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An efficient procedure for the synthesis of 3-chloro-2-phenyl-4H-chromen-4-ones by selective chlorination of 1-(2-
hydroxyphenyl)-3-phenylpropane-1,3-diones with potassium chloride and ammonium persulfate gave 2-chloro-1-(2-
hydroxyphenyl)-3-phenylpropane-1,3-diones which on cyclisation with phosphorus pentoxide yielded 3-chloro-2-

phenyl-4H-chromen-4-ones under grinding conditions.
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INTRODUCTION

3-Chloro-2-phenyl-4H-chromen-4-ones
constitute an important class of compounds in
flavanoid chemistry due to their significant
biological properties [1-4] and also act as important
intermediates  for the  synthesis of  2-
aroylcoumaranones [5]. These compounds are
generally obtained by direct chlorination of 2-
phenyl-4H-chromen-4-ones [6,7] or by selective
chlorination of 1-(2-hydroxyphenyl)-3-
phenylpropane-1,3-diones followed by cyclisation
of a-chloro derivatives [5,8]. However, selective
chlorination of 1-(2-hydroxyphenyl)-3-
phenylpropane-1,3-diones followed by cyclisation
remains the most practical method for their
preparation. Chlorination of 1-(2-hydroxyphenyl)-
3-phenylpropane-1,3-diones has generally been
carried out using sulfuryl chloride [5] or by
oxidative chlorination using phase transfer
catalysis [8].

But all the existing methods make use of highly
toxic chemicals and organic solvents causing
extreme damage to our environment.

The grinding technique has been considered to
be an important tool to carry out reactions under
solvent-free conditions, with maximum yield and
minimum cost, and it also got much attention due to
its operational simplicity [9,10]. In continuation of
our work to develop efficient and ecological
procedures for the synthesis of organic compounds
avoiding hazardous chemicals and organic solvents
[11] at any stage of the reaction, we report an
efficient procedure for the synthesis of 3-chloro-2-
phenyl-4H-chromen-4-ones using aqueous grinding

1-(2-hydroxyphenyl)-3-phenylpropane-1,3-diones; 3-chloro-2-phenyl-4H-chromen-4-ones;

* To whom all correspondence should be sent:
E-mail: dksharma_84@rediffmail.com

grinding

technique which avoids the use of hazardous
chemicals and organic solvents during work-up.

EXPERIMENTAL
All the chemicals were obtained from
commercial sources. Melting points  were

determined in open capillary tubes. IR (KBr)
spectra were recorded on a Perkin-Elmer spectrum
BX series FT-IR spectrophotometer; 'H NMR and
BC NMR spectra were recorded on a Bruker 400
MHz and 100 MHz spectrometer, respectively,
using TMS as the internal standard. The elemental
analyses were performed on a Perkin Elmer 2400
elemental analyzer. Silica gel (100-200 mesh) was
used for column chromatography. 1-(2-
Hydroxyphenyl)-3-phenylpropane-1,3-diones la-1f,
required for the present study, were prepared by
Baker-Venkataraman rearrangement using grinding
technique as reported previously [12].

General procedure for the synthesis of 3-chloro-2-
phenyl-4H-chromen-4-ones (3a-3f)

A mixture of  1-(2-hydroxyphenyl)-3-
phenylpropane-1,3-diones  la-1f (1  mmol),
potassium chloride (2 mmol) and ammonium
persulfate (2.5 mmol) moistened with 10 drops of
water was ground in a mortar by a pestle at room
temperature for 10 min. The reaction mixture was
diluted with ice-cold water and the separated solid
was filtered, washed with water and dried in
vacuum over anhydrous calcium chloride. The
mixture of the dry solid and phosphorous pentoxide
(1 mmol) was ground together in a mortar by pestle
for 10-15 min, when formation of a single product
was observed by thin layer chromatography. The
reaction mixture was diluted with ice-cold water;
the solid that separated out was filtered, washed
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with water and crystallized from ethanol to afford
3-chloro-2-phenyl-4H-chromen-4-ones 3a-3f.
3-Chloro-2-phenyl-4H-chromen-4-one (3a). IR
(KBr, vma/cm™): 1667, 752; 'H NMR (400 MHz,
CDCls, &/ppm): 8.35-8.37 (dd, 1H, J=8.0 Hz &
J=2.0 Hz), 7.72-8.05 (m, 3H), 7.25-7.65 (m, 5H);
3C NMR (100 MHz, CDCl;, 8/ppm): 179.8, 157.1,
155.5, 134.5, 131.6, 129.8, 129.8, 129.5, 127.2,
127.1, 127.1, 124.8, 121.1, 119.7, 104.8; Anal.
calcd for CsHoClOs: C, 70.59; H, 3.53; Cl, 13.84.
Found: C, 70.47; H, 3.53; Cl, 13.75.
3-Chloro-2-(4-methoxyphenyl)-4H-chromen-4-
one (3h). IR (KBr, viax/cm™): 1660, 750; '"H NMR
(400 MHz, CDCl;, 6/ppm): 8.35-8.37 (dd, IH,
J=8.0 Hz & J=2.0 Hz), 8.05 (d, 2H, J=8.0 Hz),
7.71-7.85 (m, 1H), 7.30-7.60 (m, 2H), 7.10 (d, 2H,
J=8.0Hz), 3.92 (s, 3H); *C NMR (100 MHz,
CDCls, o/ppm): 179.9, 163.2, 157.1, 155.5, 134.6,
127.7, 127.7, 127.2, 124.8, 123.3, 121.2, 119.8,
115.9, 1159, 104.8, 56.1; Anal. calcd for
Ci6H11C10s: C, 67.03; H, 3.87; Cl, 13.39. Found: C,
67.12; H, 3.75; Cl, 13.26.
3-Chloro-6-methyl-2-phenyl-4H-chromen-4-one
(3c). IR (KBr, vimax/cm™): 1665, 740; 'H NMR (400
MHz, CDCls, &/ppm): 8.20 (d, 1H, J=8.0 Hz), 8.0-
8.10 (m, 2H), 7.50-7.85 (m, 5H), 2.40 (s, 3H, CH3);
3C NMR (100 MHz, CDCl;, 8/ppm): 180.1, 157.2,
152.8, 136.5, 135.5, 131.7, 129.9, 129.9, 129.5,
127.1, 127.1, 125.6, 119.1, 118.6, 104.8, 20.7;
Anal. calcd for Ci6H;;ClO2: C, 70.99; H, 4.10; CI,
13.12. Found: C, 67.12; H, 4.18; Cl, 13.03.
3-Chloro-2-(4-methoxyphenyl)-6-methyl-4H-
chromen-4-one (3d). IR (KBr, vma/cm™): 1660,
745; '"H NMR (400 MHz, CDCl;, &/ppm): 8.15 (d,
1H, J=8.0 Hz), 7.98 (d, 2H, J=8.0 Hz), 7.90-7.95
(m, 2H), 6.85 (d, 2H, J=8.0 Hz), 3.90 (s, 3H,
OCHj3), 2.25 (s, 3H, CH3); “C NMR (100 MHz,
CDCls, o/ppm): 180.1, 163.2, 157.2, 152.8, 136.5,

Rs KCI/(NH4)28208
gr|nd|ng It

1a71f

135.5, 127.7, 127.7, 125.6, 123.3, 119.1, 118.6,
116.0, 116.0, 104.9, 55.8, 20.7; Anal. calcd for
C7H13Cl10s: C, 67.91; H, 4.36; Cl, 11.81. Found: C,
67.80; H, 4.39; Cl, 11.71.

3-Chloro-7-methyl-2-phenyl-4H-chromen-4-one
(3e). IR (KBr, vimax/cm™): 1664, 725; '"H NMR (400
MHz, CDCls, 8/ppm): 8.30 (d, 1H, J=8.0 Hz), 7.50-
8.10 (m, 5H), 7.30 (dd, 1H, J=8.0 Hz & J=2.0 Hz),
6.92 (s, 1H), 2.40 (s, 3H); 3C NMR (100 MHz,
CDCL, 8/ppm): 179.9, 157.1, 155.1, 146.9, 131.7,
129.8, 129.8, 129.7, 128.5, 127.1, 127.1, 123.6,
121.0, 114.5, 104.8, 21.4; Anal. calcd for
Ci6H11Cl02: C, 70.99; H, 4.10; Cl, 13.12. Found: C,
70.85; H, 4.15; Cl, 13.03.

3-Chloro-2-(4-methoxyphenyl)-7-methyl-4H-
chromen-4-one (3f). IR (KBr, vma/cm™): 1680,
750; 'H NMR (400 MHz, CDCls, 8/ppm): 8.05 (d,
1H, J=8.0 Hz), 7.35-7.85 (m, 4H), 7.28 (dd, 1H,
J=8.0 Hz & J=2.0 Hz), 7.05 (s, 1H), 3.85 (s, 3H),
2.20 (s, 3H); *C NMR (100 MHz, CDCls, &/ppm):
179.8, 163.2, 157.2, 155.1, 146.9, 128.5, 127.7,
127.7, 123.6, 123.5, 121.0, 116.0, 116.0, 114.5,
104.8, 55.6, 21.4; Anal. calcd for C;7H15CIOs: C,
67.89; H, 4.36; Cl, 11.81 Found: C, 67.80; H, 4.41;
Cl, 11.71.

RESULTS AND DISCUSSION

1-(2-Hydroxyphenyl)-3-phenylpropane-1,3-
dione la was ground with potassium chloride and
ammonium persulfate in a mortar using a pestle
under slightly moist conditions. Formation of two
compounds was observed by thin layer
chromatography, which were separated by column
chromatography and were identified as 2-chloro-1-
(2-hydroxyphenyl)-3-phenylpropane-1,3-dione (2a)
and 3-chloro-2-phenyl-4H-chromen-4-one  (3a)

(Scheme 1).
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Scheme 1. Synthesis of 3-chloro-2-phenyl-4H-chromen-4-ones using grinding technique
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Table 1. Physical data of 3-chloro-2-phenyl-4H-chromen-4-ones.

- - 5
Compound R/ R Ry el wp o) A Yield (%)°
Ja H H H 10+10 124-25 125 85
3b H H OCH; 10+10 131-33 135 95
3¢ H CH; H 10+10 137-39 139 85
3d H CH; OCH; 10+15 133 135 90
e CH3 H H 10+15 122-24 122 80
3f CH3 H OCH3 10+15 150 152 92
a - time for grinding with KCl and (NH4)2S20s
b- time for grinding with P20s
c- Purified isolated yields
It appears that 2-chloro-1-(2-hydroxyphenyl)-3- CONCLUSIONS

phenylpropane-1,3-dione 2a formed at the initial
stage undergoes cyclisation to some extent under
these conditions to give 3-chloro-2-phenyl-4H-
chromen-4-one 3a. The mixture of the two
products obtained in the above reaction on grinding
with phosphorus pentoxide without any further
purification gave only 3-chloro-2-phenyl-4H-
chromen-4-one, involving the cyclisation of the
remaining uncycled 2-chloro-1-(2-hydroxyphenyl)-
3-phenylpropane-1,3-dione. The reaction mixture
on dilution with ice-cold water gave the product
directly, thus avoiding the use of any organic
solvent for extraction. Optimum conditions for the
reaction were achieved by using varying amounts
of potassium chloride and ammonium persulfate
and best results were obtained with 2 mmol of
potassium chloride and 2.5 mmol of ammonium
persulfate. The presence of moisture was found
essential, in the absence of which no reaction was
found to take place. This was attributed to the fact
that the formation of chloride and persulfate ions is
being facilitated and the oxidation of the chloride
ion produces chlorine in situ which is consumed
there and then in the reaction. The HCI produced
during the reaction is absorbed in the medium by
the water present and does not spoil the
atmosphere.

The validity of the reaction was established by
converting differently substituted 1-(2-
hydroxyphenyl)-3-phenylpropane-1,3-diones 1a-1f
into 3-chloro-2-phenyl-4H-chromen-4-ones 3a-3f
(Scheme 1, Table 1) in high yield.

In conclusion it can be said that the present
method developed for the selective chlorination of
1-(2-hydroxyphenyl)-3-phenylpropane-1,3-diones
and synthesis of 3-chloro-2-phenyl-4H-chromen-4-
ones under solvent-free conditions using grinding
technique is simple, clean, mild, highly efficient
and ecological.
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ITPOCTA CUHTE3A HA 3-XHOPO-2-(DEHI/IH-§H-XPOMEH-4-OHI/I C U3IIOJIBBAHETO HA
CMUJIAHE ITPU CTAUHA TEMIIEPATYPA
J.K. Ilapma™!, C. Kymap?

Ylenapmamenm no xumus, Iybruuen xonesxc ,, Kuwan Jlan“, Peyapooc, Xapusana 123401, Hnous
2 lenapmamenm no xumus,, Texnonoauuen uncmumym 3a nayka u mexcmui, bxeyanu, Xapuana 127021, Hnous

[ocrpnuna Ha 15 1onu, 2014 r.; Kopurupana Ha 26 gespyapu, 2016 .
(Pesrome)

IMocturuara e edexTuBHa mpouenypa 3a cHMHTe3ara Ha 3-xJopo-2-(eHun-4H-xpomeH-4-oHn 4pe3 CEIEKTUBHOTO
xjopupane Ha 1-(2-xuapoxcudenwnn)-3-¢penmnnponan-1,3-qMoHN ¢ KaJMeB XJI0pua 1 aMoHueB nepcyndat. [lomyyenn
ca 2-xnopo-1-(2-xunpoxcudennn)-3-penunnponan-1,3-1MoHr Kouto ciex ukim3anus ¢ audochopeH HNEHTOKCH]
naBa 3-xyopo-2-pennn-4H-xpomeH-4-0Hu clie/i CMUIaHe.
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This paper reports the effect of the Ni/Co ratio in a citrate electrolyte (with an optimum content of Najs citrate) on the
deposition kinetics, chemical and phase composition of the Ni-Co alloy coating, current cathodic efficiency of the
electrodeposition, and morphology of the coating. It was established that by increasing the Co content in the solution, the
deposition potentials of the Ni-Co alloy were shifted towards the values where Co reaches a plateau of limited diffusion
current. When the Co content in the solution increases and the applied cathodic potential gets more positive values, the
Co content in the alloy increases (up to max 85%), and so does the cathodic current efficiency (in respect to
electrodeposition of the alloy). The Co content in the alloys deposited in all studied electrolytes was over 60 mass % and
the phenomenon of “anomalous” co-deposition of Ni and Co in the alloys was identified.

The SEM images of the alloy coatings deposited at potentiostatic conditions show that when the Co content in the
alloy increases, the dimension of the crystals increases from about 100 nm up to about 300 nm. The alloy coatings have
mixed structure of face-centered cubic (fcc) and hexagonal closed packed (hep) lattice, which was proven by the XRD

results.

Key words: kinetics of deposition, morphology, chemical composition, Ni-Co alloys, phase structure

INTRODUCTION

Recently, there is an increasing interest to
nanostructured Co alloys which are mostly applied
in magnetic sensor technologies and magnetic
electronics [1-5]. The metals from the iron group and
their alloys, including Ni-Co, exhibit high hardness,
wear resistance and anti-corrosion protection. Ni-Co
alloys are widely used in medicine, nuclear power
systems, chemical and oil industry [6-8]. In addition
to their excellent ferromagnetic and super
hydrophobic properties, the nanostructured Co, Ni,
and Ni-Co coatings also exhibit valuable catalytic
properties [9-11]. The studies of electrodeposited
Ni-Co alloys have shown that their microstructure
and properties strongly depend on the Co content
which can be controlled by the experimental
parameters, such as bath composition, temperature,
pH value, current density, etc. [2, 12-20].

According to the binary phase diagram of Ni and
Co [26] and their similar atomic diameters, the Ni-
Co alloy forms a substitution solid solution. Myung
and Nobe [20] and Golodnitsky et al. [13] found
three different crystal structures of Ni-Co alloy
controlled by the Co-content. At low cobalt content
(<40-50%) pure face-centered cubic (fcc) lattice
(which would exist for pure nickel) was identified.
As the content of cobalt increased, both fcc and
hexagonal close packed lattice (hcp) appeared, and
for Co-rich alloy (>80%), pure hcp was observed.

* To whom all correspondence should be sent:
E-mail: katya59ignatova@gmail.com

Similar conclusions were proposed by Tury [19] and
El-Feky Hesham [16] in the case of pulse deposition
of Ni-Co alloys. The differences in the results about
the phase composition of the Ni-Co alloys [15-20]
are not very significant and are related to differences
in the electrolyte composition and deposition
conditions.

In previous works [27, 28] the effect of
Na3;CsHs07.2H,O (Naz citrate) and H3;BO;
concentrations on the electrolyte stability and
deposition kinetics of Ni-Co alloys [27] as well as on
the chemical composition, morphology and the
phase composition [28] was studied. It was
established that with increasing the concentration of
Nas citrate in the solution (0.2-0.6 M), the deposition
of Ni-Co alloy took place with lower cathodic
current efficiency and bigger crystal dimensions; the
Ni deposition was more difficult. As an optimum
Najs citrate concentration in the electrolyte the lowest
one (0.2M) was assumed.

The object of this paper is to study the effect of
the ratio of the main components Ni and Co in a low-
acidic citrate electrolyte (optimized in respect to Naz
citrate concentration) on the deposition kinetics of
Ni-Co alloys, chemical composition, current
efficiency of the electrodeposition, morphology and
phase composition of the Ni-Co coatings.

EXPERIMENTAL

The study was carried out in three electrolytes
with compositions given in Table 1. All solutions
were freshly prepared with distilled water and

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 313
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analytical grade chemicals. The pH was adjusted
through addition of H,SO4 and NaOH.

The electrolyte compositions differ in the Ni/Co
ratio within the range 1-3 through a change in the Co
concentration at constant content of Ni (0.3M) and
of the other electrolyte components (Table 1).

Table 1. Electrolyte compositions

Co Ni H;BO;  Nascitrate Ni/Co ratio
Electrolyte in the
(pH = 5.5) [mol.dm™] [mol.dm™] [mol.dm™] [mol.dm?] electrolyte

I 0.1 0.3 0.485 0.2 3
I 0.2 0.3 0.485 0.2 1.5
I 0.3 0.3 0.485 0.2 1

The deposition of the Ni-Co alloy coatings was
examined using the method of potentiodynamic
polarization curves with a scan rate of 30 mV.s™! at
room  temperature  using the  Wenking
Electrochemical Analysis System (Germany). A
conventional three-electrode cell (total volume of
150 dm®) equipped with a platinum foil counter
electrode and saturated calomel electrode (SCE) as
reference electrode was used. The working electrode
was a disk-shaped copper electrode with surface area
of 1 cm?. All potentials are quoted with respect to the
SCE.

The coatings intended for analysis were
deposited for 6 min on rectangular copper plates
with dimensions of 1.5%4 cm at constant potentials,
determined from the polarization curves in the
studied electrolytes. After electrodeposition the
coatings were dissolved in 3.0 M HNO; and
analyzed.

Prior to electrodeposition, the surface of the
copper cathodes was rinsed with distilled water,
cleaned in an etching solution
(H,SO, : HNO, =1:1; +10% HCI),
several times with distilled water and dried.

Elemental analyses of the coatings (in mass %)
were performed by means of atomic emission
spectral analysis, ICP-OES (high-dispersion ICP)
using a Prodigy equipment (Teledyne Leeman
Labs). Based on the data for the chemical content,
the corresponding values for the cathodic current
efficiency (CCE) of electrodeposition of the Ni-Co
alloy were calculated following the law of Faraday:

rinsed

Am
CCE = P 100,% where:

Am_ is the
Am,

practical mass of the Ni-Co coating, [g];
Am =y, It is the theoretically determined

mass of the Ni-Co alloy [g]; I is the current during
deposition [A]; t - the time of deposition [s];
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electrochemical equivalent of the alloy, calculated
using the data about the chemical content of the alloy
(Nni and N, are the molar parts of Ni and Co in the
alloy).

The morphology of the coatings was examined
through scanning electron microscopy (SEM) using
the JSM-6390 Jeol equipment (Oxford Instruments).
The phase composition of the coatings was identified
using X-ray analysis with a powder diffractometer
Philips PW 1050, CuKo radiation and operating
voltage of 20.0 kV.

Ani-co = [eq.C'1 is  the

RESULTS AND DISCUSSION
Kinetics of deposition of the Ni-Co alloy

Comparisons between the potentiodynamic
curves of deposition of Ni, Co and Ni-Co alloy
coatings in the studied electrolytes are shown in
Fig.1 (a-c).

As can be seen, the curves for the Ni deposition
(curves 1) in all studied electrolytes have no plateau
of limited diffusion current. An activation nature of
the polarization was established [29, 30]. In the
deposition curves of Co (curves 2), as well as the
curves for the Ni-Co alloy deposition sharply
expressed plateaus can be seen, which can be related
to diffusion limitations. When the concentration of
Co in the solution increases, the plateau of the
limited current density in the curves of Co and CoNi
deposition is shifted to more negative potentials,
while the potentials for Ni deposition (-1.1V to -
1.3V) stay the same. This phenomenon shows that
the potentials for the Ni-Co alloy deposition (-1.0V
to -1.3V) in the electrolytes with compositions Il and
I will correspond to conditions, where Co
deposition will take place with diffusion limitations,
which would worsen the structural characteristics of
the alloy.

For all studied Ni/Co ratios in the solution co-
deposition of Ni and Co in the Ni-Co alloy is
possible. The kinetic peculiarity of the deposition of
each metal will affect the structure of the alloy
coatings.

Chemical composition of the Ni-Co alloy and
current efficiency

The data about the percent content of the coating
depending on the deposition potential (in the range
of -1.1V to -1.3V) and on the Ni/Co ratio in the
electrolyte are shown in Fig. 2.
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Fig. 1. Comparison of the polarization curves of
deposition of Ni (1), Co (2) and the Ni-Co alloy (3) in
electrolytes with composition I (a); I (b) and III (c).
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Fig. 2. Chemical content (in mass % of Co) of Ni-Co
alloys depending on the cathodic potential and on the
Ni/Co ratio in the electrolytes with composition I (1); 1T

(2) and HI(3).

For all studied Ni/Co ratios in the solution, the Co
content in the alloy coatings is over 60% even
though the Co content in the electrolytes is 50 and
under 50% (Table 1). This result proves that Co is
deposited preferentially in the Ni-Co alloy and for all
electrolyte  compositions the  phenomenon
“anomalous deposition” exists.

This phenomenon was also established by other
authors [6-8, 21, 22]. According to Brenner [22], it
consists in preferential deposition of the less noble
metal in the alloy at comparable conditions for both
metals. There are attempts to explain this
phenomenon with formation of solid solutions [6],
inclusion of oxides of metals with higher extent of
oxidation associated with the presence of oxygen in
the solution [23, 24] or formation of complexes [25].

Data presented on Fig. 2 show that the Co content
in the coatings of Ni-Co alloy increases when the
Ni/Co ratio in the solution increases and when the
cathodic potential has positive values. In electrolyte
I (with the lowest Co concentration) the Co content
in the alloys increases from 62% at -1.3 V to 70% at
—1.1V (respectively Ni decreases from 43% to 30%).
In the case of electrolyte III the Co content is about
79-90% depending on the deposition potential value.

The cathodic current efficiency, CCE (in mass %)
decreases when the deposition potential goes in
negative direction for all Ni/Co ratios in the solution
(Fig.3). This result can be explained with the
increasing part of the reaction of hydrogen evolution
at more negative potentials.
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Fig. 3. Cathodic current efficiency (CCE, %) during
Ni-Co alloy deposition depending on the deposition
potential E, V (SCE) and on the Ni/Co ratio in electrolytes
with composition I (1); IT (2) and III (3).

At a given potential, as the Co concentration in
the solution increases (composition I1I), the cathodic
efficiency of the current also increases (Fig.3,
3).This effect can be related to the coating
morphology. During hydrogen evolution, the
electrolyte in the cathodic space is getting alkaline
and complexes Ni(OH)" and Co(OH)*are formed
[19]. Because of higher adsorption ability, Co(OH)*

315



K. Ignatova, Y. Marcheva: Composition and structure of Ni-Co coating depending on the ratio of Ni and Co in citrate electrolyte

are accumulated on the peaks of the rising crystals to
a higher extent, which is a reason for the increase in
Co content in the alloy and also for the growing
dimensions of the crystals (Fig. 6). When the Ni
content in the alloy increases (resp. the Co content
decreases) the cathodic current efficiency decreases,
which can be explained by the increase in the
electrocatalytic activity of the coatings in respect to
the reaction of hydrogen evolution because of the
higher Ni content and finer crystal structure.

Effects of depolarization and overpolarization
during deposition of Ni-Co alloys

The effects of  depolarization and
overpolarization during the deposition of Ni and Co
in the Ni-Co alloy in electrolyte III were
investigated. The results for the electrolytes with
compositions I and II were similar.

1005
1| (1) BE - background elecirolyle

(21 (270,3m Ni = BE

801 13 (3) 0,3m Ni

804

i,mAem”

04 -0,8 A6 2D

_1_2 ’
E,V (SCE)
(@)

40 -

(1) = M indepandant
ol I8 (2) - N panial

08 -12 -20
E,V (SCE)
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Fig. 4. (a) Partial curve of Ni deposition in alloy (3)
obtained from the curves of Ni deposition in an electrolyte
with composition 0.3M Ni+0.485M H3;BOs and 0.2M Najs
citrate (2) and the curve in the background electrolyte
(BE) (1); (b) Comparison of the curve of individual
deposition of Ni (1) with the partial curve of deposition of
Ni in the Ni-Co alloy (2).

