was proportional to the 

specific surface area and inversely proportional to 

the electron-hole recombination rate. The 
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photoelectrocatalytic process accelerated the mass 

transfer by electro-migration of AR 18 towards the 

electrode. The selection of current densities is 

dependant on the removal efficiency of AR 18 and 

the cost of the consumed electrical energy. This 

finding is in unison with the photocatalytic 

experiments carried out using graphite-supported 

TiO2 by Maljaei et al. (2009) [26]. The 

experimental results showed that the more intense 

the radiation penetrating the photocatalytic 

electrode, the faster the AR 18 degradation 

progressed. As expected, the current density and 

exposure time were enhanced accordingly the 

removal efficiency of AR 18 was increased as 

shown in Figure 3. This finding was the same as for 

the UVA photoelectro-Fenton degradation 

experiments carried out using the BDD reactor by 

El-Ghenymy et al. (2013) [27]. The increase in 

current density and exposure time led to faster 

generation of electrolysis products such as OH- 

anions at the cathode electrode. This product was 

responsible for AR 18 degradation. Increased 

current density led to an increased drift force on the 

electrode surface, which was the main factor in the 

electrochemical processes. These finding are the 

same as the experiments performed using the 

electrode by Isarain-Chávez et al. (2010) [28]. The 

oxygen produced on the anode electrode led to the 

effect of higher degradation of AR 18, because the 

oxygen molecules play an important role at the 

stage of photocatalysis and transformed to O2˙- 

radicals bound to the ZnO photocatalyst 

nanoparticles. This finding was the same as shown 

by the photocatalytic experiments performed using 

ZnO by Sushil et al. (2009) [29]. At a current 

density of more than 20 mA cm-2, the removal 

efficiency started to decrease at higher temperatures 

in the reactor due to the disintegration of the OH˙ 

radicals. Farhadi and Aminzadeh (2012) showed 

that the COD removal efficiency was increased to 

32% at 1.83 mA cm-2 from 12% at 0.43 mA cm-2 

after 30 min. of reaction time [30]. 

The pattern of the EPC decay mechanism for 

AR 18 was distinguished by the complex structure 

of the -N=N- and SO3
- groups. The negative charge 

of the AR 18 led to its absorption by the Zn/ZnO 

electrode and could be mineralized, eroded by 

strong oxidants such as positive holes and OH˙ 

radicals or reduced by electrons. The increase in 

current density and exposure time led to faster 

generation of electrolysis products such as OH- and 

Cl- anions at the cathode and anode electrodes, 

respectively. These products were responsible for 

AR 18 inactivation. Increased current density led to 

an increased drift force on the electrode surface, 

which was the main factor in electrochemical 

processes. Therefore, it is obvious that the 

generation of an adequate quantity of reactive 

oxygen species for the oxidation of AR 18 requires 

the optimum radiation time (30 min). This finding 

was the same as for the experiments performed 

using an N-doped TiO2 photoanode by Daghrir et 

al. (2014) [31]. Clearly, the band gap of the ZnO 

semiconductor (Eg = 3.2 eV) is close to that of the 

UV-A radiation LED lamp (EUV-A =3.4 eV). The 

photogenerated electron (e-)-hole (h+) pairs could 

be facilely isolated and transferred to the 

semiconductor/adsorbate interface efficiently, 

therefore enhancing the photocatalytic activity. 

This finding is the same as the photocatalytic 

experiments carried out using a UV light by 

Tomasevic et al. (2009) [32]. The oxygen produced 

at the anode electrode led to a higher degradable 

effect of AR 18, because oxygen molecules play an 

important role at the photocatalysis stage and 

transformed to O2˙- radicals as bonds in ZnO 

photocatalyst nanoparticles. These findings are the 

same as the photocatalytic experiments performed 

using TiO2 by Pelaez et al. (2012) [33]. The 

efficiency of AR 18 absorption by a Zn electrode 

covered by a layer of ZnO nanoparticles as a 

positive pole (anode) is directly related to an 

increase in current density and exposure time. This 

electrophotocatalytic mechanism is illustrated by 

the following equations: 

ZnO + hν (λ = 390 nm) ⇢ ZnO 

(e- (CB) + h+ (VB))  

(6) 

O2 + H2O ⇢ O3 + 2H+ + 2e- (7) 

e- (CB) (ZnO) + O2ads ⇢ O2ads˙- + 

ZnO 

(8) 

O2ads˙- + H+ ⇢ HO2ads˙-  (9) 

HO2ads˙- ⇢ O2 + H2O2 (10) 

H2O2 + hν ⇢ 2 OH˙  (11) 

h+ (VB) + OH- ⇢ OH˙ (12) 

•OH + AR 18 → degradation of 

the AR 18 

(13) 

The results of the AR removal efficiency by the 

Taguchi model showed that the concentration was 

the most important variable (Figure 7). This finding 

was not consistent with the experiments performed 

using iron electrodes by Chandra et al. (2011) [34]. 

It was concluded that the influence of the initial pH 

of the solution on the photocatalysis kinetics was 

due to the amount of the dye adsorbed on ZnO. On 

the other hand the reaction developed the ZnO 

surface near the surface catalyst and not in the 

solution. This finding was consistent with the 

experiments performed using hydroxide/TiO2 

nanoparticles by Wang et al. (2008) [35]. 
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Fig. 2. Effect of the initial AR 18 concentration and 

pH on the efficiency of AR 18 removal (pH 4-10; 

Temperature 25°C; Radiation time 15 min; UV-A lamp 

intensity 360 mw cm-2; Initial AR 18 concentration 100-

300 mg L-1; Current density 3 mA cm-2; Zinc oxide 

concentration 3 mg L-1). 

Fig. 3. Effect of the pH on the efficiency of AR 18 

removal (pH 4-10; Temperature 25°C; Radiation time 30 

min; UV-A lamp intensity 360 mw cm-2; Initial AR 

concentration 300 mg L-1; Zinc oxide concentration 3 mg 

L-1).

Fig. 4. Effect of the UV radiation and catalyst on the 

efficiency of AR 18 removal (pH 4; Temperature 25°C; 

Radiation time 15 min.; UV-A lamp intensity 120-360 

mw cm-2; Initial AR 18 concentration 300 mg L-1; 

current density 3 mA cm-2). 

The experimental data are a better fit to the first 

order reaction (Figure 8). The regression coefficient 

for the fitted line was calculated to be R2 = 0.9898 

for AR 18. The apparent rate constant, K1 and the 

half-life time, t1/2 were calculated to be 0.013 min-1 

and 0.7 min. Mohammadlou et al. (2014) 

concluded that the electrocoagulation degradation 

of the CR follows first-order kinetics [36] 

Fig. 5. Effect of the catalyst layer on the efficiency of 

AR 18 removal (pH 4-10; Temperature 25°C; Radiation 

time 15 min; UV-A lamp intensity 360 mw cm-2; Initial 

AR 18 concentration 300 mg L-1; current density 3 mA 

cm-2.

Fig. 6. Effect of the current density on the efficiency 

of AR 18 removal (pH 4; Temperature 25°C; Radiation 

time 15-45 min; UV-A lamp intensity 360 mw cm-2; 

Initial AR 18 concentration 300 mg L-1; current density 

3-9 mA cm-2; Zinc oxide concentration 3 mg L-1).

CONCLUSION 

The experimental results show that the batch EPC 

reactor is a practical and promising method in   AR 

18-contaminated water. The EPC reactor is more 

effective than the PEC reactor. AR 18 degradation 

is affected by the pH, the concentration of AR 18, 

the concentration of ZnO nanoparticles, the 

radiation time and current density. The EPC is 

capable of AR 18 removal at the pH value (4) 

investigated with a radiation time less than 15 min. 

Enhanced AR 18 removal is obtained with an 

increase in the radiation time and current density. It 

is purposed that the performance of process is 

studied the other electrode material.  
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Fig. 7. The Taguchi model. 

 

 

Fig. 8. The plots of first and second order reaction 

models fitted with the AR 18 removal experimental data 

in the batch EPC reactor (experimental conditions: 25 

ºC, pH: 7, reaction time: 0-15 min). 
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The aim of this applied-analytical study was to investigate the feasibility of fluoride (F) removal from drinking 

water using a batch reactor by using eggshell powder. The variables under study involved are the pH, contact time, 

adsorbent doses, initial F concentration, reaction kinetics and eggshell powder characteristics. A sample of urban 

drinking water was prepared containing 3-12 mg/L of F. Eggshell powder was prepared in a laboratory oven at 105˚C 

for 12 h. The F-containing water was introduced into a batch reactor and the F removal efficiency was studied in 

different cases for pH (4-10), contact time (0-80 min) and adsorbent doses (1-2.5 gr/dl). The characteristics of the 

eggshell powder showed that the average diameter in size of the eggshell powder particles is 2 μm. The main 

component of the eggshell powder was calcium carbonate (CaCO3). The best conditions for F removal attained were at 

pH 6, contact time 60 min., an adsorbent dose of 3 gr. and an F concentration of 3 mg/L. The adsorption of F in eggshell 

powder was obtained from the Langmuir isotherm.   

Keywords: Adsorbent, Calcium carbonate, Eggshell, Langmuir, Urban drinking water. 

INTRODUCTION 

Chemically, fluoride (F) is the most reactive and 

electronegative of all the elements due to its small 

radius/charge ratio. Low concentrations of F in the 

drinking water were proposed as necessary to 

prevent against dental caries and as an 

indispensable element to help build the dental 

enamel in humans [1]. The high concentrations of F 

(>1.5 mg/L) in drinking water results in serious 

diseases, such as dental fluorosis, skeletal fluorosis 

and non-skeletal fluorosis (including neurological, 

allergic, gastro-intestinal, bone cancer and urinary 

tract conditions) [2]. The maximum permissible 

level for F in potable water is 1.5 mg/L, according 

to the World Health Organization (WHO) [3]. The 

increase of F levels in the groundwater is mainly 

attributed to anthropogenic factors (rapid 

urbanization and the growth of modern industries) 

and natural phenomena (geochemical dissolution of 

F bearing minerals) [4]. The water interaction and 

volcanic rock activity were considered as the most 

effective factors for increasing the F concentration 

of groundwater and surface water [5]. It was  

estimated that there are at least 25 countries which 

are affected by fluorosis world-wide including 

Algeria, Argentina, Australia, China, Ethiopia, 

India, Iran, Japan, Kenya, Mexico, Morocco, New 

Zealand, Senegal, Sri Lanka, Tanzania, Thailand, 

Turkey and the USA [6]. The defluoridation 

methods usually applied include adsorption, 

chemical precipitation, ion exchange, reverse 

osmosis, and electrodialysis [7-9]. The selection of 

the method was related to variables such as the 

area, concentration and availability of the 

resources. The most important disadvantage of the 

coagulation method was the high concentration of 

residual toxic chemicals such as aluminium and 

sulphate in the water after treatment. The main 

disadvantage of the ion exchange technique was the 

low selectivity of anions. The most important 

disadvantage of reverse osmosis was clogging, 

scaling and the fouling problem. The main 

disadvantage of the electrodialysis technique was 

the high capital and operational cost [10]. The 

advantages of the adsorption technology were 

applicable in batch and continuous arrangements, 

easier accessibility, economical and retain 

effectiveness at a low fluoride concentration [11]. 

Experiments have been done with many natural 

adsorbents such as defluoridation agents including 

Cynodon dactylon-activated carbon [12], Typha 

angustata-activated carbon [13], Pine wood and 

Pine bark chars [14]. The aim of this applied-

analytical study was to investigate the feasibility of 

F removal from drinking water using a batch 

reactor by using eggshell powder. The variables 

under study involve the pH, contact time, adsorbent 
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doses, initial F concentration, reaction kinetics and 

eggshell powder characteristics. 

EXPERIMENTAL 

Preparation of a water sample 

F-contaminated water samples used for 

adsorption experiments were obtained from urban 

distribution systems situated at the site of a 

laboratory of the Islamic Azad University Tehran 

Medical Sciences Branch, in the city of Tehran.  

The samples were tested for the main 

physicochemical characteristics. The mean values 

of these water characteristics were presented in 

Table 1. All the reagents used were of an analytical 

grade. A solution of 3, 6, 9 and 12 mg/L of F was 

prepared by dissolving an appropriate amount of 

sodium fluoride (Merck, Germany) in deionized 

water. 

Table 1. The main physicochemical characteristics of 

nitrate-contaminated urban water 

Parameter Unit  Value 

Calcium mg/L as 

CaCO3 

 162 

Dissolved 

oxygen 

mg/L  8.05 

Nitrate mg/L  9.5 

ORP mV  272 

pH -  7.19 

Sulfate mg/L  93.8 

Temperature ˚C  20 

Total 

Alkalinity 

mg/L as 

CaCO3 

 122 

Preparation of eggshell powder 

After collecting chicken eggshells from local 

markets in Tehran city, removing the waste matter 

such as colour and fat, boiling in deionized water 

for 30 minutes and washing with deionized water, 

eggshell powder was prepared by heating the 

collected eggshells in a hot air oven (Dena, Iran) at 

105˚C for 12 h, maybe, a temperature higher than 

105˚C led to a decrease in defluoridation due to 

damaging the calcium carbonate structure, while 

temperatures below 105˚C led to developing a bad 

taste and odour in the treated water. Heat 

pretreatment removed the organic matter, the cause 

of taste and colour problems in the water. After 

heating, the eggshells were crushed by a laboratory 

electrical crusher (AIKA, Germany) for 20-30 

second and were sieved several times to get a 

uniform fraction of eggshell of a specific size (60-

100 mesh/0.25-0.104 mm), according to the ASTM 

standard [15]. The eggshell powder was stored in a 

desiccator after pretreatment containing a solution 

of sodium hypo chloride (NaOCl) (Merck, 

Germany), to eliminate the dust particles [16]. 

Determination of the eggshell powder 

characteristics 

A Scanning Electron Microscopy (SEM) image 

(Philips, XL 30, Holland) was prepared from the 

eggshell powder. X-ray diffraction patterns were 

measured using RINT 2000 (Rigaku Instrument 

Corp.) with Cu Kα radiation to confirm the 

structure and mineral composition of the eggshells 

powder (Philips, Xpert, Holland). An eggshell 

powder composition was obtained by energy 

dispersive X-ray (EDX) analysis. The surface area 

of the eggshell powder was analyzed through 

nitrogen adsorption measurements at 77 K using 

Micromeritics Gemini 2370 equipment. The zeta 

potential was analyzed with a Nano Zetasizer 

(Philips, Holland). 

Experimental set up 

The batch reactor was a 250 ml plastic container 

(10×6×6 cm). To evaluate the effect of adsorption, 

on the F removal process, samples underwent 

treatment with different pH (ca. 4-10), different 

times (0-80 min), different concentrations of F (3-

12 mg/L) and adsorbent dosages (1-2.5 gr/dl). The 

number of samples obtained was 256. A magnetic 

stirrer (AIKA, Germany) was used for the 

homogeneous mixing of water samples (120 rpm). 

For each test, 200 ml of sample water was poured 

into the reactor. All tests were performed at a 

laboratory temperature (20˚C). Chloric acid and 

sodium hydroxide solutions (0.1 N) (Merck, 

Germany) were used for pH adjustment.   

Analytical methods 

All tests were performed in triplicate and the 

mean data values were reported. The water samples 

were tested for F after the adsorption process by 

using a spectrophotometer (Hach DR5000, 

America) at a wavelength of 580 nm. F was 

determined by a standard method 4500D [17]. The 

percentage of F removal was calculated in 

accordance with the following equation: 

, (1) 
Where the percentage of F removal (R, percentage) 

and the F value before and after treatment (C0 and 

C, mg/L) are expressed. 

   The defluoridation capacity of the regenerated 

eggshell powder was calculated according to the 

following equation: 
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, (2) 
Where the defluoridation capacity of the 

regenerated eggshell powder (DCFC, mg/g) and the 

F concentration before and after treatment (S0 and 

St, mg/L) are expressed. 

RESULTS AND DISCUSION 

The reduction of F in urban drinking water was 

investigated in an adsorption reactor with filler 

particles made of charred chicken eggshells in a 

batch mode. Several operational variables were 

examined for the effects on process reduction 

efficiency. The following results were obtained 

from the experiments. 

The characterization of eggshell powder 

Figure 1 illustrates SEM images of the eggshell 

powder. As observed, the average diameter in size 

of the eggshell powder particles was 2 μm. Figure 2 

illustrated X-ray dispersive (XRD) analysis of the 

eggshell powder. As found in Figure 2, the 

analyzed eggshell powder was composed of the 

elements calcium (Ca) and phosphor (P) as the 

main elements, respectively. Figure 3 illustrates the 

EDX analysis of the eggshell powder. As shown in 

Figure 3, the analyzed eggshell powder was 

composed of the elements calcium (Ca), oxygen 

(O), magnesium (Mg), carbon (C) and others. The 

spectrum of the analysed eggshell powder was 

adapted to the 2370 standard. The peaks confirmed 

that the main component of the eggshell powder 

was calcium carbonate (CaCO3). The calcium to 

carbon (Ca/C) ratio of eggshell powder was 2.9. 

The SEM analysis was helpful to determine the 

surface morphology of an adsorbent. The 

agglomerate, non-adhesive, porous and irregular 

surface structure of the adsorbent is distinctly 

observed in the SEM image as indicated in Figure 

1a. Furthermore, the pores of the adsorbent surface 

are regular, adhere to each other, but are    

heterogeneous as can be observed in Figure 1b. The 

heterogeneous pores represent a lager exposed 

surface area for the adsorption of fluoride. The 

diameters of the pores are symptomatic of the 

anticipated adsorption of fluoride molecules onto 

the surface of the adsorbent. It distinctly indicated 

the formation of a porous surface that supports the 

adsorbent with a large surface area and enhanced 

adsorption capacity. The SEM analysis showed that 

the removal of fluoride affects the orientation of the 

eggshell powder particles. The treated sample 

illustrates a regular, adhesive appearance leading to 

a higher adsorption. F. Bhaumik et al. [18] reported 

that the particle size of the eggshell powder was 

150-350 μm. The characteristics of the eggshell 

powder are shown in Table 2. Specific surface area, 

BET measurements were performed and the highest 

BET was obtained for an eggshell powder 7.43 

m2/g. Zulfikar et al. [19] reported the BET of 

eggshell powder to be 3.23 m2/g. Tsai et al. [20] 

reported that the composition of eggshell powder 

consisted of calcium carbonate (94%); magnesium 

carbonate (1%); calcium phosphate (1%); and 

organic matter (4%). Agarwal and Gupta [21] 

reported that the compound in the eggshell powder 

with the highest content was calcium carbonate. 

Functional groups of eggshells were diagnosed by 

infrared analysis. The peaks at about 710, 875, 

1420, 1807 and 2520 cm-1 coincide with those of 

pure CaCO3. 

 
a) 

 
b) 

Fig. 1. SEM images of eggshell powder a) before 

treatment, b) after treatment. 

Table 2. Characterization of BCS particles 

Particle pHZPC 
Density 

(g/cm3) 

Specific Surface Area, BET 

(m2/g) 

Diameter 

(μm) 

Eggshell 8.2 1.148 7.43 2 
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Fig. 2. XRD analysis of eggshell powder. 

 

Fig. 3. EDX analysis of eggshell powder. 

Effect of water pH 

Adsorption experiments were carried out for   

pH values in the range of 4 to 10 and experimental 

conditions such as contact time (60 min), F 

concentration (6 mg/L) and amount of eggshell 

powder adsorbent (2 g). The mean F removal 

increased from 90% to 100% when the pH 

increased from 4 to 6 (Figure 4). F removal in the 

adsorption reactor was mainly influenced by the 

water pH. The pH had a significant effect on F 

reduction due to the surface charge of the 

absorbent, with the highest reduction obtained at 

pH 6. It was connected by a competing potential of 

[H+] with the adsorbate ions and active sites on the 

adsorbent surface. The lower adsorption at acidic 

pH could be due to the formation of a weak 

hydrofluoric acid and a composition effect of the 

chemical and electrostatic interaction between the 

surface and the F ions. The removal of F ions in the 

alkaline condition is diminished and this can be due 

to strong competition from hydroxide ions at the 

active sites due to the prevailing OH- and CO3
-2. 

This was in agreement with Chowdhury et al. [22], 

who reported that the fastest removal rate occurred 

at a pH equal to 6.5. The pH at the point of zero 

charge (pHZPC) is an important parameter in F 

sorption, for it is the pH at which the sorbent has a 

neutral charge. When the pH is increased above the 

pHZPC, F sorption decreases due to electrostatic 

repulsion between the surface and the F anions, 

also, as a result of competition with the hydroxides 

in solution. When pHZPC is increased above the pH, 

the F sorption is increased. 

Effect of eggshell powder adsorbent dosage 

Adsorption experiments were carried out with 

an initial adsorbent dosage in the range of 1 to 2.5 g 

at the experimental conditions such as contact time 

(60 min), F concentrations (6 mg/L) and a pH value 

(6). The mean F removal increased from 60% to 

100% when the adsorbent dosage increased from 1 

to 2 (Figure 5). Enhancing the adsorbent dosage 

increased the percentage of F that was attributed to 

enhancing of sportive surface area, since more 

active adsorption sites and a proper porosity were 

available. The optimum dosage of eggshell powder 

adsorbent was 2 g. It was seen that 2 g was a better 

adsorbent dosage than 1 g. This phenomenon can 

be due to the exposure of the active sites of the 

adsorbent which allowed the F ions of water to be 

in direct contact with the eggshell powder, therefor 

increasing adsorption capacity. Increasing the 

adsorbent dosage also led to decreasing the surface 

area between the eggshell powder adsorbent and the 

F adsorbate due to the formation of aggregates. 

Increasing the adsorbent dosage resulted in 

increasing the pH. Suneetha et al. [23] reported that 

the optimum dosage of active carbon derived from 

the barks of the Vitex negundo plant was 4.0 g/L. 

At a constant pH, the activity of F- was directly 

proportional to the concentration of HCO3
-. CaF2 

precipitated when the concentration of Ca+2 and F- 

in water exceeded the solubility product of F-. If Ca 

was present in the raw water, it precipitated out the 

F. 

 
Fig. 4. The effect of water pH on fluoride removal in 

the batch adsorption reactor. 

Effect of contact time 

Adsorption experiments were carried out as a 

function of the time in the range of 0 to 80 min at 

the experimental conditions such as amount of 

eggshell powder adsorbent (2 g/dL), F 

concentration (6 mg/L) and pH value (6). The 

efficiency of F removal increased as the contact 

time increased. The mean F removal increased from 
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Fig. 5. The effect of eggshell powder adsorbent 

dosage on fluoride removal in the batch adsorption 

reactor. 

82% to 100% when the contact time increased from 

20 to 60 min (Figure 6). The efficiency of F 

removal initially increased as the contact time 

increased, but then gradually approached a more or 

less constant value, indicating a point of 

equilibrium. As there was no enhanced F removal 

efficiency between the 65th and 80th minute, an 

equilibrium time of 60 minutes was selected for the 

eggshell powder adsorbents. These variations could 

be due to the fact that initially, all the absorbent 

sites were empty and active, the solute 

concentration gradient was high and the 

opportunity for adsorption reactions was high. 

Then, the F adsorption rate on an eggshell powder 

adsorbent noticeably diminished due to a decrease 

of the absorbent sites. This phenomenon indicated a 

monolayer of F ions on the external surface and 

pores of eggshell powder and pore diffusion on to 

the internal surface of the eggshell powder. During 

this period the residual F fluctuated from a 

maximum value of 1.07 mg/L at 20 min. contact 

time to a minimum value of 0.0 mg/L for a contact 

time of 60 min. The highest removal capacity of 

eggshell powder (3 mg/g) was obtained for 60 min. 

An equilibrium time of 120 minutes was selected 

for the lemon leaves treated with a Ca+2 solution 

extracted from the eggshell adsorbent by Bhaumik 

et al [24]. 

Effect of initial F concentration 

Adsorption experiments were carried out with  

an initial F concentration in the range of 3 to 12 

mg/L at the experimental conditions such as contact 

time (20-80), amount of eggshell powder adsorbent 

(2 g/dL) and pH value (6). The mean F removal 

decreased from 100% to 84% when the initial F 

concentration increased from 3 to 12 mg/L for the 

duration of 60 minute (Figure 7). If the F ions were 

more than the absorbent sites, adsorption decreased 

due to saturation of the absorbent sites at a constant 

concentration. The F removal as a function of 

contact time was proportional to the F ions found in 

the water. Due to enhancing the concentration 

gradient, as a driving force, the predominant mass 

transfer resistances of the fluoride between the 

solution and solid phase, resulted in enhancing the 

sorption equilibrium, until sorbent saturation was 

obtained. This was in agreement with Bahatti et al. 

[25], who reported that the defluoridation efficiency 

decreased when the initial F concentration was 

increased. In other hands, increasing the 

concentration of F led to shifting the pHZPC to a 

lower value and decreasing the electrostatic 

attraction between the sorbent surfaces and the F 

anions. 

 

Fig. 6. The effect of contact time on fluoride removal 

in the batch adsorption reactor. 

The proposed mechanism of the F uptake rate 

onto the eggshell powder surface involved the 

replacement (ion exchange adsorption) of the 

carbonate radicals of the eggshell powder, by F ions 

to form an insoluble fluorite. This compound could  

 

Fig. 7. The effect of initial fluoride concentration on 

fluoride removal in the batch adsorption reactor. 

be returned to a form suitable for repetitive F 

adsorption with a caustic solution such as sodium 

hydroxide. This resulted in the formation of calcite 

(CaCO3), with the F removed as sodium fluoride. 

This reaction could be represented by the following 

equations: 

CaCO3 + H+ → Ca+2 + HCO3
- , (3) 

2F- + Ca+2 → CaF2,    (4) 

CaF2 + 2Na+ → NaF + Ca+2,   (5) 
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The application of 1% solution of sodium 

hydroxide for regeneration had been reported by 

Piddennavar and krishnappa [26]. F reduction 

followed a Langmuir isotherm model (R2>0.99). 

Therefore, the eggshell powder adsorption reactor, 

in batch mode, was shown to be efficient and viable  

for meeting a high degree of F reduction from 

drinking water and was considered as a promising 

technology for treating F-polluted drinking water in 

developing countries. Water treated by eggshell 

powder gave allowable residual F, which was 

recommended by the WHO3 and Iranian National 

Standards [27].  

CONCLUSIONS 

The experimental results suggest that the batch 

chicken eggshell powdered reactor is a practical 

and promising method for the treatment of F-

contaminated water. F removal was affected by pH, 

the concentration of F, the concentration of 

adsorbent and the reaction time. This reactor is 

capable of F removal at the pH value (6) 

investigated, with a reaction time of 60 min. It is 

proposed that the process can be successfully 

applied to study other materials.  
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The experiment was conducted to evaluate the effect of raw and microwave modified zeolite application on leachate 

contaminated soils. Soils treated with 50ml leachate were amended with 0, 15, 25 and 35g zeolite per 300g soil. 

Chemical oxygen demand (COD) and ammonium of soil extract, soil pH and leaching toxicity were compared between 

soils treated with and without zeolite. The results showed natural and microwave modified zeolites were both effective 

to increase soil pH, eliminate COD and ammonium in soil extraction and decrease leaching toxicity of leachate polluted 

soils. Above observations were more likely attributed to biologic degradation reactions in zeolites relative to sorption 

reactions. Microwave modification was helpful for ammonium removal, but with no benefit for COD removal and 

toxicity eliminating. Furthermore, excessive zeolite application could induce negative influences on soils for both 

natural zeolite and its microwave modified forms. Therefore application dosages would act as an essential factor in 

remediation process. 

Keywords: Soil remediation, Landfill leachate, Natural zeolite, Leaching toxicity, Microwave modification 

INTRODUCTION 

Waste leachates are residual liquids that are 

generated by water percolating through stored trash 

and thus dissolving and hydrolyzing organic and 

inorganic matter [1]. Improper methods of 

disposing MSW such as unlined landfill cause 

leachate migration resulting in pollution of soil 

system [2] and groundwater [3,4]. Considerable 

attention has been paid to landfill leachate pollution 

and many research studies have been carried out on 

this topic during the past decades. Electrical 

resistivity surveys were used to evaluate 

groundwater and soil pollution in landfill areas and 

indicated pollution risks posed by leachate [4,5]. 

The content and immobilization of Cd in leachate 

was analyzed with the method of leaching tests [6]. 

Smith and Senior [7] selected pH, electrical 

conductivity and copper as indicators and proved 

that high removal of pollutants from landfill 

leachate can be achieved by passage through a soil 

with a low attenuation potential. However, few 

reports were found to be focused on the approaches 

to remediation of leachate contaminated soils and 

biological impacts posed by leachate. 

The natural zeolites have already found 

extensive applications to the environmental 

remediation and restoration [8]. The use of natural 

zeolites and their modified forms offer as 

advantages the low-cost, the availability in big 

quantities in many parts of the world, the good 

mechanical and thermal properties and the 

combination of high sorption capacity with the 

ability to modestly adjust the pH of the soil or the 

aqueous system. In addition, the natural zeolites, do 

not introduce additional pollution in the 

environment. Surface modifications such as 

heating, surfactant treatment, microwave irradiation 

etc., were usually used to promote sorption capacity 

or ion-exchange property [9]. Among various 

modified methods, microwave irradiation showed 

its advantages of notable promotion on the acidic 

and surface properties of zeolites as reported by 

González et al.[10]. Whereas little work was found 

about zeolite application on remediation of leachate 

contaminated soils in previous literatures. In this 

study, we attempted to adopt natural zeolite and its 

microwave modified forms as soil remediation 

materials. 

Soil leaching toxicity is a typical indicator for 

migration properties of pollutants in soils to 

groundwater and surface waters, and 

simultaneously could be chosen as an effective 

indicator for effectiveness of soil 

remediation materials. Landfill leachate presents 

biotoxicity risks reasonably due to its content of 

heavy metals and persistent organic pollutants [11]. 

Our previous work suggested that high COD, 

ammonia and DEHP contents presented notable 

negative influences on microorganism growth [12]. 

In this study, tetrahymena pyriformis (TP) was 

chosen as leaching cute toxicity indicator due to its 
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wide distribution in natural waters and good 

sensitivity to hazardous substances, which made it 

reasonable to be used to assess soil toxicity 

mobility and the risk of further pollution to waters. 

In this paper, the emphasis is placed on 

remediation effectiveness of zeolites on selected 

parameters of leachate-polluted soils. The 

objectives of this study are to attempt the 

application of raw and microwave modified zeolites 

on leachate-polluted soils and to figure out their 

effectiveness on pH, COD, ammonium and 

biotoxicity of soil extract. Thus, a short-term 

incubation was conducted to simulate 

the dark environment in deep polluted soils and 

analyse the remediation mechanisms of zeolites on 

above representative parameters of leachate-

polluted soils. 

MATERIALS AND METHODS 

Materials 

Soil samples up to 20 cm below ground was 

collected from Maanshan Forest Park in Wuhan, 

China. The soil samples were dried in drying oven 

for 1 week and passed through 2 mm sieve before 

being used in incubation experiments. Typical 

chemical characteristics of the soil are measured 

from three samples and listed in Table 1. Leachate 

was collected from Changshankou Landfill in 

Wuhan, China. The indicators for leachate were 

determined according to MEPC [13] and are 

presented in Table 2. Natural zeolite was purchased 

from Xinyang, Henan Province and Table 3 

summarizes the chemical composition of the zeolite 

sample used in the experiments. Besides, modified 

methods of zeolites are listed in Table 4. All types 

of zeolites passed through 1 mm sieve before being 

used in incubation experiments. 