In Figs. 4 (a,b) and 5 (a,b) the curves for
individual deposition of Ni and Co are compared to
the curves, obtained in a solution containing boric
acid and Najs citrate (in concentrations given in Table
1), serving as a background to the electrolyte for
deposition. This comparison was made with the aim
to extract from the total current corresponding to
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each cathodic potential, the current due to the
reactions related to background electrolyte and
mainly to the reaction of cathodic evolution of
hydrogen. The partial curves for deposition of metals
in the alloy are obtained by decomposition of the
deposition curves of Ni and Co in the alloy. The
decomposition was performed by subtracting the
current for the pursuing reactions (using data for the
cathodic efficiency of current, Fig. 3) and the current
for deposition of the second metal from the total
current corresponding to each cathodic potential.

The comparison of the curves on Figs. 4 and 5
shows that the polarization during Ni and Co co-
deposition in the alloy is higher than those of their
individual deposition, i.e. Ni and Co are deposited in
the alloy with overpolarization. This result shows
difficulties in the co-deposition of the two metals,
which are often related to thermodynamic
difficulties during electrocrystallization [31, 32].

Bl
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L) (2y0,3m Co + BE [/
E 804 | (3)03m Co

204
04 == . .
=04 =0.8 =-1.2 =16
E,V (SCE)
(a)
30 5

| {1} - Co ndepandent| g
{2) - Co partial .j \

P o’ o

=0.4 =08 =12
E,V (SCE)
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Fig. 5. (a) Partial curve of Co deposition in alloy (3)
obtained from the curves of Co deposition in an
electrolyte with composition 0.3M Ni+0.485M H3BO;
and 0.2M Naj citrate (2) and the curve in the background
electrolyte (BE) (1); (b) Comparison of the curve of
individual deposition of Co (1) with the partial curve of
deposition of Co in the Ni-Co alloy (2).

Morphology and phase composition of Ni-Co
alloys.

Fig. 6 presents SEM images of the Ni-Co coating
deposited in electrolytes with composition I (Fig.
6,a), II (Fig. 6,b) and III (Fig. 6,c) at a deposition
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potential E= - 1.2 V (SCE). As can be seen, in the
Ni-Co alloy coatings with higher Ni content
deposited from electrolyte 1 (Fig. 6,a), the crystal
dimensions are less than 100 nm, while by increasing
the Co content, the dimensions gradually increase to
about 150-250 nm in electrolyte II (Fig. 6,b) and to
300 nm in electrolyte III (Fig. 6,c). In the latter case
the alloy coatings are characterized with formation
of spheroidal crystals with uniform distribution by
form and dimensions.

20KV X30,000 0.5pm 15 30 SEI

20KV X30,0000 0.5um .

K3

T 20kv. X30,000 O.5pm

15 30 SEI

(c) 85% Co-15% Ni (electrolyte III)

Fig. 6. SEM images of Ni-Co alloys deposited at a
potential E = -1.2V (SCE) in electrolytes with
compositions I (a) II (b) and III (c).

Fig.7 shows the XRD patterns of Ni-Co alloy
electrodeposited from the three studied solutions at
the deposition conditions for coatings used in SEM
analysis. Ni-Co alloy coatings deposited from the
three electrolytes are characterized by polycrystal
structure. In the XRD patterns 4 peaks can be seen at
20 values 44.4°, 51°, 76.5° and 92.5°, corresponding
to reflexes by (111), (200), (220) and (311) faces for
a face-centered cubic (fcc) lattice of a nickel-rich
phase. The XRD patterns contain also 26 values of
41.3°, 47.5° and 75° corresponding to reflexes by
(100), hep (101), hep (110) from a hexagonal close
packed (hcp) lattice of a Co-rich phase.
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Fig. 7. XRD patterns of Ni-Co alloys deposited in
electrolytes with composition I (a); II (b) and III (c) at E=
-1.2V(SCE).
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By rising the Co content in the alloys from 65%
to 85% (Fig.7) the intensity of the peaks related to
the hcp phase increases compared to those of the fcc
phase. It can be concluded that the alloys deposited
in the studied electrolytes are a mixture of fcc and
hcp phases.

The obtained results support the conclusions
made in [15,16,19]. In the case of nanostructured
materials, the crystallographic structure may differ
from the geometric structure of micro- or macro-
structured materials. Based on this statement the
formation of mixed structure is possible [33] in
which either hexagonal Co contains cubic structured
Ni or hexagonal Co is built in the cubic structured
Ni. A theoretical model of the described crystal
structure is given in [19].

CONCLUSIONS

The co-deposition of Ni and Co in Ni-Co alloy
coatings in electrolytes with different Ni/Co ratio is
possible in all electrolytes studied. Increasing the Co
concentration in the solution, the potentials for Ni-
Co alloy deposition are displaced towards
conditions, at which Co is deposited with diffusion
limitations, which could worsen the quality of the
alloys, especially at more negative potentials.

At all investigated Ni/Co ratios in the solution,
the Co content in the alloy coatings (in mass %) is
over 60% and a conclusion was made about the
phenomenon of “anomalous deposition” of Ni and
Co.

The deposited Ni-Co alloys are with nano-
dimensioned structure. When the Co content in the
alloy decreases, the dimensions of the crystals
decrease from about 300 nm to about and less than
100 nm.

The Ni-Co alloys are characterized with a mixed
structure of face-centered cubic (fcc) and hexagonal
closed packed (hcp) lattice, i.e. either hexagonal Co
contains cubic structured Ni or hexagonal Co is built
in the cubic structured Ni.
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CBbCTAB U CTPYKTVYPA HA Ni-Co IIOKPUTHA B 3BABUCUMOCT OT
CBHOTHOLIEHUETO HA Ni 1 Co B IUTPATEH EJIEKTPOJIUT

K. Urnarosa' , . Mapuesa?

Xumuxo-Texnonoauuen u Memanypauuen Yuueepcumem - Coghust, 6yi. Kn.Oxpuocku 8, Coghus 1000, Bvreapus
2Texnuuuecku Yuueepcumem - Coghus, 6yn. Kn.Oxpuocku 8, Cogpus 1000, Bvaeapus

Ilocrbnuna na 17 centemspu, 2013 r.; Kopurupana Ha 16 ronu, 2016 1.

(Pesrome)

B crarusra ce qoximansa BIUSHUETO Ha ChOTHOIIEHHETO Ni/Co B IUTPATEH €NEKTPOIHUT (C ONTHMAITHO ChIbpKaHUE
Ha Najs citrat ot 0,2M) BbpXy KMHETHKAaTa Ha OTJIaraHe, XUMHYHUS U (Pa3oB chcTraB Ha crutaBHOTO Ni-Co mokpuTHE,
TOKOBaTa M3IO0JI3BAEMOCT 33 €JIEKTPoOTIarane U Mop(oJorusiTa Ha MOKPUTHATA. YCTAaHOBEHO €, Ye C HapacTBaHEe Ha
chabprkanneTo Ha Co B pa3TBoOpa, NOTeHIMaInTe Ha omiaraHe Ha Ni-Co crijiaB ce M3MecTBaT KbM CTOHHOCTH, IIPH KOUTO
KOOQJITBT JOCTUTA 10 IUIATO Ha rpaHudeH audysuoneH Tok. [Ipu HapacTBane Ha chabpxanuero Ha Co B pa3TBopa,
KaTOAHUSAT MOTEHIMAN Ha OTJIaraHe Ha CIUIaBTa Ce U3MECTBA B IIO-TI0JI0KUTEIHA II0COKa, KaTO IPH TOBA ChIbP)KAHUETO
Ha KoOanT B CIUIaBTa HapacTBa (10 MakcuMyM 85%), KakTO M KaToJHaTa M3IOJI3BaEMOCT HA TOKA MO OTHOLICHHE HA
oTiarane Ha crasta. CpabpikanneTo Ha Co B CIUIaBUTE, OTJIOKEHU BbB BCUUKHU U3CIIEABAHU SJIEKTPOINTH, Oere Hax 60
Mac.% Kato Oelre ycTaHOBeH €(EeKT Ha ,,aHOMaTHO  choTinarane Ha Ni u Co B criraBuTe.
Pezynrature or SEM aHanu3a Ha CIUIaBHUTE MOKPHUTHS, OTIIOXKEHH B MOTEHIIMOCTATHYCH PEKHM, [TOKa3axa, 4e KoraTo
cpabpxanneTo Ha Co B CIIaBUTE HAPACTBa, pa3MephT HA KPUCTAJMTUTE CHIO HapacTBa oT okoio 100 nm 1o oxoso 300
nm. CIIaBHATE MOKPUTHS MIPEICTABIABAT CMeEC OT (a3u ChC CTEHHO-IIeHTpHpaHa (fcc) u ¢ xecaronanna onakoska (hep),
JI0Ka3zaHo oT pe3ynrarute Ha XRD ananmsa.
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This study deals with the unsteady flow of an Eyring-Powell fluid induced by an oscillatory stretching surface in
presence of chemical reaction. The elastic sheet is stretched periodically back and forth in its own plane. The equations
governing the flow are derived employing fundamental law of mass, momentum and diffusion. The independent
variables in the governing equations are reduced by using dimensionless variables which are solved by using two
different techniques, namely, homotopy analysis method and an implicit finite difference scheme. Solutions obtained by
both methods are compared and found in excellent agreement. The physical variables such as longitudinal velocity
component and mass concentration are examined in detail for various values of the parameters of interest.

Keywords: Eyring-Powell fluid, chemical effects, oscillatory stretching sheet, Homotopy analysis method, finite

difference scheme.

INTRODUCTION

The study of convective flow wunder the
influence of magnetic field and chemical reaction
has practical applications in many areas of science
and engineering. This phenomenon plays a vital
role in chemical industry, petroleum industry,
cooling of nuclear reactors, packed-bed catalytic
reactors, etc. In view of all these applications many
researchers studied the effects of chemical reaction
on the flow of different fluids. The specialized
literature on this topic is discussed in the following
paragraphs. Chambre and Young [1] discussed the
diffusion of a chemically reactive species in a
laminar boundary layer flow over a flat plate.
Andersson et al. [2] studied the laminar boundary
layer flow induced by a stretching sheet in the
presence of chemical reaction effects. Takhar et al.
[3] discussed the diffusion of chemically reactive
species in a second-order fluid over a stretching
sheet. Akyildiz et al. [4] studied the diffusion of
chemically reactive species in a second-grade fluid
over a porous stretching surface. Hayat and Abbas
[5] used homotopy analysis to analyze the effects of
chemical reaction in a Maxwell fluid. In another
paper, Hayat et al. [6] examined the effects of mass
transfer in a unsteady flow of Maxwell fluid over a
stretching sheet. The effect of chemical reaction
and variable viscosity with heat and mass transfer
for a Hiemenz flow through a Darcian porous

medium was investigated by Seddeek et al. [7].
Aziz [8] used a numerical technique to discuss the
effects of chemical reaction and heat mass transfer
in a viscous fluid.

Ferdows and Qasem [9] investigated the effects
of the order of chemical reaction on a boundary
layer flow with heat mass transfer over a linearly
stretching surface. Krishnendu [10] discussed the
effects of mass transfer in presence of chemical
reaction over a porous flat plate. Mukhopadhyay
and Bhattacharyya [11] used a shooting method to
analyze the first-order constructive/destructive
chemical reaction in a flow of Maxwell fluid over a
stretching  sheet. The chemically reactive
hydromagnetic flow of a second-grade fluid in a
semi-porous channel was discussed by Abbas et al.
[12]. Apart of these, some recent attempts regarding
flows of different fluids in presence of chemically
reactive species can be found in refs. [13-17].

Motivated by the studies mentioned above, the
aim of this paper is to analyze the unsteady flow
and mass transfer of chemically reactive species.
The rheological behavior of the fluid is captured by
the constitutive equation of the Eyring-Powell
model. This model has already been used by several
authors to discuss non-Newtonian flows [18-21].
Unlike typical studies, the stretching sheet is
assumed to be oscillatory. The idea of flow over an
oscillatory stretching sheet was introduced by
Wang [22]. The work of Wang [22] was extended
by few authors including Siddapa et al. [23], Abbas

* To whom all correspondence should be sent:
E-mail: sk _iiu@yahoo.com

et al. [24, 25], Zheng et al. [26] and Ali et al. [27].
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The proposed study extends the analysis of Wang
[22] by considering an Eyring-Powell fluid model
in the presence of chemically reactive species. The
solution of the governing problem is obtained by a
homotopy analysis method (HAM) and a finite
difference scheme. A comparison of both solutions
is made. Based on the numerical solution a
parametric study is carried out to quantify the
effects of various emerging parameters on the flow
and concentration characteristics inside the
boundary layer.

FLOW ANALYSIS

Let us consider an unsteady, two-dimensional
and magnetohydrodynamic (MHD) flow of an
incompressible Eyring-Powell fluid past over an
oscillatory stretching sheet coinciding with plane

Y =0 (see Fig. 1).

> |

T . h £y

I X

c=c, 0 uw:bfsinmt

Fig. 1. Geometry of the problem.

The elastic sheet is periodically stretched back
and forth with a velocity U, =bXsinwt (X is the

coordinate along the sheet, b is the maximum
stretching rate and @ represents the frequency). A

magnetic field of magnitude B, is applied in the

direction perpendicular to the sheet. Let C, denotes

the concentration at the surface while the
concentration far away from the surface is C_ . The
continuity, momentum and concentration equations

for an Eyring-Powell fluid can be expressed as [21]

6_u+ﬂ—0
x oy " (1)

ou ou du 1 \du
—fU—+V—=|v -—
ot ox 0y pB°C oy’

2
1 [fayeu] os,
2pB8°C* |\ oy ) oy ’
G, 0, 0
ot X oy
D— -k(c-c,),

where Uand V are velocity components along
X and Y directions, respectively, v represents the
kinematic viscosity, p is the density, #° and C
denote the material parameters of the Eyring-
Powell model, C is the concentration field, D is

the concentration expansion coefficient, K is the
chemical reaction rate.
Egs. (1)-(3) are subjected to the conditions

u=u, =bXsinwt, v=0,c=c,aty=0, t>0,

“)
u—>0, c—c, at Yo oo, (5)
Let us introduce appropriate variables [22, 24]

\F _
y=.-Y, 7 =1,
v (6)

u=bxf, (y,7), v=—Jvbf (y.7),
c—c,

¢(y=f)=cw_cm- @)
Utlizing Eqgs. (6) and (7), Eq.(1) is identically
satisfied and Egs. (2) and (3) become
(1+K)f, —Sf, -+ ff —M*f —AKf f =0,
(®)
8, +Sc( T4, —Sg.)-Scpp=0, )
with boundary conditions
f,(0,z)=sinz, f(0,7)=0, #(0,7)=1, (10)
f, (0,7)=0, ¢(o0,7)=0. (11)
In the above equations K =1/y48°C and

A=X’b’/2vC? are dimensionless material fluid
parameters, S = /b is the ratio of the oscillation
frequency of the sheet to its stretching rate,

M =,oB;/pb is the Hartmann number,
Sc=v/D is the Schmidt number and f=k/b
denotes the chemical reaction parameter. According
to Javed et al. [18], Eq. (2) is subject to the
constraint AK <<1.
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The skin-friction coefficient C, is defined as

C,=—= (12)

where 7, denotes the shear stress at the wall. In
view of (6) and (7), Eq. (12) takes the following
form [19]

Re‘x/sz:[(1+K) ﬂf } , (13)
y=0

where Re =u,X/v is the local Reynold

number.

HOMOTOPY ANALYSIS METHOD

Homotopy analysis method is one of the
powerfull analytic approaches to solve nonlinear
partial and ordinary differential equations. This
method was proposed by Liao [28] and then used
by many authors for solution of different nonlinear
problems [29-34]. Now we briefly describe the
application of this method to the boundary value
problem developed in the previous section. The
boundary conditions lead to the following initial
guesses for f(y,7) and @(y)

fy(y.7)=sinz(1-exp(-y)),

(14)
¢ (y)=exp(-y).
Introducing linear operators
o't of o f
£f (f):W_E’ £¢(f):—2— f, (15)
satisfying
£, [C1 +C, exp(-y)+C, exp(y):l =0, (16)
£, |:C4 exp(—y)+C; exp(y):|=0, (17)

where C, (i=1,2,..5) are constants. The

zero-order deformation problems defined
(1=p)E [ f(v7:p)= T (v.7) | =
ph N [f(y,r p)}
p)E,[#(¥.7:P) =4 (v.7) ] =
[f( .73 P),

(18)

7] (19)
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f(0,;p)=0, Alyzp)
N |
. (20)
Sll’l T, M = O.
ay y—

$(0,z:p)=1, d(eo7;p)=0, (D)
where pe[0,1] is an embedding parameter.
The associated nonlinear operators N, and N 4 are
N[ ()] T ER) g2
(22)
A . A ) 2 of T
o). (A0 ()[H]

oy oy o

N[ (v.7:p). f (vors p)J:M_F

2 (23)
Sc( f(y.z:p) aﬂé’yﬂ P) -S a(/ﬁ(;’:; p)J—ﬂSc¢

The zero™-order deformation problems defined
above have the following solutions corresponding
to p=0and p=1

fA(y,T;O)= fo (¥.7). f(y,r;l): f(y,7), 24)
8(y.7:0) =4, (y.7).8(y. 1) = (Y. 7). (25)

Using Taylor's series expansion we can write

f(y,T p _f Zf y: m,
26
1 "f(y.7;p) 20
fo(yr)=— 2B
m! op
p=0
$(Y.7:0) =0, (¥.7)+ D & (Vs
3 '"=1) 27)
1 Y, 7, P
¢m(y,7)=map—m
p=0

The convergence of the above series solution
depends upon 7, and 7% 4 - We assume that h and

h, are selected so that Egs. (25) to (26) converges
at p=1. Therefore
f(y.7) )+ fa(y.r),  (@28)

1

#(y.7)=¢(y.7) +i¢m ), (29

m=1
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The m™-order of the deformation problem is

ARV LA yaf]=thn2 y.7), (30)
£¢|:¢m(y’ Zm¢ml y’ :' h y, ), (31)
f,(0,7)=0, afm(O’T)=o, 0 (<= )=o, (32)
oy oy
¢ (0.7) =@ (0,7)=0 (33)
of 62f , of
RI(y,7)=(1+K _s m1
a2 (¥,7) = (1+K) v ayaf -
fm_l_kiy—ﬁk——afgylk %_ (34)
Z o’ f . & o o f. |
ﬂ,K m;’k kz—l‘ 31
oy = oy oy
Rtﬁ(y’ )_a ¢m1 S(Sc)a¢m1 ﬂSC¢m L+
oy’ ot 35)
m— 6@
S i
C;( m-1-k ayj
_]0, m<1, 36
=11 ms 1, )

The general solution at m"-order can be
expressed as

f.(v,7)=f:(y,7)+C, +C,exp(-y)+C,exp(y), B7)
¢, (¥,7) =, (¥,7)+C,exp(—y)+Csexp(y). (38)
f (y,z) and ¢, (Y,7) indicate the

particular solutions. The constants C; (i = 1,2...,5)
using conditions (20) and (21) get values

where

of . (0,7)
e (39)
C,=-C,-f,(0,z), C,=—¢,(0,7).

DIRECT NUMERICAL SOLUTION OF THE
PROBLEM

The system of nonlinear partial differential
equations (8)—(9) with the boundary conditions (10)
and (11) are solved numerically using a finite
difference scheme with Fortran software. We use
coordinate  transformation 7n=1/(y+1) to
transform the semi-infinite physical domain
y €[0,00) to finite calculation domain 77 €[0,1],
ie.

no o on’
0’ 0’ 0 0’ 0’
Ll T =
oy 0 on oyor onor

0 0 0 0
— = =6 -6 —
oy on on’ on’

Using the above transformations in Eqs. (8) and

9) 2

Saa;;f”{%J +[6(1+ K)772—277f][§f—77]+
{2
(g

s () - () 5]
s3]

] w2
J&5)
& 2t (40)
) e (5 (5

nt a2¢;+2773—¢—Sc(f ? ¢+Sa¢j
on on 0 (41)

—-42Kn"

o[ of
on
of

241Kn"

n ot
/S’Sc¢—0
f, = $p=0 at n=0, (42)
f=0, f77=—sinr, g=1at n=1, 43)

In the second step, we discretize Egs. (18) and
(19) for L equally spaced  points

77=(770,771,772,...77L+1)6[0,1] with a step size of
A77=1/(L+1) at time instants TZ(TI,TZ,...),

where 7' =7'+iA7. The numerical values of
(fln, .. an) and (¢1n, By ey ¢C) are
sought at these points at each time level provided
that the boundary conditions at 7=17,=0 and
n=mn,,, =1 are known. The initial conditions for
velocity field are:

f(7,7=0)=0 and ¢(n,7=0)=0. (44)

We construct the semi-implicit time difference
scheme for f and ¢ as follows:
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1 (ef ™ 6f () oF ™ 2 The advantage of the scheme is that only linear
S— Arl on =n’ on + equations for each new time step (N+1) are to be
(n41) ™ solved. Two systems of linear equations for fi(ml)
(n)
6(1+K)n ( ] ( ]Jr and ¢i(n+1) at the time step (n + 1) can be solved by
2 ¢ (ne) ") using Guassian elimination.
6(1+K ot |
( )77 on’ on CONVERGENCE OF HAM SOLUTION AND
520 5 ITS COMPARISON WITH A NUMERICAL
f“( J+(L+K)n4( J— SOLUTION
2 a']3
) The convergence of HAM solution depends
M [6f (n+) J—/“(ﬂu (82 f (")] (83 £ J_ upon the suitable choice of auxiliary parameters 7
on’ on’ and %,. The h-curves are plotted in Fig. 2(a-b) to
f

PEURY of of ™\ (2™ ’ show the convergence region of the HAM solution
- on 2 | T for a particular set of involved parameters. From
these figures it is clear that for this choice of

oMY (g f™ parameter value a convergent solution can be
40Kn" - -
d an o’ obtained when —1.4<7 <0 and —2<7,<0.
N[ 2 (0) 0\ To check the accuracy of HAM solution, the
241Kn’ {8; J [aafz ]_24,1K778 [8;_} - numerical values of f "(O,T) at different order of
g g g approximations are shown in Table 1. The
40Kn" (af(n)J(ﬁzf n)J(53f(n)]_ (45) convergent values of f"(0,7) can be obtained by
on on’ on’ increasing order of approximation. Figs. 3 and 4
oF ™) 52 2 show the comparison of HAM solution with a
240K 10[ J[ - ] - numerical solution at two different orders of
on on approximation. An excellent agreement between
of 2 250 HAM solution and numerical solution can be
244}(779( 2 J e j, achieved at 15" order of approximation.
n n

¢(”*‘) _¢(”> 2 4(n+1) (n+1)
S(SC)( ): 7]46¢2 +27738¢ _
on on (46)

Table 1. The convergence of the HAM solution of f "(O,T ) for different order of approximation with S =0.1,
M=12, K=05,1=04and =0, 7=0.57 and 7 =1.57, respectively.

Order of approximation =0 =057 =157
1 -0.02500 -1.26000 0.66400
3 -0.03363 -1.33995 0.563498
10 -0.03475 -1.36026 0.55218
12 -0.03475 -1.36048 0.55210
15 -0.03476 -1.36050 0.55210
25 -0.03476 -1.36050 0.55210
30 -0.03476 -1.36050 0.55210
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RESULTS AND DISCUSSION

In this section graphical results obtained via a
finite difference method are displayed in order to
examine the effects of involved parameter on
velocity component f' and concentration field ¢.

Fig. 5(a-c) demonstrates the effects of the relative
amplitude of frequency to the stretching rate S,

fluid parameters A and Hartmann number M on
the evolution series of the velocity component f'
at a fixed distance y=0.25 from the sheet,
respectively. Fig. 5(a) shows that the amplitude of
the flow motion at this location decreases by
increasing S. However, this decrease is marginal
and it is anticipated that such a trend is prevalent
even for larger values of S. Fig. 5(b) depicts that
the amplitude of the flow increases by increasing
fluid parameter A.This increase in the amplitude of
flow motion is attributable to the increased
effective viscosity induced by larger values of A.
The influence of Hartmann number M on time
evolution of the velocity component f' is shown in
Fig. 5(c). The figure reveals that the amplitude of
the velocity component f' decreases by increasing
Hartmann number.

The velocity profile f' for various values of S

at four different distances 7=8.57, 7=9rx,
7=9.57 and 7 =107 are shown in Fig. 6(a-d).
Fig. 6(a) shows that at time instant 7 =8.57 the
velocity decreases by increasing S. The back flow

occurs near the surface where f' gets negative.

The effects of S at time interval 7=97x are
depicted in Fig. 6(b). The velocity f' at this time
instant oscillates near the surface and finally
approaches zero. The amplitude of oscillation is
found to increase with an increase in S. Fig. 6(c)
clucidates that at time instant 7=9.57z, the

velocity f' gets the value -1 at the wall and

becomes zero far away from the surface without
performing oscillation. A decrease in the amplitude
of velocity is observed at this time instant. Fig. 6(d)
reveals that at time instant 7 =107, the velocity
f' is zero both at the surface and far away from the

surface. It is also observed that at this time the
amplitude of back flow increases by increasing S.
Fig. 7(a) shows the variation of f' for different

values of 4 at 7 =8.57. Here it is observed that
the velocity approaches from 1 at the surface to
zero far away from the surface. The occurrence of
back flow near the surface is also observed at this
time instant that is found to increase by increasing
A. Fig. 7(b) indicates that at this time instant

7 =97, the velocity oscillates near the surface
before approaching zero far away from the surface.
Moreover, the amplitude of the back flow is found
to increase with A. The variation of f' with A4 at

time instant 7 =9.57 is shown in Fig. 7(c). Here,
the magnitude of velocity decreases by increasing
A. Occurrence of back flow at 7 =10z with its
strengthening for larger values of A is observed in
Fig. 7(d).