Incubation experiment 

The soil was treated with 50 ml leachate per 300 

g soil. According to Smith and Senior [7], enough 

leachate would significantly affect soil pH and we 

estimate 50 ml leachate per 300 g soil could reach 

the required level. The remediation was evaluated 

by repeated tests of chemical and biological soil 

properties (termed "indicators") in soils that were 

incubated for up to 35 days with three dosages (e.g. 

15g, 25g and 35g ) of zeolites treated with various 

micrwave conditions (Table 4). Similar modified 

method was proposed by Shang et al.[14]. 

The soil samples treated with zeolites and 

leachate were thoroughly mixed and watered. The 

soil was then transferred to glass beakers (Ø=12 

cm, Height=7 cm) and in each beaker 300 g soil 

was placed. Treatments were arranged in a 

completely randomized design with three replicates 

per treatment. The treated soils were maintained at 

60% water holding capacity with deionized water. 

All beakers were incubated without illumination to 

simulate the dark environment in deep natural soil. 

Analysis of samples 

Soil extract was obtained from each soil sample 

according to CMEP [15]. Chemical oxygen demand 

(COD), biological oxygen demand (BOD), 

ammoniacal nitrogen (NH3-N), and pH were 

measured using standard methods [13] after 35-day 

incubation. All chemicals used for the analytical 

determinations were of analytical grade. 

Tetrahymena pyriformis (TP) (generously 

provided by Institute of Hydrobiology, Chinese 

Academy of Science) was used as a probing 

indicator for biotoxicity assessment. Leaching 

toxicity experiments using protozoan TP were 

conducted with the method of the 24h-LC50 test (%) 

according to Tatara et al. [16]. TPs were tested in 

tissue culture plates containing 1 ml of test solution 

per sample. Test solutions consisted of six soil 

extract concentrations (6, 12, 25, 50, 75, and 100% 

of each soil extract) and a control with each 

replicated six times. TPs were incubated at 20°C for 

24±1h, and the number dead was determined by 

visual inspection and probing the worms with a 

platinum wire under a dissecting microscope. This 

concentration response experiment was repeated 

three times for each zeolite type. 

Table 1. Typical chemical characteristics of the soil. 

Materials pH Organic 

matter (%) 

Total P 

(mg/g) 

Available P 

(mg/g) 

NO3
--N  

(mg/g) 

NH4
+-N  

(mg/g) 

Available K  

(mg/g) 

Soil 7.12 1.204 0.824 0.017 0.007 0.019 0.082 

Table 2. Chemical characteristic of landfill leachate. 
pH SS 

(mg/L) 

CODcr 

(mg/L) 

BOD5 

(mg/L) 

NH4
+-N 

(mg/L) 

Total Cr 

(mg/L) 

Cr6+ 

(mg/L) 

Hg 

(μg/L) 

As 

(mg/L) 

7.79 10700 38200 15200 1360 1.45 0.24 1.17 0.37 
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Quality control 

All the glassware such as vials and bottles were 

first cleaned in an ultrasonic cleaner (20 KHz) 

assisted by liquor for 30min. Then they were 

further washed by tap water and deionized water 

for three times, respectively. Deionized water was 

obtained from a Millipore Milli-Q system (18.2mΩ 

cm). All chemicals used for the analytical 

determinations were of analytical grade. All 

parameters were measured with each replicated at 

least three times. 

Table 3. Chemical composition of the natural zeolite 

(wt. %). 

Composition w% 

SiO2 67.25 

TiO2 0.17 

Al2O3 7.82 

Fe2O3 0.95 

MnO 0.09 

MgO 0.73 

CaO 3.22 

Na2O 2.16 

K2O 3.84 

H2O 8.41 

LOI 5.37 

Table 4. Various types of zeolites for soil 

remediation. 

Samples Treatments 

Control No zeolite 

NZ Natural zeolite 

MZ1 Natural zeolite+200W+3min 

MZ2 Natural zeolite+500W+3min 

MZ3 Natural zeolite+800W+3min 

RESULTS AND DISSCUSSION 

Soil pH 

Soil pH of contaminated soils in the absence and 

presence of various types of zeolite is demonstrated 

in Fig. 1. Soil pH is a typical and important 

parameter and widely used for assessing soil quality 

[17] and remediation effectiveness [18,19].

Undoubtedly, suitable soil pH is close to the neutral

value of 7. However, significant decrease was

observed in simulated polluted soils with a pH

value of 5.2 in the control samples, respected to

initial value of 7.12 (Fig. 1). Similar results was

obtained by Smith and Senior [7] that pH value

decreased to below 5 in initial period of leachate

irrigation. This observation may be attributed to

organic acids occuring during the organic matter

degradation processes within leachate [1],

especially for leachate from anaerobic landfill due

to lower content of inert COD [20], or the exchange 

of H+ and Al3+ ions from the soil colloids by cations 

from the leachate [7]. The acid soil environment is 

unsuitable for soil biological activities and easily 

results in the increase of heavy metal mobility. 

Simultaneously, acid soil environment may cause 

serious damage to plant root. 

Fig. 1. Changes of soil pH in the presence and 

absence of zeolites. 

With the addition of raw and microwave 

modified zeolites, notable pH increase was 

achieved with 36-day incubation and pH increased 

with the dosage of zeolite. It could be concluded 

that raw and microwave modified zeolites both 

increase soil pH in a short-term incubation. Our 

results show reasonably good agreement with other 

research reports. It has been reported that soil pH 

increased significantly with application of natural 

zeolites in lead-polluted soils [21], similar results 

were observed in wastewater treatment studies [22]. 

All above observations are probably attributed to 

the basic characters of ion exchange for natural 

zeolites and their modified forms. No regular 

changes are observed between raw and microwave 

modified zeolites on their effectiveness on soil pH. 

That means zeolite modification has no remarkable 

effect on their pH effectiveness. Consequently, raw 

and microwave modified zeolites are both effective 

to increase soil pH. Nevertheless, high alkalinity 

would undoubtedly induce negative influences to 

environment, therefore application dosages would 

act as an essential factor in remediation process. 

COD removal of soil extract 

High content of organic matter contained in 

landfill leachate puts a great threat on groundwater 

and surface water. Many experiments have been 

conducted to study the characters of leachate COD 

to find an effective approach to dealing with the 

complex wastewater (eg. [1,20]). While few studies 

are found to control the pollution of organic matters 

to soils from landfill leachate. COD of soil 
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extraction for samples treated with various type of 

zeolites is presented in Fig.2. It can be seen that 

higher COD removal was achieved with zeolite 

application, especially for 15g-dosage group. 

Zeolites has been reported to be applied in 

remediations of organic matter polluted soils [23] 

and dealing with organic wastewater [24]. It should 

be noted that the studies above are focused on some 

solely or low content of organic pollutants in soils 

or wastewaters. When the objectives are some 

complicated and special pollutants, the 

effectiveness of zeolites is uncertain. Landfill 

leachate is characterized by its complicated 

compositions and high content of organic 

pollutants. Halim et al. [25] adopted zeolite as 

adsorbent to investigate the the adsorption 

effectiveness of COD in leachate, and found that 

zeolite was effective to decrease leachate COD 

mainly due to its adsorption property. 

 

Fig. 2. Changes of COD in soil extract in the 

presence and absence of zeolites. 

Fig.2 shows higher COD removal was achieved 

with zeolite application, but removal rate did not 

increase along with the increase of addition 

dosages.  It was reported that zeolites are capable of 

sorbing into their cavities or channels different 

polar and non-polar inorganic or organic molecules 

[26]. If the COD removal was mainly attributed 

adsorption property of zeolites, the removal would 

be facilitated with the dosage increase. The results 

obtained in our study show a different trend for 

COD removal with the supposition above. As 

indicated in the literature zeolite was believed to act 

as two types of reactive media for contaminant 

removal [9]. Firstly, sorption reactions tend to be 

relatively fast, but eventually the maximum 

capacity of the medium will be reached, and there 

will be no further retention. The other media type is 

a degradation or transformation material. The 

contaminant will be transformed to a non-toxic 

compound after coming in contact with zeolites. 

Degradation reactions tend to be kinetically slow 

relative to sorption reactions, and but the reactions 

are persistent. Similar standpoints are found in 

other studies [8] that zeolite particles could act as 

good carriers of microbe, which increase the 

biological activity in contaminated soil or 

wastewater. In this study, COD removal was more 

likely attributed to degradation reactions in zeolites 

relative to sorption reactions and the observations 

may indicate microwave modification had no 

remarkable effect on degradation reactions . 

Meanwhile, excessive zeolite application is 

indicated to show negative influences on 

degradation reactions probably due to unsuitable 

soil pH. 

Ammonium removal of soil extraction 

Ammonia nitrogen pollution results in 

eutrophication of lakes and rivers, dissolved oxygen 

depletion and fish toxicity in receiving waters. 

Higher concentration of ammonium will cause a 

sharp decrease of dissolved oxygen and obvious 

toxicity on aquatic organisms. Negative effects 

occur in ammonium polluted soils similarly. 

Zeolites has been proved as a good remediation 

material for ammonium according to previous 

studies [27]. Ammonium of soil extraction for 

samples treated with various type of zeolites is 

presented in Fig.3. Significant decrease of 

ammonium was observed in most zeolite treated 

soils respect to the control soil. More ideal removal 

was obtained in the 15g dosage group comparing to 

25g and 35g dosage groups.. 

 
Fig. 3. Changes of ammonium in soil extract in the 

presence and absence of zeolites. 

The removal mechanisms for ammonium 

probably are attributed to the three basic properties 

of zeolites: sorption, ion exchange and catalytic 

[26]. Fig. 3 demonstrated that the removal did not 

increase with the zeolite dosage added to soils. That 

leads us to believe the main mechanism was 

catalytic reaction rather than sorption and ion 
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exchange because natural zeolite could adsorb 

ammonium steadily at a wide pH range [28]. As 

described in Section 3.2, zeolite particles could act 

as good carriers of microbe, which increase the 

biological activity in contaminated soil. Zaman and 

Nguyen [29] used conducted a field experiment to 

investigate the effects of zeolites on N2O and N2 

emissions from a pastoral soil treated with urine or 

nitrate-N fertilizer. They found nitrifier-

denitrification and denitrification acted as a 

significant role in ammonium removal in urine 

treated soils. Wang et al. [22] found that zeolite 

could increase pH to a 7.0~8.0 and thus fulfilled the 

conditions for anaerobic digestion in ammonium-

rich swine wastes. In our study, it can be concluded 

that the catalytic impact of zeolite on biological 

activities is the main mechanism for ammonium 

removal in leachate contaminated soils. Excessive 

zeolite did not promote ammonium removal due to 

too high pH values as demonstrated in Fig.3. A 

previous study conducted by Milan et al. [30] 

demonstrated that a zeolite dose of 10g/L could 

contribute to process inhibition for ammonium 

removal in piggery waste. All above may explain 

the lower removal obtained in zeolite doses of 25g 

and 35g. 

Moreover, modified zeolites show a more 

notable promotion effect on ammonium removal as 

showed in Fig.3, which may be attributed to the 

positive influences of microwave treatment on 

surface properties of zeolites [10]. It can be 

concluded that ammonium removal was attributed 

to nitrifier-denitrification and denitrification and 

microwave modification had positive effect on 

biochemistry reactions. Negative influences would 

occur with excessive zeolite application due to 

process inhibition for biological activities. 

Soil leaching toxicity 

Soil leaching toxicity is a typical indicator for 

migration properties of pollutants in soils to 

groundwater and surface waters, and 

simultaneously could be chosen as an effective 

indicator for effectiveness of soil 

remediation materials. Soil leaching toxicity for soil 

samples treated with various type of zeolites is 

demonstrated in Fig.4. Leaching toxicity was 

significantly lower in 15g and 25g zeolite dose 

groups, with LC50s of about 62% and 50% 

respectively respect to the control soils of 32%. 

However, no notable decrease was observed in the 

35g dose group. There has been some relative 

views in our previous work. Liu et al. [11] found 

that leachate toxicity decreased as landfill age 

increased and was dependent on ammonia 

concentration and COD with multivariate analysis. 

Liu et al. [12] suggested that high COD, ammonia 

and DEHP contents presented notable negative 

influences on microorganism growth. Heavy metals 

found in leachate (Table 2) are undoubtedly one of 

main toxic components and posed great threats on 

soils and natural waters near unlined landfills [31]. 

However, few studies are found to focus on 

decreasing biotoxicity or eliminating toxic 

pollutants from landfill leachate. 

Fig. 4. Changes of leaching toxicity in the presence 

and absence of zeolites. 

As demonstrated in Fig.4, leaching toxicity of 

leachate contaminated soils could be effectively 

decreased with suitable application of natural and 

modified zeolites. This may mainly be attributed to 

the catalytic property of zeolites. Other reports has 

been found to attempt to utilize zeolites for 

eliminating negative impacts of above pollutants. 

Burgess et al. [32] proved that zeolite could be 

effectively adopted to eliminate the toxic effects of 

ammonia in marine sediment in a laboratory scale. 

Shi et al. [33] studied the remediation effects of the 

lead-polluted garden soil by exogenous natural 

zeolite and humic acids, and found that the 

available fraction of lead compounds was reduced. 

Dercova et al. [34] proposed humic acids bound on 

zeolite reduced the potential toxicity of PCP to 

microbial community by lowering its 

bioavailability and thus facilitated its 

biodegradation. The results in this study has proved 

significant effectiveness of zeolites for COD and 

ammonium removal in soil extracts (Fig.2 and 

Fig.3). In fact, no notable decrease of leaching 

toxicity was observed in the 35g dose group. 

Strong basicity caused by excessive zeolite may 

explain the observations. As showed in Fig.1, pH 

values of above 10 were unsuitable for biological 

activities as described in Section 3.2 and 3.3. A 

previous study conducted by Milan et al. [30] 

demonstrated that high pH could contribute to 
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process inhibition for anaerobic digestion in 

piggery waste. It can be concluded that proper 

dosage of zeolites could effectively reduced the 

leaching toxicity of leachate polluted soils and there 

was no significant difference between natural 

zeolites and its modified forms for toxicity 

removal. 

CONCLUSIONS 

A fundamental research had been carried out to 

explore the remediation effectiveness of natural and 

microwave modified zeolites for leachate 

contaminated soils. The influences of application 

dosage and mechanisms of pollutant removal were 

investigated. Conclusions were drawn as follows: 

(1) Natural and modified zeolites were both

effective to increase soil pH. But excessive 

zeolites would cause high alkalinity, which would 

induce negative influences to biological activities. 

(2) COD and ammonium in soil extraction

could be effectively eliminated with zeolite 

application, and this may be more likely 

attributed to degradation reactions in zeolites 

relative to sorption reactions. 

(3) Leaching toxicity of leachate polluted soils

also got high removal with proper dosage of 

zeolites. Impacts on toxic pollutants such as 

heavy metals and persistent organic pollutants 

may explain the observations. 

(4) Microwave modification was helpful for

ammonium removal, but with no benefit for COD 

removal and toxicity eliminating. Besides, 

excessive zeolite application could induce 

negative influences on soils for both natural 

zeolite and its modified forms. 
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Plantation forests are the most effective and ecologically friendly way of absorbing CO2 and increasing carbon sinks 

in terrestrial ecosystems; mitigating global warming and beginning ecological restoration. This study was done in Chah 

Nimeh region located in Sistan and Baluchistan province, the southeastern part of Iran, near the Afghanistan border. In 

this study, soil samples were collected at depths of 0-15 cm and 16-30 cm in 10 replications. This study was done based 

on a completely randomized design in a factorial experiment in planted forests stands with bare lands surrounding 

(control areas). The obtained data were entered to SPSS software and were analyzed using One-way ANOVA and the 

effectiveness of species of Eucalyptus camaldulensis, Tamarix aphylla, Olea europaea and Pinus eldarica on soil 

carbon sequestration rate was calculated. The results showed that the carbon sequestration in soils under different 

species of afforestations in this area has significant difference at the 5% level in both depths.  As, in the upper soil 

depth, carbon sequestration in Pine species (12.66 tons per hectare) is higher than Tamarisk (9.22 t/ha), Eucalyptus 

(8.18 t/ha), Olive (5.70 t/ha) species and the control area (6.30 t/ha). Also in the second depth of soil, carbon 

sequestration in Pine (11.61 t/ha) is higher than Olive (6.27 t/ha) species. There are no significant differences among 

Eucalyptus (10.41 t/ha), Tamarisk (9.77 t/ha) plantations and bare land (7.05 t/ha) in this soil depth. In this arid region, 

afforestation of Eucalyptus, Tamarisk and Pine species has increased the amount of carbon sequestration in soil.  

Keywords: Afforestation, Arid Land, Soil Carbon Stock, Sistan Plain. 

INTRODUCTION 

Anthropogenic release of CO2 into the 

atmosphere through the combustion of fossil fuels 

represents a growing threat to the global 

environment. Although, a permanent solution to 

this problem can only come through the 

development of technologies that do not depend on 

previously stored carbon, in the short-term, 

offsetting emissions of greenhouse gases together 

with other CO2 abatement policies may provide 

some respite. The atmospheric carbon pool at 750 

Pg [1] is considerably smaller than the quantity of 

carbon stored within soil (2200 Pg in top 1 m) of 

which approximately 1500 Pg is organic carbon [2]. 

Carbon is readily exchanged between these two 

pools [3]. 

The Kyoto Protocol to the Framework 

Convention on Climate Change, adopted by a 

majority of the world’s nations in December, 1997, 

sets specific targets and timetables for the reduction 

of greenhouse gas emissions by Annex I 

(industrialized) countries. There is currently a great 

deal of interest in converting non-forest to forest 

land (afforestation) to offset carbon dioxide (CO2) 

emissions. Trees and other forest vegetation 

photosynthesize CO2 to yield carbon, and since 

forests generally store more carbon than land in 

other uses (e.g. agriculture), afforestation can 

achieve a reduction in net greenhouse gas emissions 

[4,5]. 

The role of forests (or trees) in carbon cycles is 

well recognized and forests are a large sink of 

carbon [6]. There is considerable interest to 

increase the carbon storage capacity of terrestrial 

vegetation through land-use practices such as 

afforestation [7]. Gaining new carbon through 

forestation has become the most effective, hopeful, 

and ecologically friendly measure to enhance 

carbon sequestration in terrestrial ecosystems and 

mitigate increasing CO2 concentrations in the 

atmosphere. Large scale forestation will establish 

large areas of new vegetation to enhance carbon To whom all correspondence should be sent: 

E-mail: erouhimm@uoz.ac.ir  2015 Bulgarian Academy of Sciences,  Union of Chemists in Bulgaria
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sinks, conserve soils, and improve water quality 

[8,9]. Forestation is also the primary driving force 

for transformation between carbon sinks and 

sources [10]. Tree plantations allow the carbon to 

be sequestered in biomass, thus playing a vital role 

in the terrestrial carbon sink [11,12]. 

Carbon is stored in different parts of the land 

ecosystems the most important of which is soil. 

About 75% of carbon storage of the terrestrial 

ecosystems is found in soils (3 times more carbon 

stored in plants) [13]. Thus, soil plays a key role in 

carbon sequestration. Forest soils with reserves of 

700 billion tons are the largest reservoir of carbon 

in forest ecosystems of the world [14]. Accurate 

and efficient estimation of soil C is vital to 

understanding and monitoring the role of 

afforestation in C sequestration [15]. Soil organic 

carbon (SOC) makes up a significant portion of the 

worlds terrestrial carbon stocks, and changes in 

land-use and land cover are changing soil carbon 

stocks [16]. It has been reported that more than 

50% of total SOC is stored in the subsoil (at a depth 

below 50 cm) [17]. 

Sequestering carbon in the soil, ultimately as 

stable humus, may well prove a more lasting 

solution than temporarily sequestering it in biomass 

[18,19]. Soil sequestration would be the most 

effective factor in mitigating climatic warming in 

the long term. However, like any large-scale land 

use change, plantations can have unintended 

environmental and socioeconomic impacts that can 

jeopardize the overall value of carbon mitigation 

projects [20]. The most important factors affecting 

change in soil C were previous land use, climate 

and the type of forest established [21]. 

Forests offer two main options. First, the volume 

of atmospheric CO2 may be reduced by increasing 

forest biomass. This may be achieved through an 

expansion of forests-either by planting currently 

unforested land, or by allowing the existing forests 

to accumulate higher biomass. The second main 

approach is to utilize forest directly as a source of 

raw materials for energy production, usually 

referred to as bio-energy, which is considered a 

carbon-neutral energy source. Use of bio-energy 

represents a positive contribution towards the CO2 

concentration problem if it replaces fossil fuels. 

Since trees are a terrestrial carbon sink [22], 

managed forests in theory can sequester carbon 

both in situ (biomass and soil) and ex-situ 

(products) [23]. 

It is estimated that in the one hectare of forested 

land, an average of 12 to 50 tons of carbon is stored 

in above-ground biomass [24]. However, there is 

strong variation in the carbon sequestration 

potential among different plantation species [25], 

regions and management. Hence, a careful choice 

of tree species used for the forestation occurring 

under the Kyoto protocol is needed to promote 

long-term climate change mitigation [26]. 

Variations in environmental conditions can affect 

carbon sequestration potential even within a 

relatively small geographic area [23,27]. 

Iran is located in the world's arid and semi-arid 

belt, where the lack of rain and its poor distribution, 

and high evaporation are its main climatic 

characteristics [28]. Carbon stored in Iran’s forests 

is estimated 180 million tons and absorbed carbon 

dioxide is 662 million tons [29]. Annual carbon 

uptake and carbon dioxide in the forests of Iran is 

respectively, 8 and 30 million tons [30]. 

The half wells (known as Chah Nimeh) are main 

water reservoirs located in Sistan plain in Iran and 

Afghanistan border areas. Afforestations around 

Chah Nimeh were implemented in order to get to 

multiple objectives including biological restoration 

to counter desertification, creation of forest parks, 

wildlife refuges strengthened, and carminative as 

well as other conservation and environmental 

objectives. The current research is an attempt to 

evaluate the significance of these afforestatins in 

terms of carbon sequestration in soils. Because in 

natural ecosystems the amount of carbon 

sequestration is higher, the higher will be its 

ecological capability. 

MATERİALS AND METHODS 

Study area 

The half wells (known as Chah Nimeh) are large 

natural pits located in the distance of 50 kilometers 

from the city of Zabol.  Excess water of the 

Helmand River flows into Chah Nimeh by a 

channel. The capacity of these reservoirs that have 

been converted as artificial lakes is 700 million 

cubic meters, located in the 41o 611 east and 54o 301 

north latitude coordinates geographically (Fig 1). 

Plants from the families of Tamaricace, Poaceae, 

and Chenopodiaceae are more frequent in the 

region. 3800 hectares of Chah Nimeh area were 

dedicated to cultivating forest species. 

Afforestation species in this area include: 

Eucalyptus camaldulensis, Tamarix aphylla, Olea 

europaea and Pinus eldarica. 

     Study area in terms of the climate and weather 

classification, is considered a part of Iran’ dry 

lands, because all the main characteristics of arid 

regions are found in this region such as the high 

level of solar radiation, the frequency range of daily 

and seasonal changes in temperature, low humidity, 
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strong winds accompanied by dust storms and sand, 

low and scattered rainfall and high temporal and 

spatial variations of the region’s climatic 

conditions. 

Fig. 1. The location of study area. 

Maximum, minimum and average rainfalls in 

Sistan plain are respectively 123, 17 and 59 mm. 

Most of the atmospheric fallouts occur in winter, 

and January with 29 percent of total rainfall is the 

most rainfall month. Weather station data indicate 

that the minimum temperature and maximum 

temperature belong to January (1.24oc) and July 

(41.60oc), respectively. High temperatures and high 

sunshine hours made this region have the greatest 

amount of evaporation compared to other parts of 

the country (4775 mm per year). Another factor 

affecting the climate of the area is strong winds 

blowing in winter and spring alternately, and in 

summer constantly. These winds flow from the 

North and North West and are recognized as “120-

day winds” during the warm season that begin in 

mid-June and continue until early October. The 

wind speed is 80 mph. 

Sampling 

Four forest stands of Pine, Tamarisk, Olive and 

Eucalyptus along with the surrounding bare lands 

(control plot) were selected randomly in this area. 

To reduce boundary effects, a few planting rows 

around each stand were not considered for 

sampling. In each forest stand, 10 plots (5m × 5m) 

were established in a systematic random way, and 

within each plot after removing litter layer, the soil 

from two depths 0-15cm and 16-30 cm was 

sampled. 

To minimize error, the sampling was performed 

in combination. In this case, the soil samples were 

taken from the four corners of the plot, then 

samples were pooled and one sample was harvested 

from each depth in every plot [31]. Thus, 10 

combined samples were harvested in each depth in 

each forest stand and transferred to the laboratory. 

Samples were dried in air. Then, after crushing 

clods, separating the roots, rocks and other 

impurities, samples were milled and passed through 

sieve 5.0 mm [32,33]. Bulk density was studied by 

hunk in grams per cubic centimeter [34]. The 

organic carbon was determined using Walkley and 

Black method [35].  The amount of carbon 

sequestration was calculated according to the 

equation 1 [36]. 

Cs=10000×OC (%)×Bd×e  (1) 

Where Cs = the amount of organic carbon 

sequestration (g/ m2);  OC = organic carbon;  Bd = 

Soil bulk density (gr/cm3);  e = depth of sampling 

(cm) 

Data analysis 

To analyze the data, SPSS software version 19 

was employed. Data normality and homogeneity of 

variance were analyzed using Smirnov- 

Kolmogorov test and Levene test, respectively. 

One-way ANOVA was used for total assessment of 

forest stands. Moreover, Duncan's test was used for 

multiple comparisons of means at the 5% level. Plot 

graph was prepared through Excel software. 

RESULTS 

Table 1 show the descriptive statistics of organic 

carbon (OC) and soil carbon sequestration (SCS) 

for 0-15 cm and 16-30 cm soil depths. Statistical 

analysis showed that there were significant 

differences between the types of afforestation in 

terms of organic carbon and SCS in soil (Table 2). 

Duncan's test showed that in depth of 0-15 cm soil, 

organic carbon in Pine stand (0.97%) is 

significantly greater than Olive plantation (0.50%) 

and the control (bare land) (0.42) (p<0.05). In 

addition, the organic carbon in Tamarisk and 

Eucalyptus stands found to be more than the 

unplanted area at 95 percent level. Organic carbon 

averages in the 16-30 cm soil in Pine and 

Eucalyptus stands did not differ significantly, while 

they were more than the control (bare land). There 

was no significant difference between Tamarisk 

and Olive plantations in these terms (Table 3). 
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Table 1. Descriptive statistics of organic carbon (OC) and soil carbon sequestration (SCS) for 0-15 cm and 16-30 

cm soil depths. 

N Minimum Maximum Mean Std. Deviation 

OC (0-15 cm) 50 .10 1.90 .6680 .40327 

OC (16-30 cm) 50 .04 2.00 .6786 .44181 

SOC (0-15 cm) 50 1.05 24.80 8.4105 5.23077 

SOC (16-30 cm) 50 1.14 24.80 9.0229 5.33725 

Table 2. Statistical analysis (ANOVA) of organic carbon (OC) and soil carbon sequestration (SCS) for 0-15 cm and 

16-30 cm soil depths.

Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

OC 

(0-15 cm) 

Between Groups 1.935 4 .484 3.607 .012 

Within Groups 6.034 45 .134 

Total 7.969 49 

OC 

(16-30 cm) 

Between Groups 2.129 4 .532 3.221 .021 

Within Groups 7.436 45 .165 

Total 9.565 49 

SCS 

(0-15 cm) 

Between Groups 305.489 4 76.372 3.320 .018 

Within Groups 1035.196 45 23.004 

Total 1340.685 49 

SCS 

(16-30 cm) 

Between Groups 206.733 4 51.683 1.956 .118 

Within Groups 1189.092 45 26.424 

Total 1395.826 49 

Table 3. Organic carbon percent in two soil depths of afforestations with their standard error in the parenthesis. 

Pinus Tamarisk Eucalyptus Olive Bare land ANOVA 

0-15 cm 0.97(0.13) a 0.67 (0.10) abc 0.78 (0.16) ab 0.50 (0.06) bc 0.42 (0.08) c * 

16-30 cm 0.89 (0.13) a 0.71 (0.11) ab 0.89 (0.19) a 0.55 (0.08) ab 0.35 (0.09) b ** 

ANOVA results: *, p<0.05; *, p<0.01. Mean values with the same letter within the soil layer do not differ 

significantly with each other (Duncan). 

Also, Duncan's test showed that in the depth of 

0-15 cm soil carbon sequestration in Pine stand 

(12.66 t/ha) was significantly greater than the 

control (Bare land) (6678 kg/ha) and Olive stand 

(6.27 T/ha) (p<0.01). The carbon sequestration in 

Tamarisk (9.22 T/ha) and Eucalyptus (8.18 T/ha) 

did not indicate significant differences with other 

plantations and bare land at 95 percent level (Fig. 

1). Carbon sequestration rate in the second depth of 

soil, in Pine (11.61 t/ha) was higher than Olive 

species (6.27 t/ha) (p<0.01). There was no 

significant difference among Eucalyptus (10.41 

t/ha), Tamarisk (9.77 t/ha), and bare land (7.05 t/ha) 

in this soil depth (p<0.05, Fig. 2).  

DISCUSSION 

Soil C sequestration following afforestation has 

been the subject of a substantial body of research, 

which suggests that the direction and magnitude of 

SOC changes are determined by many factors and 

processes, such as climate, stand age and soil depth 

[37-39]. The major sources of carbon storage are 

vegetation, especially forests. Forests serve as 

carbon reserves and stabilizers. When forests grow, 

they gradually store the carbon in wood textures 

and soil organic carbon matter over time [40]. 

Carbon is stored in plant tissues such as leaves and 

wood, and then in autumn dried leaves fell and 

decompose resulting in an increase in the amount of 

organic matter. 

Carbon sequestration rate in upper soil in the 

Pine, Eucalyptus and Tamarisk is more than the 

bare area (control). This can be due to an 

accumulation of litter on the soil surface and its 

decomposition trend. Also, the amounts of organic 

matter derived from Walkley and Black method in 

Pine (1.66), Tamarisk (1.15) and Eucalyptus (1.34) 

afforestations were more than bare land (0.72). 

Vesterdal [41] in a study of 1 to 19 years old 

plantations, showed that the highest concentration 

of carbon is made in the soil depth of 5 cm. 

Woomer et al. [42] studying on the amount of 

carbon stored in soils and plants in Senegal, 

concluded that about 60% of soil organic carbon is 

stored at a depth of 20 cm below the surface. The 
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rate of carbon sequestration in the soil surface of 

Olive afforestation is less than the control area and 

has the lowest carbon sequestration among other 

stands, suggesting afforestation with olive species 

is not able to increase carbon sequestration. 

Although the amount of organic matter in the soil 

of the Olive stand is somewhat more, but the 

average values of its soil bulk density was 

measured lower than bare land. For this reason, the 

amount of carbon stored in the soil under Olive 

plantation was calculated lower than the control 

area. 

Fig. 2. Soil carbon sequestration in 0-15 cm and 15-

30 cm depths in the different planted species 

Also the results showed that the rate of carbon 

sequestration in depth of 16 to 30 cm of soil in the 

Pine, Eucalyptus and Tamarisk afforestations was 

higher than in bare land (control). To a certain 

proportion of annual precipitation, soil organic 

carbon storage increases as evapotranspiration 

decreases. Since evapotranspiration in Chah Nimeh 

is high, the organic carbon content sets low. 

Sequestration of carbon is associated with 

vegetation percent, plant species and amount of 

plant debris litter, type of land use and 

management. In case of appropriate establishment 

of vegetation in the area, soil organic carbon will 

increase in long-term, because soil organic carbon 

changes are gradual [43]. The root is an important 

component of ecosystems to sequester carbon, but 

because the study area is hot and dry and the 

ground water level is low in the region, the roots of 

trees did not have much development in this region. 

Roots and its coexistence with micro organisms are 

of the factors that affect carbon sequestration in soil 

including forested areas and afforestation areas. As 

a guess, the nitrogen fixing bacteria maybe low in 

the plants’ roots. So, carbon sequestration is less in 

second depth of soil. Varamesh et al. [31] stated 

that soil organic carbon at a depth of 0-15 cm was 

more than 15-30 cm depth. Also, Amiqy et al. [44] 

measured the amount of organic carbon in the soil 

surface layer 0-25 cm to be greater than the 25- 50 

cm layers. Zhao et al. [45] documented that 

afforestation not only affects soil organic carbon 

(SOC) stocks in surface soil, but also strongly 

influences it in deep soil. 

Forest type is also effective on carbon 

sequestration. Among land ecosystems, the conifer 

forests are the most important carbon-storing trees. 

Their contribution to mitigating climate change is 

considerable, because of their ability to absorb 

carbon dioxide from the atmosphere through 

photosynthesis and carbon storage potential in 

living and non-living components [46]. In this 

study it was found that carbon sequestration in soils 

beneath conifers (Pine) was greater than the soils 

under broadleaf species which is consistent with 

other studies [47-50] in their study in Scotland 

found that the conifer species increased density of 

surface litter, in other words, increased the soil 

organic carbon. 

The results showed that the highest rates of 

carbon sequestration associated to Pine among the 

tree species, because the amount of its organic 

matter had the highest value in the surface, and so 

carbon sequestration in 0-15 cm of Pine plantation 

is more than 16-30 cm depth. Then the forest stands 

of Tamarisk and Eucalyptus had the most amount 

of carbon sequestration. This is because these 

species are resistant to dehydration and are salt-

friendly. The carbon sequestration of these 

afforestations in second depth is greater than the 

first because their organic matter content is greater 

than the first depth, and perhaps due to the activity 

of root mass of the plant. In general, species that 

grow in dry areas have greater root biomass and 

volume. The olive stand had the least amount of 

carbon sequestration among the afforestations. 

Also, carbon sequestration in the second depth is 

greater than the first depth. 

The different C content and stocks at 0-15 and 

16-30cm depths is very important and determined 

by both organic matter dynamics and soil 

properties, which are in turn affected by vegetation. 

Reviews have shown that carbon biomass is 

influenced by forest type, climate, soil, topography, 

and human activity [24]. However, the changes in 

soil organic carbon that follow forestation are still 

under debate, and are influenced by vegetation 

production, soil conditions, land use history, the 

type of forest established, and forest management 

[27,51]. SOC after planting may increase [16,52-

54] or decrease [12,51,55,56]. However, most

reviews have presented initial losses in SOC,

followed by slight increases [21,54,57,58].
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CONCLUSIONS 

The results showed that in this arid region, 

afforestation with species of Pine, Eucalyptus and 

Tamarisk increases the amount of carbon 

sequestration in soil. This research proved that the 

effects of afforestation varied with plant species. 

Moreover, it managed to show that needle leave 

species led to an increase in soil organic carbon 

storage more than hardwoods. Given that carbon 

sequestration is a measure of ecosystem stability, 

and by recognition of species which have a greater 

ability to sequester carbon, as well as through 

managing those factors affecting the process of 

carbon sequestration, reclamation and restoration of 

land can be achieved more successfully.  
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Coagulation and flocculation are most widely methods used for dye and pollution removal from various 

wastewaters. The aim of this study is efficiency comparison of inorganic coagulant (Alum and Ferric Cchloride) for 

treatment of textile factory wastewater. The appropriate coagulant was selected at optimum condition for treatment of 

textile’s factory wastewater by measuring of dye, COD, BOD5 and TSS parameters. The different pH (4, 5, 6, 7, 8 and 

9) was used for determine the optimum pH. Totally, 240 samples were collected and exanimated according the standard 

methods of wastewater and water tests. Results showed that the ferric chloride has more removal efficiency than alum 

in removal of COD, TSS and dye. The most removal of COD, TSS and dye using alum was obtained 36, 19 and 68.8% 

while for ferric chloride was obtained 72, 60 and 98% respectively. The optimum pH 7 and 5 were obtained for alum 

and ferric chloride respectively. Based on the results, it can be concluded that COD, TSS and dye removal using ferric 

chloride has higher efficiency than alum. Therefore, application of ferric chloride in the same conditions is preferred 

than alum. 

Keywords: wastewater treatment, textile’s wastewater, coagulant, Alum, ferric chloride. 

INTRODUCTION 

High level pollutants have discharged into the 

environment at the recent decades due to develop of 

industrial activities on the one hand and non-

compliance with environmental requirements. 

Accumulation of these organic compounds in the 

environment poses a serious threat to human health, 

environment, living organisms and ecosystems (1, 

2). The textile industry is one of the oldest 

industries in the world. This industry from 5000 BC 

and was recognized when piece of linen clothing 

was found at Egyptians caves, and was developed 

with the invention of machines for spinning and 

weaving after the industrial revolution in England 

at the eighteenth century. The first man-made 

fabrics (rayon fibers) were presented to market in 

the twentieth century (1910). In the recent century, 

the process of textile factories has been automated 

and computer-aided work due to technology 

development. The sewage of different processes 

units of textile industry has most important 

environmental issues compared to other waste such 

as solid waste as well as health and safety is more 

important. Textile dyeing industry is one of the 

largest water users that lead to produce the 

significant amounts of wastewater. This wastewater 

contains significant amounts of organic dye 

compounds. Exist of organic dye materials in 

industrial wastewater cause the irreversible damage 

to the environment due to decreasing the light 

penetration into the water and disruption of 

photosynthesis, reducing the oxygen transfer into 

the water and the solubility of gases. Also discharge 

of wastewater into rivers and lakes leads to 

decreasing water quality (3-7). 

Generally, industrial wastewater contaminants 

include caustic soda, detergents, starch, wax, urea, 

ammonia, dyes and pigments lifting of biochemical 

and chemical oxygen demand, suspended solids and 

toxic substances. Hence, it is necessary the 
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treatment of textile dye effluent before discharging 

into the environment. Biological treatment 

processes are rarely used for textile wastewater 

treatment. These processes commonly are effective 

in biochemical oxygen demand (BOD5) and 

suspended solids (SS) removal, but are ineffective 

for the dyes removal from these wastewaters(8), 

because dye compounds are complex and resistant 

structures that cause the rate of biodegradation dyes 

to be slow. The most common method that used for 

the dyes removal from textile wastewater include 

physical-chemical methods such as coagulation and 

flocculation, adsorption, ozonation, reverse osmosis 

and advanced oxidation are using membrane 

filters(9-12). Each of these methods has advantages 

and disadvantages for the dyes removal from 

wastewater. Coagulation and flocculation processes 

are used one of the most common and effective 

method for treatment of effluents dyes (11, 13, and 

14).The produce of non-toxic and non-harmful of 

intermediate products is main advantages of 

effluents dyes treatment with coagulation and 

flocculation. Beside, this method is cost effective 

and is implemented on a large scale (14, 15).In 

general, coagulation and flocculation is proper 

method for removal of organic compounds with 

high weight and larger molecular chains (11, 14 and 

16).The aim of this study was to evaluate the 

effectiveness of alum and ferric chloride coagulants 

in treatment of one Type of industrial wastewater 

(textile factory wastewater). For this purpose, the 

effect of pH and concentration of coagulants are 

examined. 

MATERIAL &METHODS 

This study is a cross-sectional study. The 

samples were collected from sewage of textile 

factory and were properly transferred to the 

chemistry laboratory. Optimum pH was adjusted 

with sodium hydroxide (1N) and sulfuric acid 

(0.1N) respectively using pH-meter model of 

Microprocessor 537. At the first step, the pH=6 was 

selected to determine of appropriate coagulant 

amount, then coagulant gradually added to the 6 

containers of Jar test and experiments were 

continues until visible flock with appropriate 

settling was observed. In the second step, after 

determination of approximate amount of suitable 

coagulant in previous step, the optimum pH was 

determined for each individual coagulant using Jar 

test with pH adjustment at 4, 5, 6, 7, 8 and 9. In the 

third step, considering the optimal pH obtained at 

second step, the different amounts of coagulant 

were added to containers for determine proper 

dosage of coagulant (2 containers with less than 

amount coagulant of first step, 1 container with 

equal amount coagulant of first step and 3 

containers with more than amount coagulant of first 

step) The efficiency removal of dye, COD and 

BOD5 were applied as indicators to determine of 

appropriate coagulant dosage and optimum pH. The 

tests carried out for both coagulants at least twice in 

each load. After the addition of coagulant, the 

samples was transferred to Jar test containers 

(HACH model) and rapid mixing was conducted 

for destabilizing particles for one minute at speed 

of 90 rpm and slow mixing was conducted for 

create the settling flock for 3 minutes at speed of 30 

rpm. After slow mixing, the sample for 15 minutes 

for sedimentation was kept in stasis. Dye was 

measured with optical density method at 470 nm 

using spectrophotometer Varian UV-120-02 models 

made in America and COD measuring was 

conducted using COD reactor HACH model with 

closed reflux method. 

Experiments were accomplished thrice and in 

total 240 samples tested according standard 

methods for water and wastewater treatment were 

assessed (17). Used coagulants include Aluminum 

sulfate (Al2 (SO4) 3) and ferric chloride (FeCl3). 

The removal efficiency was calculated as fallow 

equation: 

(1) 100
0

0 



OD

ODOD
Color

 
Where  

Color
 

Efficiency removal of Dye by 

coagulants 

DO0 optical density of wastewater 

before coagulation 

DO optical density of wastewater after 

coagulation 

RESULTS 

Table 1 shows the performance compares of 

alum and ferric chloride coagulant in COD removal 

of wastewater at optimum pH. Figure 1 shows 

comparison the COD level after the addition of 

alum(550 mg/L) and ferric chloride (150 mg/L) and 

its percentage removal in samples at different pH 

and different COD of wastewater (1100 and 512 

mg/L). Figure 2 shows comparison the COD level 

after the addition of alum (400 mg/L) and ferric 

chloride (250 mg/L) and its percentage removal in 

wastewater samples at different pH and different 

COD of wastewater (512 and 1280 mg/L). Figure 3 

shows the comparison of COD level after the 

addition of alum (pH =7) and ferric chloride (pH 

=5) and its percentage removal textile factory 

wastewater with different COD concentrations in 
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raw wastewater (512 and 1280 mg/L), Figure 4 

shows the comparison of TSS level after adding 

different amounts of alum (pH = 4) and ferric 

chloride (pH =5) and its percentage removal in 

textile factory wastewater with different TSS 

concentrations of raw sewage (240 and 320 mg/L), 

Figure 5 shows the dye removal at different pH and 

certain concentration of alum (500 mg/L) and ferric 

chloride (400 mg/L) and Figure 6 shows the 

percentage removal of dye with different 

concentrations of alum (pH=7) and ferric chloride 

(pH=9).  

DISCUSION 

The results of other studies conducted by many 

researchers confirmed that pH is a significant factor 

in the coagulation and flocculation process. Each 

coagulant has an optimum pH which in that 

condition, coagulation and flocculation process for 

certain dosage of coagulant, the highest efficiency 

occurs in the shortest time. Therefore, determining 

of this factor is necessary to ensure the performance 

of coagulation and flocculation process (18). Thus, 

it is necessary determine of optimum pH for 

treatment of textile wastewater factory with alum 

and ferric chloride coagulant. The results showed 

that pH has effect on decreasing of COD level in 

treated wastewater use alum and ferric alum 

coagulants. So that the highest efficiency of COD 

and dye removal obtained for alum and ferric 

chloride coagulants at pH = 7 and pH =5-9 

respectively. Alum with different dosage and pH=7 

has low efficiency removal of COD even in low 

concentration (512 mg/L), but with 550 mg/L 

dosage and pH=7 has highest efficiency removal 

(36%) in high concentration of raw wastewater 

COD (1100 mg/L) and with 550 mg/L dosage was 

obtained highest efficiency removal of dye (75%). 

Ferric chloride with 150 mg/L and pH=5 has 

highest efficiency removal in low concentration of 

raw wastewater COD (68.75%) and with 250 mg/L 

dosage and pH=5, removal efficiency of COD was 

obtained 60%. Ferric chloride with 400 mg/L 

dosage has highest removal efficiency of dye 

(98%).  

 

Fig. 1. Comparison of COD level after the addition 

of alum (550 mg/L) and ferric chloride (150 mg/L) and 

its percentage removal in samples at different pH and 

different COD of wastewater (1100 and 512 mg/L). 

 

Fig. 2. Comparison of COD level after the addition 

of alum(400 mg/L) and ferric chloride (250 mg/L) and 

its percentage removal in wastewater samples at 

different pH and different COD of wastewater (512 and 

1280 mg/L). 

Table 1. The comparsion COD level and its removal percentage in different pH, alum= 550 mg/L and ferric chloride 

=150 mg/L in different COD of raw sewage (512 and 1100 mg/L). 

Coagulants 

Parameters 

Range of raw 

sewage COD (mg/l) 

Range of sewage COD 

after Jar test (mg/l) 

Optimum 

pH 

Consumed 

coagulant (mg/l) 

Efficiency removal 

of COD (%) 

Alum 

Ferric chloride 

512 -1100 

512 -1280 

384 - 704 

160 - 641 

7 

5 

400 - 550 

150 - 250 

25 - 36 

60 – 68.75 
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Fig. 3. Comparison of COD level after the addition 

of alum (pH =7)  and ferric chloride (pH =5) and its 

percentage removal textile factory wastewater with 

different COD concentrations in raw  wastewater (512 

and 1280 mg/L). 

 

Fig. 4. Comparison of TSS level after adding 

different amounts of alum (pH = 4) and ferric chloride 

(pH =5) and its removal in textile factory wastewater 

with different TSS concentrations of raw sewage (240 

and 320 mg/L). 

Considering the results, ferric chloride with 150 

and 250 mg/L was recommended for low and high 

concentration of COD respectively. This coagulant 

was selected for treatment of textile wastewater. 

The comparison of these results with results 

obtained from dye and COD removal using 

magnesium carbonate, PAC and combined 

treatment of textile wastewater using coagulation 

and oxidation with fenton (19-21). Indicated that 

ferric chloride has more efficiency removal than 

magnesium carbonate. Also, Jonaidy and Azizi 

(2008) reported that ferric chloride has best 

efficiency removal of dye than alum which 

confirms the results of this study (22). 

 

Fig. 5. The dye removal at different pH and constant 

concentration of alum (500 mg/L) and ferric chloride 

(400 mg/L). 

 

Fig. 6. The dye removal with different concentrations 

of alum (pH=7) and ferric chloride (pH=9). 

CONCLUSION 

Based on the findings, pH is effective 

parameters in terms of coagulation and flocculation 

process and it can be concluded that using ferric 

chloride to removal of COD, TSS and color of 

textile factory’s wastewater had higher efficiency 

than alum and therefore its application in the same 

conditions than alum is preferred. 
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In recent years, the rapid development of industries in developing countries has led to the excessive contamination of 

the soil in these areas. In Eshtehard Industrial Park, Iran, untreated industrial and domestic sewage containing heavy 

metals has entered the soil along the northern edges of the area. The present study has sought to measure the 

contamination of this particular area of soil with heavy metals including Cr, Zn, Cd, Pb and Ni, normally present in 

untreated sewage. The study also measured the absorption rate of heavy metals by local plants. The physicochemical 

properties of the soil were also examined through using standard methods. The results of the Kruskal-Wallis test 

showed that the species of the plant and its particular organs have an effect on the absorption of heavy metals. The 

Pearson test was used to assess the correlation between the physicochemical properties of the soil and the absorption of 

its heavy metal content by plants. The present study examined identified Alhagi pseudalhagi (M.B.) Desf., Salvia 

aristata Aucher ex Benth, Stipa barbata Desf., Salsola kali and Peganum harmala L., which have been examined for 

phytoremediation, for the first time, and identified them as hyperaccumulators according to the EPA definition. Planting 

the seeds of hyperaccumulating plants and adding DTPA to the soil helps absorb the heavy metal contaminants of the 

soil and constitutes a measure that can be used to purify the soil; the plants used can then be harvested, collected and 

disposed of as regular just like industrial sewage. 

Keywords: Soil properties, phytoremediation, heavy metals, hyperaccumulating plants, Eshtehard Industrial Park 

INTRODUCTION 

Sanitary and industrial sewage have become 

massive sources of soil and water contamination in 

developing countries and the presence of heavy 

metals in raw industrial sewage constitutes a major 

health problem. Heavy metals are non-

biodegradable types of metal that cause dangerous 

diseases. Through the proper treatment and careful 

observation of sewer standards [1], sanitary and 

industrial sewage can be used for agricultural 

irrigation, and the resulting sewage sludge [2] 

containing organic compounds and nutrients 

required for plants can be used as an inexpensive 

fertilizer if treated by standard criteria. The sanitary 

and industrial sewage exiting Eshtehard Industrial 

Park is currently contaminating the soil in the 

northern edges of the area, caused by 

miscalculations in the treatment plant's capacity 

given the number of industrial units built in the 

park and also the plant's frequent break-downs. 

This untreated sewage contains heavy metals 

originated from various industrial processes such as 

plating, and is discharged into the soil in the 

northern part of the industrial park. The present 

study was conducted to investigate the 

contamination of soil with heavy metals including 

Cr, Zn, Cd, Pb and Ni. According to the standards 

set by Kabata-Pendias and Pendias, soil 

contamination is considered critical when the 

concentration of heavy metals in the soil falls in 

these ranges: 75 to 100 mg kg-1 for Chromium, 70 

to 400 for Zinc, 3 to 8 for Cadmium, 100 to 400 for 

Lead and 100 for Nickel; any concentration below 

these ranges is considered normal [3]. 

Phytoremediation is a bioremediation technique 

used for the phytoextraction and remediation of 

contaminated soil. This method is inexpensive and 

can be used on a large scale. Phytoaccumulation is 

one of the techniques used for phytoremediation, in 

which the removal of heavy metals from the soil 

depends on the plants' natural metal absorption 

capacity. Using hyperaccumulating plants therefore 
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provides the best option available for the removal 

of heavy metals from the soil. 

According to the EPA definition, a 

hyperaccumulating plant is a plant that accumulates 

metals in its shoot and root at the following total 

concentrations: 100 mg kg-1 for Cadmium, 1000 mg 

kg-1 for Chromium and Lead and over 10,000 mg 

kg-1 for Zinc and Nickel [4]. The present study 

examines hyperaccumulating plants that can 

accumulate Cr, Zn, Cd, Pb and Ni. Ziarati used the 

hyperaccumulating plant Amaranthus sp. for the 

phytoremediation of soils contaminated with the 

heavy metals present in Tehran's municipal sewage 

[5]. The phytoremediation of heavy metal 

contaminated soils should be carried out with a full 

knowledge of the complex effects of plant-soil 

parameters. An important condition for the storage 

and accumulation of metal in a plant is to increase 

the metal's available concentration for the plant. In 

other words, a soluble form of the metal should 

remain near the root membrane of the plant in the 

soil for a set period of time. In geographical terms, 

factors affecting the solubility of the metal and its 

available form in the soil are vastly different and 

include the concentration and chemical form of the 

metal present in the soil, the physicochemical and 

biological properties of the soil (including pH, EC, 

OC, CCE, available phosphorus and soil texture) 

and additives such as DTPA. Hung conducted a 

study in Taiwan to examine the effects of the 

physicochemical properties of soil and the addition 

of DTPA on the absorption of heavy metals by 

plants [6]. Among the plants examined, some 

hyperaccumulators were discovered for the first 

time, and others were found to absorb high 

concentrations of heavy metals due to the changes 

made in the physicochemical and biological 

properties of the soil caused by its contamination 

with untreated sewage and were thus identified as 

hyperaccumulators for the first time. 

EXPERIMENTAL 

Study Site: The present study was conducted in 

areas contaminated with untreated sewage in 

Eshtehard Industrial Park, located at the longitude 

of 35˚ 42' 18" N and the latitude of 50˚ 18' 22" E 

and the mean altitude of 1200 m above sea level 

with a relatively dry climate and an average annual 

rainfall of 220 mm [7]. 

Sampling: Samples were collected between 

2011 and 2013 during the period from early June to 

mid-September from mature plants in the 

contaminated areas and the control areas by the full 

removal of their shoot and root from the soil. Given 

the sparseness of vegetation in the contaminated 

areas, sampling was conducted using systematic 

random sampling, i.e.  without a frame and merely 

through observation [8]. The plant samples were 

then transferred to the herbarium of Islamic Azad 

University, Science and Research Branch, Tehran, 

Iran, where they were identified by name. Soil 

samples were collected separately from each plant's 

sampling area from the 0 to 20 cm depth of the 

rhizosphere soil. The soil samples were packed 

separately in polyethylene bags, and after being 

numbered and having their location and date 

detailed, they were sent to the environmental 

laboratory of Islamic Azad University, Science and 

Research Branch, Tehran, Iran. 

Measuring Cr, Zn, Cd, Pb and Ni concentrations in 

the samples: 

The researchers used the acid digestion method 

to determine the overall concentration of heavy 

metals in the soil samples [9]. They poured two 

grams of each soil sample into an Erlenmeyer flask 

with stopper and then added in 15 ml of 4 normal 

nitric acid. They then placed the flasks in a water 

bath at 80 °C for 12 hours. After passing the 

samples through a Whatman filter paper 42, the 

researchers recorded the samples' heavy metal 

concentrations using a Varian Spectraa 200 atomic 

absorption spectrophotometer made in Australia. 

To measure the soil samples' concentrations of 

plant-available heavy metals, the researchers used 

Lindsay & Norval's [10] method with a DTPA 

extractor. To prepare the DTPA solution 

(Diethylene Triamine Penta-acetic Acid), they 

weighed 0.005 mol of DTPA salt  (1.96 grams) and 

transferred it to a 1-liter flask containing 950 ml of 

distilled water. They then placed the flask on a 

shaker for the salt to dissolve, and then added in 1.4 

grams of dehydrated calcium chloride and 13.3 ml 

of Triamine N(CH2CH2OH)3, and raised the 

volume to 1000 ml by adding in distilled water and 

carefully stirring it. They then added. 20ml of the 

produced extract to 2 grams of the soil sample and 

placed it for 2 hours on a shaker at 20-25 °C for 2 

hours. They filtered the soil extract through a 

Whatman filter paper 42 and read the heavy metal 

concentrations using a Varian Spectraa 200 

spectrophotometer. 

To determine the exchangeable concentrations, 

the researchers used the Tessier extraction method 

[11]. They transferred 2 grams of each soil sample 

to an Erlenmeyer flask with stopper and added in 

20 ml of 1 mol ammonium acetate (pH=7) and then 

placed the flask on a shaker at 20-25 °C for 30 

minutes. They then filtered the soil extract through 

a Whatman filter paper 42 and used a Varian 
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Spectraa 200 spectrophotometer to read the heavy 

metal concentrations.  

The researchers then carefully examined the 

physicochemical properties of the soils, including 

their pH, EC, OC, CCE, available phosphorus and 

soil texture, using standard methods [12]. 

To determine the total concentration of heavy 

metals in the plant samples, the researchers used the 

Dry Ash extraction method [13]. They transferred 2 

grams of each plant sample to a crucible and placed 

it in an oven at 550 °C for 2 hours. They then added 

5 ml of hydrochloric acid 2N to the samples and 

passed them through a filter paper. They used an 

atomic absorption spectrophotometer to read the 

heavy metal concentrations.  

RESULTS AND DISCUSSION 

The identified plants are presented in Table 1. 

As seen in Table 1, the plants are coded. 
The physicochemical properties of the soils 

were measured over 3 years in the contaminated 

and control areas. Table 2 presents the mean values 

obtained for these properties in the sewage 

contaminated area.  

As shown by table 2, the entry of sewage has 

changed the physicochemical properties of soil in 

the contaminated area compared to in the control 

area. 

The concentration of heavy metals in the soil 

was measured in the contaminated and control 

areas. The control area was selected based on the 

physicochemical similarities of its soil to the 

contaminated soil (table 2).  

Figure 1 shows the total, exchangeable, and 

extractable concentrations of heavy metals using 

DTPA extractor with a mean of 3 replicates in the 

area contaminated with sewage. Furthermore, to 

facilitate locating the sampled soil, each area was 

coded with the number of the plant grown in that 

area (as in Table 1). For example, soil No.1 was 

sampled from the area that Launaea acanthodes 

(Boiss.) O.Kuntze grew. 

Table 1. The name of identified plants 

Plant species 
Plant 

No 
Plant species 

Plant 

No 
Plant species 

Plant 

No 

Bromus tectorum L. 19 Salsola kali 10 
Launaea acanthodes (Boiss.) 

O.Kuntze
1 

Phragmites australis (Cav) 

Trin. ex Steud  
20 Ceratocarpus arenarius L. 11 Thevenotia persica DC 2 

Echinochloa  crus-galli (L.) 

P.Beauv.
21 

Salsola persica Bunge ex 

Boiss. 
12 Carthamus oxyacantha M.B 3 

Hordeum vulgare L.  22 
Alhagi persarum Boiss. & 

Buhse  
13 Artemisia herba-alba Asso. 4 

Stipa barbata Desf. 23 
Alhagi pseudalhagi (M.B.) 

Desf.  
14 Amaranthus graecizans L. 5 

Papaver piptostigma Bienert 

ex Fedde 
24 Astragalus aureus Wild 15 Nonnea  persica Boiss. 6 

Polygonum patulum M.B.  25 Alhagi camelerum Fisch. 16 Salsola nitraria Pall. 7 

Pteropyrum aucheri Jaub. & 

Spach  
26 

Erodium Cicutarrium  (Jusl) 

L’Her.exaition   
17 Atriplex aucheri Moq. 8 

Peganum harmala L. 27 
Salvia aristata Aucher ex 

Benth 
18 Kochia scoparia (L.) Shrad 9 

Table 2. The mean and standard deviation of the physicochemical properties of the sewage contaminated soils 

Available 

phosphorus 
CCE OC EC 

pH 
Soil 

texture 

Silt Sand Clay The name of 

Area 

mg kg-1 % % dS m-1 % % % 

24.3±4.2 5.7±1.2 0.6±0.1 1.8±0.6 6.5±0.2 

Sandy 

Clay 

Loam 

and 

Loam 

36.8±9.9 44.4±3.4 18.7±6.6 
Contaminated 

area 

16.3±4.3 7.9±1.3 0.3±0.1 0.6±0.2 6.9±0.1 

Sandy 

Clay 

Loam 

and 

Loam 

35.1±10.1 45±2.5 19.8±7.1 Control area 
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(A) 

(B)

(C) 

(D) 

(E) 

Fig. 1. The mean of concentrations of Cr (A), Zn (B), Cd (D), Pb (Pb) and Ni (Ni) in 3 replicates of soil samples 

contaminated with raw sewage (mg kg-1 of soil). 
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(B) (A)

(D) (C)

(E) 

Fig. 2. Min of metal concentration of Cr (A), Zn (B), Cd (C), Pb (D) and Ni (E) in plants (shoots + roots) collected 

from raw sewage polluted area of Eshtehard industrial park (three replicates). 

As shown in Figure 1, a decreasing trend can be 

observed for the total, DTPA-extractable and 

exchangeable concentrations of Cr, Zn, Cd, Pb and 

Ni. Some soil samples contained higher 

concentrations of heavy metals. The concentration 

of heavy metals was sampled and measured for all 

the plants in 3 replicates.  

Figure 2 shows the total heavy metal 

concentration values in the shoot and root for 

identifying hyperaccumulating plants based on the 

EPA definition. For an easy identification of the 

minimum hyperaccumulation threshold in the 

plants based on the EPA definition, a horizontal 

line has been drawn on the diagrams. 

As shown in figure 2, some of the plants absorb 

heavy metals beyond the minimum 

hyperaccumulation threshold. 

The significance of the effect of the plant species 

and plant organs on the absorption of heavy metals 

was analyzed in SPSS using the Kruskal-Wallis test 

and is presented in tables 3 and 4. 

As shown in tables 3 and 4, the correlations are 

significant. 

The correlation between the physicochemical 

properties of the soil and the plants' heavy metal 

absorption rates in the study site was analyzed in 

SPSS using the Pearson correlation test and is 

shown in table 5.  
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Table 3. Kruskal-Wallis test results showing the effect of the plant species on the absorption of heavy metals in the 

sewage contaminated area. 

Heavy metal concentration in the plant

Ni Pb   Cd   Zn   Cr 

49.24*47.33*48.72*46.05*48.30*Chi-Square

26 26 26 26 26df

0.00 0.00 0.00 0.00 0.00Asymp. Sig

*Differences of 0.05 and less considered significant

Table 4. Kruskal-Wallis results test showing the effect of the plant organs on the absorption of heavy metals in the 

sewage contaminated area 

Heavy metal concentration in the plant

Ni  PbCd Zn   Cr  

ShootRootShootRootShootRootShootRootShootRoot

48.20*49.18*47.34*47.21*48.81*48.43*35.13*46.01*48.01*48.21*
Chi-

Square

26 26 26 26 2626 26 26 26 26df

0.00 0.00 0.00 0.00 
0.00

0.00 0.00 0.00 0.00 
0.00

Asymp. 

Sig

*Differences of 0.05 and less considered significant

Table 5. The Pearson correlation coefficients between the concentrations of heavy metals absorbed by the plants 

examined and the physicochemical properties of the sewage contaminated soil 

physicochemical properties of the soil
Heavy 

metal 

concentrati

on in the 

plant

Heavy metal 

concentration
CCEECpHOC

Availabl

e 

Phospho

rus  

SandSiltClay
DTPA 

Extractabl

e 
Total 

+0.44*ns- 0.58*nsNs+0.71*+0.58**ns+0.61**nsCr 
+0.55**+0.79**nsns- 0.63**Ns+0.49*ns+0.66**-0.51*Zn 
+0.64**ns-0.49*+ 0.50**-0.44*-0.41*nsnsnsnsCd 

ns+0.61**-0.42*+ 0.60**-0.59**Nsns-0.78**ns-0.55*Pb 
nsns-0.58*nsNs+0.89**+0.68**-0.71**+0.59**nsNi 

* Correlation at the 0.05 level; ** Correlation at the 0.01 level; NS No correlation

As shown in table 5, the correlation between the 

physicochemical properties of the soil and the 

concentration of heavy metals can be either positive 

or negative, and NS indicates cases in which there 

are no significant correlations. 