Fig. 8(a-d) illustrates the effects of Sc, f, A
and S on the concentration profile ¢. Fig. 8(a) is

plotted to observe the effects of Smith number Sc
on the concentration profile ¢. From this figure we
observe that mass concentration decreases for large
values of Sc. Moreover, it is also seen from this
figure that the concentration boundary layer
thickness decreases by increasing Schmidt number
Sc. These effects may be attributable to the
increase in the rate of solute transfer from the
surface by increasing the Schmidt number. The
effect of chemical reaction parameter [ on
concentration is shown in Fig. 8(b). Here, we again
observe that the mass concentration decreases by
increasing . Fig. 8(c) illustrates the effects of
fluid parameter A on the concentration profile ¢.
From this figure it is clear that the concentration
increases by increasing fluid parameter A. Fig.
8(d) shows opposite effects, i.e. mass concentration
decreases by increasing the relative amplitude of
frequency to the stretching rate parameter S.Fig.
9(a-d) describes the effects of relative amplitude of
frequency to the stretching rate S, Hartmann

number M and fluid parameters K and A on the
time-series of shear stress at the wall for the first
five periods 7€ [0,10x]. Fig. 9(a) shows the
influence of the relative amplitude of frequency to
the stretching rate S on the skin-friction coefficient

Rei/2 C, by keeping other parameters fixed. It is

clear from this figure that the amplitude of
oscillation of the skin-friction coefficient increases
by increasing the relative amplitude of frequency to
the stretching rate S. From Figure 9(b) it is clear
that the skin friction coefficient oscillates with time
and the amplitude of oscillation increases for large
values of Hartmann M. The effects of fluid
parameter 4 and K are illustrated in Figs. 9(c)
and (d), respectively. These figures show an
opposite trend, i.e. the skin friction coefficient

1/2 . . .
Re, " C; decreases monotonically by increasing

these fluid parameters.
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CONCLUSIONS

In the present study, we have investigated the
mass transfer in a unsteady flow of an Eyring-
Powell fluid model over an oscillatory stretching
sheet. The non-similar solution of the governing
nonlinear partial differential equations is obtained
analytically by a homotopy analysis method and
numerically by a finite difference scheme. The flow
and mass transfer characteristics are explained
graphically for the several values of the involved
parameters. The main findings can be summarized
as:

e  The convergence of the HAM solution is
largely dependent on the choice of auxiliary
parameters and the order of approximation.

e The amplitude of the flow velocity at a
fixed distance from the sheet decreases with
increasing ratio of oscillating frequency to
stretching rate S and Hartmann number M while a
converse Eyring-Powell fluid parameter A trend is
computed with increasing A.

e The concentration profile increases for

S=0.35,M=1,1=0.3,K=0.5,r=0.5~

o0

AU

-2

-0.5

f?j'

0.0 0.5

A0, 1)

large values of Eyring-Powell fluid parameter
Awhile it decreases for large values of Schmidt
number Sc, ratio of oscillating frequency to

stretching rate S and chemical reaction parameter
p.

e  The concentration boundary layer thickness
decreases with increasing Schmidt number Sc,
ratio of oscillating frequency to stretching rate S
and chemical reaction parameter . In contrast, an

increasing Eyring-Powell fluid parameter A
increases the concentration boundary layer
thickness.

e The amplitude of the skin friction

coefficient increases with increasing the Hartmann
number M, and the ratio of oscillation frequency
of the sheet to its stretching rate S, while it is
suppressed with increasing the Eyring-Powell fluid

parameters A and K.
e In the limiting case when A,K — 0 our

results reduce to the corresponding results of Wang
[22].

S=01M=031=01K=015=03 =03 r=05r

25 =20

]

(b)

-6

-15 =10

Ag

-05 00 0.5

Fig. 2. The 71 — curves at 6" order of approximation: (a) for velocity; (b) for concentration profile.
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a §=05M=I\=01K=018=02p=0L1=05r a §=05M=1A=01K=01Sc=02B=0.11=05n

Sth-order of HAM solution 0.5/ 15th-order of HAM solution

Fig. 4. Comparison of concentration field ¢(y,r) obtained from HAM solution (solid lines) and the numerical

solution (open circles).

b M=58=1K=01

a M=1)\=0.05K=01

5 10 15 20 25 30
T

Fig. 5. Velocity profile as a function of time: (a) effects of S ; (b) effects of A ; (c) effects of M.
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Fig. 6. Velocity field f' for different values of S.
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Fig. 7. Velocity field f' for different values of A.
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2 K=01)A=01M=58=12p=057=05n b K=01A=018c=5M=58=121=05n
—Sc=50 —p=50
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Fig. 8. Concentration field ¢ (a) effects of ; SC (b) effects of ﬂ ; (c) effects of A ; (d) effects of S.

a M=21=0.05,K=0.1 b §=12A=0.05,K=0.1

§=5%=01,M=12

T 5 10 I5) 20 25 30
T

Fig. 9. The skin friction coefficient Rei(/2 Cf as a function of time: (a) effects of S ; (b) effects of M ; (c) effects
of A ;(d) effects of K.
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AHAJIMTMYHO 1 YUCJIEHO U3CJIEJIBAHE HA TUDY3UATA HA XUMHUYECKHA
AKTHUBHU BEHIECTBA BBEB ®JIVH HA EYRING-POWELL HAJZT HAJIUTBXKHO
OCIHIMJIMPAIIIA ITOBBPXHOCT

C.Y.Xan", H. Am?, T. Xasar>*

enapmamenm no mamemamuxa, Hncmumym no ungopmayuonnu mexnonozuu COMSATS, Caxuyan, Haxucman
2lenapmamenm no mamemamuxa u cmamucmuxa, Mescoynapoden ucaamcku ynueepcumem, Ucramabao, Iaxucman
3flenapmamenm no mamemamuxa, Ynueepcumem Kyauo-u-Asam, HUcnamabao, Haxucman
*Uscnedosamencka epyna no HeluHeen aHAIU3 U NPULOICHA Mamemamuxa, Jlenapmamenm no mamemamuxa, Hayuen
Gaxyrmem, Yuusepcumem ,,Kpan A60ynasuz* [oceoa, Cayoumcka Apabus

[ocrpnuna Ha 3 okromBpH, 2015 T.; Kopurupana Ha 14 romm, 2016 r.
(Pesrome)

ToBa n3cienBaHe 3acsra HecTalMOHAPHUS NOTOK Ha (uryng Ha Eyring-Powell moposen oT Ha[urxHO ocumuimpaina
MOBBPXHOCT B IPUCHCTBHE HA XMMHYHA peakuus. EJacTHYHUAT JMCT ce pas3Tsara NEepUoJMYHO Halpeja-Ha3a] B
coOCTBeHaTa cH paBHUHA. [13Be/ieHN ca ypaBHEHMATA HA JIBIKCHUETO NMPHUIIATAHKA OCHOBHHUTE 3aKOHH 32 3alla3BaHE Ha
Macara, Ha KOJIMYeCTBOTO ABIDKEHNE U Ha qudysusita. HamaneHu ca He3aBUCHMHTE IIPOMEHIINBH YpE3 BbBEKAAHETO HA
0e3n3MepHH MPOMEHIIMBH, a YPaBHECHHUSTA CE pEIlIaBaT IO JBa METOJA: XOMOTOIEH aHaIM3 M HesBHa MudepeHdHa
cxema. CpaBHEHHETO Ha pe3yaTaTuTe IO [ABaTa METOJa II0Ka3Ba OTIMYHO chbriaacue. DOU3NYHUTE NPOMCHINBU
(HamTBXKHATA CKOPOCT M MacoBaTa KOHIIEHTPALHS ca MOAPOOHO M3CIEABAHH 33 PA3INIHHU ITapaMETpPH.
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Clean, simple and efficient synthesis of spiro-2-amino-4H-pyran-3-carbonitrile via
HBF4—Si10; nanoparticles: a green protocol
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We have reported that fluoroboric acid adsorbed on nano silica-gel (HBF4—SiO, NPs) catalyzed the one-pot
synthesis of spiropyrans by condensation of ninhydrin, malononitrile and enolizable systems in good to excellent yields.
This new protocol employing HBF4—SiO, NPs, which are a solid acidic, green and inexpensive catalyst, offers
advantages such as mild reaction conditions, short reaction times and easy work-up. The catalyst is recyclable with

reproducible results without any loss of its activity.

Keywords: HBF,—SiO, NPs, solid acid, ninhydrin, malononitrile, enolizable systems, green chemistry

INTRODUCTION

Multi-component one-pot syntheses have
emerged as powerful tools owing to their ability to
give products in a single operation step from three
or more reactants with high atom economy. These
reactions are widely applied in biological and
pharmaceutical chemistry for producing different
structures and combinatorial libraries for drug
discovery[1]. Spiro compounds are an important
class of structural motifs of numerous natural
products with biological properties [2,3]. On the
other hand, the pyran ring is important from
pharmaceutical  point-of-view  and  exhibits
promising biological activities such as antiviral [4],
anticancer [5,6], anti-HIV [7], antimicrobial [8] and
calcium channel antagonist activity [9].

Spiropyrans in particular, have attracted strong
interest owing to their potential activity as
hypertensive, analgesic agents and their
applications in industrial fields such as
photochromic materials in data recording [10]. In
recent years, a variety of synthetic procedures for
spiro-2-amino-4H-pyran-3-carbonitriles ~ synthesis
have been reported [11,12]. Each of these methods
has merits but the development of facile, green and
economical synthetic methodologies is still
essential. There are many limitations, such as the
use of expensive and excess amounts of catalysts,
elevated temperatures, long reaction times, and low
yields. Hence, we have developed an efficient
procedure for the one-pot three-component
synthesis of biologically active spiro-2-amino-4H-
pyran-3-carbonitrile derivatives in the presence of
HBF4—Si0, nanoparticles as a solid-phase acidic

* To whom all correspondence should be sent:
E-mail: sadeghi@iauyazd.ac.ir

catalyst. The application of environmentally benign
water and solid acid catalyst represents a powerful
green procedure.

EXPERIMENTAL
Instruments

Melting points were determined with an
Electrothermal 9100 apparatus. Elemental analyses
were performed using a Costech ECS 4010 CHNS-
O analyser. Mass spectra were recorded on a
FINNIGAN-MAT 8430 mass spectrometer
operating at an ionization potential of 70 eV. IR
spectra were recorded on a Shimadzu IR-470
spectrometer. 'H and '3C NMR spectra were
recorded on a Bruker DRX-500 Avance
spectrometer for solutions in ds-DMSO using TMS
as an internal standard. The morphologies of the
products were observed using SEM with a Holland
Philips XL30 microscope at an accelerating voltage
of 25 kV. The chemicals for this work were
purchased from Fluka (Buchs, Switzerland) and
were used without further purification. Stable silica
nanoparticles were obtained according to [17] and
used for preparation of the catalyst HBF4+—SiO»
NPs.

Synthesis of HBF,—SiO, nanocrystals

A magnetically stirred suspension of nano silica-
gel (2.67 g) in diethyl ether (50 mL) was treated
with 40% aq HBF4 (0.3 g) for 3 h. The mixture was
concentrated and the residue dried under vacuum at
100 °C for 72 h to afford HBF4+—SiO, NPs. The
dimensions of the nanoparticles were observed by
SEM (Scheme 1). The catalyst resembles a net,
which is considered as an advantage, since the
reactants are situated in the mesh vents and
reactions are performed with certain regularity.
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Scheme 1. SEM image of HBF4—SiO, NPs
General experimental procedure

A mixture of ninhydrin (1 mmol), malononitrile
(1.2 mmol), enolizable system (3a-f, 1 mmol),
HBF4SiO> NPs as a catalyst (0.02 g) and H,O (5
mL) was placed in a round-bottom flask. The
materials were magnetically stirred at ambient
temperature for the appropriate time, as given in
Table 2. After completion of the reaction and
evaporation of the solvent, the crude product was
recrystallized from hot ethanol to obtain the pure
compound.

RESULTS AND DISCUSSION

In continuation of our investigations of the
application of solid acids in organic synthesis [13-
16] we investigated a novel and efficient method
for the synthesis of spiro-2-amino-4H-pyran-3-
carbonitrile  derivatives by three-component

HBF,-SiO, Nanoparticles

condensation of ninhydrin 1, malononitrile 2 and an
enolizable system (3a-f), in the presence of HBF4—
SiO, NPs as a catalyst (Scheme 2).

The study was initiated by using ninhydrin,
malononitrile and dimedone (3b) as model
substrates for the preparation of 4b. There was no
reaction without HBF4—SiO> NPs in H>O at room
temperature (Table 1, entry 1). The transformation
of ninhydrin with malononitrile and dimedone
proceeded smoothly with HBF4+—SiO> NPs (0.02 g),
and at the end of the reaction (about 8 min later),
the product was collected by filtration and
recrystallized from ethanol, affording the nicely
crystalline 4b in good yield (94%, Table 1, entry 2).
Different solvents (CH»Cl,, EtOH and CH3;CN)
were screened in the model reaction in the presence
of HBF4—SiO, NPs as a catalyst, but they resulted
in low yields (Table 1, entries 6-8). Decreasing the
catalyst loading from 0.02 to 0.01 g, significantly
lowered the yield of the reaction product (Table 1,
entries 9, 10). The yields of 4b were not further
improved with increased amount of the catalyst
(Table 1, entry 11). Thus, it is clear from the
experiments that the best condition for 4b could be
entry 2, employing HBF4+SiO, NPs (0.02 g) as a
solid acid in aqueous medium at room temperature.
An interesting feature of this method is that the
catalyst can be regenerated at the end of the
reaction and can be used several times without
losing its activity. To recover the catalyst, after
completion of the reaction, the mixture was filtered
and the catalyst was washed with CHCl; and then
dried. This process was repeated for two cycles and
the yield of the product did not change significantly
(Table 1, entries 12, 13).

seRele!

3a-f OH

Enolizable system: \l\/\:f

H,0 r.t, 8 min

3c
OH 0 OH
m )fi
(6] o (0] (6]
3e 3f

Scheme 2. Synthesis of spiro-2-amino-4H-pyran-3-carbonitrile derivatives catalyzed by HBF4—SiO, NPs.
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Table 1. Optimization of the reaction conditions for the synthesis of 4b.

Entry Catalyst (amount) Solvent/ Cond. Time (min) Yield (%) [Ref.]
1 HBF4-Si0; NPs (0) HO/ r.t. 60 0
2 HBF4—SiO; NPs (0.02 g) HO/ r.t. 8 94
3 NaHCOs3 (0.2 mmol) EtOH/ Reflux 20 92 [11]
4 DBU (10 mol%) HO/ r.t. 10 85[12]
5 Si0,-HBF; (0.02 g) H,O/ r.t. 8 Trace
6 HBFs-SiO, NPs (0.02 g) EtOH/r.t. 8 64
7 HBFs-SiO, NPs (0.02 g) CH;CN/r.t. 8 57
8 HBFs-SiO, NPs (0.02 g) CH,Cly/ r.t. 8 40
9 HBF4—SiO; NPs (0.015 g) HyO/ r.t. 8 90
10 HBFs-SiO, NPs (0.01 g) H,O/ r.t. 8 84
11 HBF+—SiO; NPs (0.03 g) HO/ r.t. 8 94
12 HBF4-SiO> NPs (0.02 g)2n HO/ r.t. 8 90
13 HBF4-SiO> NPs (0.02 g)*¢ H,O/ r.t. 8 87

2 Reaction conditions: 1 mmol of ninhydrin, 1 mmol of malononitrile, 1 mmol of dimedone.
Table 2. Synthesis of spiro-2-amino-4H-pyran-3-carbonitrile derivatives®.
M.p. (°C)
Entry Enolizable system  Product  Time (min) Yield (%)° Reported
Found
[Ref ]

1 3a 4a 10 90 284-285 >300[11]
2 3b 4b 8 94 289-291 >300[11]
3 3c 4c 12 88 273-275 >300[11]
4 3d 4d 10 89 260-262 >300[11]
5 3e 4e 7 90 > 300 >300[11]
6 3f 4f 10 91 290-295 288-292 [12]

2 Reaction conditions: 1 mmol of ninhydrin, 1.2 mmol of malononitrile, 1 mmol of enolizable system, in aqueous medium at

room temperature.
b Isolated yields.

After optimizing the reaction conditions, a series
of enolizable systems were employed under similar
circumstances to evaluate the substrate scope of this
reaction. The results are summarized in Table 2. In
all cases, the enolizable systems underwent the
reaction smoothly and gave products in excellent
yields.

The compounds 4a-f were characterized by
"THNMR and IR spectroscopy and elemental
analysis [11,12].

In conclusion, we have successfully developed
an efficient, atom-economical and simple
methodology for the synthesis of spiro-2-amino-
4H-pyran-3-carbonitrile derivatives by a three-
component reaction in aqueous medium at room
temperature. Prominent among the advantages of
this method are: operational simplicity, mild
reaction conditions, short reaction times, high
yields, environmental safety and cheapness of the
catalyst. The present method does not involve any
hazardous organic solvents and liquid acid
catalysts. Therefore, this procedure could be
classified as green chemistry.
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YUCT, ITPOCT 1 EOEKTHUBEH CUHTE3 HA CIIMPO-2-AMUHO-4H-1TMPAH-3-
KAPBOHUTPUJI YPE3 HAHOYACTUILIN HBF;-S10,: 3EJIEH ITPOTOKOJI

B. Cagern'*, ®. baxapecran', A. Kadu!, A. Xacana6ann’

Kameopa no xumus, knon A30a0, Hciameku ynusepcumem Azao, IIK 89195-155, S30, Hpan
2Kameopa "Xumus", knon "3axadwvn”, Hcaamcxu yuueepcumem "Azao", IIK 98135-978, 3axaovn, Upan

[Tonyuena Ha 25 1omu 2015 r .; Kopurupana na 8 stayapu 2016 r.
(Pesrome)

CrobmiaBa ce, ye (IyopoBOJOpOAHATA KHCENMHA, ajcopOupana BbpXy Hano cuimkaren (HBF4-SiO, NPs),
KaTajlu3upa eIHOCTBIIAJIICH CHHTE3 Ha CIHPONHMPAHW 4Ype3 KOHAEH3alus Ha HUHXMAPWH, MAaJOHOHUTPWI U
CHOJIM3UPYEMHU CHCTEMH TIPU J0OpH 10 OTIMYHA HoOwmBH. To3u HOB mportokod, mimomssam HBF;-SiO, NPs, koiito e
TBBPA, KHUCEIHMHEH, 3€JCH W €BTHH KaTalu3aTop, Mpeijiara MpeIuMCTBa KaTo MEKHM PEaKIHOHHM YCIOBHS, KpaTKH
PEaxIMOHHN BpeMeHa | JiecHa 00paboTka. Karanm3aTopsT ce perukirpa ¢ Bb3IPOU3BOANMH pe3ynTaTu 0e3 3aryda Ha
HEroBaTa aKTHBHOCT.
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Object of research are different sorbents of thin films of oil. The dependence of the sorption capacity of the sorbents
on the amount of sorbent, sorption duration, the thickness of the oil film, as well as on the number of cycles of use of the
sorbent was investigated. The maximum sorption for each type of oil took happened on the sorbents with the definite
values of bulk density. It follows from the obtained results that the synthesized sorbents may be used as adsorbents for

the removal of thin oil films.

Keywords: oil sorbent, sorption capacity, thin film of oil.

INTRODUCTION

Currently, the pollution of surface water objects
by petroleum hydrocarbons happens not only under
accident oil spills, but also during routine
maintenance. The process of timely removal of oil
pollution from the water surface is topical because
of the increasing technogenic influence on the
ecosystem. It is therefore particularly important to
find ways to solving this problem. There is a search
of materials suitable for collecting oil from the
surface of water and sewage industrial water.

Cleaning of the surface of water bodies from
contamination involves the removal of the oil film
by mechanical and/or physical and chemical
methods. The most perspective and environmentally
expedient is the method of removing oil films with
the help of oil sorbents [1]. The materials used for
the collection of oil and petroleum products from
water, are commonly called oil sorbents, collectors
of oil and oil absorbers. One of the main problems
during cleaning surface of water bodies from
pollution is the removal of a thin oil film having the
ability to spread over vast distances in the shortest
terms, violating the oxygen exchange [2-3].

For the obtaining oil sorbents various raw
materials are used [4]. By the mechanism of oil
removal the sorbents are distinguished, which act
through physical surface adsorption. Here, the
collection of oil occurs due to adhesion to the surface
of the sorbent particles. In this case, the amount of
oil absorbed is determined by the value of the
specific surface of the material and its properties
(hydrophobic and oleophilic). Literature and patent
data show that such a mechanism for collecting oil
and petroleum products is realized for oleophilic
powders and granular materials with closed porous
structure and materials in which no appropriately

* To whom all correspondence should be sent:
E-mail: larissa.rav@mail.ru

sized pores are available for the molecules of the
removable substances [5].

EXPERIMENTAL

All researches experiments were carried out
using the methods described in [6-8]. A Petri dish
was filled with water and weighed, and then an oil
slick was applied to the water surface without
touching the walls of the dish, followed by cup
reweighing. Then, on the oil slick a sample of
sorbent was applied in order to absorb it and the dish
was reweighed. Gain of oil weight to the sorbent
weight gave the value of the absorption capacity of
the sorbent in water.

The weight of dry dish was 134.15 g and with
water - 178.93 g. The weight of the oil slick was 0.4
g and the weight of the dish became 179.33 g. After
the total absorption of the oil slick modified by
carbon sorbent with weight of 0.04 g, the weight of
the cup amounted to 179.37 g, and the sorption
capacity was 10.0 g/g.

The weight of dish with water was 173.44 g and
with the oil spill - 173.90, after applying of the
sample of carbon sorbent of vegetable origin with
weight of 0.22 g, the oil spill was absorbed by the
sorbent. The sorption capacity of the sorbent was 5.0
g/g, i.e. 1 g of sorbent could adsorb 5 g of oil.

After repeating the experiment under mixing of
oil and sorbent, the total absorption of the oil slick
has been achieved with 0.05 g of modified carbon
sorbent, i.e. the sorption capacity increased to 10.9 g
/g.

For creation of oil film in a Petri dish about 40 ml
of water with a salt concentration of 17-20 g/l
(seawater) was poured and a few drops of oil were
dropped. The diameter and thickness of the formed
oil slick film were determined.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 335
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RESULTS AND DISCUSSION

For the laboratory tests the medium viscous oil of
Karazhanbas field (Kazakhstan) was used (Figure 1).
The dependence of the sorption capacity of the
obtained carbonized sorbents based on rice husks
(CRH) on the amount of sorbent, the sorption time,
the thickness of the oil film, as well as on the number
of cycles of use of the sorbent was studied.

\

Fig.1. Sorption of Karazhanbas oil

Figure 2 shows the sorption capacity of the
sorbents as a function of the sorption time. As can be
seen from the presented data, the maximum sorption
of oil is in the first ~ 3-4 min, after which the sorbent
based on foam rubber and sunflower husk
carbonizate (FRCSH- 300) was able to retain the
sorbed oil for two days, whereas the sorbents on the
basis of polystyrene foam and carbonizate of rice
husk PFCRH-400 and modified foam rubber (MFR-
300) gradually began to release it after 4 h of active
sorption.

Such behavior of the sorbents may be due to the
lower level of hydrophobicity and oleophilicity of
sorbents based on PFCRH-400 and MFR-300, and to
the different structure of the sorbents.

The sorption capacity of vegetable materials
without polymers was studied. With the increase in
mass of the taken sorbent the amount of sorbed oil
gradually increased. After reaching the optimal
sorption time (4 h), the speed of the active sorption
markedly decreased, which may be explained on the
one hand by the oil saturation of the sorbents, and on
the other, by the process of desorption (in the case of
CRH-400 and -300).

The dependence of the sorption capacity of the
sorbents on the thickness of the oil film was also
studied (Fig.3).

336

e

04 ﬁh—

03

’ 7 - —— rowl
02 =l rowl

01 w3

Sorbtion capacity g/g

Fig.2. Dependence of the sorption capacity of the
sorbents on the sorption duration: 1 - rubber foam +
carbonizate of sunflower husk (FRCSH- 300) ; 2 -
polystyrene foam + carbonizate of rice husk (FPCRH-
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Fig.3. Dependence of the sorption capacity of the
sorbent on the thickness of the oil film: 1 - rubber foam +
carbonizate of sunflower husk (FRCRH- 300); 2-
polystyrene foam + carbonizate of rice husk (FPCRH -
400); 3- modified rubber foam (MFR-300)

It is known that the maximum absorption
capacity of the sorbent is exhibited with excess
amount of absorbed oil [9,10]. As seen in Fig. 3, an
increase of the thickness of the oil film increases the
oil absorption capacity of the sorbents.

The results of the study of the dependence of the
sorption capacity of the sorbents on the number of
used cycles are presented in Table 1.

The regenerability of the sorbents is one of their
basic characteristics. The obtained results show a
good regenerability of the sorbents and a possibility
of their repeated use.

Regeneration of the sorbents was carried out by
centrifugation and washing with a hydrocarbon
solvent followed by air drying.

The data in Table 1 demonstrate the suitability of
the sorbents synthesized by us as adsorbents for the
removal of thin oil films.

We have also studied the maximum oil
absorption by CKP-400 depending on the viscosity
and the physical state of aggregation, i.e. the sorbed
oil product was petroleum oil, oil, gasoline and
diesel fuel.

In those cases, when the thickness of the oil spill
layer was less than the thickness of the sorbent, the
collection of oil from the water surface also
occurred. Table 2 shows that the sorbent absorbs the
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oil «Mobil» to a higher degree than gasoline and
diesel. This is possibly because of the increased
affinity of the sorbent to the sorbed oil.

On increasing the film thickness, the oil sorption
capacity of the sorbent increases.

From the data in Table 2 it is clear that the
collection of products of relatively low viscosity
(gasoline and diesel) depends on their excess and the
real-absorbing properties of the sorbent are
characterized by amount of oil absorption at the level
of 30-40 g/g.