Table 2 shows that raw sewage has reduced the 

soil pH in the contaminated area. Heavy metal 

concentrations have also increased with the raw 

sewage, resulting in higher soil magnetism and 

consequently a higher electrical conductivity. Hung 

[6] found similar results in his study. As raw

sewage increases, so does organic carbon (OC),

which is an organic source of plant-available

phosphorus. Calcium Carbonate Equivalent (CCE)

indicates the soil's calcareous properties; the soil in

the contaminated area was already slightly

calcareous, but this property further increased with

the entry of sewage. There was a slightly higher

amount of silt in the contaminated area compared to

in the control area due to the entry of sewage

sludge, which resulted in better conditions for plant 

growth.  

As shown in Figure 1 and based on the Kabata-

Pendias standards, the total concentration of heavy 

metals in the area was found to fall in the critical 

range, indicating the contamination of the soil. The 

control area was not contaminated, indicating that 

the entry of sewage has been fact the source of 

contamination. Figure 1 shows both the 

concentration of heavy metals that can be absorbed 

with a DTPA extractor by the plants and the 

naturally-exchangeable concentration of heavy 

metals and can thus be of use for the assessment of 

the correlation between them. As suggested by the 

Figure, the concentration of heavy metals that can 

be absorbed with a DTPA extractor by the plants is 

higher than the exchangeable concentration of 

heavy metals. DTPA can therefore make greater 

amounts of heavy metals available to the plants.  
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Figure 2 shows the heavy metal absorption rate 

of the whole plant (the shoot and root) separately 

for each plant examined. According to the EPA 

definition, heavy metal hyperaccumulating plants 

include: 

Alhagi persarum Boiss. & Buhse absorbed 

3418.23 mg kg-1 of lead and Pteropyrum Aucheri 

Jaub. & Spach accumulated 11585.56 mg kg-1 of 

zinc and 3408.47 mg kg-1 of Lead and were 

therefore considered hyperaccumulators of these 

two metals. Ghaderian et al. [14]  found similar 

results for Alhagi persarum Boiss. & Buhse; 

however, despite its high levels of zinc and lead 

accumulation, Pteropyrum Aucheri Jaub. & Spach 

was not considered a hyperaccumulating plant in 

this study. Alhagi pseudalhagi (M.B.) Desf. and 

Salvia aristata Aucher ex Benth absorbed 2959.01 

mg kg-1 and 1376.6 mg kg-1 of lead and were 

therefore considered hyperaccumulators. Salsola 

kali absorbed 6948.97 mg kg-1 of Chromium and 

1651.4 mg kg-1 of lead and was also considered a 

hyperaccumulator of these two metals. No studies 

have yet been conducted on phytoremediation in 

these three plants. Astragalus aureus Wild absorbed 

7343.68 mg kg-1 of lead and is considered a 

hyperaccumulating plant. Salari et al. [15] did not 

find this plant to be a hyperaccumulator despite its 

high accumulation of metals. Accumulating 1676.4 

mg kg-1 of lead, Bromus Tectorum L. was also 

found to be a hyperaccumulator. Parsadoost et al. 

also found similar results [16]. Phragmites australis 

(Cav) Trin. Ex Steud absorbed 140.23 mg kg-1 of 

cadmium and 3703.3 mg kg-1 of lead and is thus a 

hyperaccumulator of these two metals. Al-Taisan 

and Deng studied this plant's cadmium and lead 

absorption, respectively however, despite their high 

levels of metal accumulation, the plants were not 

considered hyperaccumulators [17, 18]. 

Echinochloa crus-galli (L.) P. Beauv absorbed 

158.21 mg kg-1  of cadmium through all of its 

organs and is therefore considered a 

hyperaccumulating plant. Messou also proposed 

this plant to be a hyperaccumulator of cadmium 

[19]. Hordeum vulgare L. accumulated 1032.37 mg 

kg-1 of Chromium, 18628.83 mg kg-1 of zinc, 325.83 

mg kg-1 of cadmium and 3930.7 mg kg-1 of lead and 

is therefore considered a hyperaccumulator of these 

metals [20]. Stipa barbata Desf. absorbed 3316.4 

mg kg-1 of lead and is also a hyperaccumulating 

plant. Lorestani et al. [21] discovered the 

manganese stabilization of this plant, but the 

present study showed its lead hyperaccumulation 

capacity for the first time. Peganum harmala L. 

absorbed 10948.67 mg kg-1 of nickel and 1274.37 

mg kg-1 of lead and is identified as a 

hyperaccumulator of these two metals. Zamani et 

al. achieved similar results for lead, but no studies 

have yet been conducted to investigate Nickel 

accumulation [22]. 

Tables 3 and 4 and the Kruskal-Wallis test 

results, showing the significant effect of plant 

species and plant organs on the absorption of heavy 

metals in sewage contaminated areas, support the 

present study's hypothesis regarding plant species' 

and plant organs effects on the absorption of heavy 

metals.  

Table 5 presents the study findings on the 

correlation between the physicochemical properties 

of the soil and the concentration of heavy metals in 

the plants and their underlying reasons. 

A significant negative correlation was observed 

between the soil pH and the concentration of zinc, 

cadmium and lead in the plants, which is due to the 

sewage's reduction of the soil pH to about 6.5, 

turning insoluble metals to soluble ones and leading 

to their greater absorption by the plants. Ziarati and 

Alaedini achieved similar results in his study [5]. 

There was a significant positive correlation 

between soil EC and the concentration of cadmium 

and lead. The increased EC is due to the increased 

heavy metal concentrations caused by the entry of 

sewage into the area, resulting in a higher electrical 

conductivity in the soil. The increased heavy metal 

concentrations in the soil lead to an increased heavy 

metal concentration absorbed by the plants. Hung 

also found similar results [6]. 

A significant positive correlation was observed 

between organic matters in the soil and Chromium 

and nickel concentrations in plants; however, the 

correlation between organic matters in the soil and 

cadmium concentrations was found to be 

significant and negative. The reason for the 

negative correlation might be that organic matters 

present in soils have a potential for stabilizing 

heavy metals in an unavailable concentration, and 

the positive correlation is perhaps because organic 

matters can act as a chelate, increasing the usability 

and mobility of trace elements. Furthermore, the 

ligand bond formed between the metal and the 

organic matter affects its availability, as the ligand 

bond is capable of easily turning into an available 

form through the organic acids excreted by the 

plant roots and thus be absorbed by the plant. 

According to Nakatsu et al. the ligand may become 

available to the plants through certain soil-borne 

microorganism activities [23].  

A significant positive correlation was found 

between the available phosphorus in the soil and 

Chromium, zinc and nickel concentrations in the 

plants. The positive correlation was due to the high 
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amounts of phosphorus present in sewage 

(phosphorus acts as a fertilizer) and the solubility of 

phosphorus due to the soil's reduced pH caused by 

the entry of sewage and therefore the increased 

availability of soluble phosphorus in the soil. Rato 

Nunes et al. achieved similar results in his study 

[24]. 

A significant negative correlation was found 

between Calcium Carbonate Equivalent (CCE) in 

the soil and Chromium, cadmium, lead and nickel 

concentrations in the plants. The negative 

correlation was because lime (CaCO3) is a soil 

mineral that can produce a mechanism for metal 

absorption and retention through the chemical 

absorption of heavy metals and depositing metal 

cations and can then reduce the activity of the 

heavy metals' soluble form, thus making the metals 

unavailable to the plants. Mozafari et al. 

emphasized the negative effect of lime on the 

absorption of cadmium by plants [25]. 

There was a significant positive correlation 

between the total concentration of metal in the soil 

and zinc and lead concentrations in plants. A 

significant positive correlation was also found 

between DTPA-extractable metals concentrations 

and Chromium, zinc and cadmium concentrations 

in plants. Sharma et al. also achieved similar results 

[26].  

A significant negative correlation was found 

between the concentration of clay in the soil and 

zinc and lead concentrations in plants. A significant 

negative correlation was also observed between the 

concentration of sand in the soil and lead and nickel 

concentrations in plants. A significant positive 

correlation was observed between the concentration 

of silt in the soil and Chromium, zinc and nickel 

concentrations in plants. The negative correlation 

between the clay concentration and plants is due to 

the surface absorption of heavy metals by fine-

grained clay, which reduces the amount of heavy 

metals available to the roots of the plants. Although 

sand is larger-grained and has no surface 

absorbability, and although, in their soluble form, 

metals can freely be absorbed by plants, there is a 

negative correlation between sand concentrations 

and plants, as the presence of greater concentrations 

of sand in the soil creates a larger pore space in the 

soil and allows the metals to be easily washed away 

from the plant roots. The positive correlation 

between silt concentrations and plants is because 

silt improves the soil, resulting in better plant 

growth and increased heavy metal concentrations in 

the plants. Raj et al. achieved similar results about 

the effect of soil texture on the absorption of heavy 

metals [27]. 

CONCLUSION 

Based on the Kabata-Pendias standards, the 

entry of raw sewage into the soil examined in the 

present study has contaminated it and reduced its 

pH and CCE and increased the soil its EC, OC, 

available phosphorus and silt. The results of the 

Kruskal-Wallis test demonstrated that plant species 

and plant organs affect the absorption of heavy 

metals. The Pearson correlation test was then used 

to assess the correlation between the 

physicochemical properties of soil and the 

absorption of heavy metals by the plants. The plant-

absorption of some metals was found to have 

increased due to the entry of raw sewage into the 

soil. Alhagi pseudalhagi (M.B.) Desf., Salvia 

aristata Aucher ex Benth, Stipa barbata Desf. (Pb), 
Salsola kali (Pb and Cr), and Peganum harmala L. 
(Ni), studied for the first time for their 

phytoremediation capacity, were identified as 

hyperaccumulators based on the EPA definition. As 

already found by other researchers, Alhagi 

persarum Boiss. & Buhse, Bromus Tectorum L. 

and Peganum harmala L. (Pb), Echinochloa crus-

galli (L.) P. Beauv. (Cd) and Hordeum vulgare L. 

(Cr, Zn, Cd and Pb) were also identified as 

hyperaccumulators. Compared to the findings of 

other studies, Pteropyrum Aucheri Jaub. & Spach 

(Zn and Pb), Astragalus aureus Wild (Pb) and 

Phragmites australis (Cav) Trin. Ex Steud (Cd and 

Pb) absorbed higher concentrations of heavy metals 

in the present study due to the high concentrations 

of environmental pollutants in the area examined 

and the changes in the physicochemical properties 

of its soil caused by the entry of raw sewage and 

are therefore deemed by this study to be 

hyperaccumulators of these metals. Planting the 

seeds of these hyperaccumulating plants and the 

addition of DTPA therefore comprises a suitable 

strategy for purifying soils through plants' 

absorption of heavy metals, and the plants 

themselves can then be harvested, collected and 

disposed of as regular industrial waste.   
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Most of fish that sold in southern city of Iran captured from the Persian Gulf. Heavy metals are recognized as one of 

the most important pollutants, that effect on human health even in trace amount. A study was conducted to quantitate 

the concentrations of heavy metals, such as Cd, Pb and Zn in Scomberomorous commerson fish caught off the coast of 

Persian Gulf. 25 fish samples of Scomberomorous commerson were collected between June – May 2012 at three 

different sites from Persian Gulf. The Cd, Pb and Zn concentrations were determined with an atomic absorption 

Spectrophotometer. The results expressed in micrograms of metal per dry weight gram of fish (µg/g). Statistical 

analysis of data was carried out using SPSS 16.0 software. Pb, Cd and Zn concentration in muscle of S.commerson were 

obtained 1.43-2.02 ppm dry wt, 0.11-0.27 ppm dry wt and 7.39-8.73, respectively. Heavy metal accumulation in muscle 

order was Zn>Pb>Cd. Pb concentration was increased with increase of length of fish. ANOVA was reveal that 

concentration differences among the heavy metals were high (p<0.05). In all samples, Zn level was higher than other 

metals and Cd was minimum. Pb concentrations exceeded FAO/WHO, IAEA-407, TFC, EC and Chine but had not 

exceeded the guidelines limits except for Range of International Standards. Zn values match with all noted Standards. 

The metal accumulation in the aquatic organism may be species and size -dependent. 

 Keywords: Heavy metal, Scomberomorous commerson, Persian Gulf. 

INTRODUCTION 

The contamination of receive waters with a wide 

range of heavy metals has become a matter of 

concern over the last few decades [1, 2]. 

Agricultural and industrial activities in an area 

directly increase the heavy metal of water [3] and 

also an important factor in the decline of water 

sediments and fish quality [4]. Heavy metals are 

dangerous because they tend to bio accumulate in 

marine organisms including fish and transfer to 

human through food chain [5, 6]. Fish, a part of 

being a good source of digestible protein vitamins, 

polyunsaturated fatty acids (PUFA) and minerals, 

are also an important source of heavy metals. 

Heavy metals have a specific density of more than 

5 g/cm3 [7] and are environmentally ubiquitous, 

readily dissolved and transported by water and 

taken up by fish, readily [8]. They can be classified 

as potentially toxic, probably essential and essential 

[9]. Toxic elements are non-biodegradable and can 

be causing cytotoxic, mutagenic and carcinogenic 

effects in animals [10]. Levels of heavy metals in 

fish samples have been widely reported in the 

literature [9, 11-13]. This study was conducted to 

determine the concentration of Cd, Pb and Zn in 

Scomberomorous commerson caught in Persian 

Gulf. Concentration of zinc was determined as vital 

elements, while lead and cadmium as toxic 

elements.  

MATERIAL AND METHOD 

Study area 

Bushehr province coasts, located in the northern 

coasts of the Persian Gulf (29'N, 38'E), was 

investigated. This area because of its ecological 

significance is important.   

Sampling and analysis 

The number of 25 Scomberomorous commerson 

fish samples measuring 12-30 cm were collected 

between June – May 2012 and were transported to To whom all correspondence should be sent: 
E-mail: sbohloli@yahoo.com
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the laboratory in a thermos-flask with ice, also 

immediately frozen and stored at –20°C until 

dissection. During dissection in laboratory, 

Approximately 20 g of muscle fillets, from each 

sample were dissected, washed with deionized 

water, were dried in an oven at 60°C till constant 

weight. After that, they were digested with 2 ml 

nitric acid (65%, Merck, Germany) in Teflon 

bombs placed into a microwave digestion system 

[14]. After cooling, samples were transferred to a 

50 ml volumetric flask and rinsed with triple 

distilled water. In order to check for possible 

contamination of the samples, one analytical blank 

was prepared as a control in the same manner, but 

without tissue samples.  

Measurement of Zn, Pb and Cd 

Atomic absorption spectrophotometer (Perkin-

Elmer-5100) was used to measure the Zn, Pb and 

Cd concentrations (as µg/g dry weight). The results 

were validated according to ISO 17025 

accreditation [15].  

Statistically analysis 

Statistical analysis of data was carried out using 

SPSS 16.0 statistical package program (Chicago, 

IL). One-way analysis of variance (ANOVA) was 

employed to assess whether metal concentrations 

varied as significantly among  fish (between heavy 

metal and length) and followed by Tukey post hoc 

comparisons for the source of statistically 

significant difference (P<0.05). The results are 

presented as means ± standard error.  

RESULTS 

Pb, Cd and Zn concentration in muscle of 

S.commerson were obtained 1.43-2.02 ppm dry wt,

0.11-0.27 ppm dry wt and 7.39-8.73, respectively.

Mean concentrations of cadmium, lead and zinc in

muscle is shown in figure 1.

Fig. 1. Concentration of Cd, Zn and Pb (μg/g dry 

weight) in Scomberomorous co=mmerson 

The highest concentrations were found Zn and 

the lowest levels were detected for Cd (Heavy 

metal accumulation order was Zn>Pb>Cd). Our 

results showed that different fish length contained 

different metal levels in their muscle. Statistically, 

significance analysis was performed among the 

heavy metal and our results showed that, the 

concentration differences among the heavy metals 

were high (p<0.05). Also, relationship between the 

fish size and the metal levels for Cd and Zn was not 

significant (P>0.05), whereas, for Pb was positive 

(P<0.05). (Table 1 and Figure 2, 3 and 4)  

Fig. 2. Relative frequency (%) of Cd in 

Scomberomorous commerson base on size of fish 

Fig. 3. Relative frequency (%) of Zn in 

Scomberomorous commerson base on size of fish 

Fig.4. Relative frequency (%) of Pb in 

Scomberomorous commerson base on size of fish 
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Table 1. Mean (± SD) concentrations of Cd, Zn and 

Pb (μg/g dry weight) in Scomberomorous commerson 

base on size of fish 

Pb Zn Cd 
Size of fish, 

cm 

1.53 ± 0.07 7.78 ± 0.25 0.2 ± 0.52 30 - 60 

1.76 ± 0.87 8 ± 0.43 0.18 ± 0.03 60.1 – 90 

1.95 ± 0.05 7.8 ± 0.16 0.16 ± 0.04 90.1 - 120 

DISCUSSION 

Fish may accumulate heavy metals by 

consumption of contaminated food and sediments 

[16]. The present work revealed marked presence 

of heavy metals concentration in muscles tissue of 

investigated fish. Fish are often at the top of the 

aquatic food chain, hence, fish contamination can 

also have major impacts on people and society [17]. 

The efficiency of metal uptake from contaminated 

water may differ in relation to size of fish [18]. The 

present work revealed marked increase of Pb 

concentration with increase of size of fish, 

simultaneously. It is generally accepted by Marijic 

et el [19]. The maximum Permissible doses for an 

adult are 3 mg Pb and 0.5 mg Cd per week, but the  

recommended doses are only one-fifth of those 

values(8). Pb concentrations in this study exceeded 

FAO/WHO [8], IAEA-407 [20], TFC [21], EC [22] 

and Chine [23] but had not exceeded the guidelines 

limits except for Range of International Standards 

[24]. Zn is an essential metal which play an 

important role in metabolic processes and 

biological systems and is assimilated by the 

organisms over time, but it can also produce toxic 

influences when bioaccumulate and reach toxic 

level [25]. 

Protective effect of Zn against the Cd and Pb 

toxicity had been reported, Zn values in this study 

match with FAO/WHO (1989) [25], TFC (2002) 

[21]. EC (2006) [22] and Chine and Range of 

International Standards [26]. Similar results had 

been reported by Özparlak, et al [8]. Cd content of 

muscles was lower that reported by 

Mohammadnabizadeh [15]. In research of 

Metwally and Fouad, Cd, Zn and Pb concentration 

in three different types of fishes (Pagellus acarne, 

Sarpa salpa and Liza saliens) were 0.062, 0.38 and 

0.56 ppm, respectively that are lower in compare to 

this study [11]. Pb and zinc levels were reported as 

high as 0.064μg/l and 4.82μg/l in fish and shellfish 

in ABA river, from Nigeria by Ubalua [17]. Cd 

content of muscles was lower that reported by 

RAUF et al (2009) in fish collected from river 

Ravi, Pakistan [10] and  muscle tissue of nine fish 

species from Beyşehir Lake, Turkey [8].  Also it 

was higher than reported from fish in Southeast 

Coast of India [13]. Heavy metal concentrations in 

Scomberomorous commerson varied significantly 

depending upon the type of metal. The 

concentrations of heavy metals differed 

significantly (p<0.001) depending upon the size of 

fish. According to investigations, the metal 

accumulation in the aquatic organism is size-

dependent [10]. In general, accumulation of zinc is 

higher than lead and cadmium in fish tissues. This 

matter was confirming by Huang [16]. Zinc values 

ranged from 7.39-8.73 ppm and were lower  

Beyşehir Lake, Turkey [8], Groatia [27] and 

Köycegiz Lake-Mugla [18] and Langkawi island, 

Malaysia [6]. This present study showed lower 

accumulation of cadmium than other two metals, 

too. Hence, knowledge of heavy metal 

concentrations in fish is important with respect to 

nature of management and human consumption of 

fish. 

Ethical Consideration: Ethical issues 

(Including plagiarism, informed consent, 

misconduct, data fabrication and/or falsification, 

double publication and/or submission, redundancy, 

etc.) have been completely observed by the authors. 
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Abstract: In this study, in order to acquire the quantitative distribution of wood moisture in a hygroscopic 

environment, Pinus yunnanensis was taken as the research target. In consideration of the phase equilibrium relationship 

among vapor and bonded water, unstable diffusivities of vapor and bonded water, and the relationship between the 

equilibrium moisture content of wood and surrounding moisture content, a model of one-dimensional isothermal 

moisture migration in wood was established beneath the fiber saturation point. Comparative analyses were then carried 

out on the model solution and experimental measurement results. It was found that the model could accurately predict 

the process of moisture migration in the wood in each hygroscopic range beneath the fiber saturation point, and the 

diffusivities of bonded-water Dls and vapor Dvs increased with greater moisture content (MC) of wood, but they could 

be regarded as constant within a certain MC range. The larger the gap change range between the initial wood MC and 

surrounding equilibrium MC was, the greater the MC gradient of the wood interlayer would be, and the shorter the 

overall EMC time would be. Environment boundary was selected as the actual EMC of wood under the corresponding 

ERH. 

Keywords: Pinus yunnanensis, One-dimensional isothermal migration, Moisture content gradient, Equilibrium 

moisture content 

INTRODUCTION 

In the relevant standards of each nation, the 

“wood moisture content” used for investigating 

wood mechanical properties actually refers to the 

equilibrium moisture content (EMC) of the wood 

with a specific test environment temperature and 

humidity, which is usually set as the constant 

temperature and humidity environment with the 

temperature (T) of 20℃ and relative humidity (RH) 

of 65%. However, the bearing wood materials 

actually used are in an environment with dynamic 

changes in temperature and moisture content. When 

the influence of temperature on the wood 

mechanical properties is seen as a constant in the 

constant temperature range, the dynamic changes in 

the surrounding moisture content lead to uneven 

moisture distribution inside the wood, such as 

gradient moisture distribution, which seriously 

affects the bearing capacity of the wood [1, 2, 3]. 

Therefore, it is required to determine a scientific 

mathematical expression of wood moisture 

distribution state, in order to analyze the wood 

moisture distribution state and the relationship with 

wood mechanical properties. 

Compared with general non-hygroscopic porous 

materials, wood is characterized by porosity but a 

low effective conduction rate, high moisture 

content (water vapor, bonded water and free water), 

significant material anisotropy, and uneven 

structure [4, 5]. Combined with imperfect direct 

testing techniques and means of wood moisture 

distribution [6, 7, 8], difficulties are determined in 

the wood moisture migration mechanism and 

mathematical simulation. For example, in terms of 

water vapor (in the wood cell cavities), bonded 

water (in the wood cell walls) and free water (in the 

wood cell cavities), a series of problems will occur 

in the migration process, such as phase change, 

great difference in migration rate along different 

wood texture directions, migration rate changing 

with wood moisture content, and complex heat and 

mass transfer at the wood-environment boundary 

[5, 9, 10, 11]. 

Under the premise of vapor-bonded water phase 

equilibrium relationship, unstable diffusivities of 

vapor and bonded water, as well as the relationship 

between wood EMC and surrounding moisture 

content (SMC) considered in this paper, a one-

dimensional isothermal migration model of wood 

moisture is established beneath the fiber saturation 

point. Then, analyses are carried out on the 

migration laws of wood moisture in different 

hygroscopic ranges, the relationship between * To whom all correspondence should be sent

E-mail:44009146@qq.com, skuiyan@126.com
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diffusivities of the vapor-bonded water and wood 

moisture content (MC), as well as other issues, and 

these are verified by experiments. 

NUMERICAL SIMULATION 

Description of wood isothermal moisture 

absorption process (physical model) 

In a constant temperature convection 

environment, once the wood with moisture content 

beneath the fiber saturation point is placed in the 

environment with a surrounding equilibrium 

moisture content that is higher than the wood EMC, 

then immediate moisture migration occurs to the 

surrounding moisture at the environment-wood 

interface and in the wood. Its process is shown as 

follows. (1) The wood surface vapor (in the wood 

cell cavities) density is lower than the surrounding 

vapor density, and the water vapor is transferred 

from the environment to the wood surface by 

means of convective mass transfer between the 

environment and wood interface. Meanwhile, the 

water vapor in the cell cavities and environment is 

absorbed by the wood surface-layer cell wall and 

converted to liquid water, until phase equilibrium 

between the bonded water and water vapor is 

reached. (2) After the wood surface absorbs water, 

the water vapor density in the cell cavities will be 

greater than that in the wood inner cell cavities, and 

the water content absorbed by the cell walls will be 

greater than in the wood inner cell walls. In the 

driving of the density difference, the water vapor 

migrates from the surface wood cell cavity to the 

inner wood cell cavities by means of diffusion, 

while the bonded water migrates from the surface 

wood cell walls to the wood inner cell walls in the 

driving of the capillary force. Similarly, the bonded 

water in the wood cell walls and water vapor in the 

cell cavities is always in the dynamic phase 

equilibrium during the migration process. (3) The 

inward migration of the surface water vapor and 

bonded water mass is compensated by the direct 

input of surrounding water vapor and the 

condensation on the cell walls. 

Therefore, the surrounding water vapor 

migrates from the wood surface to the wood inner 

cell walls through the above process, until an equal 

moisture content between the outer and inner wood 

is reached. Meanwhile, the wood moisture content 

under this environment is wood EMC. 

Governing equation 

Governing equation of liquid water 

(bonded water) 

Wood is considered as a network porous 

material composed of large and small capillaries, of 

which the cell walls are connected, and the same is 

true for the pores. Then the governing equation of 

bonded water [5] can be expressed as shown below: 

2
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mW W
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(1) 

Governing equation of water vapor 

The existence of the wood internal air is 

ignored (except when calculating relative air 

humidity), regardless of air mass migration [5], 

then: 
2
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        (2) 

Phase equilibrium governing equation of 

liquid water and vapor 

When the moisture content is unable to reach 

the surrounding equilibrium EMC, the water vapor 

in the wood cell cavities is always unsaturated 

water vapor, of which the pressure p and local wet 

air relative humidity  should satisfy the 

following: 

V SV
p p 

(3) 

Under atmospheric pressure, due to the low 

water vapor density in the wood cell cavities, it is 

close to the ideal gas, which can be assumed to 

satisfy the ideal gas equation: 

V V

VM
p

RT
 

(4) 

Wood moisture content W, relative humidity 

 and temperature t simultaneously satisfy the

Simpson model [12] (to facilitate calculation, the 

inverse function is used herein): 
*( , )pf t W 

(5) 

Boundary conditions 

Boundary conditions of wood surface and 

surrounding moisture exchange 

The water vapor in surrounding wet air is 

attached to the wood surface in the form of 

condensation, thus the water vapor condensation 

rate sm on the wood surface is as shown below [5]: 

* ( )s m e sm h W W  (6) 

Then, the mass exchange boundary condition 

of the wood surface and surrounding wet air is 

expressed as follows [5]: 

2

2

SV

ls

d d

mW W m
D

z z  

 

 
  

  
(7) 

In Eq. (6), eW is the maximum actual 

equilibrium moisture content of the wood in the 

environment, rather than the theoretical maximum 

moisture content of the wood converted by the 

Simpson model. 
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Boundary conditions of wood inner 

The wood inner moisture is composed of 

bonded water on the wood cell walls of the adjacent 

layers through diffusion, and water vapor in the 

wood cell cavities of the adjacent layers through 

diffusion; therefore: 

2

2

V

ls

d

mW W
D
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          (8) 

EXPERIMENT ARRANGEMENT 

Instruments and devices 

(1) A Binder KMF720 climate chamber

((Gesellschaft Mit Beschrankter Haftung)) with 

temperature accuracy of 0.1℃ and humidity 

accuracy of 1.5%. 

(2) A digital electronic balance with a range of

500 g and precision of 0.01 g. 

(3) A digital vernier caliper with a precision of

0.01 mm. 

Experimental methods 

Moisture absorption experiment of specimen 

The research targets are six specimens of 

Pinus yunnanensis with the dimensions (length× 

width×thickness) of 480 mm × 20 mm × 20 mm, 

and side sealed by aluminum foil along the 

thickness direction (Fig. 1). These are placed into 

the constant temperature and humidity box, in 

which T = 20℃ and RH = 42%. When the 

equilibrium in the specimen mass and 

environmental humidity (no changes in mass by 

weighting for three consecutive days) is achieved, 

then the RH is adjusted to 65%, 80% and 90% in 

turn. In the three moisture absorption ranges of RH 

= 42-65%, 65-80% and 80-90%, the specimen mass 

is weighted every day at 9 am and recorded, until 

the specimen mass no longer changes. 

Fig.1. Specimen preparation 

Measurement and determination of specimen Ds, 

Dls and Dvsvalues 

For the Dls and Dvs values of the Pinus 

yunnanensis specimens with EMC less than 10%, 

refer to Reference 5. The bonded water diffusivities 

Dls of Pinus yunnanensis with other moisture 

contents are calculated for integer according to Eq. 

(9) [5].

10 100.1
0.5 10 0.78 10

0.1
ls

fsp

W
D

W

 
    


   (9) 

In this experiment, three moisture absorption 

ranges of Pinus yunnanensis are calculated by 

Empirical Eq. (9), and verified by the Crank 

method in Reference 11 with measured tests. 

Finally, it is comprehensively considered to take 

Dls=5.0×10-11 m2/s (RH42%-65%), Dls=6.0×10-11 

m2/s (RH65%-80%) and Dls=6.0×10-11 m2/s 

(RH80%-90%). 

The water vapor diffusivity Dvs of Pinus 

yunnanensis is measured according to ASTM E96 / 

E96M - 05 Standard Test Methods for Water Vapor 

Transmission of Materials. The values are 

DVS=0.7×10-6 m2/s (RH42%-65%), DVS=1.5×10-6 

m2/s (RH65%-80%), DVS=1.6×10-6 m2/s (RH80%-

90%). 

DEFINITE CONDITION AND SOLUTION 

Definite condition 

The specimen thickness is divided into 20 

layers, then z = 1 mm (as shown in Fig. 1), and the 

calculation step  = 600 s. Among them, the 

absolute dry density of Pinus yunnanensis d = 

519.74 kg/m3 (measured), that of the cell wall 

material is 1540 kg/m3 [12], material surface mass 

transfer coefficient hm*= 3.88 x 10-6 kg/(m2·s) [5], 

and molar gas constant R = 8.315 J/(mol·k); for the 

bonded-water diffusivity Dls and water vapor 

diffusivity Dvs in Pinus yunnanensis, refer to 

Section to Experimental methods 

Solution of partial differential equation 

Differential Eqs. (1-7) are transformed into 

explicit difference equations, and according to the 

above definite conditions, the moisture absorption 

laws of Pinus yunnanensis in each moisture 

absorption range can be obtained. 

Considering the specimen geometry symmetry 

in this study, moisture migration is only solved 

within half specimen thickness (as shown in Fig. 1). 