This sorbent is easily regenerated by simplest
squeezing of the absorbed oil. Despite the high oil
absorption of sorbent "CRH- 400", its application in
dispersed form is time consuming and not
technological due to significant technical difficulties
that arise on spraying the sorbent on the surface of
the oil spills and subsequent collecting of the spent
sorbent.

As the performance of the sorbent strongly
depends on the ambient temperature, for example, in
winter conditions, in this work was also investigated

the influence of temperature and volume weight of
sorbents on the basis of apricot stone CAS-400 and
rice husk CRH-400.

Table 3 shows the temperature dependence of the
sorption capacity of sorbents (with weight by
volume of 50 g/cm?® of CAS-400 and 150 g/cm?® of
CRH-400) on oil and petroleum products in the
temperature interval from 10 to 50°C. After analyses
of the data of Table 3, it is possible to claim the
following regularities: in the case of oil and fuel oil,
the temperature increase leads to a constant growth
of the sorption capacity of sorbents from CAS-400
with weight by volume of 50 g/cm’.

In this case, the established temperature limit for
the sorbents is not the limit of saturation by oil and
fuel oil. The maximum adsorption capacities of these
sorbents are 22.5 and 24.2 g/g, respectively. In the
case of gasoline and diesel fuel in the sorbent CAS-
400 with weight by volume of 50 g/m? the maximum
sorption of diesel fuel increased with temperature
and at 30 °C was equal to 3.5 g/g.

Table 1. Dependence of the sorption capacity of the sorbents on the number of used cycles.

Cycles used Sorption capacity, g/g
FRCRH-300 FPCRH-400 MEFR -300
1 0.45 0.49 0.42
2 0.44 0.40 0.40
3 0.35 0.38 0.40
4 0.33 0.35 0.32

Table 2. Effect of the thickness of oil and oil products on the sorption capacity of the sorbent CRH-400, g/g

Collected oil Layer thickness, Amount (g/g of of the sorbent) on the Degree of
product cm collected oil product squeezing, %
absorbed squeezed
Oil field "Kumkol" 4.1 38-40 28 86
Oil "Mobil" 1.1 53-60 43 87
Motor car gasoline 3 32-33 25 78
Diesel fuel 4 24-30 19 77

Table 3. Influence of temperature of the medium and bulk density of sorbents on the sorption capacity for oil and

petroleum products (g/g)

Weight by Temperature of

Sorption capacity of sorbents, g/g

volume, g/cm’ medium, °C 0il Fuel oil Diesel fuel Gasoline
10 9.3 7.4 1.6 1.4
15 12.4 11.5 24 2.1
CAS-400 25 15.6 16.2 35 3.0
50 g/cm? 30 17.4 17.3 35 2.4
35 20.4 21.4 24 -
40 22.5 24.2 1.0 -
10 4.0 2.2 8.3 7.2
15 53 2.5 9.2 8.1
CRH.400 20 5.4 2.6 10.3 9.1
150 glem’ 25 6.2 3.4 11.4 12.1
30 8.1 5.2 12.5 12.1
35 8.8 6.3 12.4 -
40 10.2 7.2 12.0 -
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A further increase in temperature of the medium
caused a decrease in the sorption capacity of the
sorbent for diesel fuel. This is due to the fact that the
sorbents AS-400 are of sufficiently large mesh size
ensuring that the forces of attraction between sorbate
molecules are higher than those between sorbate and
sorbent molecules, resulting in a liquid phase portion
flowing from the cells of a solid sorbent during
weighing [11].

In Table 3 the regularities of changes of the
sorption capacity of sorbents CRH-400 with a bulk
density of 150 g/m® on temperature are presented. By
analogy, in this case, regardless of the type of the
sorbate, a regular increase of the temperature of
sorption capacity was observed. This is due to the
fact that with increasing temperature, the viscosity of
oil and petroleum products is reduced and thereby
accelerates the migration of sorbate to a diffusion
region of fine-mesh macrostructure of the sorbents.
However, here the opposite picture is observed, the
sorption capacity for diesel fuel and gasoline is
higher than that of oil and fuel oil. In this case, we
are confronted with the specifics of selective
sorption of sorbents and their ability to selectively
sorb oil and petroleum products depending on the
size of the cells and bulk density. The studies
showed the potential application of the sorbents
synthesized by us as adsorbents for the removal of
thin oil films. On the basis of experimental data it
was revealed that the maximum absorption of crude
oil is reached when the film thickness of dispersed
sorbent is of equal proportions as the thickness of the
oil spill layer, i.e. in the case of oil «Mobil» with a
layer thickness of 1.1 cm the maximum quantity of
oil products - 53-60 g is adsorbed.

CONCLUSION

It was shown that irrespective of the type of oil
and volume weight of the sorbent, with an increase
in the thickness of the oil layer from 1.0 to 7.0 mm
there was a general tendency to increase the sorption
capacity. It should be note that the maximum
sorption for each type of oil occurred on the sorbents
with the definite values of bulk density.
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COPBLIMOHEH KAITAIIMTET HA COPBEHT 3A OTCTPAHABAHETO HA ThbHKU CJIOEBE
OT IIETPOJI

J.A. baticeiitoB, M.U. Tynenog. JI.P. Cacukosa*, I11.E. I'abapamosa, [.A. Ecen, K.K. KynaiioepreHos,
3.A. MancypoB

Hayuonanen ynusepcumem An-@apadu, Armamu, Kazaxcman

ITocTpnuna va 27 anpui, 2015 r.; npuera na 27 romu, 2016 r.

(Pesrome)
W3cnenBanu ca 3aBUCHMOCTTA HA COPOLIMOHHMS KANAUTET OT KOJMYECTBOTO HA COpOEHTA, BPEMETO Ha cOpOIust
nebennHaTa Ha (UIIMA OT TIETPOJI, KAKTO U OpOst Ha IIMKIIMTE HA M3ION3BaHe. B pe3ynTaT e ycTaHOBEHO, Ue MOKe 1a ce
M3M0JI3BAT U3CJIEIBAHUTE CHHTETUYHH COPOSHTH 32 OTCTPAHSIBAHETO HA THHKH (DUIIMH OT TIETPOJL.
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Reference drugs that are available on the Polish market were subjected to qualitative, quantitative and caffeine
release analyses. The HPLC technique was used in all assays.

Determination of the pharmaceutical availability of caffeine showed the following values of release for the
respective preparations: Apap Extra 97.2+2.4%; Guaranax 66.8+1.3%; Guarana (Herbapol) 94.1£1.1%; Guarana
(Walmark) 99.945.0%, Panadol 86.9+0.2%, Diabolo Guarana 73.5+5.0%, Magne B-6 Active 55.4+13.6%, Drive Max
88.2+1.6%. For Guarana Caps, pharmaceutical availability was not determined because the substance was not released
from the capsule in the acceptor fluid (HCI, pH=2).

The results of the analysis of the selected dietary supplements for their caffeine content confirmed earlier reports on
instances of divergence between the actual concentration of a given active substance and the declared value. The
analysis of caffeine release profiles for the selected pharmaceuticals shows significant differences between them. The
analyses did not indicate the presence of a caffeine-tannins complex. No extended or retarded release of caffeine from
preparations containing a guarana seed extract, which might otherwise be indicative of a gradual release of caffeine
from such complex, was observed. Differences in the profiles of caffeine release from the test preparations are
attributable to the properties of the respective drug forms, such as the presence of a coating or gelatin capsule. The test
results are not indicative of the presence of a caffeine-tannins complex which, otherwise, might cause caffeine to be
gradually released.

Keywords: caffeine, pharmaceutical preparations, release of active substance, caffeine-tannins complex, high-
performance liquid chromatography

INTRODUCTION individual and environmental differences, affecting
the metabolism of the compound [3]. Reasonable
doses of caffeine (100-300 mg/day) stimulate the
activity of the cerebral cortex by enhancing both
intellectual and physical efficiency and helping
fight drowsiness and fatigue. Different opinions are
expressed on the effect of caffeine on the ability to
concentrate [2]. Among purine group alkaloids,
when compared with theobromine and theophylline
(Fig. 2 and Fig. 3), caffeine has the strongest
stimulating effect on the central nervous system [4].

The structure of derivatives of xanthines, such
as caffeine (Fig. 1), was identified in the 19"
century. The discovery is deemed to have been
made by Hermann Emil Fischer (1852-1919), who
demonstrated (in 1897) that caffeine and uric acid
had similar structures before proving that the
compound was trimethylxanthine. On the other
hand, Fischer’s research merely confirmed the
structure proposed earlier by Ludwig Medicus
(1847-1915) [1].

]
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Fig. 2. Theobromine.

Fig. 1. Caffeine.

H
The effect of caffeine is observed in the cerebral F 3
cortex, the autonomous nervous system, and the HN N
cardiac muscles [2]. Nevertheless, a number of )\ l />
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studies on the effect of caffeine fail to give an
unambiguous answer about the effect itself and its

intensity. This is explained by the occurrence of ) CHs
Fig. 3. Theophylline.
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The daily consumption of caffeine in Europe is
in the range of 280-490 mg [5]. Caffeine is quickly
and almost completely (99%) absorbed after oral
administration. Its maximum blood concentration is
observed after 50 to 75 min. Its pharmacokinetics
after intravenous administration is comparable to
that after oral administration [6]. Between 25-40%
of the drug is bound with plasma protein, and its
distribution volume is 0.52-1.05 UIkg. The
compound readily passes through the placenta
barrier, the blood-brain barrier, and into the milk of
breast-feeding mothers [7].

Caffeine is considered to be the most frequently
used psychoactive substance. According to the
American Psychiatric  Association (APA), a
substance is regarded as having an addictive effect
if at least three of the seven proposed criteria are
satisfied. Caffeine satisfies four of the seven
criteria: tolerance to the effect of the compound is
observed, withdrawal symptoms are shown,
patients have problems in reducing its consumption,
and the substance is used even though it is known
to have undesirable effects and being harmful to the
body [8].

Table 1. Composition of test preparations with caffeine.

MATERIALS AND METHODS
Test material

The test material included dietary supplements
and drugs with caffeine, available in Poland. Their
compositions and forms are shown in Table 1.

Reagents

- methanol for HPLC (from Merck)
- caffeine (from Sigma-Aldrich)
- water for HPLC (from J. T. Baker)

Equipment

The analyses were
following equipment:

- Liquid chromatograph HP 1050 from Hewlett
Packard, with UV detector;

- Paddle apparatus for analysis of active
substance release from solid drug forms, set up as
described in the Polish Pharmacopoeia IX -
Apparatus 2.

performed using the

Chromatographic conditions

- analytical wave length: 280 nm.

- stationary phase — Waters Symmetry column
C-18, 5 pm (4.6 x 250 mm).

- mobile phase — methanol : water 40:60.

. .\ Form of
Preparation Composition, as declared by manufacturer orm o
preparation
Dietary supplements
. arana xtract
Diabolo Guarana Gu seed extrac capsules

380 mg (45 mg caffeine)

Guarana seed extract

Magne — B6 Active

coated tablets

232 mg (min. 51 mg caffeine)

Guarana seed extract

Drive Max 10% (30 mg caffeine) capsules
Guaranax Guarana extract capsules
400 mg (20% caffeine)
Guarana Guarana seed extract capsules
(min. 27 mg caffeine)
Guarana Guarana tablets
800 mg, (10.5 mg caffeine)
Guarana Caps Guarana extract capsules
450 mg (100 mg caffeine)
Drugs
Acetylsalicylic acid 300 mg
Etopiryna Etenzamid 100 mg tablets
Caffeine 50 mg
Coffepirine Acetylsalicylic acid 450 mg tablets

Panadol Extra

Caffeine 50 mg
Paracetamol 500 mg

coated tablets

Caffeine 65 mg

Apap Extra

Paracetamol (500mg), Caffeine (65mg)

coated tablets
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Table 2. Statistical parameters for the calibration curve y = ax +b.

Statistical parameters Peak height curve Peak area curve

a (gradient) 1.8589 0.5561

b (abscissa) 0.3023 -0.6191

R 0.9989 0.9991

R? 0.9978 0.9983

S 1.8120 0.4721

av. Y 99.26 28.98

RSD [%] 1.8 1.6

R — regression coefficient; S — deviation of curve; RSD — relative standard deviation

Preparation of calibration curve for caffeine
solutions

The calibration curve for caffeine was prepared
by consecutive dilutions using a stock solution of
concentration of 1 mg/ml. Solutions with
concentrations of 5, 10, 25, 50, 100, 200 ug/ml
were prepared using the mobile phase. Three
injections were made for the standard solution. The
calibration curve is shown in Fig. 4 and its
parameters are shown in Table 2.

E y = 1,8580% + 0,3023

- R® = 0,9978 »
# Peak height ’_'_/"
Peak area o~
250 ,
200 g

2 ¥ =0,5561x- 0,6191
150 = R? = 0,9983
100 ’.?’,_.'-' R )

50 - ) -

1] 50 100 150 200

Caffeine concentration [pg/mil]

Fig. 4. Calibration curves for caffeine
Preparation of the pharmaceuticals to testing

The selected pharmaceutical preparations with
caffeine were in the form of tablets or capsules. The
tablets were dissolved in 50 ml measuring flasks
filled with a 40% methanolic solution. The content
of the capsules was quantitatively transferred into
50 ml measuring flasks and then dissolved in a 40%
methanolic solution.

Determination of caffeine release profiles for
selected preparations

The rate of release of caffeine from the selected
preparations was found by the method described in
the Polish Pharmacopoeia IX. The rate of release of
a medicinal substance, also termed pharmaceutical
availability, was found for in vitro conditions, using
a paddle apparatus.

The samples, drawn from the apparatus, were
analyzed by HPLC.

Test conditions for determination of the rate of
caffeine release

The test apparatus was a 1000 ml thermostated
three-necked flask. A hydrochloric acid solution
(pH = 2) was used as the acceptor fluid. The
volume of the acceptor fluid was 500 ml. The
material in the flask was continuously stirred during
the test using a mechanical paddle stirrer. The
acceptor fluid was maintained at a constant
temperature of 37.0+0.5°C.

The test procedure and drawing samples for
analysis

The volume and the temperature of the acceptor
fluid were controlled before starting the test. As
soon as the temperature was stable at 37.0£0.5°C, a
single form of the selected preparation was
introduced, while commencing time measurement.
Samples (1ml) of the acceptor fluid were drawn
using an automatic pipette at specified intervals,
selected depending on the drug form. Every time
after drawing a sample, the volume of the acceptor
fluid was supplemented by adding Iml of the
hydrochloric acid solution at pH=2. The fluid
volume drawn for testing was transferred to
Eppendorf test tubes. The samples for testing were
drawn until the results of chromatographic analysis
indicated no increment in the caffeine contents in
three consecutive portions of the test solution.

Three independent release rate tests were
performed for each test preparation.
METHOD VALIDATION
Precision

The precision of the method was assessed with
repeatability and intermediate precision (intra-day
and inter-day).

The repeatability of the method to assay caffeine
was found by injecting a 10 pug/ml caffeine standard
solution in the chromatographic column 10 times.
From the obtained analyte retention times, the mean
value of retention was found to be 4.653%0.008
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min. The resulting peaks were characterized by
symmetry, good repeatability and very good
precision, as indicated by their low RSD of 0.178%.

The resulting peak areas were used to determine
their corresponding concentrations. The results, as
well as the values of standard deviations and RSD,
are shown in Table 3.

Intra-day precision was determined by injecting
three different concentrations (10, 25 and 50 pg/ml)
for six times on the same day. Peak areas were
measured; their corresponding analyte
concentrations, standard deviations and % RSD’s
were calculated.

Inter-day precision was determined by injecting
three different concentrations (10, 25 and 50 pg/ml)
six times for three days in a week. Peak areas were
measured; their corresponding analyte
concentrations, standard deviations and % RSD’s
were calculated.

The interday and intraday precisions of caffeine
are presented in Table 4. The low % RSD values of
repeatability (0.189%), intra-day (0.21% - 0.27% )
and inter-day (0.21% — 0.39% ) variations indicate
that the precision of the proposed method is good.

Limit of detection and limit of quantification

The limit of detection (LOD) under the present
chromatographic conditions is defined by the
concentration of analyte giving a signal to noise
ratio of 3:1. The limit of quantification (LOQ) is
defined as the lowest value of the analyte
concentration that is determinable with the
appropriate precision and accuracy. From 6 parallel
results, obtained for the respective concentrations
of the standard solution, the values of the relative
standard deviation were calculated and the value of
RSD wvs. caffeine concentration was used for
finding LOQ for RSD = 10%.

For the test caffeine: LOD = 3 pg/ml and LOQ =
9 pg/ml.

Accuracy

Accuracy was found by determining the amount
of the caffeine standard added to the previously
analyzed product. The analyte standard was added

Table 3. Results of repeatability (n=10).

at three different concentrations (50, 100 and
150%) of caffeine in the preparations. The analysis
was carried out three times for the selected products
having different declared concentrations of caffeine
(Table 5).

For the test preparations, mean recovery for
three different analyzed amounts of the standard
added was in the range from 100.04 to 100.41%.

RESULTS AND DISCUSSION
Assay of caffeine in the selected preparations

The test samples were analyzed by HPLC to
find the actual content of caffeine in the test
preparations. The results are shown in Table 6.

Analysis of test samples and obtaining of release
profiles

The test samples were analyzed one by one,
using HPLC. Increments in the caffeine peak
heights were referred to the time after which a
sample was collected. The percentages of caffeine
release from the respective preparations were
calculated from the peak heights, using values for
standard solutions of caffeine. Using the above
information, the caffeine release profiles were
plotted for the test preparations (Fig. SA-H).

Release profiles, showing the percentage release
of an active substance from a given drug form vs.
time, are an important source of information about
the properties of pharmaceutical preparations and
their quality. The pharmaceutical availability tests
of the selected preparations with caffeine,
performed by the present authors, were intended to
verify the theory that the release of caffeine from
drugs containing guarana extract was extended in
time. In the literature, the phenomenon is accounted
for by the gradual decomposition of guaranine
complexes in the presence of gastric juice.
Information on the mild, long-lasting effect of
caffeine originating from guarana seeds is
habitually provided in leaflets for drugs having a
stimulating effect.

Retention time
(min)

Assay of caffeine
(ng/ml)

4.655; 4.649; 4.666; 4.649; 4.659;
4.667; 4.646; 4.651; 4.648; 4.643

Mean 4.653
SD 0.008

RSD 0.178
[%o]

10.02; 9.98; 10.01; 10.03; 10.04;
9.99; 10.02; 10.03; 10.03; 10.02
10.02
0.02
0.189

n — number of repetitions, SD — standard deviation, RSD — relative standard deviation
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Table 4. Intermediate precision (n=6).
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oo
§ é %D Precision
§ s 2 Intra-day Inter-day
£
@)
10.02; 10.00; 10.05; 10.01; Day 1. 10.02; 10.00; 10.05;
10.00; 10.04 10.01; 10.00; 10.04
Mean 10.02 10.02
S.D. 0.02 0.02
RSD 0.21 0.21
Day 2. 10.02; 9.99; 10.04;
9.98; 10.03; 10.04
10 Mean 10.02
S.D. 0.03
RSD 0.26
Day 3. 10.04; 10.01; 10.05;
9.97; 10.04; 10.03
Mean 10.02
S.D. 0.03
RSD 0.29
25.09; 25.10; 24.95; 24.96; Day 1. 25.09; 25.10; 24.95;
25.05;25.06 24.96; 25.05; 25.06
Mean 25.04 25.04
S.D. 0.06 0.06
RSD 0.26 0.26
Day 2. 25.12;24.91; 24.97,
25.06; 25.07; 25.12
25 Mean 25.04
S.D. 0.08
RSD 0.34
Day 3. 25.16; 24.90; 24.99;
25.12;25.09; 25.12
Mean 26.06
S.D. 0.10
RSD 0.39
50.22; 49.90; 50.14; 49.92; Day 1. 50.22; 49.90; 50.14;
50.05; 50.18 49.92; 50.05; 50.18
Mean 50.07 50.07
S.D. 0.14 0.14
RSD 0.27 0.27
Day 2. 50.21; 50.00; 49.85;
50.18; 50.10; 50.20
50 Mean 50.09
S.D. 0.14
RSD 0.28
Day 3. 50.25; 50.12; 49.90;
49.92; 50.05; 50.22
Mean 50.08
S.D. 0.15
RSD 0.29
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Table 5. Results of recovery study (n=3).

Amount Amount Recovery% Mean recovery%
Drug name added recovered + SD + SD
mg/tablet mg/tablet
32 323 100.94 £ 0.03
Apap Extra 65 65.4 100.62 +0.02 100.35+0.77
97 96.5 99.48 +0.03
25 25.1 100.40 £ 0.04
Coffepirine 50 50.2 100.40 £ 0.05 100.04 £+ 0.62
75 74.5 99.33 +£0.04
50 50.3 100.60 + 0.05
Guarana Caps 100 100.5 100.50 + 0.06 100.41 +0.25
150 150.2 100.13 +£0.07
5 4.95 99.00 + 0.05
Guarana 10 10.25 102.5 +0.06 100.28 +1.93
15 14.90 99.33 + 0.05
Table 6. Content of caffeine in the selected preparations.
. Declared content Assay of caffeine
Preparation of caffeine [mg] [mg] SD
Diabolo Guarana 45 64.1 6.9
Magne — B6 Active min. 51 922 1.8
Drive Max 30 393 1.6
Guaranax 80 107 5
Guarana min. 27 54.7 5.2
Guarana 10.5 11.0 0.7
Guarana Caps 100 105 5
Etopiryna 50 51.4 3.0
Coffepirine 50 50.6 2.5
Panadol Extra 65 64.4 3.1
Apap Extra 65 65.7 2.5

For drugs with a non-modified release, the
duration of pharmaceutical availability tests is
preferably 30, 45 or 60 minutes. After that time, a
minimum of 80% of their active substance will
have been released [9].

In the case of dietary supplements with caffeine
originating from guarana, the drug forms are not
ones with modified release. The process may be
extended because the caffeine-tannins complex is
decomposed. Moreover, differences in the active
substance release for different forms of
pharmaceutical preparations must be taken into
account. The test preparations in question were in
the form of tablets and capsules.

The pharmaceutical availability tests indicate
that the release of caffeine from the preparations
was as follows: Apap Extra 97.242.4% (release
time 25.04£0.0 min); Guaranax 66.8£1.3%
(101.7+1.3 min); Guarana (Herbapol) 94.1+1.1%
(20.0£0.0 min); Guarana (Walmark) 99.9+5.0%
(release time 20.0+0.0 min), Panadol 86.9+0.2%
(20.0£0.0 min), Diabolo Guarana 73.5+5.0%
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(release time 38.3+2.9 min), Magne B-6 Active
55.4+13.6% (43.3+5.8 min), Drive Max 88.2+1.6%
(23.3£2.9 min). For Guarana Caps, pharmaceutical
availability was not determined because the dietary
supplement failed to decompose in the acceptor
fluid (HCI, pH=2).

The test results did not indicate the presence of a
caffeine-tannins  complex in the  dietary
supplements containing a guarana seed extract, or
any extended or retarded release of caffeine from
preparations with a guarana seed extract, which
might otherwise be indicative of a gradual release
of caffeine from the complex. Differences in the
caffeine release profiles for the test preparations are
attributable to the properties of the respective drug
forms, such as the presence of a coating or gelatin
capsule. A research model for in vitro conditions
does not encompass all the processes taking place
in the living body. Therefore, the potential effect of
other chemical compounds existing in the guarana
seeds on the absorption processes taking place in
vivo should be considered.
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Fig. 5A-H. Caffeine release profiles for the test preparations.
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OCBOBOXJIABAHE HA KO®EHWH OT U3bPAHU ®APMAILIEBTUYHMU ITPEITAPATHU
M. Hlumancku'”, E.B. Banamuak', P. Cusex', M. ®pankoscka’, A. [llumancku?

Y Henapmamenm no gpapmaroenosus, Meouyuncku ynusecpumem 6 Iosuan, 60-781 Iosuan, Honwa
2 Xumuuecku gpaxyrmem, Faculty of Chemistry, Adam Mickiewicz University, Umultowska 89b, 61-614 Poznan, Poland

INocrbnuna na 8 okromspu, 2015 r.; npuera Ha 5 okTomBpy, 2016 .
(Pesrome)

PedepentanTe iekapcTBa Ha MOJICKUS Ta3ap ca 0OEKT Ha KadeCTBEH M KOJMUYECTBCH aHAJIN3, KAKTO M HA aHAIN3 TI0
OTHOIIICHHE OTIESHETO Ha KOQerH. 3a Te3W aHAIM3H ca U3I0JI3Ba BUCOKOS(PEKTUBHA TeUHA XpoMaTorpadusl.

OmnpenensiHeTo Ha (apMaleBTHYHATA JOCTBHITHOCT Ha KOenHa I0Ka3Ba CJIEJHUTE CTOMHOCTH Ha 0CBOOOXKJaBaHe 3a
pasnuunute npenapatu: Apap Extra 97.2+2.4%; Guaranax 66.8+1.3%; Guarana (Herbapol) 94.1+1.1%; Guarana
(Walmark) 99.945.0%, Panadol 86.9+0.2%, Diabolo Guarana 73.5+5.0%, Magne B-6 Active 55.4+13.6%, Drive Max
88.2+1.6%. For Guarana Caps ¢apmaneBTHYHaTa JOCTHIIHOCT HE € OIpe/ielieHa opaau ¢axra, ue CyOCTaHIUATa HE ce
ocBoOoOxXx1aBa ot Karcynure B npuemuus diayun (HCI, pH=2).

Pesynrature OT aHanmM3WTE Ha TE3W XPAHHUTETHHM J00aBKM 3a KO(DEMHOBOTO WM ChIbp)KaHHWE MOTBBPIKAABAT
MPEANIIHI CHOOIICHUS 32 PA3IHIMs MEXy pealHaTa KOHICHTpAlys Ha aJcHa aKTUBHA CyOCTaHIUS 1 IeKIapupaHaTa
cToifHOCT. AHanmu3nTe Ha KoenHOBHUTE MpOodrIN Ha 0CBOOOXKIABaHE TOKA3BAT 3HAYMTEIHHU PA3IUIHNA. AHAIU3UTE HE
MOKa3BaT HaJIW4YHe Ha KOPEHH-TAHWHOB KOMIUIekc. He ce HabmiomaBa yCKOpPEHO WM 3a0aBEHO OCBOOOJKTaBaHE OT
mpemnapara, ChIbpJKall] EKCTPakT OT CEMEHa Ha guarana, KOETO MOXKE Ja € II0Ka3aTelHO 3a IIOCTETIEHHOTO
0CBOOOXKIaBaHE OT TaKbB KOMIUIEKC. Pasnmmkure B mpodminTe Ha OcBOOOXKIaBaHEe Ha Ko(enHa OT TECTOBHUTE
npernapary ca IoKa3aTelIHi 3a CBOiicTBaTa Ha JiekapcTBeHUTe (GopMu, kKaTo (GuiM-TabiueTku uiaM Kancynu. TecroBure
pe3yniTaTh He ca IOKa3aTelIHM 3a HAJMYUETO Ha KO(EHH-TAHMHOBHM KOMIUIEKCH, KOMTO HWHAa4ye MOrar Ja MPUYUHST
MOCTENIEHHOTO 0CBOOOX1aBaHe Ha KO(eHHa.
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pH-metric titrations were carried out to determine the activity and stability of metal chelates of a substituted
pyrimidine nucleus base namely 5-Fluorouracil(5-FU: A) and some essential peptide constituents ie., amino acids viz.
glycine(gly; B), L-alanine(ala; B), L-valine(val; B), L-phenylalanine(phe; B). From the titration data, we have obtained
satisfactory stability constant values for the metal chelates and the stability decreased with increasing temperature. At
different temperatures (300, 310, 320 and 330 + 0.1 K), the thermodynamic parameters (A*G, A™H and A*S) of the formed

species were calculated from the stability constants.

Keywords: pH-Metric titrations, Metal chelates, Stability constant, Thermodynamic parameters.

INTRODUCTION

The transition metal(Il) ions play a vital role in
complexation with nucleus bases and peptides since
metal(I) ions which act as cofactors in the
enzymatic regulation reactions [1] and as models for
transition metal-based chemical nucleases in
Nucleic acid and Medicinal chemistry [2, 3]. The
chelates derived from nitrogen and oxygen donor
atoms with transition metal (II) ions take a crucial
place in biological, analytical, industrial and
therapeutic applications [4]. The interactions of
substituted pyrimidine nucleus bases and peptides
with transition metal (II) ions are of considerable
biological interest since such mixed chelation in
biological fluids of living systems shows a sturdy
relation between chelation therapy and pH-metry
[5]. Thus, classical coordination and bioinorganic
chemistry reaches to modern organometallic and
bioorganometallic chemistry [6]. The interaction of
a substituted pyrimidine nucleus base (A) with
Zn(II) metal ion can be interpreted satisfactorily in
terms of the equilibria for the 1:5 stoichiometry;

Zn2t+ A" ZnAt, ZnAT+A-

ZHA2
where A = Primary Ligand

The Zn(II)-amino acids (1:5) systems indicate the
following equilibria, for which the constants have
been measured.

* To whom all correspondence should be sent:
E-mail: psubramaniam.ac@gmail.com

Zn* +B~—= ZnB? | ZnB¥ <—= znB "+ H', ZnB> + B =~ ZnB,’
Zn* +B == ZnB?" |, ZnB¥'=—= ZnB '+ H', Zn® +B" = ZnB~
nB T === ZnB + H~ where B = Secondary Ligand

The metal transport is possible in biofluids due to
the extra stability of the formed mixed chelates [5].
The strong affinity of the metal (II) ions to ligands
with nitrogen donor atoms makes peptides
interesting targets for chelate formation research [7—
9]. In view of this, the present work explores the
stability constant and thermodynamic parameters
(A*G, A*H and A*S) at 300, 310, 320 and 330 K
studies on Zn(I)-5-FU(A)—gly/ala/val/phe(B) metal
chelates.

EXPERIMENTAL
Materials

All the chemicals were of extra pure Sigma
Aldrich and Fluka (Puriss) products. The solvents
used for the physical measurements are of AR grade
and are purified by standard methods [10].
Carbonate free sodium hydroxide (NaOH) solution
(0.3 M) was prepared from a Titrisol solution (CINa)
(Merck) and its concentration was standardized
against standard potassium hydrogen phthalate
(KCsHs0s4) solution [11]. Zinc (II) perchlorate:
Zn(ClO4), solution was prepared and estimated.
Doubly distilled CO, free water (H,O) with a
specific conductance equal to (1.81 £ 0.1 A™' em™)
was used for the preparation of the solution.
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pH-metric and mixed equilibria studies

Multiple pH-metric titrations were carried out for
each system as per the previously reported procedure
[12-14] and the measurements were restricted
within the pH range 2.5-9.0. Above these pH values,
the systems undergo hydroxylation to form a
precipitate of [Zn(OH),] which interferes with the
measurements. The pH-metric titration curves are
shown in Fig. (1).

/3
=N 6 ‘\c\\"\ ‘;;.,
'\FYQ >/
S S
&7 Jol EN
4 1F v WIS :
KW/
L“i*\“ = ( .
Zou o
2
15 30 35 4.0 45

Volume of NaOH added (mL)

Fig. 1. pH-metric titration curves of 5-FU (0.15 M),
Zn(I1)-5-FU(A) (1:5), Zn(II)-5- FU(A)amino acids(B)
(1:1:1) systems at 310 K and I = 0.15 M (where I = lonic
strength).

These pH-metric data were analysed with the aid
of SCOGS (Stability Constants of Generalized
Species) computer program [11-14]. The present
experimental pH readings were corrected by the Van
Uitert and Hass relation [15]. The concentration
distribution curves of various metal speciations in
solution were analysed by HySS (Hyperquad
Simulation and Speciation) program using the
calculated stability constant values [16].

RESULTS AND DISCUSSION
pH-metric and mixed equilibria studies

The binary chelate formation of Zn(II) with ~ 5-
FU(A) in 1:5 stoichiometry and calculated stability
constant values for the binary systems have been
reported [12, 13]. In addition to various binary
species HA(5-FU-H), ZnA(Zn—5-FU), ZnAx(Zn-5-
FU»), HB(gly/ala/val/phe-H), H,B(H-
gly/ala/val/phe-H), ZnB (Zn—gly/ala/val/phe) and
ZnBy(Zn—gly»/ala,/val,/phe,), the formation of metal
chelates of  stoichiometry MAB(Zn—5-FU—-
gly/ala/val/phe) and MAB:; (Zn—-5-FU-
gly»/alay/val,/phe;) have also been detected  pH-
metrically. Above pH > 9.0, the systems undergo
hydroxylation, forming hydroxo species [Zn(OH):].
348

Zn Zn :
The logK ZnAB /log K 7 ABZ values obtained at
different  temperatures in  Zn(II)-5-FU(A)-

gly/ala/val/phe(B) systems are given in Table (1) and

are compared favourably with log K %H A Vvalue in

Zn(II)-5-FU(A) binary systems. This shows that, the
ligand 5-FU(A) in mixed ligand system binds with a
Zn(II) ion in a manner similar to its binding in their
binary ZnA system i.e., the ligand 5-FU(A) acts as
bidentate and binds through deprotonated N3 and Cs4

carbonyl oxygen atoms. Again, logK %RB /

logK §RBZ values in ZnAB/ZnAB, systems

compare favourably with logK %RB /

logK §RBZ values in Zn(I)-amino acid systems

and this shows that the binding mode of secondary
amino acid ligands(B) in mixed chelate
ZnAB/ZnAB, species is similar to its bidentate
binding mode in the corresponding binary systems.
Thus, the four coordinating positions in Zn (II)-5-
FU(A)—gly/ala/val/phe(B) systems would be
occupied by the bidentate binding of 5-FU(A) and
amino acids(B) respectively. The remaining
positions in ZnAB systems would be occupied by
two water molecules to form a stable hexa
coordinated environment Fig. (2).

R = H: Glveine (gly)

CHy; L-Alanine {ala)

CH-CHg; L-Valine (val)

CHy

CHy-CyHe: L-Phenylalanine (phe)

R = H; Glycine (gly)
CHj: L-Alanine (ala)

Zn(11)-5-FU(A)-gly»/alaz(B); MABy

Fig. 2. The proposed structures of (a) MAB and (b)
MAB:; species as solution states.
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The binding of amino acid(B) ligands in ZnAB
species in the presence of 5-FU(A) ligand involves a
stable chelate ring. This is also confirmed from the

plot of log K %RA / logK %REB vs. pKa values

of 5-FU(A) from which it is evident that all the
points due to the binary species fit on a straight line
[17]. Also, the points corresponding to the ZnAB
metal chelates form a straight line parallel to those
of the binary species which is shown in Fig. (3).

® 58 ) A.Z:JFHJ-_QFJ'
QT OB R Zn(ll)-5FU-gly . .
NS v, Zn(ll)-ala
NN log K Zuiin)-5FU-alad .
"< Zn(11)-ph
" (11)-phe
= 108 K Zn(11)-5FU-phe v
= 56
| A.Zarfm-m!
O8N Znfil)-5FU-val
54 & Znill)
W2 K uiti)-5FL
.
NS
'\“\ .
2
= .

7 1.72 7.73 174 7.75 1.76
K of 5-FU(A)

Fig. 3. The plot between log K MA / logK M%\B VS.

pKvalues of primary ligand 5-FU(A) at different
temperatures

From Table (1), the overall stability of ZnAB
metal chelates follows the stability order as: Zn (II)—
5-FU-gly > Zn(Il)- 5-FU-ala > Zn(II)-5-FU-val >
Zn(I1)-5-FU-phe. From Table (1), the calculated
Alog Kznap Vvalues for all these systems are more

positive compared to the statistically expected value
[18] which indicates that the marked stabilities of
metal chelates as compared to their binary
analogues.

The calculated disproportionation parameter  (
log X)) values for all the species are higher than 2.28

(statistically expected value = + 0.6) which suggest
that the preference for the formation of ZnAB metal
chelates when compared to the formation of
corresponding binary ZnA,/ZnB, species i.e., the
inter—ligand and electronic interactions are present in
the metal chelates [19].

The log X can only indicate the
coordination tendency of the secondary ligand
towards binary ZnA species, but it fails to explain
the stabilizing order of metal-ligand bonds after the

values

species formation. Hence, a new parameter log X

is considered and the observed log X " values are
greater than 0.3. It suggests that ZnA and ZnB bonds

in mixed chelate systems are stronger than those of
binary systems. Also, the percentage relative
stabilization % R.S. parameter indicates a noticeable
stabilization is present in the ZnAB metal chelates
than the corresponding binary species [20].

Stability and structure of MAB; species

The ZnAB, species for the Zn(II)-5-FU(A)—
gly/ala(B) systems, the solvent water molecules of
ZnAB species would be replaced by a second
molecule of glycine/alanine ligands(B). The

logK ZnA_ valyes in

obtained 1og K 22 o,

/
ZnABZ

Zn(II)-5-FU—gly/ala systems are comparable with

Zn ZnA ' i
logK ZnAand logK ZnB, values in the binary
systems. The ZnAB; species in the Zn(II)-5-FU(A)-
gly/ala(B) systems would be six coordinated due to
the bidentate binding nature of one molecule of 5-
FU(A) and two molecules of gly/ala(B) ligands

respectively. The calculated AlogK ZnAB,

values are more positive while compared to the
statistically expected values indicating the enhanced
stabilities for ZnAB; systems [19, 20].

Species distribution diagram

The speciation diagram for Zn(II) metal chelate
systems, taken as a representative pyrimidine amino
acid, is given in Fig. (4). The deprotonated Zn(II)-5-
FU(A)—gly(B) species (M:A:B = 1:1:1) attains a
maximum concentration of 61 % at pH 6.3. The log
[ value of this species is 10.50 at 310 K with a %
R.S. value of 9.89. The species Zn(II)-5-FU(A)-
ala(B) starts to form at pH ~3.4 and with increasing
pH, its concentration increases reaching the
maximum of 66% at a pH ~ 6.4. The MAB species
of Zn(I)-5-FU(A)—val(B) and Zn(II)-5-FU(A)—
phe(B) metal chelate systems were found with
maximums of 63 % and 64 % at pH 7.1 and 6.4
respectively.

In addition, the ZnAB, species is formed with
gly/ala(B) and the formation starts above a pH of 7.2.
It has been found that their percentage of formation
increases with the pH in the range 7.2-8.4 and
reaches saturation values at only ca. 17.12-18.31 %
of the total of Zn(II) ions.

Effect of temperature and thermodynamic
parameters

Determination of the thermodynamic parameters
(A*G, A*H and A*S) relative to the formation of metal
chelates for binary Zn(II) systems are given in Table
(2) and are shown in Fig. (5).
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Table 1. Stability constant and stabilization effects of the metal chelates for Zn(I1)-5-FU(A)—gly, ala, val and phe(B)
systems in an aqueous medium at different temperatures in | = 0.15 M (NaClOy)

Stahility const ant values o dif ferent terrperature

Parameters 300K 30K SNK 3K
gly ala wal ple gly ala val ple gy ala wal ple gly ala val ple

bef map 1063 10460) 100600 10027 1050(H 10363 L0DGCH  99FE)  10EE@ 102 99T 9E4E) 10296 10097 9SHA  BIS()

logs B 14010 1460 - - 1478 14540 - - 14%0y  l4ddE - - 14408 14345
10gk 2y 524 s 477 463 522 508 478 465 521 510 430 457 521 si1 479 447
10gk 28, 576 565 554 565 535 569 569 569 575 572 570 572 57 575 576 573
wek 34y 952 926 - - 943 926 - - 939 927 - - 932 926
th%z 593 532 - - 585 530 - - 584 578 - - 580 575
th%Q 422 419 - - 421 418 - - 418 417 - - 411 415
MogKzrgp 03r 026 025 026 047 041 04l D4l 0358 055 053 055 069 067 063 065
alog EindBpss 0 - - 057 052 - - 067 061 - - 072 057
bgXz 2% 24 232 222 260 244 241 238 263 247 248 244 270 251 254 249
logi'y, 146 13 134 135 149 143 14 143 151 148 146 148 157 155 156 153
RS 740 54l 553 595 989 271 938 947 1253 120 124 133 1527 1509 163 1647

Standard deviations are given in parentheses [Error limit: + (0.02 — 0.08)

100 Zn(l1)-5-FU(A)-gly(B) - Zn(11)-5-FU(A)-ala(B)

e
=

60

40

% Formation relative to metal
“o Formation relative to metal

pH

In(l1)-5-FU{A)-val(B)

%o Formation relative to metal

%o Formation relative to metal

pH ph

Fig. 4. Species distribution diagrams of Zn(II)-5-FU(A)—gly/ala/val/phe(B) chelates(1:1:1) at 300 K in aqueous
medium (1) free Zn(Il) ion, (2) Zn(II)-A, (3) Zn(I1)-A,, (4) Zn(II)-B, (5) Zn(II)-B>, (6) Zn(II)-AB and (7) Zn(I1)-AB:
species.
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Table 2. Thermodynamic parameters for binary systems of Zn(II)-5-FU(A) and Zn(I1)-gly/ala/val/phe(B) and

Zn(I1)-5-FU(A)— gly/ala/val/phe(B) metal chelates.

—~A*G (kJ mol™)

A'S  (JK'mol™)

. —A*H
System Species J mol!
Temperature (K) (kJ mol™) Temperature (K)
300 310 320 330 300 310 320 330
HA 44.58 45.94 47.36 48.72 38.16 21.38 25.10 28.76 31.99
Zn(I1)-5-FU(A) HoA - - - - - - - - -
ZnA 30.96 31.34 31.68 32.10 19.72 37.46 37.48 37.36 37.51
ZnA, 55.66 56.63 57.66 58.64 25.77 99.63 99.53 99.64 99.51
HB 56.12 56.86 56.86 56.68 50.82 17.68 19.51 18.88 17.76
H,B 69.22 69.68 70.83 70.83 52.71 55.02 54.75 55.08 54.91
Zn(I)—gly(B)
ZnB 27.97 28.19 28.37 28.56 22.17 19.34 19.43 19.36 19.36
ZnB, 51.58 52.59 53.43 54.34 24.24 91.14 91.45 91.21 91.21
HB 57.67 57.69 58.12 58.83 48.51 30.53 29.62 30.10 31.25
2Dy -ala(B H,B 7111 72.12 73.04 73.80 44.13 89.95 90.29 90.33 89.92
n(Il)-ala(B) ZnB 2763 2772 2788 2805 2332 1436 1411 1424 1434
ZnB, 50.72 51.88 53.06 54.28 15.18 11846 11837 11837  118.46
HB 58.07 58.41 59.13 59.58 42.86 50.70 50.14 50.82 50.67
H,B 72.72 73.90 74.57 75.57 45.09 92.12 92.94 92.13 92.38
Zn(I)-val(B)
ZnB 25.76 25.94 26.16 25.97 25.77 0.64 0.54 1.22 0.60
ZnB, 47.73 48.49 49.32 50.04 24.45 77.61 77.56 77.72 77.55
HB 54.51 54.73 54.90 55.48 45.38 30.42 30.14 29.73 30.58
Zo(l—phe(B) H,B 68.70 69.27 70.34 71.21 42.51 87.30 86.32 86.97 86.97
ZnB 25.10 25.17 25.24 25.40 22.19 9.70 9.60 9.54 9.72
ZnB, 46.36 47.13 47.98 48.84 19.51 89.48 89.09 88.95 88.88
ZnAB 61.06 60.08 58.56 57.56 21.64 13141 14335 13392 135.03
Zn(I)-5-FU(A)-gly(B) "
ZnAB, 85.65 84.15 83.11 75.07 31.86 17928 24547 169.11  174.74
Zn(II)-5-FU(A)-ala®) ZMAB 62.32 61.49 59.71 58.94 17.08 13125 14327 13396  135.14
ZnAB, 87.31 86.30 87.73 82.01 19.51 17888 21546 173.11  162.11
Zn(1)-5-FU(A)-val(B) ZnAB 63.60 62.93 61.08 60.29 18.19 13113 24327 13487  135.02
Zn(1)-5-FU(A)-phe(B) ZnAB 89.21 88.48 82.36 72.60 17.05 17922 21551 17890  188.44
The calculated A*H and A*S values can be
considered as the sum of two contributions such as 1S
N
the release of solvent (H>O) molecules and  metal— Q —— — +—
ligand bond formation. From Table (2), the abnormal gu p———

high positive A*S values of the binary systems are
consistent with the hypothesis that a large number of
water molecules are released upon complexation
[19, 20].

The thermodynamic parameters for all the mixed
ligand ZnAB and ZnAB; systems are given in Table
(2). A negative A*G values for all these complexes
suggest the complexation process is spontaneous
[17-20]. The negative A*H values show that the
chelation process is exothermic and the
complexation process favorable at very low
temperature. All the species show positive A*S
values which suggest that the complexation of the 5-
FU(A) ligand with a Zn(II) ion in the presence of
amino acid(B) ligands is entropically favorable.

Inill}-5-FL{ \I-.ll:l_llil
Zn(I1)-5-FU(A)-gly(B)
i En(ll}-5-FU{A)-ala(B)
Lo 11p5-FUA)-val(B)
Zo(l1)-5-FU(A}-phe(B)

Qi %
20 &

0.00301

0.00308  0.00315  0.00322

i kY

0.00329  0.00336

Fig. 5. The Van’t Hoff plot of og B y4ag values of

Zn(Il)-5-FU—gly/ala/val/phe(B) and log BM AB, values

of Zn(II)-5-FU(A)—gly»/ala, systems vs. 1/T for MAB
and MAB; mixed chelates.
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Electronic absorption spectra

The diamagnetic nature of the Zn(II) ion does not
show any d-d transition in the visible region.
However, the Zn(II)-5-FU(A)—gly, ala, val and
phe(B) metal chelates show only one band at 26381
(379 nm), 26246 (381 nm), 26455 (378 nm) and
26372 cm™! (379 nm) respectively in the UV region
due to L>M charge transfer (LMCT) transition,
which corresponds to a six—coordinated distorted
octahedral environment around the Zn(Il) ion with
two water molecules present in the z—axes of the
cartesian coordinate [21].

CONCLUSION

The solution equilibria studies of Zn(II)-5-
FU(A)-gly/ala/val/phe(B) metal chelates in an
aqueous medium at different temperatures (300,
310, 320 and 330 £ 0.1 K) have been studied at a
constant ionic strength (I = 0.15 M). The percentage
distribution of various binary and metal chelate
species in the solution state on the basis of various
equilibrium data have shown that ZnAB metal
chelates have a higher stability than other species
formed. Moreover, the amino acids gly(B) and
ala(B) have found to form moderately stable ZnAB,
species in addition to the most stable ZnAB species.
The thermodynamic factors such as A*G, A*H and
A*S, and the binding nature of ligands in terms of
Alog K have also been determined along with the

log X statistical parameter.
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N3CJIEABAHNA HA CTABMJIHOCTTA HA PABHOBECHETO B PA3TBOPU HA Zn(1)-
KOMIUIEKCHU C ITMPUMUJINHOBU BA3U1

C. lllo6ana', IT. Cyopamanuam’*, JIxk. Ixapmapamka®, C. Apsuny Hapass®, JI. Muty*

Yenapmamenm no xumus ¢ Mscnedosamencku yenmup, Konesxc ,, AOunamap * 3a uskycmeo u nayxa,
Bupananouannamuam, Tupyuendyp—628 216, Tamun Haoy, Unous

2lenapmamenm no xumus, Paxynimem 3a Hayka u Xxymanumapnu oetinocmu, Konexc ,, Cpu Cayoambuxa* no
unacenepcmeo, Yemuxypuuu, Apynykomai — 626 134, Tamyn Haoy, Unous

2flenapmamenm no nayka u xymanumapHu oeiinocmu, Konesxc ,, Poxunu “ no unsjicenepcmso u mexuono2uu,
Anooicyepaman, Kansaxymapu—629 851, Tamyn Haoy, Hnous

4flenapmamenm no ¢usuxa u xumus, Yuusepcumem 6 Humewy, ITumewy —110040, Pymvrus

Iocrbnuna Ha 19 oxkTomBpH, 2015 r.; kopurupana Ha 8 anyapu, 2016 1.
(Pesrome)

N3znomssano € pH-MeTpnyHO THUTpyBaHE 3a ONpEAENIsHE Ha aKTUBHOCTTA M CTAOMIHOCTTAa HAa METAJIHU XEIAaTH
Ha 3aMECTEeHH NUPUMUANHOBYU 0a3u T.e. S-puyopoarmin(S5-FU: A) u HIKOM eCeHIMaTHU NENTHIHH KOMIIOHEHTH, T.C.
amuHokucenuHu: riauuuH (gly; B), L-ananun (ala; B), L-Banun (val; B), L-¢pennnananun (phe; B). Ot nannure or
TUTPYBAHETO HHE IOJyYMXME 3aJI0BOJIMTEIHU CTOHHOCTH 3a CTAaOWIMTETHHTE KOHCTAHTHM Ha METAJHU XeNlaTH, KaTo
CTaOMIIHOCTTa HaMaJsIBalle C MOBUIABAHETO Ha Temmeparypara. OT Te3u CTaOMJIMTETHH KOHCTAHTH Ca WU3YHCIICHH
TEepMOMHAMUYHHUTE TIAPAMETPH Ha M3CIieiBaHuTe chepunenus (A*G, A*H u A*S) ipu pasiuunu temneparypu (300, 310,
320 1 330 + 0.1 K).
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Plants produce phytochemicals to defend themselves from attacks of microorganisms. The presence of
phytochemicals in Russelia equisetiformis was established by liquid chromatography-electrospray ionization-tandem
mass spectrometry (LC-ESI-MS/MS). The plant material was extracted with methanol and analyzed by LC-ESI-
MS/MS. This analysis revealed the presence of mostly antioxidant phenolic phytochemicals such as chlorogenic acid
(1), methyl protocatechuate (2), p-coumaric acid (3), 4-hydroxybenzoic acid (4), gallic acid (5), caffeic acid (6), caftaric
acid (7), syringic acid (8), and catechin (9). These results illustrate that the methanolic extract of Russelia equisetiformis
can be used as a nutraceutical against oxidative stress inducing ailments.

Keywords: Russelia equisetiformis, ESI-MS/MS, methyl protocatechuate, caffeic acid, syringic acid, catechin

INTRODUCTION

Plants have been known to be the richest source
of natural antioxidants and antimicrobial
compounds [1,2]. In view of the importance of the
plants as remedy for diseases, there is a need of
proper evaluation of plants for their biological and
phytochemical properties [3]. In medicinal plants,
phenolic compounds are a large and diverse group
of molecules, which include various families of
phytochemicals. Phenolics are the most abundant
secondary metabolites such as phenolic acids,
condensed tannins, flavonoids, and lignins. All
these phytoconstituents are involved in many
processes in plants and animals. Among other
phytoconstituents the phenolics and flavonoids are
most interesting because of their various roles in
plants protection, as well as in human health [4]. In
plants, phenolics and flavonoids play several
functions in flowers, seed pigmentation, fertility,
reproduction, and in different reactions to defend
against abiotic stresses like ultra violet light or
biotic stresses such as pathogen attacks [5]. The
phytochemicals found in plants are organic
biomolecules known as naturally occurring
antibiotics [6]. The synthetic antioxidants like
butylated hydroxyanisol, butylated hydroxytoluene,
and propyl gallate are used as food antioxidants but
these antioxidants have adverse effects on health
causing degenerative diseases and cancer [7].