RESULTS AND ANALYSIS 

Wood moisture absorption process and model 

validation 

Based on the above mathematical model, 

definite condition and difference numerical method, 

the theoretical moisture content change curves of 

Pinus yunnanensis (solid squares in Figs. 2-4) in 

three moisture absorption ranges (RH = 42-65%, 

65-80% and 80-90%) can be obtained. However, 

the measured average moisture content curves of 

six Pinus yunnanensis specimens (hollow triangles 
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in Figs. 2-4) consistently prove that this theoretical 

model can accurately reflect the wood moisture 

absorption process. 

Fig. 2. MC-change curve of YNP along with time 

under RH42-65% environment. 

Fig. 3. MC-change curve of YNP along with time 

under RH65-80% environment 

Fig. 4. MC-change curve of YNP along with time 

under RH80-90% environment 

It also can be seen from Figs. 2-4 that the 

wood materials have different moisture 

absorption rates in different moisture 

absorption ranges (corresponding to the 

different wood moisture contents and moisture 

states). As a result, in the three moisture 

absorption ranges of RH = 42-65%, 65-80% 

and 80-90%, Pinus yunnanensis respectively 

requires 30 d, 40 d and 25 d for moisture 

absorption to achieve a basic balance of water 

inside and outside respectively, i.e. to reach the 

equilibrium moisture content (EMC) under the 

target environment humidity. The reasons 

resulting for differences are as follows: 

(1) In the above three moisture absorption

ranges, the actual change ranges of moisture 

content in Pinus yunnanensis are 7.95-10.63%, 

10.63-12.80% and 12.80-16.04%, i.e. the 

moisture content gradient differences are 

2.68%, 2.17% and 3.24%, respectively. 

Therefore, the moisture content gradient 

difference is able to directly determine the 

above moisture absorption rates of Pinus 

yunnanensis.  

(2) In the process of wood moisture

absorption, the cell walls present a certain 

degree of swelling, thus leading to greater pit 

aperture, and the adsorption capacity of wood 

cell wall weaken gradually, so that the 

diffusivity of vapor (DOV) is increased to a 

certain degree [5,11] (as shown in Fig. 5).  

(3) In a certain range of moisture content,

with the increase of moisture content, the 

channel capacity of the micro capillary system 

in the wood cell walls is also enhanced to a 

certain degree, thereby resulting in the 

diffusivity of bonded water (DBW) also 

increasing [1] (as shown in Fig. 5). 

Fig. 5. Diffusivities of bonded-water and vapor in 

different hygroscopic ranges. 

The relationship of the diffusivities of the 

wood bonded water and water vapor with wood 

moisture content is still inconclusive in 

academia at present, and thus requires further 

research. 
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 Distribution of wood moisture content in 

moisture absorption process 

Figs. 6, 8 and 10 respectively show the changes 

of moisture content in each layer of the Pinus 

yunnanensis specimens over time within three 

moisture absorption ranges during moisture 

absorption process, of which Layer 1 is the 

middle layer of the specimen, and Layer 10 is 

the boundary layer connected with the 

environment (see Fig. 1).  

Fig. 6. MC distributions among different layers of 

YNP along with time under RH42-65% environment. 

Fig. 7. MC gradients among different layers and time 

of YNP under RH42-65% environment. 

Fig. 8. MC distributions among different layers of 

YNP along with time under RH65-80% environment 

Figs. 7, 9 and 11 respectively show the changes 

in the moisture content gradient of each layer on 

days 0, 1, 4, 8, 12 and 30 in the three moisture 

absorption ranges. 

Fig. 9. MC gradients among different layers and time 

of YNP under RH65-80% environment. 

Fig. 10. MC distributions among different layers of 

YNP along with time under RH80-90% environment. 

Fig. 11. MC gradients among different layers and 

time of YNP under RH80-90% environment 

It is shown in Figs. 6 and 11 that the larger the 

change range of wood moisture content is, the 

faster the moisture content response of each layer 

especially the surface will be, and thus the greater  
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Table 1. Relationship between RH of environment and EMC of Pinus yunnanensis 

Ambient relative humidity % 42 65 80 90 

Actual equilibrium moisture content of Pinus 

yunnanensis 
% 7.95 10.63 12.80 16.04 

Maximum theoretical equilibrium moisture 

content of Pinus yunnanensis calculated by 

Simpson model 

% 8.00 12.00 16.05 20.54 

the moisture absorption rate will be, the greater the 

gradient difference of inter-layer moisture content 

will be, the faster the rate of moisture content of 

each layer to achieve EMC will be, and the shorter 

the time will be. 

Therefore, setting up an appropriate change 

range of wood moisture content and control proper 

drying rate in wood drying process is an essential 

way to prevent the excessively large moisture 

content gradient difference of internal and external 

wood layer from cracking.  

Relationship between wood EMC and 

surrounding RH 

It can be seen from Table 1 that the EMC of 

Pinus yunnanensis under various surrounding RH is 

not equal to the theoretically calculated EMC [12], 

and along with the increase of surrounding RH, 

differences also become greater. Therefore, in the 

solution of the wood moisture migration model, its 

environmental boundary eW should be the actual

EMC of wood under this surrounding RH, rather 

than the theoretical wood EMC calculated by the 

Simpson model. Otherwise, larger errors occur in 

the model calculation of required equilibrium time 

in the setting environment, as well as the size and 

distribution of moisture content gradient. 

CONCLUSIONS 

(1) The wood one-dimensional isothermal

moisture migration model can accurately predict 

the wood moisture migration process in each 

moisture absorption range beneath the fiber 

saturation point. 

(2) The diffusivities of wood bonded water Dls

and water vapor Dvs increase with greater moisture 

content, but are considered as constants within a 

certain moisture content range. 

(3) The larger the change range of the gap

between initial wood moisture content and 

surrounding equilibrium moisture content is, the 

greater the moisture content gradient of wood inter-

layer in the dynamic moisture migration process 

will be, and the shorter the time to reach overall 

targeted EMC will be. 

(4) The environmental boundary
eW should be 

set as the actual EMC of the wood under this 

surrounding RH. 
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Nomenclature 

Dls —Diffusivity of liquid water in wood, m2/s; 

Dvs—Mass diffusivity of vapor in wood, m2/s; 

 fp—Inverse function relation of Simpson model; 
*

mh —Surface mass transfer coefficient, kg/(m2·s); 

Vm —Volume evaporation rate, kg/(m3·s); 

sm —Wood surface evaporation/condensation rate,

kg/(m2·s); 

psv—Saturated vapor pressure, pa;   
pv—Unsaturated vapor pressure, pa; 

R—Molar gas constant, J/(mol·K); 

t—Temperature,℃;   

T—Thermodynamic temperature, K; 

W — Wood moisture content, %, kg/kg or kg/m3; 

We —Equilibrium moisture content of wood 

environment, kg/m3. 

Ws—Wood surface moisture content, kg/m3; 

Z —Specimen thickness, mm  

Greek symbols 

v— Vapor density, i.e. absolute humidity, kg/m3; 

d—Absolute dry density of wood, kg/m3; 

— Time, s;  

—Wood void fraction

 —Relative air humidity, %;
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Abstract: In this paper, a numerical simulation was conducted using FLUENT CFD package to investigate injection 

effects of axial and swirl flow inside the annular combustion chamber with wall jet. The flow was considered as three-

dimensional, steady, turbulent, incompressible, viscid, and two-phase and turbulence models including RNG (k-ε) and 

the Reynolds stress model were applied. In order to evaluate the applied numerical method, the results obtained in the 

reacting combustion chamber were compared with experimental ones. The effects of different parameters inside the 

combustion chamber including air-fuel ratio, swirl mass flow rate, fuel spray angle and swirl number were studied and 

optimal values for some of these values were obtained. The results showed that increasing the swirl air flow rate in the 

inlet area of the combustion chamber stretches the swirl area toward the fuel injection nozzles and causes initiation of 

combustion near the chamber inlet. The increase of the air-fuel ratio results in increasing the velocities and uniform 

temperature profiles in the outlet chamber. Increasing swirl number and decreasing fuel spray angle also reduces wall 

temperature. Optimal values for Sauter mean diameter and fuel spray angle were also determined. 

Keywords: gas turbine combustion chamber; air-fuel ratio; fuel spray angle; swirl number 

1. INTRODUCTION 

Gas turbine combustion chambers need high 

combustion efficiency, low pollutants 

emissions and high performance. Turbulent 

flow field inside the combustion chamber plays 

a very important role in flame formation. 

Another important factor is the way in which 

fuel is injected into the combustion chamber 

and its mixing with air. Swirl flow has been 

mostly used to stabilize the flame inside the 

combustion chamber of gas turbines. 

Combustion modeling has a fundamental role in 

accurate simulation of combustion flows. This 

is, in addition to the amount of species and 

combustion products, energy release rate 

resulting from the mixing of the fuel and 

oxidant is determined by it. An appropriate 

combustion model should take into account the 

effect of all these factors. In computational fluid 

dynamics (CFD), the simulation of processes 

such as turbulence, combustion and radiation 

requires mathematical modeling. Simulation of 

these phenomena can be useful and reliable if 

the infrastructure model or models are accurate 

enough. The extensive applicability, high accuracy, 

low computational cost and simplicity are four 

important specifications of mathematical models. 

Cameron and Samuelsen [1] studied the 

characteristics of temperature and velocity profiles 

inside a combustion chamber with wall jet. The 

obtained results indicated that velocity and 

temperature profiles are at isothermal and reactive 

conditions, respectively. They also investigated the 

effect of swirl air increasing and fuel droplet 

atomization. Sue et al. [2] investigated numerically 

a gas turbine chamber integrated with the diffuser. 

They used the KIVA-3V code to analyze the flow 

inside the combustion chamber. Flow fields and 

temperature distribution were studied along the axial 

and circumferential directions and the stable 

behavior of the flow in the combustion-compressor 

system was evaluated. Zhang et al. [3] studied the 

thermodynamic conditions inside a combustion 

chamber considered to be symmetric and two-

dimensional. The effects of equivalence ratio, 

reaction temperature and swirl inside the cylindrical 

combustion chamber were investigated. The results 

obtained indicated that the combustion chamber 

geometry has a trivial effect on pressure fluctuation 

inside it. Som et al. [4] studied the effect of inlet air 

swirl and fuel injection angle inside a gas turbine  
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Fig. 1. Schematic of combustion chamber wall jet model 

combustion chamber. The results revealed that 

unlike low swirl numbers, a spiral swirl zone could 

be seen around the initial central zone at a high swirl 

numbers. Kurosavwa et al. [5] studied the swirl 

flame structure inside a gas turbine combustion 

chamber. They focused on high combustion 

efficiency, low emissions inside the combustion 

chamber. Olivani et al.  [6] investigated the structure 

of reactive and non-reactive swirl flows. They found 

that although the overall mixing process and the 

main flame structure were handled by the air flow 

swirl, the fuel injection methods have an important 

effect on them at the initial zone. Sandararaj et al. 

[7] studied the effects of jet injection angle, cross-

flow Reynolds number and velocity ratio on 
entrainment and mixing of jet with incompressible 
cross-flow in venturi-jet mixer.

This paper deals with the effects of axial and 

swirl air injection and the determination of optimal 

values for effective parameters including swirl air 

flow rate, expansion angle of inlet air, diameter of 

the initial fuel droplets and fuel spray angle. The 

results of this work can be used for the preliminary 

design of the aircraft gas turbine combustion 

chambers and liquid fuel missiles. Furthermore, the 

optimal values obtained for the average diameter of 

primary particles and fuel spray angle can be used in 

design procedures. 

2. GEOMETRICAL MODEL AND

NUMERICAL METHOD 

The wall jet model acts at atmospheric pressure 

with JP4 fuel. Combustion chamber air is preheated 

to 600 °C and air flow rate is 163 kg/h. Fuel flow 

rate and the temperature are 3.27 kg/h and 400 °C, 

respectively, for an equivalence ratio of 0.3. As 

shown in Figure 1, air flow is divided into swirl jet, 

initial jet and diluted air jet. The longitudinal four 

valves are built around the chamber. Initial jets and 

diluted air jets have diameter of 7 mm and 9.5 mm, 
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respectively. A stainless steel channel with radius of 

40 cm and length of 32 cm is considered which is 

blocked from 57 mm onwards. A 60 degree turning 

is built in the inlet chamber. One of the main needs 

of gas turbine combustion chambers is that the 

combustion chamber operates at every working 

condition. The flow pattern is the first factor of the 

chamber that affects  flame stability. The most 

common method is recirculation of part of 

combustion products to the upstream flow and 

remixing of products with fuel and fresh air. One 

conventional method involves the use of swirl to 

create a recirculation. In this design, air nozzles 

surround the fuel injectors which increase the shear 

stress and turbulence intensity inside the chamber. 

The combustion chamber mesh has been built in 

GAMBIT as shown in Figure 2. It is a 1008040 

mesh along r,,z directions. The FLUNET 6.3 

package is used for the simulations. A segregated 

solver is used to solve the governing equations and 

an implicit form is used for the linearization of the 

equations. Convective and diffusion terms are 

discretized based on power-law and central 

schemes, respectively. Pressure and velocity fields 

are coupled through the simple algorithm and Eddy 

dissipation model is used to model the interactions 

among them. 

Fig. 2. Combustion chamber mesh 
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3. GOVERNING EQUATIONS

The Navier-Stokes equations are the 

fundamental partial-differential equations that 

describe the flow of fluids. Mass conservation 

equation or continuity equation, is written as 

following, 
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 Discrete phase model: Fuel spray (continuous

injection in the combustion chamber), includes

a limited number of droplet categories with a

range of specific sizes. Initial droplet size

distribution of liquid fuel spray is assumed to

follow Rosin-Rammler distribution function

defined as,
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 Species conservation equation,
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 Eddy dissipation model is,
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The dimensionless number swirl used to determine 

the swirl applied on the flow, is defined as: 

(9) 

where
mG ,

tG and
swD are axial flux of angular

momentum, axial flux of axial momentum and swirl 

outer diameter, respectively. These parameters are 

given in turn by, 
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where W, U and P are axial velocity, tangential 

velocity and static pressure, respectively. There is 

usually no reverse flow for SN < 0.4. The stream 

lines show considerable divergence for 0.4 < SN < 

0.6. Reverse flow was observed for SN > 0.6.  The 

following relation is proposed for calculating the 

swirl number in one-axial swirl with flat blades, 

(12) 

where the model factor is defined as, 
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here Tmax, Tav and Tin are the maximum temperature 

at the outlet section, weighted average temperature 

in chamber outlet, and weighted average 

temperature of all chamber inlets, respectively. 

4. RESULTS AND DISCUSSION

Referring to Figure 1, swirl air inlet, initial jets 

and dilution jets are considered as 25, 35 and 40 

percent of the total air flow rate, respectively [1]. 

The results obtained show that the onset of swirl area 

is in the trap area at X/R=0.75 in reactive condition. 

Figures 3 and 4 illustrate the axial velocity and 

temperature profiles in different cross-sections, 

respectively. In order to detect the effects of initial 

jets on the swirl area, Rx 1 has been used.

Regarding the total inlet air, 50% for swirl air, 50% 

for diluted air and 0% for the primary air is utilized. 

According to Figure 5, temperature is initially high 

across the swirl area except near the wall because the 

combustion occurs at this region.  Temperature in the 

downstream of flow is decreased due to increased  
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Fig. 3. Axial velocity comparison with reactive and isothermal conditions (Re=19600, S=0.36, A/F=1.5) 

Fig. 4. Total temperature profiles in reactive condition at trap zone (Re=19600, S=0.36, A/F=1.5) 

Fig. 5. Temperature profile at reaction case 

penetration of the jets and extreme enhancement of 

the axial velocity in the central line. At outer areas 

of the combustion chamber due to the penetration of 

diluted jets, the temperature profile is relatively 

uniform. Figure 6 shows the variation of radial 

velocity in the case of swirl air enhancement. A 45 

degree expansion is gradually influencing the 

progress of the swirl flow. The reason for this is that 

a mechanism was added to the swirl created in the 

trap area which affected the reverse mixture and, as 

can be seen in Figure 7, the swirl occurred at Rx

0.63. 

Rx

The effect of increasing the fuel-air ratio from 1.5 

to 3 on the axial velocity and temperature profiles is 

shown in Figures 8 and 9, respectively. This effect is 

mostly evident in the trap area at  0.38, 0.75 

and 1.13. Although, the velocity profiles are similar 
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to those obtained in the previous air-fuel ratio 

(A/F=1.5), velocities become much larger. The effect 

of increasing air-fuel ratio is gradually reduced at 

Rx 2.5 and 4.5. Asymmetry in the temperature 

profiles near the nozzle at Rx  0.38 is again 

evident. Although the hot strip exists in these 

conditions, its effect is much less. Temperature 

profiles are relatively symmetric about the central 

line. The cool core resulting from the jets penetration 

appears at Rx 2.5 and continues through the flow 

up to Rx 4.5. The temperature profile is relatively 

uniform at Rx 5.  

The effects of swirl number on the chamber 

wall temperature and output temperature are 

shown in Figures 10 and 11, respectively.  
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Fig. 6. Variation of radial velocity with swirl air 

enhancement. 

According to Figure 10, the slope of the curve in 

trap area is caused by chemical interactions. The 

wall temperature rapidly decreased due to the 
primary air jet entering to the chamber, and then, 

because of heat penetration from the core, the 

temperature near the wall relatively increases. 

Then, a large drop in wall temperature occurs 

due to the entering of diluted air followed by an 

increase in wall temperature up to the outlet. By 

increasing the swirl number through the increase of 

the swirl angle, the combustion is prevented from 

reaching the walls and, as depicted in Figure 13 the 

temperature near the wall falls. As can be seen in 

Figure 11, by increasing the swirl number, the outlet 

temperature reduces near the wall and increases in 

the central line. The reason for this is that by 

increasing the swirl number more combustion occurs 

on the central line and it is not drawn near the wall. 

According to Figure 12, by increasing the fuel 

spray angle, the wall temperature increases due to 

large radial dispersion of fuel particles and 

subsequent combustion of the fuel near the wall. 

Fig. 7. Velocity profile in the case of 450 gradual 

increasing. 

Outlet temperature variation based on the fuel 

spray angle is shown in Figure 13. As observed in 

Figure 13, by increasing the angle of fuel spray, the 

fuel mixes better with air and most of the reaction 

process is occurs in the trap area, consequently, the 

outlet temperature falls. 

     For issues related to gas turbine combustion, 

small Sauter mean diameter of the initial fuel 

droplets increases efficiency and engine 

performance and reduce pollutants; on the other 

hand, if the droplet size is too small, they lose the 

required momentum and force to penetrate into 

high-pressure gases. Figure 14 depicts the Sauter 

mean diameter of initial droplets with a constant 

spray angle of 800. Combustion efficiency, and P.F. 

are calculated for several Sauter mean diameters. 

The mean diameter of initial droplets of 52 m  has 

more suitable combustion efficiency and P.F. 

compared to other diameters. As can be seen in 

Figure 15, the spray angle of 800 results in the 

highest combustion efficiency and P.F. 

According to experimental results available in 

literature, P.F. is between 0.5 and 0.75 [8]. 

Fig. 8. Axial velocity profiles at three different air-fuel ratios. 
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Fig. 9. Temperature profiles at three different air-fuel ratios. 

Fig. 10. Effect of swirl number in different cases of wall 

temperature. 

Fig. 11. Effect of swirl number in different cases of 

outlet temperature. 

Fig. 12. Effect of fuel spray angle on wall temperature. 

Fig. 13. Effect of fuel spray angle on outlet temperature. 
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Fig. 14. Optimization of Sauter mean diameter of initial 

droplets. 

Fig. 15. Optimization of fuel spray angle. 

5. CONCLUSIONS

     A numerical simulation was performed to 

investigate the effects of injection of axial and 

swirl flow inside an annular combustion 

chamber with wall jet. According to the results, 

by increasing the flow rate of swirl air entering 

the combustion chamber it is possible to achieve 

a rapid and nearly complete mixing mode. An 

excessive increase in the swirl flow rate at the 

chamber inlet allows that the combustion 

reaches the fuel injection nozzles. Thus, an 

optimum value for the swirl air flow exists. The 

effect of swirl number and fuel spray angle on 

wall and outlet temperatures were also 

investigated. Increasing the swirl air flow rate in 

the inlet area of the combustion chamber 

stretches the rotational area toward the fuel 

injection nozzles and causes the initiation of 

combustion near the chamber inlet. A further 

increase of the swirl flow rate at the chamber 

entrance makes that the combustion reaches the 

fuel injection nozzle; hence, an optimal value 

for swirl flow rate in the chamber entrance needs 

to be determined. An increase in the air-fuel 

ratio results in an increase in the velocities and 

uniform temperature profiles at the outlet 

chamber. Moreover, increasing swirl number 

and decreasing fuel spray angle also reduces the 

wall temperature. According to the results 

obtained, by enhancing the inlet swirl air flow 

rate and a sudden 450 expansion through 

variation in the geometry of the combustion 

chamber, rapid and quite complete mixing can 

be achieved. However, due to the proximity of 

the combustion to the chamber inlet and 

subsequent damage of the fuel injection nozzle, 

optimal values need to be obtained for the 

mentioned parameters.  

NOMENCLATURE 

mS
Mass added to the continuous phase of the 

second diffused phase  

p Static pressure 

ij Stress tensor

ig Gravitational force along i direction

iMS
.

Momentum term in gas phase equation

KG Turbulent kinetic energy

bG Kinetic energy of buoyancy

mY
Fluctuating expansion in compressible 

Turbulence relative to the overall loss rate 

k Turbulent Prantl number

 Turbulent Prantl number 

ES
.

energy term 

)(
,

idG Mass fraction of spray

CjS


Source term 

2
PY Variance of product mass fraction 
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Tunnel fire can not only lead to huge damages to economic losses, but also threats the human safety. Nowadays, 

more and more tunnels are established on plateau, and there are some differences between tunnel fire in plateau and in 

plain. Little research has been made about the impact of altitude on tunnel fire, so this paper is concentrated on this 

topic. CFD (Computational Fluid Dynamics) technology develops rapidly, very many scholars use it in study and the 

accuracy of the simulation results has been certified. In this background,   the technology was applied to study the 

impact of altitude on tunnel fire. Comparing simulation results at different altitude, some differences were found. 

Temperature at axle wire of the tunnel is much higher and the high temperature area is bigger at higher altitude than at 

lower altitude ceiling temperature magnifies with the rising of altitude. Ceiling temperature decays in an exponential 

model no matter at high or low altitude. The coefficient k increases because of the rising of altitude, meaning that 

ceiling temperature decays faster at higher altitude. The smoke diffusion length at 100 s told that smoke diffusion 

velocity is bigger at higher altitude, so the same distance from fire source, the higher altitude will be into danger faster. 

The smoke diffusion length at 100 s told that smoke diffusion velocity is bigger at higher altitude, so the same distance 

from fire source, the higher altitude will be into danger faster. All these factors indicate that when HRR is same, the 

higher altitude, the bigger danger. To some extent, a conclusion can be made that altitude rising can aggravate the 

consequence of the tunnel fire, and more attention should be paid to high altitude tunnel fire.  

Keywords: tunnel fire, altitude, temperature, smoke diffusion, CFD simulation

INTRODUCTION 

Tunnel fire can cause disasters. In 1999, a 

shocking fire accident happened in Mont-Blanc 

road tunnel, made 39 deaths, 43 cars ruined and 

traffic interruption for a year and a half [1]; in 

2008, DaBao Mountains tunnel fire in China made 

2 death, 5 injured, 2 trucks ruined, and traffic 

interruption for a month. 

Tunnel fire safety has attracted many experts’ 

interests, they made lots studies, many literatures 

have been reported about the maximum smoke 

temperature under ceiling [2,3], smoke temperature 

longitudinal distribution in a tunnel fire [4, 5], and 

ventilation effect on fire development[6]. Almost 

all these researches only considered standard 

pressure atmosphere (altitude is about 100 m).. 

Recently, due to the Western China, many 

tunnels created for transportation at high altitude 

places, such as QiLian Mountains tunnel at an 

altitude of 3700 m,BaLang Mountains tunnel at an 

altitude of 3800 m, Queer Mountains tunnel at an 

altitude of 4300 m. Variations in altitude make 

changes in environment, further greatly influence 

tunnel fire characteristics. So the study of the 

impact of altitude to tunnel fire has practical 

significance 

Nowadays altitude effects on fire have attracted 

some researchers’ attention. Y. Zhang [7-9]carried 

out a series of comparative laboratory-scale 

experiments to study on the characteristics of 

horizontal flame spread on plateau, and found that 

the flame spread rate on plateau is lower and the 

altitude difference can change the pyrolysis 

mechanisms; Niu Yi [10] conducted fire 

experiments of cardboard boxes filled with 

shredded office paper to study the difference of 

solid fuel fire characteristics at different altitudes, 

found that mass loss and flame axis temperature 

changed with the pressure changing. F. Tang and 

L.H. Hu [11] did numerical CFD simulations of CO

concentration distributions in a reduced pressure

atmosphere with lower air entrainment at high

altitude, made the conclusion that longitudinal

decay profiles of CO concentration are similar in

different pressure and the smoke flow temperature

decays faster with distance along the tunnel in the

reduced pressure atmosphere

NUMERICAL SIMULATION 

CFD brief introduction 

CFDis a product of modern hydromechanics, 

mathematics and computer science. FDS is one of 

CFD, specialized in fire simulation, based on mass To whom all correspondence should be sent: 
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conservation equation, energy conservation 

equation, momentum conservation equation and 

species conservation equation, and it was, is, and 

will be used to compute the fire behaviors widely. 

Previous works have already proved the simulation 

results’ accuracy. So this paper will use FDS to 

simulate tunnel fire under different atmosphere 

Simulation model 

This paper uses the Chinese typical single hole 

bi-directional tunnel as the simulation physical 

model. The simulation section is 300 m long,10 m 

wide and 7 m high, seeing as an rectangle, fire 

source is in the center of the tunnel, simulation 

model is presented in Fig 1. In this paper, X 

(0~150) is the direction of the length, Y(0~10) is 

the direction of the width, Z(0~7) is the direction of 

the height. 

Fig.1. Simulation model. 

In order to study the impact of altitude to tunnel 

fire characters, some parameters are varied in 

simulation, as Table 1..  

Grid is a key issue for the accuracy of 

simulation results. It is related to the HRR and the 

environment parameters. The specialists and 

scholars have found the division of the grid should 

refer to the formula. 

2

5* ( )
p

Q
D

c T g 



. (1) 

where D*is fire source characteristic diameter, 

m; Qis heat release rate, KW; ñ∞ is the density of 

air, kg/m3; Cp is specific heat of environment, 

kJ/kg•K;T∞is the temperature of environment, K; g 

is the gravitational acceleration, m/s2. 

Table 1. The parameters at different altitude 

NO.1 NO.2 NO3 NO.4 NO.5 

EGL[m] 0 1000 2000 3000 4000 

Pressure[KPa] 101.3 89.6 79.3 70 61 

Temperature[K] 298.5 292.5 286.5 280.5 274.5 

Air density[kg/m3] 1.208 40 30 20 10 

The cell size should not be larger than 0.1~0.2 

D*, D* changed with the altitude. A truck’s heat 

release rate is about 30 MW, so consider heat 

release rate in the simulation as 30 MW. The 

largest cell size (ä) responds to different altitude 

shows in Table 2. 

Table 2. The largest cell size in different altitude 

0 1000 2000 3000 4000 

D*[m] 3.25 3.30 3.51 3.76 4.06 

ä [m] 0.65 0.66 0.702 0.752 0.812 

According to table 2, the cell size is designed to 

be 0.5 m×0.5 m×0.5 m. 

Devices and slices 

There are some key issues for tunnel fire: 

temperature and smoke. High temperature not 

merely damages the tunnel construction but also 

causes a big harm to people lives. In order to study 

the temperature distribution, a temperature slice 

should be set up at the center line (Y=5 m). To 

learn the ceiling temperature, a series of 

thermocouples should be installed below the ceiling 

(Z=6.5 m, Z=6 m respectively) at one section, and 

every 25 m should be installed one series of 

thermocouples. Smoke contains a lot of toxic gas, 

so it can asphyxiate people and make them oxygen-

starved, it is the chief reason for human death in a 

tunnel fire. To analysis smoke characteristics, 

smoke output must be set as one of the output 

RESULTS AND DISCUSSIONS 

The altitude effect on smoke diffusion 

Smoke diffusion characters is very significant 

for tunnel fire analysis. Fig.2 demonstrates smoke 

diffusion length at time of 100 s. It can be seen 

clearly that smoke diffusion length extends when 

the altitude rising. This phenomenon shows that the 

diffusion velocity magnifies along with the 

increasing of altitude. The main reason is the more 

smoke is produced at high altitude when HRR is 

same. Because the area which is at the same 

distance from fire source will be into danger faster 

at higher altitude, and the bigger region is 

influenced by smoke, the tunnel fire in high altitude 

may result in huger losses.  

Fig. 2. Smoke diffusion length at T=100s 
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The altitude effect on temperature 

Temperature is another important factor to 

analysis. Figure.3 shows temperature distribution at 

Y = 5 m. It’s apparent the high temperature area is 

getting bigger when the altitude gets higher, and so 

is the maximum temperature increment near the fire 

source. It is consistent with smoke diffusion, tells 

that altitude can cause more serious temperature 

damage when HRR is same. 

Fig. 3. Ceiling temperature distribution 

Hu et al. [2] has found that ceiling temperature 

decays in an exponential model along the tunnel. 

The formula is as follows. 

0-k( )

0

=e
x xxT

T




, (2)

where ÄTx is the rising of temperature at the 

distance x m from fire source, ÄT0is the reference 

rising temperature, meaning the rising temperature 

at the reference distance, x means the distance form 

fire, x0 is the reference distance from fire source 

Table 3. Fit coefficient for temperature distribution= 

Altitude 

(m) 
0 1000 2000 3000 4000 

k 0.0078 0.0085 0.0091 0.0096 0.0103 

R 0.9985 0.9958 0.9966 0.9927 0.9946 

The ceiling temperature rising at the distance 25 

m from fire source as the reference temperature, by 

using origin software, the fitting formula at 

different altitude is made respectively, as Fig.4 and 

Tab.3 represents. The correlation coefficients R at 

different altitude are all above 0.99, so it certifies 

that ceiling temperature decays along the 

tunnel by power exponent no matter at high altitude 

or at low altitude. And it is seen that k increases as 

the increasing of altitude, it demonstrates that 

altitude rising will lead ceiling temperature 

decrease faster. 

Fig. 4. Ceiling temperature decays fitting model. 

CONCLUSION 

Altitude effect has great impacts on tunnel fire. 

Smoke diffusion length is longer when altitude is 

higher and the diffusion velocity grows with the 

increase of altitude. The highest temperature under 

ceiling is bigger too and so is the higher 

temperature area. Ceiling temperature decays along 

the tunnel by power exponent no matter at high 

altitude or at low altitude, the fit coefficient 

increases with the increasing of altitude. 

Both the smoke diffusion characters and the 

temperature distribution tell that when the altitude 

is higher, the danger is bigger, the time for people 

rescuing is less and the loss may be greater. 
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In order to manage the organization, in n-stage production industries it is important to know whether it is better that, in 

any of the n-stages of production, a semi-manufactured good is directly sold in the market or it is allowed that completely 

manufactured good is sent to market at the end of chain. Which of them will have effective efficiency and more profit? 

Also, it is of great importance for the macro-level planners, in order to strengthen the internal productions against imports 

and also to gradually create a brand and empower it to gain sustainable competitive advantage in any stage of goods 

exports. Presented model, formulated through linear programming, can evaluate and assess the strategy of pure profit 

management by efficiency based on each of production stages work stations (White Box). In fact, a network-ranking 

model is considered for multi-stage series processes using collective performance analysis to p-stage processes. The ideal 

decision unit could reach the efficiency of 1 due since it consists of production stations whose efficiencies are 1. With this 

decision unit, a set of improvement strategies for all 10 understudy production stations can be suggested. It can be claimed 

that the suggested strategies are based on reality. When two or more networks have the same efficiency, they can be 

ranked by means of this ideal decision unit. 

Keywords: Value chain; Data envelopment analysis (DEA); Ideal decision making unit; Network- Ranking models; 

Linear Programming 

INTRODUCTION 

Value chain is usually defined as a network of 

units that interrelate in different forms. Supplying 

the demands and organizational sources optimally is 

among the most important reasons for formation of 

value chain so that by the management section 

would be able to guarantee the organization survival, 

to reach the area of benefit, and gradually create the 

growth in profits. To achieve this goal, making use 

of DEA is of paramount importance [14]. 

In traditional DEA the decision units are taken 

into consideration as a black box (Charnes et al. [5]) 

in a way that internal structures of units are often 

ignored and the performance of a decision unit is 

determined merely in terms of its inputs and outputs 

[4]. 

In many cases it is possible decision units have 

network structures. Network structures are common 

in process industries. In the previously conducted 

studies some attempts have been made to calculate 

the efficiency based on a network viewpoint. In 

some of them the relative efficiency of decision unit 

stages has been calculated by a non-linear model, cf. 

Liang et al. [15].  

A set of examples might be mentioned in terms of 

production in industry and even services centers in 

which each system is formed of some sub systems 

and these sub systems has different inputs and 

outputs. During this process it might happen that in 

the intermediate stages the decision unit enters 

directly from outside into the intermediate stages or 

gets out it, cf. Kao&Hwang [13]. The advantage of 

this view point is, in fact, a meticulous exact look at 

decision units. It, in fact, makes it possible for the 

decision maker to make a more appropriate decision 

because in this type of analysis, the efficiency of 

decision units and different stages are compared 

with similar units and stages in other comparable 

units and their relative efficiency is offered as well. 

To put it clearly, in this analysis, the Achilles heel of 

units will be identified [18]. Moreover, by using this 

type of analysis it will be possible to suggest some 

strategies to improve the units in a way that by 

considering their inputs and outputs we can suggest 

effective strategies to increase their efficiency [19]. 

In order to reach the intended pattern, in these 

improvement strategies we can offer the suitable 

amount of input and output [18]. Another advantage 

of the model is that the efficiency of each unit is 

formed from the sum efficiency of stages or its 

forming sections. Thus, the sum of their efficiency, 

like the traditional models, will be 

between . Different applications can be 

mentioned for this approach [13]. 

The models offered after the classic ones made 

tremendous attempts to remove the weaknesses of 

the previous models. For example, the Andersen and 

Petersen efficient units ranking can be mentioned. 

This model ranks the efficient units. In other words, To whom all correspondence should be sent: 
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by removing the restrictions related to decision unit, 

it ranks the units whose efficiencies were 1 in the 

classic models. While this strategy applies in most of 

cases, in cases where units have a zero input this 

model encounters an unanswerable question [1]. 

In a similar vein, different attempts have been 

made to cover the weaknesses of zero inputs. For 

example, Chen's articles [3] and Cook et al. research 

article [9] can be mentioned. Besides, Lee &Zhu 

[16] offered a new strategy for zero inputs. In their

proposed model, titled super-efficiency models tried

to rank the efficient units with zero input.  Although

these approaches could effectively deal with the

weakness of classic models in ranking, but other

weaknesses and criticisms were still present.

Another approach that tried to cover all the 

criticisms was the ideal decision making unit. It tries 

to create an ideal unit to make a pattern for all units 

ranging from efficient or inefficient ones. This 

approach especially tried to deal with the 

inefficiency of efficient units. An important question 

is available concerning inefficiency of efficient 

units: why efficient units are good patterns for other 

units but they themselves lack any improvement 

pattern? In other words, why should not offer 

patterns and strategies for patterns and their 

improvements [2]? In fact, in these models, the 

efficient units are like machines that merely smooth 

the path for improvement of other units and move 

them toward efficiency but no strategy is offered by 

traditional DEA approaches to improve these 

efficient units [20]. From another perspective, it 

sometimes happened in reality that even patterns 

could not satisfy the managers and shareholders. 

That is, sometimes the efficient units failed to reach 

the real determined goals. It means that though 

efficient units had a relative efficiency 1 in 

comparison to other units, they could not be 

regarded as successful patterns that have always 

achieved the goals and wishes of managers, 

shareholders, and elites. Thus, in order to take into 

consideration the opinions of managers and elites 

about the efficient units, the approach of creating an 

ideal decision making unit was proposed by 

Jahanshahloo et al. [11]. Although it was a good 

response to proposed criticisms about the classic 

models, but it caused a set of new criticisms. That 

how and based on what criteria this ideal unit should 

be created so that it is neither strict nor easy was one 

of new criticisms. Furthermore, Human 

interferences were also another weakness and 

criticism.  

On the other hands, in the real world, most of the 

companies that make use of these types of models 

for improvement purposes face some problems. 

They argue that the strategies offered by ideal virtual 

units to reach the efficiency frontier are not feasible 

in reality. That is why; it was a dream for these 

companies to reach an ideal unit for inefficient units. 

Given this justification that if these goals, views, and 

wishes were achievable, the current decision units 

had achieved them, Jahanshahloo et al. [12]. 

Stewart [17] in his article examined the ideals 

using the “Chebyshev scalarizing function”. 

According to the model suggested by him, if these 

ideals are within the feasible space, they are drawn 

on the border of feasible space. Some criticisms are 

made to this model as well. For example, the ideals 

made by humans for this model are in fact a weak 

point for it. Moreover, the existence of ideals within 

the feasible space is meaningless and although it has 

defined a set of ideals and strategies for current 

patterns, their being virtual is still open to 

discussion. Additionally, these models cannot rank 

the units and only offer improvement strategies and 

patterns for the units. It should also be pointed out 

that in the mentioned study some ideals are 

introduced that are within the recent feasible space 

meaning that some ideals are sometimes defined for 

the decision units that those units have reached more 

achievements than that and now those ideals 

consider less accomplishments. This is, in itself, a 

serious criticism to this model in the sense that how 

could it be that an ideal is within the recent feasible 

space. 

Accordingly, in the present paper a network 

model was designed in a way that not only has the 

ranking capability of units, but also offers some 

improvement strategies for them and patterns which, 

in turn, makes it possible for the decision unit to 

reach more achievements than the present ones. This 

model, in fact, evaluates different scenarios based on 

duty-oriented management and also the units and 

stations in each production stage (internal 

evaluation). It, then, leads to more achievements 

than present possible space based on separate stages 

and finally highlights the production for 

management decision makings at the end of 

different stages.   

MODELING 

This model is formulated through linear 

programming in a way that can evaluate and assess 

the strategy of pure profit management by efficiency 

that is based on each of production stages work 

stations (white box). In fact, network models are 

taken into account for multi-stage series processes 

using collective performance analysis to p-stage 

process. 
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Fig. 1. Network Model. 

According to figure 1, the input vector of stage 1 

is represented by  The output vectors from p 

stage (P=1,2,…,p) are of two types:  and  . In 

figure 1, indicates the output that has moved out 

of decision unit in p stage and thus does not entered 

into next stage as an input. is the output that has 

moved out from the p stage and enters into the P+1 

stage as an input. The new inputs shown with  are 

those that directly from the capacitor enter the P+1 

stage (P=2,3,..,p). 

MODEL FORMULATION 

1. the r component that (r=1,2,…,Rp)is the

output vector ofRpdimension of     that exits p 

stage and does not enter the subsequent stage as 

input. 

2. the k component that (k=1,2,…,Sp) is the

output vector of Spdimension of  that exits 

from the p stage and goes into the p+1 stage as input. 

3. the i component (i=0,1,2,…,ip) of input

vector Ip dimension of  in the p+1 stage that 

enters into the process.  

The following coefficients are taken into account 

for the above-mentioned factors: 

: is the coefficient component of output 

that exits from stage p. 

: is the coefficient component of output in 

stage p and also the multiple of the same component 

that goes into stage p+1 as input.  

is the coefficient component of input  that 

moves into stage p+1. Thus, when p=2,3,…, the 

ratio of  efficiency is as follow:  

(1), 

It should be noted that there is no output that is 

entered into the first stage. The efficiency for the 

first stage that is p=1 for  is as follow: 

(2),   

are the only inputs that enter the first stage and 

the input vector is shown by  . The claim is that 

the whole efficiency of the network is obtained by 

the component P convex linear combination. 

Note that the weights of   are offered for 

showing the relative importance of each stage to the 

whole network. An approach of determining  is 

the total amount of sources that is allocated to each p 

stage and reveals that stage relative importance. 

Specifically, the sum of above-cited fractions 

denominator indicates the total consumption of 

network in figure 1 and  in it represents the ratio 

of consumed input in the p stage. 

, 

(3) 

Therefore, the total efficiency is calculated as 

follows: 

(4)

Also,  is showing the relative efficiency of each 

stage. 

, 

 (5) 

Now for optimization of the total efficiency of  

- a multi-stage process dependent on restrictions that

should not be more than 1- the non-linear models

are changed into linear ones using Charnes & 

Cooper. Again, it should be noted that  is not 

fixed.  

In Charnes and Cooper's model, there are three 

ways to increase the output/input fraction: 

1. While the fraction denominator is fixed, its

numerator increases 

2. While the fraction numerator is fixed, its

denominator decreases 

3. While the fraction numerator increases, its

denominator decreases. 

Charnes et al. [5] consider the fraction 

denominator of   a fixed number that is generally 1 

and try to increase the fraction numerator in the 

objective function. That is: 

, (6) 

, 

(7) 

 , (8)
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(9) 

*The first restriction (relation 7) is the inputs in

the fraction denominator of . 

** The second restriction (relation 8) is related to 

W1 amount that cannot be more than 1 and for the 

whole efficiency not to be over 1, the stages' weights 

are considered less than or equal to 1. That is, by 

considering the fraction of , this restriction is 

resulted. 

*** The third restriction (relation 9) is related to 

Wp resulted from considering   less than or equal 

to 1.  

CASE STUDY 

Due to the fact that the case study is the textile 

Industry Value Chain, we do the evaluation process 

of this industry, described by empirical-scientific 

experts (elites) like figure 2, based on an innovative 

model of network data envelopment analysis. 

Furthermore, because the defined value chain 

comprises four stages of spinning, weaving, dyeing 

and finishing, and clothe production (men clothe) 

and each stage consists of a set of different working 

stations, we just study the dyeing and finishing unit 

that, according to figure 3, entails seven different 

stations with 10 types of production(various 

production scenarios). The model, in fact, evaluates 

the different scenarios on the basis of task-oriented 

management and in terms of the units or working 

stations within each stage of production process 

(introvert evaluation). 

As it is clear the fabric dyeing and finishing 

process involves seven working stations in which 

the output of each station is the input of next station. 

At the beginning of this network and from outside of 

the network, serge raw fabric network is injected 

into the network. This fabric enters the perez fires 

Station after being Inspected and darned. Then after 

being perez fired, it enters the next station that is 

crabbing. The output of this station moves into the 

cleanup station and its output would be washed 

fabric. Then this washed fabric enters into the fifth 

station that is carbonized station. In the next stage, 

the carbonized fabric goes into the dyeing station for 

Fig. 2. Multiple scenarios/ Flowchart of production line (From A1 to A10) 
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the purpose of designing and finally, the fabric 

enters into the seventh stage for the purpose of 

ironing and packaging. At the end of this network 

the finished fabric gets out of network. Table 1 

shows this network figures for the 10 stations. 

Now given the figures in Table 1 and also with 

regard to model 1, we deal with the evaluation of the 

10 production stations. Table 2 represents the 

efficiency of each of these production stations and 

the weight of each station in the whole efficiency 

evaluation is also determined. In this table, 

represents the efficiency of each station that because 

this network consists of seven stations, i is between 

1 to 7 (i= 1,2,…,7). Moreover,  indicates the 

weight of each of the stations efficiency. It should be 

noted that  represents the whole efficiency of each 

of 10 working stations resulted from multiplying the 

efficiency weight of each station to the efficiency of 

the same station. 

As Table 2 reveals, none of the dyeing and 

finishing production line could reach efficiency 1 

and the reason is that there was no network that 

could reach efficiency 1 in all production stations. 

Though the number 2 production line could reach 

efficiency 1 in six of working stations, its whole 

efficiency was not 1 because it could not reach this 

efficiency in the sixth station. 

This section deals with the ideal decision unit 

creation. Although this unit is virtual meaning that 

such a network did not really exist in the evaluation 

process, it is however real too in that it consists of 

real units. In the following section the way these 

units were created are described by Tables 3 and 4.  

Fig. 3. Working stations of dyeing and finishing stage of fabric production (Men clothes). 

Table 1. Input and output figures for the third production stage (Finishing and Dyeing) 
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Table 2. The efficiency of production network stations in dyeing and finishing stage of value chain production 

Table 3. 

Table 4. 
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CONCLUSION 

Based on the information in Table 2 obtained 

from Lingo software, the ideal scenario is created 

from combination of two A2 and A9 in Table 4 (More 

achievements from the present possible space) and 

as it is obvious, the ideal decision unit could reach 

the efficiency of 1 due to the fact that it consists of 

production stations whose efficiencies are 1. 

Additionally, by means of this decision unit it would 

be possible to suggest a set of improvement 

strategies for all 10 understudy production stations. 

These strategies are on the basis of this ideal 

decision unit. Thus, it can be claimed that the 

suggested strategies are based on reality. 

Furthermore, in the case where there of two or more 

networks having the same efficiency, they can be 

ranked by means of this ideal decision unit. This 

conclusion indicates a set of differences compared to 

other value chain models as follows: 

1. Achievements more than the institution

present possible space 

2. This model was designed based on DEA model

(network-ranking) to reach pure benefit 

management strategy through effective efficiency 

3. This model designs the pure benefit

management strategy in stage and integrative ways. 

Therefore, In the analysis and managerial decisions 

it will be possible to determine whether a part of 

produced items up to a specific stage should be sold 

directly as a Semi manufactured item or let the 

remaining stages be done to make more added value. 

4. In designing this model, n types of factory (in

the case study, four types of weaving, spinning, 

finishing, dyeing, and clothing production) which 

often work separately, are taken into consideration 

both separately and integrated.  

5. It has the capability of evaluation and

measurement in meticulous ways (different working 

stations of each stage) and also evaluation and 

measurement of efficiency between different 

production stages (process-based perspective).  

SUGGESTIONS FOR FURTHER RESEARCH 

1. The same process can also be carried out in

ideal decision unit production of parallel network 

models. 

2. Experts and elites' standpoints in the form of

goal programming can be used while creating an 

ideal decision unit. 
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Oil&petrochemical industry normally uses the large storage tanks, which contain considerable volumes of flammable 

and hazardous chemicals. Thus, the occurrence of a tank accident is possible and usually leads to fire and explosions. 

Major industrial accidents can have very dangerous environmental and health consequences. One of the mitigation 

accident effects implication of Emergency Response Management in the Industries. 

Emergency Response Management (ERM) enables and supports emergency response operations across organizational, 

jurisdictional, and geographical boundaries. Emergency response management guidelines which mostly consist of four 

parts include prevention, preparedness, response, and recovery.  

The paper reviews the existing emergency management patterns (ISO 15544, CCPS, NFPA 1600, DEP, and OSHA 3022) 

to find an emphasis on identifying and reducing environmental impacts was examined based on five international 

guidelines.  

The common elements of these five international guidelines were determined. A questionnaire containing the information 

was designed and distributed between experts to give their answers as the best native model. The information gathered 

through questionnaires was analyzed by Expert choose software and the results was priorities with Analytical Hierarchy 

Process Method (AHP), in four phases of prevention, preparedness, response, and recovery. The results shows that the 

CCPS guideline is a best models and suitable for Emergency management in Iran Oil & Petrochemical Plants with an 

approach to environment priorities 

Key words: Native model, Emergency response management, Analytic Hierarchy Process (AHP), Environment Effect 

INTRODUCTION 

The petrochemical industry normally uses large 

storage tanks, which contain considerable volumes 

of flammable and hazardous chemicals. Thus, the 

occurrence of a tank accident is possible and usually 

leads to fire and explosions. A thorough analysis of 

tank accidents with a classification of causes and 

contributing failures is presented by Chang and Lin 

[1]. The most common consequence of a tank 

accident is fire. 

Although large-scale tank fires are very rare, they 

pose a severe challenge to employs & stockholders, 

oil companies and the environment, due to the 

multiplicity of the physical processes involved. 

According to the study of Persson and Lonnermark 

[2] , there are two ways of dealing with a tank fire,

either to let it burn-out fully and thereby self-

extinguish or, alternatively, to extinguish the fire

actively, using firefighting foams. One of the

mitigation accident effects implication of emergency

response management in the industries.

Tank fires produce large quantities of combustion 

products, such as Sulphur dioxide (SO2), carbon 

monoxide (CO), hydrogen sulfide (H2S), and lead to 

soot and particulates formation. More specifically, 

the transport of combustion products by a wind-

blown smoke plume can distribute potentially 

hazardous materials over a large area and may lead 

to serious consequences for the health of people and 

for the environment 

Cascading disruptions and failures product of 

natural, industrial and man-made disasters can be 

avoided or minimized if the concept of Crisis 

Lifecycle is included and understood into emergency 

management. Research studies by Turner and also 

by Vaughan have shown that crisis often have long 

incubation times. There are numerous precursors or 

warnings that are ignored or not detected. 

Strategic aspects of emergency management 

have to include the whole lifecycle of crises [3] to 

minimize cascading disruptions and failures due to 

the dynamism of crises as a consequence of 

variable’s evolution over time. To achieve this 

lifecycle perspective, a bird’s eye view in temporal, 

spatial and configuration space is necessary. To whom all correspondence should be sent: 

E-mail: Narimannejad@nipc.ir
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Therefore, it can be argued that effective crisis 

management starts well in advance of the actual 

physical manifestation of the crisis. Ideally, crises 

could be avoided if perfect early warning systems 

were in place, if managers understand how to solve 

them and if the evolution of crises is perceived 

beforehand. 

EMERGENCY MANAGEMENT LIFE CYCLE 

A life-cycle approach provides a broad and 

systematic view of the activities relating to 

emergency response management [4]. Therefore, the 

framework we suggest is adapted to each of the 

stages in the life cycle. The management of 

emergency response can be visualized in terms of 

three distinct sets of activities on the time line 

continuum [5]. These include actions taken (a) prior 

to an incident (typically deals with preparedness 

issues such as planning and training), (b) during the 

incident (mitigation), and (c) after the incident (a.k.a. 

the response and recovery stage). 

Disaster operations life cycle and disaster types 

Tufekci and Wallace [6] suggest that emergency 

response efforts consist of two stages; prevent and 

post-event response. Pre-event tasks include 

predicting and analyzing potential dangers and 

developing necessary action plans for mitigation. 

Post-event response starts while the disaster is still 

in progress. At this stage the challenge is locating, 

allocating, coordinating, and managing available 

resources. Tufekci and Wallace also suggest that an 

effective emergency response plan should integrate 

both of these stages within its objective. They add 

that separating pre- and post-loss objectives may 

lead to suboptimal solutions to the overall problem. 

In the United States comprehensive emergency 

Management is commonly described in terms of 

four programmatic phases: mitigation, prepared 

preparedness, response, and recovery [7,8.9] . The 

four-phase approach covers all of the actions 

described in Tufekci and Wallace’s classification 

while providing a more focused view of emergency 

management actions. Moreover, the four-phase 

classification is based on the Comprehensive 

Emergency Management concept introduced in the 

1978 report of the National Governors Association 

Emergency Preparedness Project [10]. 

These terms have been widely used by policy 

makers, practitioners, trainers, educators, and 

researchers. As illustrated in Figure 1 the four phases 

are often described as part of a continuous process. 

Mitigation is the application of measures that will 

either prevent the onset of a disaster or reduce the 

impacts should one occur. Preparedness activities 

prepare the community to respond when a disaster  

Fig. 1. Four Phases of Emergency Management 

[11]. 

occurs. Response is the employment of resources 

and emergency procedures as guided by plans to 

preserve life, property, the environment, and the 

social, economic, and political structure of the 

community. Recovery involves the actions taken in 

the long term after the immediate impact of the 

disaster has passed to stabilize the community and to 

restore some semblance of normalcy 

Industrial and commercial installations which 

have the potential for causing accidental pollution of 

air, land or water, or the endangerment of public 

health and safety are required to develop and 

implement Prevention/Mitigation, Preparedness, 

Response and Recovery which encompass the other 

Departmental program requirements. 

ANALYTIC HIERARCHY PROCESS (AHP) 

AHP is a decision-making tool that can help 

describe the general decision operation by 

decomposing a complex problem into amulti- level 

hierarchical structure of objectives, criteria, sub 

criteria and alternatives [12]. Applications of AHP 

have been reported in numerous fields such as 

conflict resolution, project selection, budget 

allocation, transportation, health care, and 

manufacturing, Environment challenges (Harker, 

1989). More and more researchers are realizing that 

AHP is an important generic method and are 

applying it to various manufacturing areas [14], [15], 

[16], [17], [18]. In addition to the wide application 

of AHP in manufacturing areas, recent research and 

industrial activities of applying AHP on other 

selection problems are also quite active 

[19],[20],[21],[22]. 

AHP’s hierarchic structures reflect the natural 

tendency of human mind to sort elements of a system 

into different levels and to group like elements in 

each level [12]. From a human factor point of view, 

AHP can be a very effective tool to assist human 

decision making. A study conducted by [23] show 

that when a human being and an intelligent machine 
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cooperate to solve problems, but where each 

employs different problem-solving procedures, the 

user must have an accurate model of how that 

machine operates. This is because when people deal 

with complex, interactive systems, they usually 

build up their own conceptual mental model of the 

system. The model guides their actions and helps 

them interpret the system’s behavior. Such a model, 

when appropriate, can be very helpful or even 

necessary for dealing successfully with the system. 

However, if inappropriate or inadequate, it can lead 

to serious misconceptions or errors [24]. Therefore, 

it is very important for decision makers to be able to 

understand the decision-making model structure, 

while AHP just provides such a simple, easily 

understood, and flexible model structure. 

Dagdeviren and colleagues [25] have expressed 

first by AHP method, complex multi-criteria 

decision making problem turns into a hierarchy of 

decision elements means purpose, criteria and 

decision options related to that problem. The method 

of AHP makes objectives, criteria or options to the 

hierarchical structure like a family tree. 

Hierarchy has at least three levels: the total purpose 

of the first level is, placing multiple criteria that 

evaluate options in the middle and decision options 

under this part. View of decision-making hierarchy 

that has four levels has been drawn in the Figure 2 

Fig. 2. Grossly Simplified Structure Of an Exemplary 

AHP Hierarchy. 

The next step is the comparison of options and 

criteria. When the problem breaks down and its 

hierarchy is made, prioritization procedures start for 

determining the relative importance of criteria for 

each level. Pair judgments start from the second 

level (criteria) and in the last level end. In each level, 

criteria as pair and according to their effect levels 

and based on specified criteria are compared at a 

higher level. 

Bogdanovic and colleagues [26] asserted paired 

comparing should be conducted by the question from 

decision maker. For example, be asked, according to 

the purpose of decision which scale of 1 to 9, as 

shown in Table1 should be allocated as the 

importance level of criteria to each other. Also Vidal 

and colleagues [27] concluded 8, 6, 4, 2 middle 

numbers should be used for comparison correction. 

Table 1. Scale of paired comparison in AHP method. 

Intensity 

of 

Importance 

Definition Explanation 

1 
Equal 

Importance 

Two activities 

contribute 

equally to the 

objective 

2 Weak or Slight 

3 
Moderate 

Importance 

Experience and 

judgment 

slightly favor 

one activity over 

another   

4 Moderate Plus 

5 
Strong 

Importance 

Experience and 

judgment 

strongly favor 

one activity over 

another   

6 Strong Plus 

7 

Very strong or 

demonstrated 

importance 

An activity is 

favored very 

strongly over 

another, its 

dominance 

demonstrated in 

practice.  

8 
Very very 

Strong 

9 
Extreme 

Importance 

The evidence 

favoring one 

activity over 

another is of the 

highest possible 

order of 

affirmation  

GUIDELINES STRUCTURE 

The Center for Chemical Process Safety (CCPS) 

Technical planning for on-site emergencies 

The Center for Chemical Process Safety (CCPS) 

was established in 1985 by the American Institute of 

Chemical Engineers (AIChE) for the express 

purpose of assisting industry in avoiding or 

mitigating catastrophic chemical accidents. To 

achieve this goal, CCPS has focused its work on four 

areas [28], [29]: 

• Establishing and publishing the latest scientific,

engineering, and management practices for 

prevention and mitigation of incidents involving 

toxic, flammable, and/or reactive material. 
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• Encouraging the use of such information by

dissemination through publications, seminars, 

symposia, and continuing education programs for 

engineers. 

• Advancing the state-of-the-art in engineering

practices and technical management through 

research in prevention and mitigation of catastrophic 

events. 

• Developing and encouraging the use of

undergraduate engineering curricula that will 

improve the safety knowledge, and consciousness of 

engineers. 

This Guideline is a Technical Planning for On-

Site Emergencies and Include of four phases 

Prevention, Preparedness, response and Recovery. 

Table 2 shows the important elements. 

Table 2. Elements of CCPS pattern about Emergency 

Management. 

CCPS 

1. Principles of Prevention

2. Principles of Mitigation

3. Identification of Credible Incidents

4. Conceptual Approach to Emergency Response

5. Developing Response Tactics

6. Physical Facilities and Systems

7. Response Equipment and Supplies

8. Developing a Workable Plan

9. Training

10. Response Functions

11. Support Functions, Systems, and Facilities

12. Recovery Functions

13. Cleanup of Facilities

ISO 15544 (Petroleum and natural gas industries 

Offshore production installations — Requirements 

and guidelines for emergency response) 

ISO (the International Organization for 

Standardization) is a worldwide federation of 

national standards bodies [30]. The work of 

preparing International Standards is normally 

carried out through ISO technical committees.  

The successful development of the arrangements 

required promoting safety and environmental 

protection during the recovery of hydrocarbon 

resources requires a structured approach to be 

applied to the identification and assessment of the 

hazards which may be present during the various 

phases in the lifecycle of an offshore installation. 

These principles also apply to the development of 

the strategy, arrangements and procedures required 

to respond to emergencies.  

The content in this International Standard is 

consistent in table 3.  

Table 3. Elements of ISO pattern about Emergency 

Management. 

ISO 15544 

1. Emergency response strategy (ERS)

2. Emergency response plan (ERP)

3. Command and control

4. Detection of the need for emergency response

5. Competence

6. Maintenance of emergency response 

equipment

7. Communications

8. Escape, refuge, evacuation and rescue

9. Environmental emergency response

10. Medical emergency response

This International Standard is based on an 

approach where the selection of measures for 

emergency response is determined by an evaluation 

of hazards on the shore installation. The 

methodologies employed in this assessment and the 

resultant recommendations will differ depending on 

the complexity of the production process and 

facilities, type of facility (i.e. open or enclosed), 

manning levels, and the environmental conditions 

associated with the area of operation. 

DEP (Guidelines for the development and 

implementation of environmental emergency 

response plans) 

Department of Environmental Protection (DEP) 

has developed and implemented of environmental 

emergency response plans with this guideline. The 

policy of this to plan and provide effective and 

efficient response to emergencies and accidents for 

any situation dealing with the public health, safety 

and the environment [31]. A wide variety of 

industrial activities, both manufacturing and 

commercial, exist in the world. Many of these 

activities have the potential for causing 

environmental degradation or endangerment of 

public health and safety through accidental releases 

of toxic, hazardous, or other pollution materials.  

In recognition of this fact, several State and Federal 

regulatory programs have been developed to 

encourage the use of preventive approaches to deal 

with unwarranted releases of toxic, hazardous, or 

other pollutants to the environment.  

The Department’s objective is to consolidate the 

similarities of the State and Federal pollution 

incident prevention and emergency response 
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programs into one overall program. Industrial and 

commercial installations which have the potential 

for causing accidental pollution of air, land or water, 

or the endangerment of public health and safety are 

required to develop and implement Preparedness, 

Prevention and Contingency (PPC) Plans which 

encompass the other Departmental program 

requirements. Key elements of this guideline show 

in table 4.  

Table 4. Elements of DEP pattern about Emergency 

Management. 

DEP 

1. Description of Facility

2. Organization Structure & Duties and 

Responsibilities

3. Chain of Command

4. Emergency Response Plans

5. Spill Leak Prevention

6. Housekeeping

7. Security

Employee Training

8. Countermeasures

9. Communications and Alarms

10. Evacuation Plan

11. Emergency Response Equipment

12. Emergency Spill Control Network

National Fire Protection Association (NFPA 1600) 

Standard on Disaster/Emergency management and 

business continuity programs 

NFPA® codes, standards, recommended 

practices, and guides (“NFPA Documents”), of 

which the document contained herein is one, are 

developed through a consensus standards 

development process approved by the American 

National Standards Institute. This process brings 

together volunteers representing varied viewpoints 

and interests to achieve consensus on fire and other 

safety issues. While the NFPA administers the 

process and establishes rules to promote fairness in 

the development of consensus, it does not 

independently test, evaluate, or verify the accuracy 

of any information or the soundness of any 

judgments contained in NFPA Documents. [32] 

The NFPA disclaims liability for any personal 

injury, property or other damages of any nature 

whatsoever, whether special, indirect, consequential 

or compensatory, directly or indirectly resulting 

from the publication, use of, or reliance on NFPA 

Documents. . Key elements of this guideline show in 

table 5.  

Table 5. Elements of NFPA pattern about Emergency 

Management. 

NFPA 1600 

1. Laws and Authorities

2. Risk Assessment

3. Incident Prevention

4. Mitigation

5. Resource Management and Logistics

6. Mutual Aid/Assistance

7. Incident Management

8. Planning

9. Communications and Warning

10. Operational Procedures

11. Facilities

12. Training

13. Exercises, Evaluations, and Corrective Actions

14. Crisis Communication and Public Information

15. Finance and Administration

OSHA 3022 

(Principal emergency response and preparedness 

requirements and guidance) 

The importance of an effective workplace safety 

and health program cannot be overemphasized. 

There are many benefits from such a program, 

including increased productivity, improved 

Employee morale, reduced absenteeism and illness, 

and reduced workers’ compensation rates. 

Unfortunately, workplace accidents and illnesses 

still occur in spite of efforts to prevent them, and 

proper planning is necessary to effectively respond 

to emergencies. Several Occupational Safety and 

Health Administration (OSHA) standards explicitly 

require Employers to have emergency action plans 

for their workplaces [33]. Emergency preparedness 

is a Well-known concept in protecting workers’ 

safety and health. To help employers, safety and 

Health professionals, training directors, and others, 

the OSHA requirements for emergencies are 

compiled and summarized in this booklet. 