* To whom all correspondence should be sent:
E-mail: riaz_453@yahoo.com; nasirhej@yahoo.co.uk

Scrophulariaceae is a family of flowering plants
and consists mostly of herbs or small shrubs, and
rarely trees. The plants are annual herbs with
flowers having bilateral, or rarely, radial symmetry
[8]. This family also includes medicinal plants [9].

Russelia equisetiformis (Firecracker) is an
evergreen, perennial shrub with an attractive look.
Under optimum cultivation conditions, firecracker
plants produce distinguished blossoms. Russelia
equisetiformis is easily propagated from rooted
cuttings. It grows up to four feet with red flowers,
and much reduced leaves. Russelia equisetiformis is
traditionally used as a medicinal plant and is
considered to have analgesic, anti-inflammatory
and membrane stabilizing ability [10]. We already
analyzed plant extracts for antioxidant and
antimicrobial properties [11]. In order to further
extend the study, in this work the presence of
secondary metabolites was evaluated by LC-ESI-
MS/MS. The latter was carried out to analyze the
extract of Russelia equisetiformis in order to
ascertain the chemistry of secondary metabolites.
This analysis may highlight the potential of
Russelia equisetiformis extracts.

MATERIALS AND METHODS

The research work presented in this paper was
conducted at the Department of Chemistry,
Government College University, Faisalabad,
Pakistan and the liquid chromatography-
electrospray ionization-tandem mass spectrometry
(LC-ESI-MS/MS) assay was carried out at the
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Health Biotechnology Division, National Institute
for Biotechnology and Genetic Engineering, Jhang
Road, Faisalabad, Pakistan.

General Procedure
Collection of Plant Material

The whole plants of Russelia equisetiformis
belonging to the family Scrophulariaceae were
collected by a team from the University of
Agriculture, Faisalabad, Pakistan. The plant was
identified by Dr. Mansoor Hameed (Taxonomist),
Department of Botany, University of Agriculture,
Faisalabad, Pakistan. A voucher specimen (No.
420) was deposited in the herbarium of the above
department.

Extraction of phenolic compounds from Russelia
equisetiformis for liquid chromatography-
electrospray ionization-tandem mass spectrometry
(LC-ESI-MS/MS) analysis

Phenolic compounds in Russelia equisetiformis
sample were extracted according to the already
reported method [12] with minor modifications. 1.0
g of plant sample was mixed with 20 mL of
absolute methanol for 10 min. After centrifugation
at 2500 x g for 10 min, the supernatant was
removed. The extraction was repeated thrice.
Supernatants were combined, evaporated at 45°C to
dryness using a rotary evaporator. The extract was
stored at 4°C until use.

Analysis by liquid chromatography-electrospray
ionization-tandem mass spectrometry (LC-ESI-
MS/MS)

The phenolics in Russelia equisetiformis were
analyzed by liquid chromatography combined with
electrospray ionization mass spectrometry (LC-
ESI-MS). The plant extract was filtered through a
0.45 pm membrane before analysis. Separation of
phenolic compounds was performed on a Surveyor
Plus HPLC system equipped with Surveyor Auto
(Thermo Scientific, San Jose, CA, USA). The pump
was equipped with a Luna RP C-18 analytical
column (4.6x150 mm, 3.0 pum particle size)
(Phenomenex, USA). Elution solvent consisted of
LC-MS grade methanol and acidified water (0.5%
formic acid v/v) as the mobile phases A and B,
respectively. Solvent elution was performed in a
gradient system running at a flow rate of 0.3
mL/min. The gradient elution was programmed as
follows: from 10% to 30% A & 90 to 70% B from
0 to 10 min followed by 30 to 50% A & 70 to 50%
B in the next 20 min. This flow was maintained till

the end of analysis. 20 min re-equilibration time
was used after each analysis. The column was
maintained at 25°C and the injection volume was
5.0 uL. The effluent from the HPLC column was
directed to the electron spray ionization mass
spectrometer (LTQXL™ linear ion trap Thermo
Scientific, River Oaks Parkway, USA). The mass
spectrometer was equipped with an ESI ionization
source. Parameters for analysis were set using
negative ion mode with spectra acquired over a
mass range from m/z 260 to 800. The optimum
values of the ESI-MS parameters were: spray
voltage, +4.0 kV; sheath gas and auxiliary gas 45
and 5 units/min, respectively; capillary temperature
320°C; capillary voltage, -20.0 V, and tube lens
voltage -66.51 V. The accurate mass spectral data
of the molecular ions were processed through the
Xcalibur Software (Thermo Fisher Scientific Inc,
Waltham, MA, USA).

RESULTS AND DISCUSSION

Plants are being used throughout the history in
conventional medicine. At present, about two-thirds
to three-quarters of the world population is
dependent on plant-based medicines for the
treatment of many diseases. Therefore, there is an
increasing interest to study the phytochemical and
biological properties of plants. Phytochemical
contituents found in plants have prominent
pharmacological properties. In the present work,
Russelia equisetiformis was analysed for phenolic
compounds by LC-ESI-MS/MS.
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Fig. 1. The chromatogram of Russelia equisetiformis
sample analyzed by liquid chromatography

The LC-ESI-MS/MS analysis (Figures 1-6) of
Russelia equisetiformis  sample showed the
presence of phytochemicals such as chlorogenic
acid (1), methyl protocatechuate (2), p-coumaric
acid(3), 4-hydroxybenzoic acid (4), gallic acid (5),
caffeic acid (6), caftaric acid (7), syringic acid (8),
and catechin (9) (Table 1). The structures of the
compounds identified are shown in Figure 2.
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Table 1. Chemical compounds in Russelia equisetiformis extract determined by liquid chromatography-electrospray
ionization-tandem mass spectrometry (LC-ESI-MS/MS)

Retention Major MS/MS

. ) . . Molar mass Name of identified compound
time (min) m/z (intensity)
2.14 353.1 (45), 191.1(42), 179(62), 173(100) 354.31 Chlorogenic acid (1)
3.10 167.1 (30), (152.1 (100), 108.0 (11) 168.12 Methyl protocatechuate (2)
3.66 163.05 (45), 119(100) 164.16 p-Coumaric acid (3)
4.60 137.25 (20), 121(60), 93(90) 138.12 4-Hydroxybenzoic acid (4)
4.70 169.15 (40), 125(100) 170.12 Gallic acid (5)
10.40 179.3 (100) 161.1 (10), 135.1 (27) 180.16 Caffeic acid (6)
11.80 311.15 (25), 178 (45), 148 (90) 312.22 Caftaric acid (7)
16.20 197.10 (35), 179.10 (60), 135.10 (100) 198.17 Syringic acid (8)
19.81 289.15 (35), 271.2 (15), 245.1 (45) 290.27 Catechin (9)
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Fig. 2. Structures of the compounds in Russelia equisetiformis sample extract analysed by liquid chromatography-
electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS)
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Fig. 3. A representative mass spectrum of methyl protocatechuate (2) in Russelia equisetiformis extract analysed by
liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS).
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Fig. 4. Fragmentation pattern of the structure of methyl protocatechuate (2) in Russelia equisetiformis extract
analysed by liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS)

The identification of compounds was made by
comparison of retention times with the known
standards analysed with the same solvent system
and conditions. The ESI-MS/MS spectra of the
analysed samples were also compared with the
standards and data in the literature.

The presence of methyl protocatechuate (2) was
confirmed by comparing the retention time with
standards and ESI-MS/MS pattern in the
chromatogram (Figure 3). The presence of a peak in
the negative mode at m/z 167.2 corresponded to the
molecular formula CgHgOs.

The fragment ion peaks at m/z = 152.1 due to
loss of CH3 (~15) and at m/z = 108.0 due to loss of
COOCH;3 (—49) confirmed the presence of methyl
protocatechuate (2) (Figure 3).

Compound 6 has a molecular ion peak in
negative ion mode at m/z = 179.3 which
corresponds to the molecular formula of caffeic
acid CoHgOs4, as evident from its mass spectrum

10D
20
8D

Relative Abundance
&

(Figure 5). The fragment ion peak at m/z 135.1 was
due to the loss of CO, (—44). The other fragment ion
at m/z 161.1 was due to the loss of water molecule
(—18). These fragments confirmed the presence of
caffeic acid (6) (Figure 6). The use of mass
spectrometry coupled to liquid chromatography is
ideal for the assay of phenolics found in the plants.
The advantage of LC-MS/MS is that separation and
structural elucidation of compounds can be
obtained in a continuous manner [13]. [onization by
electrospray is one of the extensively used methods
for LC-ESI-MS/MS studies [14]. In the ESI
negative ion mode, analysis of small molecules
containing free carboxyl groups, yields mainly the
ion [M-HJ, relating to their carboxylate anion [15].
The identification of phenolic compounds in
Russelia equisetiformis extract was based on
chromatograms obtained by HPLC and ESI-
MS/MS and comparison with literature data [16].

1793

140 150 180 A Fii] 180
mE

Fig. 5. Mass spectrum of caffeic acid (6) in Russelia equisetiformis extract analysed by liquid chromatography-
electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS).
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Fig. 6. Representative fragmentation pattern of caffeic acid (6) in Russelia equisetiformis extract analysed by liquid
chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS)

CONCLUSIONS

The liquid chromatography-mass spectrometry
analysis of Russelia equisetiformis sample revealed
the presence of phytochemicals such as chlorogenic
acid (1), methyl protocatechuate (2), p-coumaric
acid (3), 4-hydroxybenzoic acid (4), gallic acid (5),
caffeic acid (6), caftaric acid (7), syringic acid (8),
and catechin (9). This analysis may highlight the
potential of Russelia equisetiformis extracts.
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AHAJI3 HA EKCTPAKT OT Russelia equisetiformis UPE3 TEUHA XPOMATOI PADUS,
CBUETAHA C EJIEKTPOCITPEM-MOHU3AINS Y MAC-CITEKTPOMETPHS (LC-ESI-
MS/MS)

M. Puasz'* H. Pacyyn?, M. Uk6an’, A. Taya6?, @. E. Xa6u6’, A. Xan*, M. ®apman’

Yenapmamenm no xumus, Yuusepcumem 6 Capeooxa, Jamcku kamnyc, @aticanabao, Ilakucman
2 lenapmamenm no xumus, Ipagumencmeen ynusepcumem, @aricanabao -38000, ITaxucman
30Omoenenue no 3opasna uomexnonozusn, Hayunanen uncmumym no 6uomMexHoN02Us U 2EHHO UHIICEHEPCMEO,
anicanabao-38000, [1akucman
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[Tonmyyena Ha 16 HoemBpH, 2015 r.; kopurupana Ha 15 cenremspu, 2016 .
(Pesrome)

Pacrennsita mpousBexnar (UTO-XMMHKaNIW 3a COOCTBEHA 3alllMTa Cpeuly MUKpoopranmzmure. Hammuwero Ha
¢uro-xumukanu B Russelia equisetiformis e ananu3upano ¢ moMormrra Ha Te4Ha Xpomarorpadus, ChueTaHa ¢ EIEKTPO-
copeit ormzaruss u Mac-criektpomeTpus. (LC-ESI-MS/MS). Pacturennara cypoBHHa ce EKCTpaxupa C METaHOI
n ce anammupa upe3 LC-ESI-MS/MS. AnHanm3sT pa3kpuBa HAIMYHAETO TJIABHO HAa AHTHOKCHAAHTHH (ECHOIHH
¢uTO-XMMUKaIM, KaTo XJoporeHHa kucemuHa (1), Meryi-mporokarexaT (2), p-kymapuHoBa KkucenuHa (3),
4-xunpokcubeH3ocHa kucenwHa (4), ramoBa kucenuHa (5), kadeena kucenmna (6), kadrapoBa kuceiamnHa (7),
cupunrosa kucenuna (8) m karexwd (9). Te3u pesynratu mokaseat, ye ekctpakture ot Russelia equisetiformis c
METaHOJI MOXKeE JIa C€ M3II0JI3BAT 33 HEYTPAIM3UPaHE Ha OKUCIUTEITHH CTPECOBE, TPUYMHSBAIIY OOJIECTH.
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I. Kosti¢!", T. Andelkovié!, D. Andelkovié!, A. Boji¢!, T. Cvetkovi¢?, D. Pavlovié?

tUniversity of Ni§, Faculty of Sciences and Mathematics, Visegradska 33, 18000 Ni$, Serbia
2University of Nis, Faculty of Medicine, Zoran Dindi¢ Boulevard 80, 18000 Nis, Serbia

Received February 15, 2016; Accepted December 12, 2016

The presence of di-(2-ethylhexyl) phthalate (DEHP) in 8 different parts of plastic medical devices that are used in
two important medical procedures was determined and influence of UV radiation on DEHP leaching was investigated.
DEHP determination was carried out by gas chromatography — mass spectrometry (GC-MS). The results showed that
set for peritoneal dialysis contains DEHP approx. 35% by weight of bag and approx. 37% by weight of tubing. Results
obtained for samples from transfusion set showed that Quadruple blood bag and transfer bag contain almost the same
amount of DEHP (25.63% and 26.92% by weight, respectively) while SAG-M transfer bag contains lower amount of
DEHP (16.07%). All samples of tubing material showed the higher concentration level of DEHP than coupled bags.
Very low amount was leached by Peritoneal Dialysis Solution from PVC dialysis bag (3.72 pg L), despite the fact that
dialysis bag contains DEHP in high concentration level. Obtained concentration of DEHP in CPD solution from
Quadruple blood bag is higher than concentration in Peritoneal Dialysis Solution about 10 times (37.04 ug L!). DEHP
was not detected in solution from SAG-M transfer bag. Obtained values are under estimated upper-bound dose of
DEHP received by adult patients undergoing procedures of peritoneal dialysis 0.01 mg/kg/day (for adult with average
body weight 70 kg) and transfusion as part of surgical procedures 8.5 mg/kg/day. Results obtained after UV treatment
showed that UV radiation has a certain influence on leaching of DEHP from samples of PVC medical devices. All
investigated samples contained smaller amount of DEHP after UV-A treatment than samples which were not treated by
UV radiation.

Keywords: di-(2-ethylhexyl) phthalate (DEHP); medical devices; polyvinyl chloride (PVC); UV radiation

PVC, such as enteral and parenteral nutritional
tubing, infusion and transfusion tubings, blood bags
and tube systems for blood cell separation, bags and
tubing for peritoneal dialysis [12]. In humans,
phthalates are rapidly hydrolyzed to the monoesters
and then further metabolized and they can be
detected in urine, breast milk, faeces, etc. [13].
DBP, BzBP and DEHP are introduced in the list of

INTRODUCTION

Phthalate diesters (phthalates) may be found in a
broad range of industrial products because they are
widely used as plasticizers. They are added to
plastic polymers (e.g. polyvinyl chloride — PVC) to
increase flexibility and softness [1-3]. PVC is used

in the production of toys, floors tiles, building
materials,  clothing,  automobiles, cleaning
materials, cosmetics and food packaging, industrial
tubing, medical devices, etc. [4-5]. Due to their
widespread use, relatively large amounts of these
compounds are released into the environment [6].
In general, PVC medical devices contain up to
40% of plasticizers by weight [7-9]. Di-(2-
ethylhexyl) phthalate (DEHP) is the most abundant
plasticizer, but other phthalates such as diethyl
phthalate (DEP), di-n-butyl phthalate (DnBP) and
benzylbutyl phthalate (BzBP) can be found in PVC
materials [10]. Patients undergoing medical
procedures, such as parenteral nutrition support,
blood transfusion, hemodialysis, peritoneal dialysis,
cardiopulmonary bypass (CPB), are in contact with
PVC medical devices which contain DEHP [11]. A
various types of medical devices are made from

* To whom all correspondence should be sent:
E-mail: ivana.chem@outlook.com

potentially endocrine disruptors [14]. Some of these
health outcomes may be the result of phthalate-
induced increases in oxidative stress or
inflammation, which have been demonstrated in
animal studies [15].

Phthalates are not bound to plastic material
therefore phthalates can migrate to the medium that
is in contact [14, 16]. Various conditions may
enhance the migration of phthalates from PVC
medical devices into the surrounding media. It is
possible that the content and transfer properties of
phthalates may be influenced by optical radiation
and temperature change during storage [7, 17].

Estimated upper-bound dose of DEHP received
by adult patients can be various for different
medical procedures. Relatively high doses of DEHP
can be received by patients who are transfused with
large volumes of blood and blood products over a
short period. A patient undergoing a routine,
elective surgical procedure typically receives about

360 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria


mailto:ivana.chem@outlook.com

1. Kosti¢ et al.: Quantification of DEHP into PVC components of intravenous infusion containers and peritoneal dialysis set before ...

two units of packed red blood cells. Transfusion of
this volume of blood will result in a DEHP dose
equivalent to the TI value, approximately 0.5
mg/kg/day. The highest estimated daily exposure
levels for blood transfusion is 8.5 mg/kg for adult
trauma patients. Long-term use of some procedures
can result in significant total DEHP exposure [18].
Assuming a patient undergoing continuous
ambulatory peritoneal dialysis (CAPD) is dialyzed
with 8 L of fluid/day, the upper-bound estimate of
the daily dose of DEHP infused into the peritoneum
would be on the order of 1 mg/day (0.13 g/mlx
8,000 ml/day x 0.001 mg/g) [19].

Various analytical methods can be used for
quantitative determination of DEHP, including
HPLC, LC-MS, GC-MS, etc. [20] Also, numerous
preconcentration methods can be applied, such as
solid-phase  extraction = (SPE),  solid-phase
microextraction (SPME), headspace solid-phase
microextraction (HS-SPME), liquid-phase
microextraction (LPME) and dispersive liquid-
liquid microextraction (DLLME) [6, 21, 22]. The
most conventional liquid-liquid extraction method
(LLE) performed with hexane, dichloromethane,
ethyl acetate or acetone has recovery values in the
range between 70 and 100% and is relatively short
and easily performed. Because of that, LLE method
for extraction followed with GC-MS seems to be
the best choice for sample preparation and detection
of phthalates. In this study, a GC-MS method was
used for determination of DEHP [12, 23-25].

The aim of this work was DEHP determination
in medical devices — dialysis set and transfusion set
— based on polyvinyl chloride (PVC), and
investigation of UV-A (ultraviolet radiation) effects
on DEHP leaching. Quantitative determination of
DEHP was performed by total dissolution of plastic
material. Determination of DEHP was done by GC-
EI-MS as the one of the most common methods for
phthalate quantification, due to specificity,
sensitivity and availability of instrumental
technique.

EXPERIMENTAL
Materials and chemicals

Medical devices were taken from the local
Clinical Center Ni§, Serbia. Samples consisted of
filled plastic bag and tubing from peritoneal
dialysis set (Baxter, USA) and bags and tubing
from transfusion set (TIANHE Pharmaceutical,
China).

DEHP, DBA, hexane and tetrahydrofurane
(THF) were purchased from Sigma Aldrich, USA.

Solvents were HPLC grade and screened to
determine the DEHP background. Hexane was used
as a solvent for stock solutions and working
standards.

Preparation of standards

Amount of DEHP standard was accurately
weighted out by analytical balance with precision at
+0.00001 g (Kern, Germany) and diluted with n-
hexane to 5 ml. This solution was labeled as stock
solution and was stored in the fridge. Working
standard solutions were obtained by diluting of
stock solution, obtaining the series of the
concentration range from 0.25 to 10 ug ml™.

All sample manipulation was done avoiding any
contact with plastic equipment. Special care was
taken to avoid the contamination of solvents with
plastic laboratory materials during standards and
sample preparation. All glassware was washed with
hot water and sodium lauryl sulfate, rinsed with
ultrapure deionized water and subsequently
thoroughly rinsed with dichloromethane. After
cleaning, glassware was sealed with aluminum foil
and stored in a clean environment to avoid
adsorption of phthalates from the air.

Instrumental analysis

Analysis was carried out by gas chromatography
coupled to mass spectrometer (Hewlett Packard
6890 series GC System with autosampler connected
with Agilent 5973 Mass Selective Detector
(Electron Ionization MSD-EI, single quadrupole).
The separation was achieved with 30 m x 0.25 mm
% 0.25 pm a non-polar AGILENT DB-5MS column
coated with 5% phenyl, 95% dimethylpolysiloxane.
The oven temperature was programmed from 65 °C
(holding time 1 min) to 220 °C (1 min) at rate of 20
°C min’!, then to 280 °C at rate of 5 °C min" (4
min). Volume of 1 uL was injected in the splitless
mode. Helium was the carrier gas (1.0 ml min™)
and the inlet temperature was 250 °C. The
operating temperature of the MSD was 280°C with
the emission energy of 70 eV. The MSD was used
in the single ion-monitoring (SIM) mode at m/z
149. The identification of target compounds was
based on the relative retention time, the presence of
target ions and their relative abundance. The most
abundant ion m/z 149 was chosen for quantification
of DEHP, with no qualifier ions, due to the
simplicity of the matrix. The dwell time was 100
ms. DEHP fragmentation pathways are given in
Fig. 1 [26]. Ton m/z 185 was chosen as
representative ion of DBA internal standard.
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DEHP, m/z 390

Fig. 1. DEHP fragmentation pathways.

Treatment of solid samples from PVC medical
devices

PVC medical devices were kept up in the shade
and at room temperature. Some PVC samples were
irradiated with UV-A light, using UV-A lamps at
365 nm (PHILIPS, 18w/10 BL, 25 W, G 13), at the
distance of 10 cm for 12 hours. After radiation
treatment, the samples were stored in shade.

Determination of DEHP in solid samples from PVC
medical devices

A PVC sample (0.01 g) was dissolved in 10 ml
of THF by soaking overnight at room temperature.
Totally dissolved plastic polymer was precipitated
by addition of 10 ml of hexane. Obtained solutions
showed high level of turbidity and they had to be
filtered through the 0.45 um PTFE filter. After
filtering, samples still had a certain level of
turbidity and they were centrifuged at 6000 rpm for
3 min to remove it. Then, sample solutions were put
into 2 ml vials and DBA was added as internal
standard  commonly used in  phthalate
determination. Samples were analyzed by GC-MS.

Determination of DEHP in liquid samples

Individual solutions from investigated bags,
usually present in formulations for peritoneal
dialysis and blood transfusion were stored in PVC
bags at room temperature. The analyzed samples
were: 2000 ml solution for peritoneal dialysis
(Dianeal® Low Calcium Peritoneal Dialysis
Solution with 1.5% dextrose, 538 mg sodium
chloride; 448 mg sodium lactate; 18.3 mg calcium
chloride; 5.08 mg magnesium chloride; pH 5.2), 63
ml CPD solution from Quadruple blood bag 450 ml
(0.299 ¢ citric acid (anhydrous); 2.63 g sodium
citrate (dihydrate); 0.222 g monobasic sodium
phosphate  (monohydrate); 2.55 g dextrose
(monohydrate); 100 ml water for injection) and 100
ml solution from SAG-M transfer bag (0.877 g
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sodium chloride; 0.0169 g adenine; 0.900 g
dextrose (monohydrate); 0.525 g mannitol; 100 ml
water for injection). Liquid samples were collected
in glass flasks and stored at 4 °C until analysis.
Since the usual shelf-life of investigated solutions is
three years, migration rates of DEHP from plastic
containers were measured after a period of 36
months in order to determine the maximum
possible leached concentration of DEHP before
expiration period of the medical product. Each
sample with 5 ml of hexane was mixing for 24
hours. The organic layers were transferred to glass
vials, internal standard was added and aliquots were
injected into GC-MS directly with no clean up
stage.

RESULTS AND DISCUSSION

The chromatogram in Fig. 2 shows the
separation of DEHP and DBA, as internal standard.
Retention times for DBA and DEHP were 9.94 and
18.27 min, respectively.

9,945
4000

30004
2000 4

1000 4

Relative abundance (abs. units)

Time (min)

Fig. 2. GC-MS chromatogram of a standard solution
containing DEHP (conc. 0.25 pg/ml) and DBA (conc.
1.0 pg/ml); abundance in arbitrary units is given for TIC.
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Fig. 3. Analytical curve for DEHP for concentration
range 0.25 — 10 pg/ml.

The analytical curve obtained for DEHP within
concentration range 0.25 — 10 pg/ml is linear with
coefficient of determination of R?> = 0.99853 and
linear equation y = (2.94352+0.03017)x -
0.18073+£0.15241 (Fig. 3). Limit of quantitation
(LOQ) was determined using signal to noise ratio
of 10 to 1, for repeated measurements with RSD
less than 20%. The obtained LOQ value was 0.05
ug/ml.

The determined DEHP concentration levels,
approx. 35% by weight of bag and approx. 37% by

weight of tubing from peritoneal dialysis set, are
high but expected, bearing in mind that the PVC
type of plastic material is used for medical device
production. Obtained results are given in Table 1.

Results obtained for samples from transfusion
set are given in Table 2 and showed that Quadruple
blood bag and transfer bag contain almost the same
amount of DEHP by weight (25.63% and 26.92%,
respectively) while SAG-M transfer bag contains
lower amount of DEHP (16.07%). The determined
DEHP concentration levels in tubing material from
transfusion set showed that all samples contain
more than 30% DEHP by weight. All samples of
tubing material from transfusion set showed the
higher concentration of DEHP than coupled bags.
The most significance difference was found
between SAG-M transfer bag and coupled tubing.

Results obtained after UV treatment showed that
UV radiation has a certain influence on leaching of
DEHP from samples of PVC medical devices. All
investigated samples contained smaller amount of
DEHP after UV-A treatment than samples which
were not treated by UV radiation. Obtained results
are given in Table 3.

Table 1. Percentage of DEHP in solid PVC samples of dialysis set before and after UV treatment.

Dialysis set Total content of DEHP Total content of DEHP
after UV-A treatment

(Baxter) (%) (%)

Dialysis bag 35.81+1.55 15.89+0.12

Tubing from dialysis set 37.58+0.78 14.01+0.33

Table 2. Percentage of DEHP in solid PVC samples of transfusion set before and after UV treatment

Transfusion set Total content of DEHP Total content of DEHP
. . after UV-A treatment
(Tianhe Pharmaceutical) (%) %)
Quadruple blood bag 25.63+1.34 18.91+0.77
Tubing coupled to Quadruple blood bag 31.27+1.59 17.12+0.55
SAG-M transfer bag 16.07+£0.98 4.02+0.15
Tubing coupled to SAG-M transfer bag 31.64+1.33 22.29+0.82
Transfer bag 26.92+0.85 18.72+0.24
Tubing coupled to transfer bag 35.66+1.87 13.27+0.14
Table 3. Amount of leached DEHP from solid samples after UV treatment (%)
Sample Amount of leached DEHP
after UV treatment (%)

Dialysis bag 55.63

Tubing from dialysis set 62.72

Quadruple blood bag 26.22

Tubing coupled to Quadruple blood bag 45.25

SAG-M transfer bag 74.98

Tubing coupled to SAG-M transfer bag 29.55

Transfer bag 30.46

Tubing coupled to transfer bag 62.79
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Samples from dialysis set showed that UV
radiation caused greater leaching of DEHP from
samples of tubing than samples of bag. Transfusion
set showed that UV-A radiation had greater
influence on DEHP leaching from samples of SAG-
M transfer bag (> 74%) than from samples of
Quadruple blood bag and transfer bag (< 27% and
31%, respectively). Also, UV-A radiation has
greater influence on DEHP leaching from samples
of tubing coupled to transfer bag (62%), than tubing
coupled to Quadruple blood bag (45%) and the
lowest influence on DEHP leaching from samples
of tubing coupled to SAG-M transfer bag.

The results obtained for DEHP from Peritoneal
Dialysis Solution, CPD solution from Quadruple
blood bag and solution from Transfer bag are given
in Table 4. Very low amount was leached by
Peritoneal Dialysis Solution from PVC dialysis bag,
despite the fact that dialysis bag contains DEHP in
high concentration level. Concentration of DEHP in
CPD solution is higher than concentration in
Peritoneal Dialysis Solution about 10 times. DEHP
was not detected in solution from SAG-M transfer
bag.

Table 4. DEHP concentrations (ug L!) in Peritoneal
Dialysis Solution, CPD solution from Quadruple blood
bag and solution from transfer bag stored in PVC bags.

Sample DEHP concentration (ug L")
Dialysis solution 3.72+0.21
CPD solution from
Quadruple blood 37.04+0.25
bag
Solution from d
Transfer bag na

On average, patient under peritoneal dialysis
procedure receives about 8 L of Peritoneal Dialysis
Solution a day and from this obtained result it
means that human body receives about 30 pg
DEHP in total. Obtained value is under estimated
upper-bound dose of DEHP received by adult
patients undergoing procedures of peritoneal
dialysis 0.01 mg/kg/day (for adult with average
body weight 70 kg).

Patient undergoing a routine, elective surgical
procedure typically receives about two units of
packed red blood cells, volume of 450 ml. Bearing
in the mind that volume of CPD solution in
Quadruple blood bag is 63 ml, it means that total
amount of DEHP in each units of packed red blood
cells is 2.33 pg. Obtained value is under estimated
upper-bound dose of DEHP received by adult
patients undergoing surgical procedures (8.5
mg/kg/day).
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CONCLUSION

The presence of DEHP in 8 different parts of
plastic medical devices, such as dialysis set (bags
and tubing) and transfusion set (bags and tubing)
were determined and UV-A effect on DEHP
leaching was investigated. Obtained results showed
that majority of investigated samples of medical
devices contains DEHP > 30% by weight. All
investigated tubing material contain DEHP in
higher amount than coupled bags. Results obtained
after UV-A treatment showed that UV-A radiation
has a huge influence on leaching level of DEHP
from PVC materials. UV-A radiation showed the
biggest influence on DEHP leaching from samples
of SAG-M transfer bag.

DEHP was determined in Peritoneal Dialysis
Solution and CPD solution from Quadruple blood
bag, while solution from SAG-M transfer bag did
not contain DEHP. Concentration of DEHP in CPD
solution is higher than concentration in Peritoneal
Dialysis Solution about 10 times. Obtained values
are under estimated upper-bound dose of DEHP
received by adult patients undergoing procedures of
peritoneal dialysis 0.01 mg/kg/day (for adult with
average body weight 70 kg) and transfusion as part
of surgical procedures 8.5 mg/kg/day.
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KOJIMYECTBEHO OITPEJEJISIHE HA DEHP B KOMITIOHEHTH OT UHTPABEHO3HU
CHUCTEMMU U ITPUBOPU 3A ITEPUTOHHUAJIHA TUAJIN3A OT PVC ITIPEJIN U CJIIE]]
TPETUPAHE C YJITPABUOJIETOBU JIbYN

U. Koctuu'”, T. Annpenkosud', JI. Aunsenkosuy', A. boxunu', T. Isetkouy?, JI. [TaBnoBuy>

YVuusepcumem ¢ Huwi, Hayuno-wamemamuuecku ¢paxyamem, 18000 Huw, Copbus
2 Vuusepcumem 6 Huw, Meouyuncku gpaxyamem, 18000 Huw, Copbus

Toctenmna Ha 15 despyapu, 2016 r.; npuera Ha 12 nexemspu, 2016 T.
(Pesrome)

W3cnenBano e Hamwmuumueto Ha au-(2-etun-xekcwun) ¢ramat (DEHP) B 8 pasnmunam WacTh Ha IUIACTMAacOBH
MEIWNIIMHCKN CHOPBKEHUS, WM3MON3BAHM B JBA MHOTO Ba)XHM IIPOIeca, KAaKTO W BIMSHHETO Ha OOIBYBAHETO C
yntpaBuoiietoBu apun. Onpenensaero Ha DEHP e m3BbpiiBano ¢ raz-xpomarorpadus/mac-criektpomerpus (GC-MS).
Pesynrature mokasBar, ue ypeauTe 3a IMEPUTOHHATHA TUAIN3a ChIbPKAT NPUOIU3UTETHO 35% Teri. oT TopOuYKara u
okono 37% ot TpwvOuTe. Pesynrtarure, moiydyeHHM 3a HpOOM OT CHCTEMH 3a KPBBONpPEIMBaHE IOKa3BaT, 4e
KBaJ[PYIOJHUTE TOPOMYKH 32 KPBB U 3a MPEHACSHE ChIBPIKAT MOYTH enHaKBO koimdecTBo DEHP (chotBeTHO 25.63% 1
26.92% Ttermn.), nokato Topomukure 3a npeHoc SAG-M cpabpkar no-manko ot DEHP (16.07%). Benuku nmpobu ot
TPBOWYKHTE MTOKA3BAT MO-BUCOKA KOHIIEHTPALHUS OTKOJKOTO MPH CBBP3aHUTE TOPOMYKH. M3BiIeueHN ca MHOTO MaJKu
KOJIMYeCTBA BHB (DM3MOJIOTHYHUS Pa3TBOp 3a mepurtoHnanHa auaimsa (Peritoneal Dialysis Solution) ot TopomukuTe 3a
mmammsa oT PVC (3.72 pug L), Benpekn 4e caMuTe TOPOMYKH 32 JUATH3a ChIBPKAT MO-TOJEMH KommaecTBa oT DEHP.
[Momyyenara xonnentparmus Ha DEHP B pa3tBopa ma CPD oT kBazpynoigHa KpbhbBHa TOpOWYKA € IIO-BHCOKAa OT
KOHIIEHTPAIMATA B Pa3TBOPa 3a IIEpUTOHeanHa auanusa okoso 10 et (37,04 pug LY). DEHP He € OTKpHUT B pa3TBOp OT
SAG-M Ttpancoepra topOmukaa. [lomydeHuTe CTOMHOCTH ca TOJ mpecMeTHarta ropHa no3a DEHP, momydena ot
BB3PACTHU HAlMEHTH, MMOJI0XKEHH Ha MpoIexypu Ha mepurtoHeanHa nuammia 0,01 mg / kg / meH (3a BB3pacTHH ChC
cpenno tenecHo Terso 70 kg) u TpaHcdysus kaTo yact ot Xupypruunu npouenypu 8,5 mg / kg / nen. Pesynrarute,
nonyyenu ciex UV 00paboTka, MOKa3Bar, 4e VYITPAaBHOJICTOBOTO JBUYCHHE OKa3Ba HW3BECTHO BIIUSHUE BBPXY
usnyreanero Ha DEHP ot npo6u Ha Menuiunackute usnenus ot PVC. Beuuku uscinenBanu mpoou ChIbpKAT MO-MAIKO
konmmuectBo ot DEHP cnen tperupane ¢ UV-A, OTKONKOTO NMpoOu, KOMUTO HE ca TPETHPaHU C YJITPABUOJIETOBA
paauays.
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Pure and chromium doped homogeneous glasses from the system Li,O-Al,03-Si0,-LiB0,=8.26:28.09:33.05:30.6
wt% are prepared after heating at 1130°C for 24 h. Glass-ceramics with various transparencies are obtained after
thermal treatment of the parent glass at different temperatures for different times. The crystallizing phases, the degree of
crystallinity and the particle size are determined. Absorption and emission spectra are presented for the glass-ceramic
sample with crystallizing phases LiAlSiO4 and LiBO,, treated at 500°C during 6 h. The spectra show the co-existence of

Cr’" and Cr*" ions.

Keywords: LiAlSiO4, chromium doped glass-ceramics, X-ray diffraction, absorption and emission spectra

INTRODUCTION

Chromium (Cr*") doped laser single crystals and
glass-ceramics are attractive and important for
optical communications, remote sensing and
biomedical applications. These lasers operate in the
near infrared range, so-called eye-safe wavelength
range, which includes wavelengths between 1.1 and
1.6 um.

It is known that the laser active ion emitting in
this range (Cr*") has to be in tetrahedral position.
Therefore, a suitable laser matrix is particularly
important. Different matrices are reported in the
literature: Cr*:Mg,SiO4 [1-3], Cr*":Ca,SiOs [4,5],
Cr*":Ca,GeOs  [6,7], Cr*:CaMgSiOs  [8],
Cr*":LixMgSiO4 [9], Cr*":YAG [10, 11].

Another possible material suitable as a matrix for
Cr*" doping is LiAlSiOs. This compound is also
known as eucryptite.

LiAlSiOy4 is a technologically relevant ceramic,
owing to its near to zero thermal expansion
coefficient, great thermal and chemical shock
resistance, exceptional thermal stability. Up to now,
this material is used not only in the field of domestic
cookware, but also for various specific applications
like heat exchangers, ring laser gyroscopes,
precision optical devices and radiation dosimetry
purposes. [12] To our knowledge, obtaining of this
glass-ceramic doped by chromium is not published
so far, probably due to the difficulties to produce
homogeneous glasses, since they display both high
melting point and high viscosity.

The LiAlSiOs structure has been studied by
Winkler and has been confirmed by Roy [13, 14].
High eucryptite, LiAISiOs, is isomorphous with high

* To whom all correspondence should be sent:
E-mail: ikosseva@svr.igic.bas.bg

quartz, where half of the Si atoms are replaced by Al
forming the three-dimensional network of corner-
sharing AlO4 and SiOs tetrahedra. The Li" ions are
placed in void channels within the spirals of
(S1,Al)Oy4 tetrahedra. According to Schulz, the unit
cell is with hexagonal symmetry (P62222) [15, 16].
The high eucryptite form is stable on cooling even
with prolonged heating at low temperatures [17].
Roy also established the reconstructive inversion of
the high eucryptite to the rhombohedral phenacite
type of low eucryptite (a-eucryptite) at 972° £ 10°C.
At about 650°C y-eucryptite is formed, and its
structure is monoclinic with space group Pa. At 900—
1000°C y-eucryptite transforms into the final high-
temperature polymorph p-eucryptite [18, 19].

Although the compound appears to be in different
structural forms, the presence only of LiO4, Si04 and
AlO4 tetrahedra in the ecucryptite structure is
favorable for doping with chromium ion in 4+ state
of oxidation.

In this paper we report our attempt to prepare
chromium doped LiAlSiO4 glass-ceramics.

EXPERIMENTAL

Li>COs (p.a), ALO; (p.a), SiO (p.a.), H:BO;
(p.a.) and Cr,0s (p.a.) were used as raw materials.
Glass synthesis was carried out in a resistive furnace
with Kanthal heating wire permitting maximum
working temperature of 1200°C and in a chamber
furnace with MoSi, heating elements permitting
maximum working temperature of 1550°C. The
temperature was controlled using a Pt/Pt—10%Rh
thermocouple connected to a Eurotherm controller.
Glasses of the desired compositions about 30 grams
in weight were melted in platinum crucibles. First
the mixture was heated at 700°C for decomposition
of the carbonates and boric acid and then the melt
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was heated at the proper temperature for
homogenization. The obtained glass was cooled to
room temperature by quick removal from the
furnace. Some of the glasses were quenched by
pouring onto a steel plate and pressing with another
steel plate. The prepared glasses were thermally
treated for establishing the crystallizing phases.

Structural characterization was carried out by
powder X-ray diffraction (XRD) using a Bruker D8
Advance powder diffractometer with Cu Ka
radiation and SolX detector. X-ray diffractograms
were recorded at room temperature. Data were
collected in the 20 range from 10 to 80° with a step
of 0.04c and 1 s step! counting time. X-ray
diffractograms were identified using the Diffractplus
EVA program. The mean crystallite size and the unit
cell parameters were calculated from the integral
breadth of all peaks (Pawley fit) using Scherrer
equation and the TOPAS 3 program.3 — General
profile and structure analysis software for powder
diffraction data, 2005, Bruker AXS, Karlsruhe,
Germany. The area of the amorphous phase was
determined by using a straight line for description of
the background and a single line for fitting the
amorphous component.

The particle morphology of the glass and glass-
ceramic samples was determined using a
transmission electron microscope JEOL model JEM
200 CX equipped with EM-ASID3D scanning
attachment, working in secondary electron detection
mode. Specimens were covered with a carbon-gold
film.

The UV—Vis spectra were taken with a Thermo
Evolution 300 UV-Vis spectrophotometer equipped
with a Praying Mantis device.

The emission spectra in the 1000-1600 nm range
where measured with 813.4 nm excitation by the
laser diode ATC-C1000-100-TMF-808-10. The
rating monochromator SP-150 (Acton Research
Corporation) with 32x32 ruled diffraction grating
and 300 grooves/mm and 1 um blaze wavelength
was used for the spectra. InGaAs ID-441-C was the
detector in the near infrared. The emissions from a
black body specimen at determined temperature
were utilized for standardization of the data. All
spectra were recorded at room temperature.

RESULTS AND DISCUSSION
Glass compositions

As a first step two different compositions from
the system Li;O-AlLO3-SiO, were selected for
preparing the glasses: Li,0.Al,03.2510,-Li,0.Si0,=
60:40 (Cl) and Li»0.A1:03.28i0,-Li»0.Si0, =
65:35 (C2). According to M.K.Murthy and F.A.

Hummel, the first composition is eutectic with
melting point 1070°C and the second composition is
with melting point about 1150°C [20, 21]. For these
two compositions the powders was heated at 700°C
for 30 min for decomposition of the carbonates.
Then the samples were treated at temperatures
between 1300 and 1500°C and time between 30 min
and 4 h.

It was found that a major factor in obtaining a
homogeneous glass in this temperature range is not
the temperature, but the treatment time. So in both
C1 and C2 compositions treated at 1400 and 1500°C
for 30 min inhomogeneous glass with bubbles was
obtained, and the temperature treatment at 1350°C
for 4 h resulted homogeneous glass, especially for
composition C2. The preparation of homogeneous
glass during cooling to room temperature proved to
be problematic due to the rapid crystallization of the
glass during the cooling. An additional problem
using these two compositions is the fact that in the
glass not only the desired phase, LiAISiOa,
crystallized, but also two other phases Li>SiOs3
and Liz_sAlo,sSiO4 (Fig. 1)
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Fig. 1. XRD patterns of the phases crystallized in the
glass with composition C2 after thermal treatment at
1350°C for 4 h and cooling to room temperature (*-
LiAlSiOs, ®-Li>SiO3, A - LizsAlsSiOs).

Inability to obtain a homogeneous glass at room
temperature was the reason to try obtaining glass
with the addition of B,Os. It is known from the
literature that boron oxide is a good glass former. For
the preparation of the glass the composition
LiAlSi04-LiB0»,=69.4:30.6 wt% (Li20-Al,03-SiO;-
LiBO,=8.26:28.09:33.05:30.6 wt%) (C3) was
selected. The glass with this composition, pure or
doped by 2 at% Cr, was successfully homogenized
after heating at 1130°C during 24 h and transparent
glass was obtained after rapid cooling to room
temperature. XRD analyses acknowledged obtaining
of glass mass without phases crystallized.
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Thermal treatment of the glass

The glass with composition C3 was thermally
treated at different temperatures for different times.
The results for the crystallizing phases obtained
in the glass are presented in Table 1.

The table shows that after thermal treatment of
the glass below 500°C, samples with small peaks of
the desired phase are obtained. In all other regimes
of thermal treatment addition of different phases to
the desired phase occurred. For example, after
thermal treatment at 500°C LiBO; crystalized as a
second phase. After thermal treatment above this
temperature  LisSiOs, LisB10O7 and LisB1Os
occurred (Fig. 2).

For further investigations samples with a second
phase of LiBO» were chosen. The presence of more
than one non-desired phase implies obtaining the
desired phase in a lower concentration which
reduces the optical properties of the glass-ceramic.

Transparency and degree of crystallization of the
glass-ceramics after thermal treatment:

Transparency of the glass-ceramics and the
degree of crystallization are presented in Table 2.

Table 1. Crystallizing phases obtained in the glass with composition C3 after thermal treatment at

different temperatures for different times.

* 580°C/16h
*
A
o T 500°C/6h
= o
*
| e PO
§ I ' 480°Cf6h
E &
1 z 1 5 1 1 a %
x 460"C24h
b T T i T T s}
10 20 30 40 50 60
2 © [degrees]

Fig.2. XRD patterns of the glass-ceramics after

thermal treatment at different temperatures for different
times (*-LiAlSiO4 hexagonal, %-LiAlSiOs monoclinic,

B-LiBO,, A-LisB0017, ’-Li4B205).

ime [h] 2 4 6 16 24
°C
460 Glass Glass Glass
480 Glass Glass Glass
Small peaks of Small peaks of Small peaks of
LiAISiO4 LiAISiOq4 LiAISiOq4
and SiO;
500 LiAlSiO4 LiAlSiOq4 LiAlSiO4 LiBO>  LiAlSiO4
LiBO; LiBO; LiBO;
530 LiAlSiO4 LiAlSiOq4 LiAISiOq4
LiBO; LiBO; LiBO;
LisSi04 LisSi04
580 LiAISiOq4
LisB 1007
LisB,0s
Table 2. Transparency of the glass-ceramics and degree of crystallization [%]:
ime [h] 2 4 6 16 24
°C
500 Transparent Transparent Transparent Translucent Opaque
29 80 85 87
530 Transparent
81
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As can be seen from the table, the glass-ceramics
are transparent up to the crystallization degree of
about 85%. At higher degrees of crystallization the
glass-ceramics becomes translucent or opaque. The
crystallization degree slightly depends on the
thermal treatment time and more on the thermal
treatment temperature.

Particle size:

Particle size of the glass-ceramics depending on
the thermal treatment conditions is presented in
Table 3.

The particle size is about 50 nm and slightly
depends on the thermal treatment time, but depends
on the treatment temperature. This result is in
agreement with the crystallization degree values.

Table 3. Particle size of the glass-ceramics [nm]:

ime[h] 2 4 6 16
°C

500 22 53 43 51
530 52

According to the results obtained, after the
beginning of the crystallization, the increased time
of treatment probably does not lead to expanding of
the nucleated seeds, but to arising of new seeds. This
can be seen also from the patterns of the glass-
ceramics treated at 500°C for 2, 4, 6 and 16 h and of
glass-ceramics treated at 500 and 530°C for 2 h (Fig.
3). No significant difference can be seen between
XRD patterns of the samples treated for 6 and 16 h
at 500°C, but there is a significant difference in the
XRD patterns for the samples treated at 500 and
530°C for 2 h.
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Fig. 3. XRD patterns of the glass-ceramics treated at
different conditions (* -LiAlSiO4, M-LiBOy).

Fig.4 presents the SEM micrographs of the initial
glass and glass-ceramics. As can be seen, the particle
size is from 30 to 50 nm. This result is in accordance
with the particle size calculated by the Scherrer
equation.

Fig. 4. SEM micrographs of the initial glass (a) and
the glass-ceramic (b).

Absorption and emission

Fig.5 presents the absorption and the emission
spectra of the glass-ceramics treated at 500°C for 6
h.

Absarbance

we w1 e e wm

w0 w0 e
Wavelength (nem]

Fig. 5. Absorption (a) and emission (b) spectra of the
glass-ceramic treated at 500°C for 6 h.

Absorption spectra of the glass and glass-ceramic
samples show similar Cr ions absorption bands
assigned to different types of chromium ions. The
absorption spectra consist of strong absorption bands
between 520 and 800 nm and a weak one near
infrared absorption between 800 and 1100 nm.
According to the literature [7], in the region 520-800
nm a strong band exists ascribed to the transition of
*Ar—*T, of Cr*". A maximum at 615 nm in our glass
and glass-ceramic is observed. Multiplet bands at
680 nm may be ascribed to the transition of *A,—>T;
of Cr*" with energy-level splitting in a distorted
tetrahedron. The 3A,—3T; absorption band of the
tetrahedral Cr*" centers overlap with the ‘A,—*T»
absorption band of octahedral Cr** centers. Since
there are both Cr** and Cr*" ions, these absorption
bands are not pure Cr*" bands. Another band from
800 to 1100 nm is ascribed to 3A,—°T» of Cr*".
There is more intense absorbance in the glass-
ceramic sample compared with the initial glass.

The emission spectra overlap from 1000 to 1550
nm. There is a strong peak at 1065 nm and a weak,
broad one at 1340 nm. The absorption spectra show
different oxidation states of the chromium ions in the
glass-ceramic samples. In accordance to the
absorption spectra the first emission peak could be
attributed to “T,—*A, of Cr*" ions and the second
peak is attributed to *T,—>A; of Cr*" in tetrahedral
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occupation. Such emission spectrum is expected
[22], taking into account the existence of three
matrices (residual glass, LiAlSiOs and LiBO,),
where the chromium ion could be incorporated.

CONCLUSION

Pure and chromium doped homogeneous glasses
from the system Li,0-Al,03-Si0;-
LiB0,=8.26:28.09:33.05:30.6 wt% are prepared
after 24 h heating at 1130°C. Glass-ceramics with
various transparencies are obtained after thermal
treatment of the parent glass at different
temperatures and times. The crystallizing phases, the
degree of crystallinity and the particle size are
determined. In all thermal regimes LiAlSiO4
appears. Except LiAlSiOs, different crystallizing
phases crystallize depending on the treatment
conditions. The glass-ceramics are transparent to the
crystallization degree of about 85%. The particle
size is about 50 nm and slightly depends on the
thermal treatment time, but depends on the treatment
temperature. Absorption and emission spectra are
presented for the sample with crystallizing phases
LiAlSiO4 and LiBO; treated at 500°C for 6 h. The
spectra show the co-existence of the Cr** and Cr*'
ions.
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ITOJIVHABAHE HA JJOTHUPAHA C XPOM CTBKIIOKEPAMUKA CBIABPKAIIA LiAlSiO4
M. U. Kocesa'*, I1. I1. Lgetkos', A. C. Hopnanosa', M. O. Mapnuues?, O. C. lumutpos®, B. C. Hukomnos'

YUncmumym no obwa u neopeanuyna xumus, Bvneapcka akademus na naykume, 1113 Cogus, Bvreapus
2Huorcnu Hoezopodcku ynusepcumem ,, H.H. Jlo6auescku”, Huscnu noszopoo 603950, Pycus
SUncmumym no enexmpoxumus u enepeutiny cucmemu, bvneapeka axademus na naykume, 1113 Cogpus, Bvacapus

Ioctenmna Ha 5 deBpyapu 2016 r.; kopurupana Ha 2 nexemspu 2016 T.

(Pesrome)

CuHTe3WpaHd ca YHUCTH W JOTHPaHW C XPOM XOMOT€HHHM CThKia OT cumcrteMara LixO-Al,03-Si0z-LiBO,=
8.26:28.09:33.05:30.6 wt% cnexn 24 wacoso Harpsieane npu 1130°C. IIpo3paynu CTEKIIOKEpaMUKH Cca MOIYICHH CIE]

TEPMUYHO TPETHUpPAHE Ha CTHKJIATa NP Pa3lMyHH TEMIIEpaTypd M C pa3jinyHa NpOABIDKHTENHOCT. OmnpenenceHu ca
KpHUCcTalnu3upanmmre (a3d, CTENeHTa Ha KpHCTaTW3anus M pa3MepbT Ha dYacTUOWTE. [IpencraBeHM ca CIIEKTpU Ha
abcopOIyst 1 eMUCHS 33 CTHKIOKepaMUYHU 00pa3uy ¢ kpuctanusupami gazu LiAlSiO4 u LiBO, TepmudHO TpeTHpanu
npu 500°C 3a 6h. CrieKTpuTe MOKa3BaT €HOBPEMEHHOTO NMPUCHCTBHE Ha Houu Cr3t u Cré™,
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The purpose of this study is to investigate the biocompatibility, viability and cytotoxicity of ternary aluminium
alloys Al-Si-Zr and anodized aluminium EN AW 1050A. There is a wide variety of metals used in different medical
devices. For this reason, methods of improving their technical properties and enhancing their biocompatibility are
increasingly looked for. Ternary alloys with different contents of the constituents were examined under conditions of
co-cultivation with immortalized PDL and serum-freeMcCoy Plovdiv cell cultures. Zirconium was used in the process
of casting of the alloys due to its good biological qualities and corrosion resistance. In comparison, the properties of
anodized technical aluminium with different oxide film thickness were examined. The process of anodization was
carried out in 15% H>SOy4 for defined periods of time. The results showed that 10 and 20 um thick oxide films provide
better development of the cells compared to the ternary system. Metal surfaces with 10 pm thick oxide film showed the
best properties in terms of cells vitality, proliferation and growth.