This publication provides a generic, non-

exhaustive overview of OSHA standards for 

emergencies. It is not intended to alter or determine 

compliance responsibilities in OSHA standards or 

the Occupational Safety and Health Act of 1970. 

Please review the current OSHA standards 

applicable to your work operations to ensure your 

compliance. Key elements of this guideline show in 

table 6.  

RESEARCH-METHOD 

As previously stated, the aim of this study is the 

ranking of current international pattern and 

providing local pattern of Emergency Management. 

The ranking of crisis management pattern is done  



Alireza Narimannejad et al.: Emergency response management native model to reduce environmental impacts using… 

255 

Table 6. Elements of OSHA pattern about Emergency 

Management. 

OSHA 3022 

1. Medical services and first aid

2. Prevention through Process Safety 

Management (PSM) 

3. Design, construction requirements and 

Maintenance, safeguards and operational 

features for exit routes 

4. Emergency and fire action plans

5. emergency response equipment

6. Additional Requirements for Specific 

Workplaces / Operations 

7. Personal Protective Equipment

8. communication

using Analytical Hierarchy Process (AHP) and data 

analysis is performed by using Expert Choice 

software. 

To ranking is required to define the main criteria 

and sub-criteria and patterns are rated based on it. 

Given the importance of the life cycle of any system, 

phases of the cycle (prevention, preparedness, 

response and recovery) are considered as the main 

criteria and the requirements of studied patterns were 

classified into four groups. In table7, the way of 

categorizing requirements of studied patterns is 

shown in four categories: prevention, preparedness, 

response, and recovery. 

By placing each of the criteria, sub-criteria and 

options to get her and drawing the connection 

between them, hierarchy pattern is defined as 

figuer3. 

According to the created hierarchical model, a 

questionnaire to gather experts' opinions in this field 

were developed and provided them. At the end 

completed questionnaire in formation was analyzed 

and investigated using the software. 

Among the four main criteria for prevention, 

readiness, response and recovery prevention phase 

with a score of 0.662 achieved the higher starting, 

after it phases of preparation, recovery and response 

respectively ranked in second to four the 

respectively. (Figure 4). 

Among the studied sub criteria in the prevention 

group of requirements Principles & method of 

Prevention, in the preparedness set of sub criteria 

Emergency response strategy & plan (ERS & ERP), 

sub-criteria of Communications in Response group 

and sub-criteria of Cleanup of Facilities in the 

recovery group achieved the highest score. 

Among the studied crisis management patterns 

that were defined as investigated options in the 

analysis of hierarchical, models CCPS, NFPA, DEP, 

OSHA and ISO respectively placed in the first to 

fifth positions. (Figure 5). 

Table 7. How to categorize the requirements of studied patterns 
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Fig. 4. The results of rankingthe main criteria 

Fig. 5. The results of ranking the main criteria 
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Table 8. Native model of emergency management. 

Elements 
Requirements 

according with

Prevention 
1. Principles & method of Prevention CCPS ERP Model 

2. Principles & method of Mitigation CCPS ERP Model 

Preparedness 

1. Emergency response strategy & plan (ERS & ERP) DEP ERP Model 

2. Emergency response equipment NFPA ERP Model 

3. Physical Facilities and Systems CCPS ERP Model 

4. Competence & Training CCPS ERP Model 

5. Identification of Credible Incidents CCPS ERP Model 

6. Exercises, Evaluations, and Corrective Actions NFPA ERP Model 

7. Laws, Requirements and Authorities OSHA ERP Model 

8. Mutual Aid/Assistance & Countermeasures DEP ERP Model 

Response 

1. Finance and Administration CCPS ERP Model 

2. Command and control DEP ERP Model 

3. Communications NFPA ERP Model 

4. Medical emergency response CCPS ERP Model 

5. Environmental emergency response DEP ERP Model 

6. Security DEP ERP Model 

7. Detection of the need for emergency response ISO ERP Model 

Recovery 
1. Recovery Functions CCPS ERP Model 

2. Cleanup of Facilities CCPS ERP Model 

CONCLUSION 

To develop indigamous pattern of crisis 

management in the petrochemical industry to reduce 

the environmental consequences of accidents, five 

international model CCPS, NFPA, DEP, OSHA and 

ISO are analyzed and ranked, that the presented 

model by the Center for Chemical Process Safety 

America (CCPS) with a score of 0.375 achieved the 

highest rating. But by studying the achieved scores 

about all the requirements of the 5 models, dealing 

with the requirements that despite achieving high 

points in their group, not placed in the pattern CCPS 

(as Laws, Requirements and Authorities in the 

defined pattern by OSHA) and or have higher score 

than the same pattern in CCPS model. For example, 

it can be pointed to the elements of Emergency 

response strategy in the presented model of ISO that 

has achieved a higher rating from the same pattern in 

the CCPS, namely developing a Workable Plan. 

Thus, to define the indigenous pattern, these 

requirements were investigated and placed in the 

native model. So, indigenous pattern of crisis 

management with approach of reducing 

environmental consequences of accidents were 

defined as follow. 
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A green strategy for an enterprise – public or private, government or commercial – is one that complements the 

business, operations, and asset strategies that are already well understood and often well-articulated by the enterprise. In 

this paper, an attempt has been made to discuss various issues related to Green Management (GSM). The concept of 

GSM, the functional Model of an organizational supply chain with an environmental impact, differences between 

conventional management and GSM and models for the implementation of GSM registered in the literature have been 

discussed. Various approaches of GSM, implementation of a Green Management and key factors affecting GSM have 

been also described.The objective of this paper is to identify majorworks on green strategic management research 

integrating Environmental, Health and Safety (EHS) toward sustainable developing thinking into all instruments and 

procedure management, and thereafter, to classify them so as to identify gaps, issuesand opportunities for further study 

and research.Therefore, in order to implement this right and fundamental conceptual model relying on literature review 

of GSM on the one hand and the key elements of sustainable development other hand, the conceptual model has been 

proposed.We were determined 20 criteria classify the existing GSM probing into five broad categories based on the 

problem context in GSM; strategic management, environmental performance, green manufacturing, process 

management, management system, 

Keywords: green strategy management, environmental health and safety, sustainable development, analytic hierarchy 

process  

INTRODUCTION 

Economic globalization, increasing resource 

scarcity and environmental degradation have 

caused green strategic management (GSM) to 

become an important competitive approach for 

organizations involved in international trade.  

The story of environmental management can be 

traced to the Industrial Revolutions of 18th and 

19th centuries, the lack of standards for industrial 

products and processes in the early 20th century, 

the creation of environmental laws and regulations 

beginning in the 1970s, the emergence of voluntary 

codes of corporate conduct and environmental 

management practices over the past 30 years, 

international developments related to the 

environment management and the more recent 

development of international environmental 

management standards and guidelines to facilitate 

global trade. Widespread concern for 

environmental protection emerged dramatically 

with the advent of the Industrial Revolution. Public 

outcries over smoke pouring from the stacks of coal 

burning factories, along with the eventual 

expansion of the petroleum industry, led to an early 

foothold for the “Environmental Movement” [1]. 

Perusal of the literature shows that a broad 

frame of reference for Green Strategic Management 

(GSM) is not adequately developed. 

In early environmental management frameworks, 

operating managers were involved only at arm’s 

length. Separate organizational units had 

responsibility for ensuring environmental 

excellence in product development, process design, 

operations, logistics, marketing, regulatory 

compliance and waste management. Today, this has 

changed. As in the quality revolution of the 1980s 

and the supply-chain revolution of the 1990s, it has 

become clear that the best practices call for 

integration of environmental management with 

ongoing operations. In 1988 and the Strategies for 

Today’s Environmental Partnership (STEP) 

program adopted by the American Petroleum 

Institute in 1990 [2]. 

Environmental practices have been accepted and 

adopted in the world of business [3]. The numbers 

of organizations are contemplating to integrate 

environmental practices into their strategic plans 

and daily operations [4]. To whom all correspondence should be sent: 
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Increasing government regulations and stronger 

public mandates for environmental accountability 

have brought  the  green  issues  high  on  the 

strategic  planning  agenda  of  manufacturing  

firms [5]. 

Green strategic management (GSM) adds 

‘green’ component to the conventional procedures 

by including practices like green operations, green 

design, green manufacturing, reverse logistics and 

waste management [6]. 

Strategic planning in GSM context means the 

identification of relevant goals and specification of 

long term plans for managing those goals [7]. 

DIFFERENCE BETWEEN CONVENTIONAL 

STRATEGIC MANAGEMENT, 

ENVIRONMENTAL MANAGEMENT SYSTEM 

AND GREEN STRATEGIC MANAGEMENT 

Strategic management involves the formulation 

and implementation of the major goals and 

initiatives taken by a company's top management 

on behalf of owners, based on consideration of 

resources and an assessment of the internal and 

external environments in which the organization 

competes [8].Conventional Strategic Management 

usually concentrated on economy and control of the 

final product but seldom considers its ecological 

effects [3]. 

Environmental management system (EMS) 

refers to the management of an organization's 

environmental programs in a comprehensive, 

systematic, planned and documented manner. It 

includes the organizational structure, planning and 

resources for developing, implementing and 

maintaining policy for environmental protection. 

More formally, EMS is "a system and database 

which integrates procedures and processes for 

training of personnel, monitoring, summarizing, 

and reporting of specialized environmental 

performance information to internal and external 

stakeholders of a firm." [9]. 

Green strategic management is an experimental 

tool, which can be used to evaluate alternative long 

term strategies ("what-if" analysis) using total 

supply chain profit as measure of strategy 

effectiveness [10]. 

Green Strategy Management Defined 

A green strategy for an enterprise – public or 

private, government or commercial – is one that 

complements the business, operations, and asset 

strategies that are already well understood and often 

well-articulated by the enterprise. A green strategy 

fundamentally helps an enterprise make decisions 

that have a positive impact on the environment. The 

principles that form the basis of a green strategy 

should lead a business to make decisions based on 

solid business logic and make good business sense 

[11]. 

For the purpose of this paper, GSM is defined as 

‘integrating environmental, health and safety (EHS) 

toward sustainable developing [12] thinking into all 

instruments and procedure management, including 

product design, material sourcing and selection, 

manufacturing processes, delivery of the final 

product to the consumers as well as end-of-life 

management of the product after its useful life’. We 

specifically focus on key performance indicators 

(KPI) and mathematical modelling aspects in order 

to facilitate further study and research. 

RESEARCH METHODOLOGY 

The objective of this paper is to identify major 

works on green strategic management research 

integrating Environmental, Health and Safety 

(EHS) toward sustainable developing [12] thinking 

into all instruments and procedure management, 

and thereafter, to classify them so as to identify 

gaps, issues and opportunities for further study and 

research. A literature review seems to be a valid 

approach, as it is a necessary step in structuring a 

research field and forms an integral part of any 

research conducted [13]. This helps to identify the 

conceptual content of the field [14] and guides 

towards theory development. Therefore, in order to 

implement this right and fundamental conceptual 

model relying on literature review of GSM on the 

one hand and the key elements of sustainable 

development other hand, the conceptual model has 

been proposed. 

The compulsory requirement for GSM conceptual 

selection model should be structure in a way which 

could be handle it with MCDM appropriately in 

future. 

There are several MCDM methods which have 

been developed, such as the Elimination and 

Choice Translating Reality (ELECTRE), the 

Technique for Order Preference by Similarity to 

Ideal Solution (TOPSIS), Analytic Network 

Process (ANP) and the Analytic Hierarchy Process 

(AHP). But these methods do not deal with the 

interdependences among elements. For dealing with 

the interdependences among elements, the ANP as 

a new MCDM method was proposed by Saaty 

(1996) [15]. Therefore, from the viewpoint of 

Kinosita [16], the ANP may simply be 

differentiated into two practical kinds of models: 

the Feedback System model and the Series System 

model (similar to the AHP model). In the Feedback 

System model, clusters link one by one in turn as a 
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network system. This kind of model can capture 

effectively the complex effects of interplay in 

human society, especially when risk and 

uncertainty are involved [17]. 

     However, it is usually hard to obviate the 

possibility of interactions within the criteria cluster. 

Thus, this paper suggests a modified Feedback 

System model (Fig. 1) that allows interdependences 

within the criteria cluster, in which the looped are 

signifies the inner dependences. 

Fig. 1. Modified feedback system model (Proposed 

Model). 

DISCUSSION 

Models of Sustainable Development in literature 

Model 1: Sustainable Development Basic 

Model: The man is the main pivot in the sustainable 

development. Possibility, Planning and 

implementation of any project should consider 

many aspects. Sustainable development has been 

described in terms of three dimensions (Fig.2), 

domains or pillars. In the three-dimension model, 

these are seen as "economic, environmental and 

social" or "ecology, economy and equity" [18] this 

has been expanded by some authors to include a 

fourth pillar of culture, [19-20] institutions or 

governance [19]. 

Thus, the national and international standards ought 

to be generated [12]. 

Model 2: Sustainable Development Extended 

Model: Working with a different emphasis, some 

researchers and institutions have pointed out that a 

fourth dimension should be added to the 

dimensions of sustainable development, since the 

triple-bottom-line dimensions of economic, 

environmental and social do not seem to be enough 

to reflect the complexity of contemporary society. 

The Circles of Sustainability approach distinguishes 

the four domains (Fig.3.) of economic, ecological, 

political and cultural sustainability [19].  

Other organizations have also supported the idea 

of a fourth domain of sustainable development. The 

Network of Excellence "Sustainable Development 

in a Diverse World" [21] sponsored by the 

European Union, integrates multidisciplinary 

capacities and interprets cultural diversity as a key 

element of a new strategy for sustainable 

development. 

Fig. 2. Scheme of sustainable development: at the 

confluence of three constituent parts [22]. 

Fig. 3. Circles of sustainability [23] 

The growing importance of GSM is driven 

mainly by the escalating deterioration of the 

environment, e.g. diminishing raw material 

resources, overflowing waste sites and increasing 

levels of pollution. However, it is not just about 

being environment friendly; it is about good 

business sense and higher profits. In fact, it is a 

business value driver and not a cost centre [24]. 
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Sufficient literature exists about various aspects 

and facets of GSM. Comprehensive reviews on 

green design [25], issues in green manufacturing 

and product recovery [26-27], supply management 

capabilities [28], industrial ecology and industrial 

ecosystems [29-30-31-32-33] have been published. 

In addition, Arimura [34] indicate that facilities 

with environmental management systems (EMS) 

certified to ISO 14001 are 40% more likely to 

assess their suppliers' environmental performance 

and 50% more likely to require that their suppliers 

undertake specific environmental practices and 

Babiak and Trendafilova [35] discuss on corporate 

social responsibility and environmental 

management as a key elements of GSM.  

Models of implementation of green strategic 

management in literature 

Different concepts and models related to 

environmental issues have been suggested by 

different researchers. Some of them are briefly 

described hereunder: 

Model 1: Environmental management system 

(EMS) Model 

An EMS follows a Plan-Do-Check-Act, or 

PDCA, Cycle (Fig. 4). The diagram shows the 

process of first developing an environmental policy, 

planning the EMS, and then implementing it. The 

process also includes checking the system and 

acting on it. The model is continuous because an 

EMS is a process of continual improvement in 

which an organization is constantly reviewing and 

revising the system [36]. 

This is a model that can be used by a wide range 

of organizations — from manufacturing facilities to 

service industries to government agencies. An EMS 

can also be classified as: 

- A system which monitors, tracks and reports

emissions information, particularly with respect to 

the oil and gas industry. EMSs are becoming web-

based in response to the EPA's mandated 

greenhouse gas (GHG) reporting rule, which allows 

for reporting GHG emissions information via the 

internet.  

- A centrally controlled and often automated

network of devices (now frequently wireless using 

z-wave and zigbee technologies) used to control the 

internal environment of a building. Such a system 

namely acts as an interface between end user and 

energy (gas/electricity) consumption. 

Fig. 4. PDCA Cycle [37]. 

Model 2: ISO 14001 

ISO 14001 sets out the criteria for an 

Environmental Management System (EMS). It does 

not state requirements for environmental 

performance, but maps out a framework that a 

company or organization can follow to set up an 

effective EMS. It can be used by any organization 

that wants to improve resource efficiency, reduce 

waste, and drive down costs. Using ISO 14001 can 

provide assurance to company management and 

employees as well as external stakeholders that 

environmental impact is being measured and 

improved [38]. 

Model 3: Eco-management and audit scheme 

The Eco-Management and Audit Scheme 

(EMAS) is a voluntary environmental management 

instrument, which was developed in 1993 by the 

European Commission. It enables organizations to 

assess, manage and continuously improve their 

environmental performance. The scheme is globally 

applicable and open to all types of private and 

public organizations. In order to register with 

EMAS, organizations must meet the requirements 

of the EU EMAS-Regulation [39]. Currently, more 

than 4,600 organizations and more than 7,900 sites 

are EMAS registered [39]. 

EMAS Key Performance Indicators (KPI): The 

EU Eco-Management and Audit Scheme provides 

core indicators or Performance Indicator (KPIs) 

with which registered organizations can measure 

their environmental performance and monitor their 

continual environmental improvement against set 

targets. Energy efficiency, Material efficiency, 

Water, Waste, Biodiversity and Emissions are the 

EMAS KPI. 

Model 4: Life cycle assessment (LCA) 

Life Cycle Assessment is a process to evaluate 

the environmental burdens associated with a 

product, process, or activity by identifying and 
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quantifying energy and materials used and wastes 

released to the environment; to assess the impact of 

those energy and materials used and releases to the 

environment; and to identify and evaluate 

opportunities to affect environmental 

improvements. The assessment includes the entire 

life cycle of the product, process or activity, 

encompassing, extracting and processing raw 

materials; manufacturing, transportation and 

distribution; use, re-use, maintenance; recycling, 

and final disposal [40]. 

According to the ISO 14040 [41] and 14044 

[41] standards, a Life Cycle Assessment is carried

out in four distinct phases as illustrated in the figure

shown to the right. The phases are often

interdependent in that the results of one phase will

inform how other phases are completed (Fig. 5.

Phases of Life Cycle Analysis).

Fig. 5. Phases of life cycle analysis [41] 

Model 5: Health, Safety and Environmental-

Management System (HSE-MS) 

A Health, Safety and Environmental 

Management System (HSE-MS) monitors health, 

safety and environmental performance, similar to 

the way a financial management system monitor’s 

expenditure and income and enables regular checks 

of a company's financial performance. An HSE 

integrates health and safety requirements with 

environmental management into a company's daily 

operations, long term planning and other quality 

management systems (Fig.6) [42]. 

An HSE-MS can assist a company in the following 

ways: 

 Minimize environmental liabilities;

 Maximize the efficient use of resources;

 Minimize the hazard risk in company;

 Maximize the safety in procedure and

structure of company;

 Reduce waste;

 Demonstrate a good corporate image;

 Build awareness of environmental concern

among employees;

 Gain a better understanding of the

environmental impacts of business

activities; and

 Increase profit, improving environmental

performance, through more efficient

operations.

Fig. 6. The model of health, safety and 

environmental management system (HSE-MS) [43] 

RESULTS 

Based on integrating the categories and criteria 

identified from the literature sources, a green 

strategic management framework was designed for 

incorporating environmental criteria regarding the 

competency of green strategy into supplier 

selection in GSM. The 20 criteria were determined 

and categorized into five main clusters as follows 

(see Table 1). 

CONCLUSION 

We classify the existing GSM probing into five 

broad categories based on the problem context in 

GSM; strategic management, environmental 

performance, green manufacturing, process 

management, management system, as shown in Fig. 

7.



A.Padash et al.: Green strategy management framework towards sustainable development 

264 

Table 1. Criteria of supplier dimension to GSM (team study).

Dimension 

(Purpose) 
Criteria 

SD 

Models 
GSM Models 

References 

1 2 EMS 14001 EMAS LCA HSE 

Strategic 

Management 

(D1) 

Environmental Based 

Strategy  
 Padash [12] 

Green Supply 

Network 

Design/Operation 

 Vafadarnikjoo [53] 

Requirement of 

Green Purchasing 
 Wu & Chang [47];  

Wu & Low [48] 

Social Responsibility   Beheshti&Padash [44] 

Environmental 

Performance 

(D2) 

Environmental 

Regulation 

(Domestic and 

International 

Agreements) 

   Mathiyazhagan & Haq 

[55] 

Environmental 

Policy and Measures 

and Monitoring 

       Turner et al. [46]; 

Wu et al.[49] 

Control and 

Reduction of 

Emission 

   Wu & Low [54] 

Waste Disposal 

System (WDS) 
    Wu et al.[49] 

Green 

Manufacturing 

(D3) 

Green 

Recycling/Reducing 
   Dawei et al. [50] 

Inventory 

Management 
 Xiao et al. [51] 

Life Cycle 

Assessment (LCA) 
 UNEP/SETAC [40] 

Environmental 

Conscious Design 

(ECD) 

  Madu et al.[52]  

Process 

Management 

(D4) 

Management of 

Failure Mode and 

Effect Analysis 

   Kuo & Chu [56] 

Risk based 

Inspection (RBI) 
 Kuo & Chu [56] 

Process Auditing  Hsiao et al. [57] 

Management of 

Hazardous material 
   Hu & Kaabouch [58] 

Management 

System (D5) 

Environmental 

Management System 

and Eco-

Management 

Auditing 

System(EMAS) 

   Jabbour et al. [59] 

Iraldo et al. [39] 

 Lam et al. [69] 

OHSAS 18001  Padash & Darabi [45] 

Safety Management 

System(SMS) 
 Padash & Darabi [45] 

Nanyunja et al. [61] 

Energy Management 

System (ISO 50001) 
      Padash & Darabi [45], 

Kumar & Bhimasingu 

[3]
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Fig. 7. GSM model for selecting strategies based AHP (team study). 

In order to select the appropriate strategy, the 

basic elements and main activities of environmental 

strategic management can be determined with three 

type of strategies. These based on Johnson, Scholes 

and Whittington’s [64] internationally-recognized 

book are the following:  

- the strategic positioning of the company

- creating environmentally-conscious strategic

alternatives 

- the implementation of environmentally-

conscious strategies 

The conceptual model of the elements of 

strategies to supply GSM is illustrated in Fig.8. 

The elements and activities illustrated in the model 

can be easily understood in environmental terms. In 

addition, they have a mostly positive influence on 

achieving the desired results. Naturally, the 

individual elements do not appear separately in the 

companies but interact simultaneously. However, in 

order to aid the readers’ understanding and to 

integrate additional factors more easily, these 

elements are discussed as separate points below. 

GSM can reduce the ecological impact of industrial 

activity without sacrificing quality, cost, reliability, 

performance or energy utilization efficiency. It 

involves a paradigm shift, going from end-of-pipe 

control to meet environmental regulations to the 

situation of not only minimizing ecological 

damage, but also leading to overall economic profit. 

The area throws various challenges to practitioners, 

academicians and researchers. 

Fig. 8. The conceptual model of the elements of 

strategies to supply GSM (Team Study). 

SUGGESTIONS 

This proposed framework must address the 

needs of various executives in developing and 

implementing green strategies in company along 

with best business. So, the strategies can start as a 

project which can be joined to form a cross-

organizational program managing Environmental, 
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Health, Safety and Energy (EHSE) issues in 

company. However, for effectiveness successfully 

of building and starting the frame work, as the 

learnt lessons, there is some special suggestions for 

the company who would like to start for the best 

green strategic management practice.Addressing 

any of those ten key components of a green strategy 

synchronous business can tangibly lower a 

company’s energy usage and reduce its 

environmental impact. Addressing them in 

combination, however, can dramatically amplify 

those effects in making a company more 

competitive, successful and social responsible. 

1. EHSE strategy

The creation of an enterprise-wide EHSE

strategy as part of an overarching corporate social 

responsibility plan can help companies address 

“green” issues, resulting in improved financial and 

EHSE outcomes. Issues to be considered include 

the alignment of a company’s EHSE strategy into 

an overall business strategy and how EHSE values 

may be translated into an improved brand image. 

2. Define Sustainability

Be sure everyone is working from the same

definition of sustainability. When the company use 

the word sustainability, many customers have a 

very different interpretation of what the means. It’s 

important to specifically define sustainability from 

the stakeholders involved. 

3. People

The impact of employee behaviors and policies

on the environment is significant. Commute time 

and business travel form a large part of an 

individual’s carbon footprint. The use of online 

collaboration tools and policies that support 

reduction in commuting and traveling can also have 

an impact on costs. Companies also are discovering 

that their EHSE policies and practices can impact 

their ability to attract and retain top talent. 

4. Make Your Goals Green

For each of your company existing goals, be

sure to add realistic and doable actions, with 

outcomes that lead to sustainable outcomes. Look 

at company priorities through the lens of 

sustainability: financial, community and EHSE 

achievement. Perform a gap analysis to better 

understand where company land now, and what 

types of measures the company would like to 

achieve in the future - then set a timeline with 

specific and actionable steps to get there. 

5. Property

Companies need to reduce the cost and

greenhouse gas emissions of their physical assets-

from office buildings to truck fleets. The process 

starts with determining and managing the 

environmental impact of physical assets and 

properly maintaining all property for energy-

efficient operations and reduced environmental 

impact. Through improved maintenance and 

through improved tracking, deployment, location, 

and management of facilities and properties, 

reductions in environmental impact can be 

achieved. 

6. Use measurable targets

To help monitor company’s green strategic plan,

company will want to keep score of its progress. 

Third party certifications are now numbered in the 

hundreds. Be it a green cleaning designation such 

as Green Seal, a corporate sustainability program 

such as B Corp certification (B-Corp), or a green 

building rating like Leadership in Energy and 

Environmental Design (LEED), using a third party 

verification is the best key. 

7. Product

As companies begin to understand the EHSE

impact of their products or services across the 

entire product lifecycle, they can design products in 

a manner that has a lower EHSE impact. 

Streamlining product development and 

manufacturing also means less material used, less 

waste created and less energy consumed. 

Concurrently, an examination of the product or 

service lifecycle often helps businesses find and 

exploit market opportunities. Finally, the need to 

reduce energy consumption is driving an increase in 

the energy-management intelligence built into 

certain products. 

8. Communicate and educate

A great green plan, poorly communicated, will

go nowhere, so it is very important for every 

company to devise a plan to communicate the goals 

set in the strategic plan. Obtain feedback and get 

buy-in from employees early on in the process - 

don't wait until the plan is complete to start talking 

about it. Make an announcement and conduct 

education and feedback sessions to ensure that 

everyone knows what's in the works - be it 

employees, investors, partners or vendors. On an 

ongoing basis, be sure to have monthly e-mail 

messages, announcements in newsletters, through 

your organizations blog, and posted on the wall in 

common areas. Share all or highlights of the plan 

and keep it forefront and center. 

9. Information

With data compounding between 35 percent and

70 percent annually in some industries, it’s critical 

for companies to better manage their data 

infrastructures. Optimized collection, analysis, 

tiering and storage of key information helps 

companies comply with reporting mandates while 

http://sustainability.about.com/od/Sustainability/a/What-Is-Sustainability.htm
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minimizing their data footprints. These same 

information strategies improve business operations 

by improving information access and system 

response. They help reduce storage needs through 

sharing, elimination of redundancies and 

compression. 

10. Business operations

Green strategy need to transform business

processes to reduce EHSE impact for operations 

end-to-end. Consider energy or water consumption, 

as a start. Through the use of “smart” systems, 

dramatic efficiency improvement can take place. 

Any transformation plan put into place must be 

communicated to key stakeholders. 
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The aim of this study was to assess Knowledge, attitude and practice of pharmacists regarding oral healthcare and 

oral hygiene products in Qazvin, Iran. This is a cross-sectional descriptive and analytical study conducted in Qazvin, 

Iran. The study group was included of 147 pharmacists who recruited to participate in this study. A self-administered 

structured validated closed-ended questionnaire was developed for this purpose. Statistic alanalysis were done using 

SPSS version 22. Of the total study group, 100 pharmacists responded to the questionnaire and participated in the 

study.35% of the respondents had not met the dentists practicing close to their pharmacies, nor were they aware of the 

opening times of the practice. Most of the pharmacists stocked oral health-related products, which comprised of less 

than 15% of their total stock. Toothpaste was the most common among the oral healthcare products stocked, followed 

by toothbrushes and mouth rinses. A total of 38% pharmacists expressed an interest in further developing their oral 

healthcare knowledge through course attendance or oral health programs. Toothache or mouth ulcers were the most 

common dental problem for which patients approached the pharmacists for advice. Pharmacists advised patients 

complaining of dental pain to consult a dentist in 55% of cases, dispensed painkiller in 2% of cases, and in 5% of cases 

dispensed an antibiotic. The community pharmacists in Qazvin are under-used in the promotion of oral health. There is 

a need for training of pharmacists and providing them with access to information on available dental service and oral 

health products. 

Keywords: Community pharmacies, Oral health advice, Oral hygiene products, Pharmacists 

INTRODUCTION 

Oral health is a part of general health and so it 

affects the entire well-being of individuals [1]. It is 

the cumulative result of both the progressive and 

relatively diseases-free periods during a lifetime. 

Recently in public health aspect of medical 

sciences, the importance of general hygiene has 

been highlighted. One of the most important 

fundamentals of general health is oral hygiene. 

Personal knowledge combined with professional 

tooth brushing can reduce the progression of dental 

caries and periodontal disease [2, 3]. 

Dentists as well as other health professionals realize 

that oral health cannot be divorced from the general 

health of the hospitalized patient. Many oral 

conditions are intimately related to systemic 

diseases. Optimally, total health care requires the 

combined efforts of the medical and dental 

professions [4, 5].Pharmacy is one of active 

profession which is growing and changing every 

minute. Pharmacists have very long helped as the 

medication experts in health care team and due to 

their knowledge, accessibility are usually consulted 

by the public and other specialists to response 

health-related questions [6-8]. 

The role of the pharmacist in oral healthcare has 

increased importance in view of delivering primary 

dental care services from the professionals to the 

public. The pharmacists are in a unique position to 

disseminate information on oral health, since they 

are in the frontline of primary source of information 

to many patients in developing countries [7, 

9].They can emphasize the nature of dental disease, 

its prevention, and importance of regular dental 

checkups and medications. Community pharmacist 

can play an active role in oral disease prevention, 

identification, assessment, and referral. Even 

though they cannot take over the role of dental 

professional, they can endorse the advice given by 

them [10-11]. 

Based on the outcome of the several studies, 

also stressed the importance of training for the 

pharmacists to access information on available 

dental services [11-14].In Iran, its common practice 

for some people to visit pharmacists for assistances 

regarding ordinary medical and dental problems 

and counsels for oral health and dental products due 

to lack of time and difficulty in getting an 

appointment with the physician or dentist .Till date, 

there are no self-reported studies on knowledge, 

attitude, and behaviors of pharmacists on oral 
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health care products in Iran. Therefore, the present 

study was undertaken to assess the level of 

information and attitude of pharmacists on oral 

health care products in Qazvin, Iran. 

METHODOLOGY 

Study design, settings and study subjects 

This is a cross-sectional survey conducted 

among pharmacist in Qazvin, Iran. The study 

commenced in July-2012 and continued for two 

weeks. A list of all the registered private and 

community pharmacies in Qazvin region was 

obtained from the food and drug department of 

Qazvin University of Medical Sciences was 

prepared. The pharmacies’ could be broadly 

divided into two types: those owned by individual 

pharmacist; those pharmacists that were attached to 

hospitals from the list. Out of one hundred forty 

seven, one hundred pharmacists (community 

hospital and private pharmacists) were included in 

the study with a response rate of 68%. Each 

pharmacist was asked to fill a validated structured 

questionnaire delivered by hand. The participated 

pharmacists (community &hospital and private 

pharmacists)were from independent and as well as 

from different hospitals (public and private 

hospitals).Two hospitals in Qazvin were covered, 

while the community pharmacies coverage 

represented about 2 % of the total number of 

pharmacies in Qazvin. 

Questionnaire 

We used a Priya S questionnaire that designed 

with an 18-item self-administered assessing 

[12].Content validity was assessed by distributing 

the questionnaire to 10 pharmacists recruited to 

complete the validation process. The initial draft of 

questionnaire was hand delivered to those 

pharmacists to help review the structured 

questionnaire and perform any alterations needed. 

The questionnaire comprised 18 closed-ended 

questions that had been earlier pre-tested on a 

group of pharmacists. One pharmacist from each 

selected pharmacy participated in this study. Each 

pharmacist took around 15 min to complete the 

questionnaire. The questionnaire was divided into 

four sections: section I dealt with details regarding 

the vicinity of the dentist to the pharmacy, their 

appointment details, and the frequency with which 

the pharmacist met the dentist. Section II focused 

on the range of dental products stocked in the 

pharmacy. Section III dealt with the advice given 

by the pharmacist to customers regarding oral 

hygiene products and oral health, while section IV 

dealt with the pharmacist's source of information 

regarding oral health and oral hygiene, the barriers 

faced by them, and also methods to improve their 

knowledge and attitudes regarding oral health. Data 

was collected by a single investigator, who 

personally met the pharmacists and explained to 

them the purpose of the study. The completed 

questionnaire was collected by the same 

investigator. 

STATISTICAL ANALYSIS 

Data were analyzed using statistical package for 

social science version 22 (SPSS, Inc., Chicago, IL, 

USA). The descriptive analysis was done using 

mean and SD for continuous variables and 

percentage for qualitative variables. Pearson Chi- 

Square was used to calculate p-values for 

categorical variables. 

RESULTS 

Among the 147 pharmacies approached, 100 

pharmacists participated in the study and completed 

the questionnaire. Among them, 96 pharmacies 

were owned by persons, and the rest were attached 

to hospitals and else. The mean number of years of 

practice of the pharmacies was around 22.2 years. 

Fifty eight (58%)  pharmacists who participated in 

the present study said that there were less than four 

dentists practicing within 5 km of their pharmacies 

and 14% felt that there were five to nine dentists 

practicing near (within a 5 km distance) their 

pharmacy. When asked whether they had met the 

dentists practicing close to their pharmacies, only 

66 (66%) pharmacists gave a positive answer. 

Among them 62% had met the dentist less than six 

times in the past one year on a regular basis. 32 

percent of the pharmacists said they did not meet 

the dentist at any fixed time interval. Nearly 54 

pharmacists (54%) who participated in this study 

gave a negative answer when asked whether they 

had tried to interact with the dentist regarding oral 

health. Similarly, 84 (84%) of the participating 

pharmacists were not even aware of the 

appointment arrangements of the local dentist. Less 

than 15% of the total stock was related to oral 

health in 54% of the pharmacies. 27% of the 

pharmacist had oral health-related products in the 

range of 15-25% of the total stock. Toothpaste was 

the most common (68%) among the oral health care 

products stocked, followed by mouth rinses (10%). 

Toothbrushes contributed to around 20% of the 

total stock. Forty-five pharmacists (45%) said that 

around ten patients with dental problems visit their 

pharmacies every day. Among them, nearly 67% 
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ask the pharmacist for oral health-related advice. 

Toothache is the most common dental problem 

(81%) for which patients approach the pharmacist 

for advice; this is followed by gum problems like 

bleeding gums and/or bad breath and mouth ulcers. 

Patients seldom seek advice regarding 

toothbrushes, toothpastes, whitening of teeth, etc.  

Though 22 (22%) of the participating 

pharmacists ask the patient to consult a nearby 

dentist after dispensing medications, 7 (7%) 

dispensed antibiotics and painkillers without any 

referral to a nearby physician or dentist.53 (53%) 

pharmacists said that they just ask the patient to 

consult a nearby dentist, without dispensing 

drugs.39 percent of the pharmacists feel that 

financial constraints are the reason for patients 

approaching a pharmacist (instead of a dentist) for 

oral health care advice. A few (24%) feel that 

patients approach them for advice because of the 

difficulty in getting appointments with the nearby 

doctor/dentist. 

Twenty-three percent of the pharmacists give 

advice based on their comprehensive knowledge of 

the products available. An equal number give 

advice based on the suggestions/instructions from 

the local dentists/doctors. When asked whether 

fluoride in toothpaste is beneficial, nearly 14 (14%) 

pharmacists were unaware of the benefits. 86% 

were aware of the benefits, while 14% felt that 

there was no benefit in the presence of fluorides in 

toothpastes. ninety percent of the pharmacists were 

aware of the different types of toothbrushes present 

in the market. 

The majority of the participating pharmacists, 

i.e., 85(85 %) in number, expressed interest in

giving oral health care advice to patients. However,

some of them (8%) feel that lack of proper

knowledge is a barrier to providing oral health care

advice. 33% feel that oral health care and details

regarding oral hygiene products should be made a

part of their curriculum. Information disseminated

through leaflets/pamphlets/posters was the

preferred choice of many pharmacists for

improving their knowledge regarding oral health.

However, 39% also feel that their knowledge could

be improved by oral health care courses, meetings,

and training programs.

Demographics 

The demographic details of the pharmacists 

included. The mean age of pharmacist was 

approximately 22.2 years, and the average year of 

experience was 22.8years and their mean age 

was50 ± 9 years. In this study, 96% of pharmacists 

were community pharmacists while 4 % were 

hospital and else pharmacists. Females accounted 

for 31.6% of pharmacists. 

DISCUSSION 

Teamwork is now predictable as a key idea in 

the delivery of oral health care. Although this is 

most often discussed in the context of members of 

the 'dental team,' this role played by pharmacists 

and has expanded significantly in recent decades 

from distributor of medication to known member of 

the health care team. Rather than consult a dentist 

or physician, many individuals with oral problems 

seek help from their pharmacists [15]. Therefore, 

this investigation was done to find out their 

knowledge and attitudes regarding oral health and 

oral hygiene products. To the best of our 

knowledge, this cross-sectional survey is the first 

study to evaluate this issue in Qazvin. 

The role of the pharmacist in the delivery of oral 

health care has not been taken into consideration 

for many years. From a mere dispenser of 

medications prescribed by the doctors, their role 

has expanded to providing basic oral health care 

advices to the patients. In many studies have been 

reported that pharmacists has the second most used 

source for advice on general health matters and 

therefore, can and should also be used in an oral 

health capacity [16, 17].According to this current 

study, 90% of community pharmacies had more 

than one dental clinic nearby, 34.7% of pharmacists 

never met the dentists practicing close to their 

pharmacies. Similar observations were reported in 

other studies [18, 12]. Assessment of the stocks of 

oral healthcare products in pharmacies revealed that 

toothpastes were the most common product stocked 

which was similar to previous studies. The 

recommendations of oral health products also 

depended mainly on the limited knowledge of the 

pharmacist about the product and their personal 

experience [18, 12].  

Most of the pharmacists specified that the 

greatest common oral health complaints raised by 

the patients stayed mouth ulcers and toothache, and 

greatest of them were able to be managed by 

medications given by pharmacists. Only a small 

percentage of patients remained referred to the 

practitioners. This was similar with study by 

Maunder and Landes [18]. However, it is 

interesting to take note that 5% of the pharmacists 

distributed antibiotics for toothache without 

prescription from a dentist. At top of the list for 

dental problems of the patients were toothaches or 

painful teeth, which may seek advice from the 

pharmacist. This is similar to the findings of the 

study [18]. Most of the pharmacists referred the 
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patients to the nearby dentist after dispensing 

medications for short-term pain relief. However, it 

is interesting to note that nearly 7% of the 

pharmacists dispense antibiotics and analgesic and 

do not refer the patient to a dentist or physician. 

This is a matter of concern since short-term pain 

relief might mean that the patient will postpone 

consulting a dentist or physician and, thereby, an 

opportunity to diagnose a disease in its early stage 

may be lost. 

Our study showed that most of the respondents 

felt that financial constraints were the main reason 

for patients approaching the pharmacist for advice. 

The results of the present investigation firstly 

demonstrated that the majority of pharmacists have 

inadequate knowledge and lack of awareness. This 

study explored the urgent need for educational 

programs to emphasize the role and responsibility 

of pharmacists in oral health. Most probably, all 

these perceptions, attitude and behaviors could be 

changed significantly by proper educational 

programs. Nevertheless, we are aware of some 

methodological weaknesses of our study; as the 

questionnaire relied on pharmacists’ self-rated 

assessment of their own practice and attitudes, 

pharmacists might have felt stressed into 

completing the questionnaire or might have been 

unwilling to reveal their practice deficiencies. Also 

the research has been conducted over a short period 

of time, which might shed doubt on the objectivity 

of the responses and introducing some over 

estimation in both pharmacist’s knowledge and 

attitudes. 

CONCLUSION 

Pharmacists already provide some amount of 

oral health advice and they are keen to expand their 

knowledge. Patients regularly ask for their advice 

on both general and oral health care issues. They 

are presently an underused resource, and it is only 

now that they are beginning to get the recognition 

they deserve. There is a definitive need for training 

of pharmacists and providing them with access to 

information on available dental services. 

These results suggest that Iranian pharmacists have 

little knowledge about the concept and process of 

oral health. However the pharmacists had positive 

attitudes toward oral health, but educational 

programs are needed to increase pharmacists’ role 

and their knowledge about it. 

RECOMMENDATIONS 

Pharmacists have long served as the medication 

experts of the health care team and, due to their 

knowledge and accessibility, are frequently 

approached by the general public and other 

professionals to answer health-related questions. In 

this context, the recommendations by Maunder and 

Landes (18) need to be considered for improving 

the oral healthcare provision by pharmacists; these 

recommendations are: 

1. Setting up of regular multidisciplinary and

primary care team meetings. 

2. Funding for more opportunities for

continuing professional development, such as oral 

health courses. 

3. Funding for information leaflets, especially

during national oral health campaigns. 

4. A list of key contacts within the area of

practice to be provided to pharmacists for advice 

regarding tobacco cessation, clarifications 

regarding oral health, etc. 

5. Support for window displays, especially

about targeting health issues, including oral 

health. 

The above recommendations would enable the 

pharmacist to follow the correct procedures agreed 

upon at the local multidisciplinary meetings. They 

would however have to be validated to meet 

national standards. 

Limitations of the study 

This study is a self-reported questionnaire based 

study. Therefore, in the present study, the 

subjective self-reported information should be 

carefully evaluated. 

Assessment of practice by direct observation could 

add insight and reflect adherence to national 

infection control guidelines 
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Thermal power plant is one of the most important and fundamental industries in Iran that provides required power 

for industry, household and commercial sectors through consuming different kinds of fossil fuels. During the process of 

generating electricity, power plants emission different kinds of environmental pollutants which one of them is solid waste. 

Generally power plant wastes can be divided into three categories of ordinary, industrial and hazardous waste. The goal 

of this research is finding suitable strategies with Iran’s conditions in order to plant's waste management. Different 

methods such as library, website of the electrical industry and power plants and completing questionnaire have been used 

in this paper to collect data and interviewing with chemistry and environmental experts have been also done. For 

determining power plants’ waste management strategies, SWOT has been used. So that using subject’s literature in 

managing plants’ waste and questionnaire survey which is done by 40 experts, strengths, weakness, opportunities and 

threats are extracted and related strategies are determined. Considering environmental situation of country’s power plants, 

establishing an appropriate management system for organizing industrial waste and preventing environmental pollution 

seem necessary. One of the most important functional strategies for Iran's electricity industry is planning integrated solid 

waste management and also programming in order to building power plants with high efficiency using natural gas fuel. 

Key words: solid waste, management strategy, SWOT, thermal power plant, environmental pollution 

INTRODUCTION 

Electricity industry as a fundamental and main 

industry is considered as the most important required 

infrastructures for developing economical activities. 

Many power plants are working in the process of 

generating electrical energy, one of these plants 

which are used in our country and other ones that have 

cheap fossil resources is thermal power plant. Fossil 

fuels are considered as the most important sources of 

plants' fuel production in order to generating 

electrical energy which under the influence of 

combustion publish different kinds of pollutants and 

dangerous industrial waste [6-8].  

In our country Iran also about 90% of whole 

generated electricity (263 billion kWh in 2013) is 

provided by different kinds of thermal power plants 

(steam, gas and combined cycle) [2,3]. Power 

generation process and combustion of different kinds 

of fossil fuels in plants units cause producing and 

publishinga variety pollution of air, water and even 

sound to the environemnt which has been always paid 

attention by environmental and energy experts and 

even general public [4,9]. 

The subject which is less paid attention among 

these is producing solid and semi-solid waste which 

is produced directly or indirectly as the result of 

combustion, water supply system and wastewater 

treatment plant. Quality and quantity of solid wastes 

depend on various factors such as the kind of power 

plant and the kind of consuming fuel [10]. 

Steam thermal power plants, considering the kind 

of consuming fuel (mainly oil furnace) and the 

process of generating electricity, have the most 

amount of producing solid wastes [11,12]. Then there 

are combined cycle power plantsthat considering 

gasoline consumption or natural gas and having 

higher efficency, produce less and low risk wastes. 

Finally, gas power plants with natural gas 

consumption and less share of  these power plants in 

country's electricity production don’t have 

considerable environmental problems in solid wastes’ 

production point of view.  

Plants’ wastes include sludge, ash and health & 

administrative trashes. There has been administrative 

trash in all power plants and most of the time there 

are recyclable, the other wastes of industrial 

processes such as wastewater treatment, often are 

delivered to contractors. Reusing plants’ wastes in 

industries which are close to these plants will reduce 

pollutents’ publishing to environment as well as 

minimizing the volume of waste [13-15]. 

Hazardous wastes of power plants considering 

hazardous waste management regulations EPA and 

definition of hazardous waste are: 

- Sludge from waste water treatment of

washings outer surfaces of the boiler and air pre-

heaters 
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- Sludge from waste water treatment of

chemical washing of boiler 

- A variety of waste and ash into the furnace

and combustion chamber 

These wastes’ being dangerous is because of high 

concentrations of heavy metals and the possibility of 

their leakage, cf. Saeidi et al. [1]. 

Non-hazardous waste of power plants are also: 

- Clarifiers’ sludge and sediments and

dehydrated wastes of these sludges 

- Human waste and human waste sludge.

Organizations and institutes which have to

compete and try for survival in highly turbulent, non-

stable and developing environments, face with two 

main management approchas for dealing effective 

environmental events and factors. One is school of 

adaptation depiction  which has reactive and 

requirements attitude with these developments and 

the other is the school of pre-contraption which 

prescribes an active attitude with environmental 

factors.  

Strategic analysis method (SWOT) is used as the 

recommendation of pre-contraption school and for 

identifying and codification optimal strategies for 

organizations that its result is 4 categories of strategy: 

opportunity-strengths, opportunity-weakness, threat-

strengths and threat-weakness. 

In these schools, strategy means decision making 

process, which during that, organization’s internal 

factors (weaknesses and strengths) are related with 

external factors (opportunities and threats) in a way 

that the value of each one is clarified well in realizing 

organization’s goals.  

Investigating SWOT matrix is considered as 

effective factor in advancing the goals of an 

organization. Providing existing weaknesses and 

strengths in organization as internal factors and 

opportunities and threats as external factors helps 

determining chosen strategy in order to achieving an 

organization’s goals in competitive environment and 

general attitude toward this issue in different 

conditions can play an important role in an 

organization’s success in various conditions [5].  

MATERIALS AND METHODS 

As first phase, general situation of 68 existing 

thermal power plant in the country and environmental 

conditions of them were investigated through library 

studies and interviewing environmental 

correspondent expert of power plants. In Table 1 

some technical information and the amount of 

consuming fuel in plants affiliated to the power 

ministry are proposed to separation of a variety of 

thermal power plants for 2013 [2]. 

Then we interviewed some experts of electricity 

industry in environmental issues and based on that 

SWOT matrix questionnaire was designed for 

effective internal factor evaluation (IFE) and external 

factor evaluation (EFE) inenvironmental 

management of power plant’s waste and was sent for 

40 related experts (statistic population) for poll. 

Internal factors must include existing strengths and 

weakness in country’s thermal power plant waste 

management. Providing this matrix includes below 

phases: 

1- First strengths and then weaknesses are

written. 

2- These factors are given coefficient. From one

(very unimportant) to five (very important) given 

coefficient represent the relative importance of each 

factor in success. Regardless of whether the 

mentioned factor is considered as internal strengths 

and weakness, the factor which has had the highest 

effect in performance, is given the highest coefficient. 

Then each one of these factors is given scores from 

1 to 4. Score 1 represents the lack of strengths or 

weakness, score 2 represents usual strengths or 

weakness, score 3 shows high strengths and weakness 

and score 4 shows very high strengths or weaknesses 

of mentioned factor. Scores are based on status of 

area and coefficients (which are given in second 

phase) and the kind of activity.  

Table 1: Information of thermal power plants affiliated to the ministry of Energy in 2013. 

Type of 

Power plant

Number 

of Power 

plant

Nominal 

capacity 

(MW) 

Annual 

production

(Million 

KWH)

The average 

efficiency

(Percentage)

Fuel Consumption

Furnace 

Oil 

(Million 

liters)

Gas oil 

(Million 

liters)

Natural Gas 

(MCM)

Steam 19 14951 87205 37 15308 261 7119

Gas 34 11860 35412 30 - 377 8054

Combined 

Cycle
15 15913 83986 45 - 5262 13315
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3- For determining final score of each factor,

each factor’s coefficient is multiplied in its score. 

4- The sum of final scores of each factor is

calculated and the final score is determined. 

All phases are true for external factors’ matrix as 

well. In this matrix just instead of strengths and 

weakness (internal factors), external factors mean 

threats and opportunities of expanding and 

developing country’s thermal power plant wastes are 

listed.  

Following that obtained results of analyzing 

SWOT questionnaire which are gathered using the 

ideas of 31 experts are proposed in results section. 

SWOT analysis has been used for identifying 

and investigating effective internal factors (strengths 

and weaknesses) and area’s effective external factors 

(opportunities and threats) for investigating effective 

factors on creating wastes in Iran’s thermal power 

plants. In fact this method is used as a tool for 

identifying strategic problems and proposing 

appropriate functions and strategies. First using 

region’s internal and external environment, 

strengths, weaknesses, opportunities and threats are 

identified and a list of them is provided and then with 

asking experts for their ideas and weighting, 

calculating and analyzing each one of these 

problems, priorities are clarified and for removing or 

minimizing weaknesses and threats and improving 

strengths and existing opportunities in plants’ wastes 

in Iran, appropriate strategies are proposed. 

Considering SWOT matrix outputs, another 

questionnaire named” quantitative strategic planning 

matrix (QSPM) was designed in order to 

determining appropriate strategies for environmental 

management of plants’ wastes and was surveyed. 

Using   quantitative strategic planning matrix 

(QSPM) designed strategies are optimized 

prioritized and finally the best and most attractive 

ones are chosen for organization. QSPM is used for 

evaluating possibility and stability of proposed 

strategies in facing environmental conditions and 

current situation of organization. In this evaluation if 

one strategy cannot face inside or outside conditions 

of organization, must be removed from the list of 

prioritized strategies. 

RESULTS AND FINDINGS 

SWOT analysis is considered as an important 

part in process of strategy formation. Analyzing 

external opportunities and threats is mainly used for 

investigating this problem that if organization can 

use opportunities and minimize threats and this 

analysis also is important for analyzing weaknesses 

for investigating company’s internal performance is 

very important. The quantitative analysis method of 

SWOT provides more detailed data for SWOT 

analysis. Data analysis is also done through obtained 

results of internal factors evaluation matrix and 

external factors evaluation matrix and SWOT 

matrix.  

The goal of analytical method is determining 

strengths, weaknesses, opportunities and threats in 

environment. For determining basic information and 

providing required matrixes for SWOT analysis, 

questionnaire is used in this research and matrix 

evaluation of external factors, internal factors 

analysis, opportunities, threats, strengths and 

weaknesses’ matrix and quantitative strategy 

planning matrix (QSPM) country’s thermal power 

plant wastes environmental management are 

provided. 

The obtained results of analyzing experts’ ideas 

and completed questionnaires by them are proposed 

for identifying strengths in Table 2, weaknesses in 

Table 3, opportunities in Table 4 and threats in Table 

5.  

For proposing strategies and policies in order to 

investigating effective factors on creation of waste in 

Iran’s thermal power plant, identifying quartet 

factors are unavoidable case for removing 

weaknesses and threats and improving strengths and 

opportunities. In fact it has been tried to investigate 

these factors with questionnaire as main advantages 

and limitations in Iran’s power plants for prioritizing 

options from experts’ point of view to be able to 

quantitative result and obtain more logic and 

fundamental results.  There for considering experts’ 

ideas and performed calculations on these ideas for 

prioritizing them, below tables were provided that 

the mean of given weights and the average rank of 

each of the strengths, weaknesses, opportunities and 

threats from experts’ attitude are shown in tables 6, 

7, 8 and 9 respectively.  

Then factors which weighted less than 20% were 

removed from the rest of studies. These factors 

which are highlighted with gray color are: S4, S5, 

W7, O5, T6, and T7. So based on summing of 

obtained results from experts’ ideas and prioritizing 

internal factors including strength and weakness and 

external factors including opportunity and threat, 

SWOT matrix based on obtained priorities in each 

one of. internal or external factors that are effective 

in thermal power plants of Iran will be according to 

Figure 1. 

PROVIDING SWOT MATRIX 

After evaluating internal or external factors 

which is called input phase, required data for 

developing strategies are clarified. In second phase 
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Table 6: Effective internal factors on waste management in country’s thermal power plant – Strengths 

Row (Strengths) Weighted Points Priority 

5 Existing environmental rules and standards 1.00 1 

1 
The ability of using natural gas in most 

thermal power plant  of country 
0.68 2 

4 
Existing vast resources for waste 

management(there are history) 
0.59 3 

2 Existing strong internal experts 0.18 4 

3 
Existing vast areas for waste management 

projects 
0.00 5 

Table 7: Effective internal factors on waste management in country’s thermal power plant – Weaknesses 

Row (weaknesses) Weighted Points Priority

5

Lack of awareness and attention of 

executives to environmental issues of power 

industry

1.00 1

6
Lack of sufficient resources in the 

environmental
0.83 2

2 Lack of natural gas, especially in winter 0.80 3

3 The low efficiency of the power industry 0.65 4

1 The low quality of fuel 0.52 5

7
Lack of appropriate infrastructure for waste 

plant management
0.41 6

4
Low water quality in some areas of the 

country
0.00 7

Table 8: Effective external factors on waste management in country’s thermal power plant – Opportunities 

Row (Opportunities) Weighted Points Priority

5 
The importance and necessity of environmental 

issues in national and international communities
1.00 1

1 
Existing huge reserves of natural gas in the 

country
0.88 2

2 

The beginning privatization of the electricity 

industry (Delegating power plants to the private 

sector)
0.69 3

3 The low cost of energy in the country 0.33 4

4 The strategic location of the country 0.00 5

Table 9: Effective external factors on waste management in country’s thermal power plant –Threats 

Row (Threats) Weighted Points Priority

7 Government structure in the power industry 1.00 1

1 The lack of prioritize in environmental issues 0.91 2

2
weakness of administrative in the 

Environmental Protection Agency
0.61 3

3
Low electricity costs (Not being real price of 

electricity)
0.43 4

4
Lack of access to innovative technologies and 

advanced of power generation  and power Plant
0.32 5

5 Iran is one the arid and dry country 0.13 6

6 The impossibility of import high-quality fuel 0.00 7
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which is comparison one, variety of possible 

strategies are, paid attention through providing 

SWOT matrix. In SWOT matrix a kind of balance 

is established between main internal and external 

factors. Strategists can propose four strategies 

using this matrix: strategies SO, strategies WO, 

strategies ST and strategies WT.  

In performing strategies SO using internal 

strengths, it is tried to take advantage of external 

opportunities. The goal of strategies WO is that 

with exploitation of existing opportunities in 

outdoor, internal weaknesses can be improved. In 

performing strategies ST, using its strengths 

minimize the effects of existing threats outdoor or 

remove them. Performing strategies WT is in 

defensive mode and its goal is minimizing internal 

weaknesses and avoiding threats of outdoor. The 

obtained result of experts’ survey for determining 

power plant waste management in the country is 

proposed in table 10.  

QUANTITATIVE STRATEGIC PLANNING 

MATRIX (QSPM) 

In next phase, using   quantitative strategic 

planning matrix (QSPM) designed strategies are 

optimized prioritized and finally choosing the best 

and most attractive ones are for thermal power 

plants of Iran. Choosing appropriate strategy is a 

comprehensive and broad subject because strategy 

has complex and different aspects that being 

familiar with that is required to have service and 

economic development. QSPM is used for 

prioritizing strategies. If in this evaluation a 

strategy isn’t able to face internal or external 

conditions of thermal power plant must be removed 

from the list of prioritized strategies. According to 

obtained strategies from SWOT which is shown in 

table 11, QSPM is used for evaluating strategic 

items and relative attractiveness of used strategies 

in decision making phase. This method decides that 

which one of these items is possible to prioritize 

them. Of course this method requires good 

judgment and expertise combined with knowledge 

which is appropriate for evaluating the possibility 

and stability of proposed strategies in facing 

environmental situations and current condition of 

organization. 

Proposed coefficient in second column of table 

12 is provided based on weighting the coefficients 

of matrixes IFE and EFE. Scores are given as no 

attractiveness (1), somewhat attractive (2), 

reasonable attractiveness (3) and very attractive (4) 

for determining the score of attractiveness with 

investigating internal and external factors of this 

question that if this factor has an important role in 

the process of choosing or selecting strategies then 

score of attractiveness in each factor compared to 

each of the strategies is determined and the sum of 

scores is obtained for each strategy from 

multiplying coefficient in Score of attractiveness. 

The way of scoring to 15 strategies by one of 

experts which is close to statistical population and 

related calculations are proposed in Table 12. 

Table 10- SWOT matrix strategies 

SWOT
Strengths (S)

S1, S2, S3

Weaknesses (W) 

W1, W2, W3, W4, W5, W6

Opportunities 

(O)

O1

O2

O3

O4

* Planning for using natural gas as a

clean fuel in thermal power plants 

* Develop operating procedures to build

power plants with high efficiency and 

compliance with environmental standards 

(Prohibition  of creating low-efficiency 

and pollutants power plants) 

* Developing a comprehensive program

of environmental management of waste 

* Planning power exchange with

neighboring countries for peak shaving 

* Allocation of identified and approved

funds to environmental activities 

* Planning to develop the country's gas

refineries and solve its shortage 

* Use of international opportunities and

facilities for environmental education the 

personnel of power industry 

Threats (T)

T1

T2

T3

T4

T5

* planning in order to accelerate the

privatization 

* Implementation of environmental

awareness and sensitization at various 

levels of expertise and managers 

* Planning for using new and clean

technologies of power generation in the 

country 

 * Creating and strengthening

environmental sector in power plants and 

electricity industry 

 * Specialized environmental 

training at various levels of electricity 

industry 

 * Realize price of electricity by

considering the social costs 

 * Planning and policy for the

development of international relations in 

power plant industry 

 * Doing applied research on high-

efficiency and clean fuels production 
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DISCUSSION AND CONCLUSION 

Generally solid waste management includes 

phases of reduction in source, collecting, storing in 

place, process, recycle and reusing, transportation, 

excretion and care after excretion. Methods of solid 

waste management considering the regulation of 

wastes’ management divided into three categories of 

hazardous, industrial and normal. 

Based on mentioned information, the most 

important solid and semi-solid waste of power plants 

can be divided into four main categories: 

 wastes associated with combustion

 wastes associated with circulation system

and water treatment 

 wastes associated with human waste

 wastes of sludge from sanitary wastewater

treatment 

The third and fourth categories have been known 

in terms of nature, quantity and quality and there are 

the methods of their management and excretion in 

country. Especially human waste of power plants 

that their trustee are municipals of power plants’ 

nearby cities. The wastes of first and second 

categories have had heavy and poisonous metals and 

are considered as hazardous industrial wastes and 

require its special management (DOE, 2011). 

Generally speaking, solid waste management 

includes phases of reduction in source, collecting, 

storing in place, process, recycle and reusing, 

transportation, excretion and care after excretion. 

Strategies of waste management in country’s 

thermal power plant after analyzing internal and 

external environment of power plants and obtained 

results of using SWOT method attractiveness scores 

were determined as it is shown in table 13. For 

calculating final attractiveness of strategies the 

fifteen, obtained attractiveness for each strategy has 

been averaged in 31 completed questionnaires. 

Final prioritizing of these strategies which is has 

been done based on experts’ ideas and using QSPM 

matrix is proposed in table 13. Then strategies’ 

scores were taken to diagram and four strategies of 

WT5, WT4, WT3 and WO4 were eliminated from 

proposed strategies because of having fewer score 

than other strategies.  

In the end, it is concluded that based on 

electricity industry’s experts’ ideas, planning in 

order to establishing power plants with high 

efficiency, using low polluting fuels such as natural 

gas, integrated solid waste management program 

with the operating instructions and also 

strengthening the body of expertise the section of 

power plant environment in terms of technical and 

financial are the most important and effective factors 

in improving power plants’ environmental 

management. 

Table 13: Waste management strategies in thermal power plant in order of preference (attractiveness) 

Priority Strategy Strategy title Attraction

1 SO2
Develop operating procedures to build power plants with high efficiency and 

compliance with environmental standards 
301.3

2 SO3 Developing a comprehensive program of environmental management of waste 295.6

3 SO1 Planning for using natural gas as a clean fuel in thermal power plants 261.0

4 WT1
Creating and strengthening environmental sector in power plants and electricity 

industry 
223.1

5 ST3 Planning for using new and clean technologies of power generation in the country 215.4

6 WO3 Planning to develop the country's gas refineries and solve its shortage 201.8

7 ST2
Implementation of environmental awareness and sensitization at various levels of 

expertise and managers 
196.4

8 WO2 Allocation of identified and approved funds to environmental activities 192.5

9 ST1 Planning in order to accelerate the privatization 191.1

10 WT2 Specialized environmental training at various levels of electricity industry 182.8

11 WT5 Doing applied research on high-efficiency and clean fuels production 179.2

12 WO4
Use of international opportunities and facilities for environmental education the 

personnel of power industry 
168.5

13 WT3 Realize price of electricity by considering the social costs 164.9

14 WT4
Planning and policy making for the development of international relations in 

power plant industry 
159.1

15 WT5 Planning power exchange with neighboring countries for peak shaving 150.3

 . 
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