Keywords: Al-Si-Zr, biocompatibility, cell cultures, anodized aluminium.

INTRODUCTION

Metallic biomaterials are often used to reinforce
or replace components of the skeleton, e.g. artificial
joints, bone plates, screws, intramedullary nails,
spinal fixation, external fixators, valves, stents,
dental implants, etc. They should have high tensile
strength and fatigue, greater resistance to fracture
compared to ceramic materials, etc. The choice of
materials for medical implants is also based on
properties such as  corrosion  resistance,
biocompatibility, bioadhesion, biofunctionality,
genotoxicity, carcinogenicity, cytotoxicity, etc. [1,
2].

There is an enormous variety of materials and
alloys used for the manufacture of implants. Some
examples are Ti-6Al-4V; Ti-6Al-7Nb; Ti-15Mo;
Ti-3Al-2,5V; NiTi; Co-Ni-Cr-Mo-Fe; Ni-Cr; Co-
Cr; L-605; zirconium, Al,O; and others. Their
production technologies are based on methods of
materials science, metallurgy, chemistry and
electrochemistry.

Aluminium has good mechanical properties such
as lightness, workability, high heat conductivity
and electrical conductivity, high corrosion
ressistance, etc. However, its low strength
necessitates the development of alloys through
alloying with other elements. In some cases, the
alloying element is zirconium due to its high

* To whom all correspondence should be sent:
E-mail: denica kiradjiiska@gmail.com

strengthening effect on the aluminium matrix and
its good biological properties [3]. It also facilitates
the growth of the inert Al,O; onto the aluminium
padding, which defines the corrosion resistance of
the native metal. For this reason, the mechanical
indicators and the operation of Al-Si-Zr alloys in
biological environment were examined.

The use of conventional aluminium as a
construction material in medical devices is
continuously expanding. There are various methods
of treatment to improve its corrosion resistance and
biocompatibility. Besides making changes in the
chemical composition there are also various surface
modification techniques including ion implantation,
or deposition of ceramic layers (TiN, DLC, Al,Os,
Zr0»), plasma spraying, chemical vapor deposition,
physical vapor deposition, etc. Surface modification
is the major current area of research in biomaterials
[4].

A well-known technique is the obtaining of a
protective oxide film on the surface of the metal
matrix. Surface oxide film formed on metallic
materials plays an important role as an inhibitor of
the release of metallic ions, to improve corrosion
resistance and tissue compatibility [5]. ALOs is an
inert material with a well-known application mostly
in dentistry. The protective effect of AlO; helps
with corrosia and at the same time is capable of
reducing the friction on articular surfaces [6].
Aluminium oxide obtained through the process of
anodization has the qualities needed for it to be
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more and more widely used in the production of
biomaterials. Its porous structure allows it to be
filled with a bioactive material, which enhances the
compatibility and the antibacterial action of the
metal pad [7, 8]

The purpose of this study was to investigate the
biocompatibility, viability and cytotoxicity of metal
samples of ternary Al-Si-Zr alloys with different
amounts of zirconium additions and aluminium
(EN AW 1050A) which have been subjected to
electrochemical anodization and on which Al,O;
layers of various thickness were formed.

EXPERIMENTAL CONDITIONS

The electrochemical experiment was performed
in accordance with [9]. It is well known that porous
films on the aluminium surface with high pore
concentration can be produced by anodic oxidation
in electrolytes which dissolve Al,O; (phosphoric
acid, oxalic acid, sulfuric acid, etc.). Samples of
technical aluminium (EN AW 1050A) with a
surface area of 0.02 dm?> were anodized
galvanostatically (15 mA.dm?) at constant
temeperature (20°C) in 15% (w/w) H2SO4. The time
of AlbO; formation was calculated depending on
the desired film thickness [9]. It is also found that
the oxides obtained under these conditions exhibit
different thickness and the same porosity a = 0.15
[10].

Ternary Al-Si—Zr ribbons were prepared from
the respective master alloys by flat—flow casting
and rapid solidification, as previously described
[11, 12]. Samples with a surface area of 0.02 dm?
were cut and subjected to several biotests.

Cell cultures

PDL cell line of immortalized precursor cells from
periodontal ligament.

Cells were cultured in the DMEM/Ham’s F-12
1:1 medium with 10 % FCS, 100 1. U. penicillin
and 100 pg/ml streptomycin. The procedures for
cell culturing and storing were performed according
to [13].

Serum-free cell line McCoy-Plovdiv.

Cells were cultured in the DMEM/Ham’s F-12
1:1 medium with 15 mM HEPES, 100 1. U.
penicillin and 100 pg/ml streptomycin. The

procedures for cell culturing and storing were
performed according to [14].
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Experimental design
Biocompatibility testing

Metal lamellas were placed in 8-well slides with
coverslip for cell with a lid for cell cultures. Cells
with different innitial seeding density were added
and incubated for 96 and 198 h . The state of the
cell monolayer and cell morphology cultures was
inspected every 24 h using an inverted light
microscope (Nikon Eclipse TS100). Assessment of
changes in the cell layer was made at the border
delineated by the edge of lamella and the slide.
Direct visualization of cultured cells was not
possible because of the opaque nature of metallic
lamellas. Microscopic images were captured using
a Nikon camera and a photo documentation system.
At the end of the incubation period, the cultures
were examined for vitality with the reactant WST-
1. The state of the cultured cells onto the metal
surfaces was also visualised by a LIVE/DEAD test.

Cytotoxicity testing

In this test McCoy Plovdiv cells were treated
with the DMEM/Ham’s F-12 1:1 medium pre-
incubated with the Al-Si-Zr ribbons for 24, 48, 72
and 96 h . After 24-h of treatment the cytotoxic
effect was determined microscopically and by a
vitality test using the reagent WST-1. The results
were statistically analyzed.

Viability testing

In our measurements we used the reagent WST-
1 (Roche Diagnostics, Mannheim, Germany),
which was reduced from cellular enzymes
(mitochondrial dehydrogenases) to a water-soluble
product. Accumulation of formazan product formed
correlates directly with the count of metabolically
active cells in the culture. The cells were incubated
for 4 h with the reagent WST-1 at 37°C, after
which the absorbance of the resulting colored
product was measured at 450 nm wavelength using
the ELISA reader Sunrise (Tecan, Maennedorf,
Switzerland).

Immunofluorescense

The samples were washed twice with PBS
tempered at 37°C. Cells were fixed with 4%
paraformaldehyde/PBS  for 10 min and
permeabilized with ice-cold acetone for 5 min.
Incubation in 3% FCS/PBS for 30 min was
performed to block non-specific binding. FITC-
conjugated phalloidin (1:40 in PBS) (Invitrogen)
was used to stain actin and Hoechst 33342 (3
ug/ml) (Sigma) was used for nuclear staining.
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The microscopic examination was conducted by
the use of epifluorescence microscope Nikon
Eclipse TS100.

EXPERIMENTAL RESULTS AND
DISCUSSION

The metal plates subjected to bio testing had
dimensions of 1 x 1 x 0.5 mm. They were
numbered from 1 to 6, and had the following
characteristics of surface treatment:

Table 1. Characteristics of surface treatment

rslzrrzgii Type of treatment

1 untreated aluminum

) anodized aluminum, oxide film
thickness d = 10 uym

3 anodized aluminum, oxide film
thickness d =20 uym

4 anodized aluminum, oxide film
thickness d = 30 pm

5 Al-Si-Zr ribbon (Wzr = 0.27 %)

6 Al-Si-Zr ribbon (Wzr = 1.09 %)

Ternary alloy Al-Si-Zr

With a view to studying the application of the
new ternary alloys in biological environment, a
series of experiments with serum-free McCoy
Plovdiv and PDL cell lines of immortalized cells,
precursors of periodontal ligament were conducted.
24 h after the start of incubation of McCoy-Plovdiv
cells with metal lamellas, in the samples, dead cells,
rounded and clustered cells, without well-formed
monolayer, were seen near the edges of lamellas.
By increasing the time the amount of dead cells was
much greater (Fig. 1)

Sample 5 Sample 6

Fig. 1. McCoy-Plovdiv cells cultured with samples 5
and 6 for 96 h

In the cytotoxicity testing in sample 5, reduction
in cell count by more than 50% under the influence
of the medium in which the lamella stayed for only
24 h was recorded. In sample 6, reduction in cell
count by about 30% was recorded.

By increasing the time for which the lamellas
stayed in the medium, a trend for increase in the
toxicity of these media was established. This was
convincingly confirmed by the very low levels of
surviving cells in sample 5 (6.5%) and 6 (13.7%),
which coincides with our visual microscopic
observations. Consequently, four times higher
zirconium content in the aluminium alloy increases
twice the percentage of surviving cells.

Impairment of cell monolayer, rounded and dead
cells near the edge of the lamella were found in
samples 5 and 6. The state of the cell layer was
assessed at the border delineated by the edge of
lamella and the slide using an optical microscope. It
was not possible to observe the cells directly in the
individual stages of the experiment because of the
dense nature of the metal lamellas.

For assessment of the biocompatibility with
PDL cells of the different lamellas, at the end of the
incubation period they were fixed and stained with
fluorescent dyes that allow visualizing the cells
adhered to metallic surface. Data from these
observations are presented in Fig. 2.

No viable cells connected to the surface could
be seen on sample 5. There were fragments of cells
and cell nuclei debris. In sample 6, there were few
connected cells which were not well spread as a
layer or were clustered. The two samples, 5 and 6,
had a markedly negative effect on cell growth in in
vitro conditions. Cell adhesion, spreading of cells,
cell proliferation and formation of a monolayer on
these lamellas was impeded. Besides the influence
of the direct contact with the metal surfaces, an
indirect cytotoxic activity of molecules or
compounds released/produced in the medium was
observed. This toxic activity increases with the time
in which metal plates 5 and 6 were incubated in a
medium without cells.

Aluminium EN AW 1050A

To examine the effect of different surface
modifications on cell growth and biocompatibility,
PDL cells were placed with a low initial seeding
density. This made it possible to assess the
development of the culture and the increase in the
number of cells, cell proliferation, adaptation of
cells and their colonization on the respective
substrate.

Two initial seeding density levels were chosen,
for which previous information shows that they
reach subconfluent and confluent state, when they
are grown onto a glass (the bottom of the axilla) for
4 and 7 days respectively. This could be seen
clearly on Fig. 3 (A-1; A-2) and Fig. 4.
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Fig. 5 presents the results obtained for the
number of PDL cells cultured for 96 and 168 h
together with samples 1, 2, 3 and 4. It can be seen
that for sample 2 (oxide film thickness of 10 pum)
and sample 3 (oxide film thickness of 20 um) the
values are higher (sample 2 - 68.3% at 96 h and
72.6% at 168 h; sample 3 - 52.6% at 96 h and
59.4% at 168 h) compared to those for sample 1 -
untreated aluminium (42.8% - 96 h, 45.9% - 168 h).

The absence of toxic effect was evaluated by
microscopic observation of native cultures (Fig. 3).

Outside the metal lamellas, the formation of the
cell layer consisting of cells with normal
morphology and splitting cells can easily be seen.
Fluorescent-microscopic  images showing the
development of cells on the surface of the different
samples are shown on Fig. 6.

The best cell development (more living cells
adhered to the surface) is seen with samples 2 and
3, and it is weaker (with less living cells on the
surface) with sample 4 (thickness of the oxide film
30 um).

Sample 5

Fig. 2. PDL cells cultured with samples 5 and 6 for
96 h.

Fig. 3. Human PDL cells, co-cultivated with sample 1(B), sample 2(C), sample 3(D), sample 4(E) for 24h. Control

(A) - cells, cultivated on glass (A-1, magnification x10; A-2, magnification x20).

Magnification x20.

Inverted light microscope.

Fig. 4. Human PDL cells, cultivated on glass for 24h. Visualisation with a reactant LIVE/DEAD and Hoechst

33342. Fluorescence microscope. Magnification x10.
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Sample 2

Sample 3

Sample 4

Fig 6. Human PDL cells, cultivated with sample 2, 3, 4 for 24h. Visualisation with reactant LIVE/DEAD and

Hoechst 33342. Fluorescence microscope. Magnification x10.
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Fig. 5. Viability of PDL cells co-cultured with
samples 1, 2, 3 and 4 for 96 h (black bars) and 168 h
(grey bars).

CONCLUSIONS

From the experiments and analysis of the
obtained results we can make several conclusions.

Al-Si-Zr ribbons - samples 5 (Wz = 0.27 %) and
6 (Wzr = 1.09 %) impede cell adhesion and cell
growth of McCoy-Plovdiv and PDL cell lines. They
have a negative impact on the development of
McCoy-Plovdiv and PDL cells in conditions of co-
culture, initiating changes in cell morphology and
cell monolayer and causing cell death. Samples 5
and 6 generate cytotoxic activity in the culture
medium, causing cell death of McCoy-Plovdiv
cells. The higher content of zirconium in the ternary

alloy increases the percentage of surviving cells and
improves the biocompatibility of the material.

The experiments with human PDL cells for
assessment of the viability and biocompatibility of
the investigated samples confirm that the anodic
Al,Os films provide better conditions for
development of PDL cells compared to untreated
aluminium and ternary Al-Si-Zr alloys. Metal
surfaces with 10 um thick oxide film (sample 2)
show the best properties in terms of cells vitality,
proliferation and growth compared to sample 3 (20
pm thick oxide film) and sample 4 (30 pm thick
oxide film).
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IMoctemmna Ha 16 despyapu, 2016 r., kopurupana Ha 14 cenremspy, 2016 T.

(Pesrome)

LenTa Ha HacTosimaTa padoTa € Ja ce u3ciIeaBaT ONOCHBMECTUMOCT, BUTATHOCT M IUTOTOKCHYHOCT HA TPOHHH
amymuaneBH ciuiaBu Al-Si-Zr u anoaupan texundeckn amymuauii EN AW 1050A. CeinectByBa roisiMo pasHooOpasne
OT METaJM, W3MOJI3BAHU B PA3NMYHM MEAWIMHCKH yCTpoicTBa. Ilopaan ToBa BCe MO-4ECTO C€ THPCAT METOIU 32
ONTHMHU3UPAaHE Ha TEXHUTE MEXAHWYHHU CBOWCTBA, a CBINO M 3a INOBHUIIABaHE HA OMOCHBMECTHMOCTTa WM. TpoiHHM
CINIaBH C PAa3IMYHO CBABPKAHUE HA JIETHPAIl EIEMEHT IUPKOHUHM ca H3CIECJBAaHM B YCJIOBHS HAa CBBMECTHO
kyntuBupade ¢ xietTbyHu guHUM PDL m McCoy-Plovdiv. IlupkoHusiT € BiaraH B mpoleca Ha JeeHe Ha CIUIaBHTE
nopajau 100puTe My OHOJIOTHYHM KauyecTBa M KOPO3MOHHA YCTOMYMBOCT. 3a CpaBHEHHUE ca pasrJie/laHH CBOMCTBAaTa Ha
00pasiy OT MOJIydeH IO ENEKTPOXHUMHUYEH ITBT OKCHJCH (GuiIM ¢ pasziudHa ae0eirHa BbpPXY TEXHHUYECKH alyMUHHMH.
AHonupaHeTo e npoBeAeHo B pa3TBop Ha 15% H>SO4 3a onpenenenu unrepsanu ot Bpeme. PesynraTure nokassar, ue
okcuaHu ¢uimu ¢ nebesmua 10 n 20 um ocurypsBar 1mo-100po KIeTbYHO pa3BUTHE B CPaBHEHHE C TPOWHATa CHCTEMa
Al-Si-Zr. Oxcunmen ¢wmnm c¢ gebemmHa 10 pm meMOHCTpHpa Hai-IOOpM KadecTBa MO OTHOIIEHHE Ha KIEThYHA

BUTAJIHOCT, nponmbepaum{ " pacTeiK.
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The aim of the current study is the evaluation of the separation of steroids from accompanying substances in drug
products as follows: estradiol hemihydrate from didrogesterone (in Femoston tabl.) and estradiol valerate from
levonorgestrel (in Climonorm tabl.) and ciproterone acetate (in Climen tabl.). Reversed phase (RP) HPLC with UV-
detection and gas chromatography were applied. For the RP HPLC method with UV-detection the following conditions
were used: a) column: Nova Pack C;s; isocratic elution with mobile phase: acetonitrile : methanol : water =40 : 5 : 55
v/v/v; flow rate: 1 ml/min; UV-detection at A = 204 nm; b) column Nova Pack Cis; gradient elution with: 0-10 min:
acetonitrile : methanol : water = 35 : 5 : 60 v/v/v; 10-20 min; acetonitrile : methanol : water = 70 : 5 : 25 v/v/v, flow
rate: 1 ml/min, UV-detection at A = 230 nm.

Although RP-HPLC separation at isocratic conditions allows determination of estradiol hemihydrate with high
reproducibility with the highest sensitivity at A = 204 nm, the analysis in medicinal products requires additional time for
elution of components more non-polar than estradiol hemihydrate, which are present in the sample: in Femoston tabl.:
tr = 13.42 min for didrogesterone; tr = 4.85 min for estradiol hemihydrate. The experimental results showed that RP
HPLC separation with gradient elution is characterized by higher selectivity. It is found that the detection wavelength
A =230 nm is optimal for the achievement of high sensitivity and it is universal for the identification of other active
principles and for obtaning of a stable base line with gradient elution.

For the GC method: a column HP-35 (30 m x 0.25 mm % 0.25 pum), temperature program from 100 °C to 330 °C and
mass detection were used. Degradation of analytes at high temperature, their different degree of ionization and the
different sensitivity of their detection lead to uncertainty in the GC/MS analysis, therefore, HPLC is the more suitable
method for analysis of steroid components.

Keywords: Estradiol, RP HPLC, UV-detection, GC, combined forms.

INTRODUCTION macrophage colony stimulating factor, which
mediate osteoclastogenesis [9]. Hormone therapy
reduces the estrogen deficiency [10], decreases the
risk of osteoporotic fractures, suppresses
biochemical markers of bone resorption, improves
bone mineral density [11] and reduces bone loss
[12]. Estrone stimulates the development of osteoblasts in
women and testosterone is the hormone responsible for
bone health in men [13]. Hormone therapy includes:
estradiol (Climara); danazol (Danocrine); medroxy-
progesterone  acetate  (Provera); nandrolone
(Retabolil); noresthisterone acetate (Primolut);
oxandrolone (Anavar); testosterone; tibolone
(Livial); stanozolol (Winstrol). Combination of
estrogens and bisphophonates alendronate [14],
risedronate [15] and zoledronate [16], has additive
effects on the reduction of bone resorption markers.
In postmenopausal women the combination
estrogen/alendronate  increases bone mineral

Osteoporosis is a skeletal disease which is more
common in women than men: 50 % of women [1]
and 25 % of men aged over 50 have fractures [2].
Osteoporosis in postmenopausal women is caused by
the reduced estrogen levels [3, 4] leading to an
imbalance between the activity of osteoblasts and
osteoclasts [5]. The imbalance between bone
resorption and formation is due to the extension of
the life cycle of osteoclasts and shortening the cycle
of osteoblasts [6]. In postmenopause, bone
resorption rate sharply increases. Estrogens bind to
estrogen receptors in the cells. Estrogens inhibit the
degradation of bone tissue and suppress bone
resorption by regulating the expression of RANK-
receptor activator of nuclear factor kB (NFkB) and
osteoprotegrin in osteoblasts [7].

Hormones reduce the production of interleukin
1, interleukin 6, tumor necrosis factor o [8] and

density [17].
In combined drug products for the treatment of
* To whom all correspondence should be sent: menopausal symptoms in postmenopause are
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applied: 1)  estradiol  hemihydrate = with
didrogesterone 10 mg (Femoston tabl.) and
norethisterone acetate 1 mg (Trisequense tabl.);
2) estradiol valerate with: ciproterone acetate 1 mg
(Climen tabl.) [18]; dienogest 2 mg (Climodien
tabl.) [19] and Levonorgestrel 0.15 mg (Climonorm
tabl.) [20].

For the determination of 17f-estradiol and
estradiol valerate in combination with other
components in the tablets the following methods
have been developed: I) RP HPLC with UV-
detection: 1) 17B-estradiol/estriol/estrone: column
Cis micro Bondapak (250 mm x 4.6 mm X 10 pum)
in isocratic mode, mobile phase: acetonitrile : water
= 50 : 50 v/v, flow rate: 1 ml/min, column
temperature: 30 °C, A = 205 nm [21]; 2) 17B-
estradiol/drospirenone: column Waters Symmetry
Cis 250mm x 4.6 mm x 5pum), mobile phase:
acetonitrile : water = 70 : 30 v/v, A = 279 nm [22];
3) estradiol valerate/dienogest: column ACE Cg
250mm x 4.6mm X 5um), mobile phase:
ammonium nitrate : acetonitrile = 30 : 70 v/v, flow
rate: 2 ml/min, A = 280 nm, internal standard
cyproterone acetate [23]; II) gas chromatography
with mass detection (GC/MS): 17B-estradiol [24]
and estradiol valerate/medroxyprogesterone acetate
[25].

The advantage of these methods is good
selectivity, obtained by using columns with length
250 mm and diameter size of particles 5-10 pm.

The aim of the current study is the estimation of
the influence of lower column length (150 mm) and
lower diameter size of particles (3.5-4 um) on the
isocratic and gradient RP-HPLC separation of
steroids from accompanying substances in drug
products.

MATERIALS AND METHODS
Materials

1) Reference substances:

Estradiol hemihydrate N: D00 166 536, purity >
99 %

Estradiol valerate, purity > 99 %

Didrogesterone, purity > 99 %

Levonorgestrel, purity > 99 %

Ciproterone acetate, purity > 99 %

2) Solvents with pharmacopoeial purity:
acetonitrile for HPLC (Sigma Aldrich, N: SZBD
150 SV UN 1648); methanol (Sigma Aldrich,
N: SZBD 063 AV UN 1230); ultra pure water.

3) drug products: Femoston tabl. (estradiol
hemihydrate 2 mg/didrogesterone 10 mg)
(N: 341141 Abbott, Netherland); Climonorm tabl.
estradiol valerate 2 mg/levonorgestrel 0.15 mg
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(N: WEKSBH Bayer (Germany); Climen tabl.:
estradiol valerate 2 mg/ciproterone acetate 1 mg
(N: 344418, Bayer (Germany).

Methods

L. Instrumentation.

1) HPLC 200 chromatograph (Perkin Elmer,
USA) with: spectrophotometric detector LC-785A
(Bioanalytical systems, USA); autosampler 200
series; thermostat (Perkin Elmer, Waltham, MA,
USA); columns: Nova Pack Cis (150 mm x 4.6 mm
x 4 um) (Waters USA,WAT 044375); Li Chrospher
Cis (125 mm x 4 mm x 4 um) (Phenomenex, USA,
00E-3043-D0); Zorbax Eclipse XDB Cs (150 mm %
4.6 mm x 3.5 pm) (Agilent, USA, 993967-906).

2) Gas chromatograph "Trace" with mass
spectral detector TSQ ("Thermo Fisher Scientific",
Waltham, MA, USA); "split/splitless" injector;
capillary column HP-35 (30 m % 0.25 mm x 0.25
pm) ("Agilent", Santa Clara, CA, USA).

3) Ultrasonic bath (Branson Wilmington, NC,
USA).

4) Apparatus for ultra pure water "Milli-Q",
"Millipore" (Bedford, MA, USA) and "Elga"
(VWR International, Randor, PA, USA).

II. Chromatographic conditions.

1) RP HPLC - columns: Nova Pack Cis, Li
Chrospher Cig, Zorbax Eclipse XDB Cs, isocratic
elution with mobile phase: acetonitrile : methanol :
water = 40 : 5 : 55 v/v/v, flow rate: 1 ml/min, UV-
detection at an analytical wavelength A =204 nm.

2) RP HPLC - columns: Nova Pack C;s, Li
Chrospher Cs, Zorbax Eclipse XDB Cs, gradient
elution with: 0-10 min: acetonitrile : methanol :
water = 35 : 5 : 60 v/v/v; 10-20 min: acetonitrile :
methanol : water = 70 : 5 : 25 v/v/v, flow rate: 1
ml/min, UV-detection at A = 230 nm.

3) GC: column HP-35 (30 m x 0.25 mm X 0.25
um), split/splitless injection at 260 °C, temperature
program from 100 °C to 330 °C and mass detection
by electron impact ionisation mode and monitoring
of positive ions.

III. Preparation of stock standard solution of
estradiol hemihydrate and estradiol valerate.

Accurately weighed quantities (0.05 g) of the
reference substances estradiol hemihydrate and
estradiol valerate were separately dissolved in 15
ml acetonitrile under sonication in ultrasonic bath.
After dilution with acetonitrile in a volumetric flask
of 50.0 ml solutions with a concentration of steroids
1.0 mg/ml were obtained.

IV. Preparation of standard solution of estradiol
hemihydrate for RP HPLC.

Standard solution was prepared by dilution of
200 pl of the stock standard solution of estradiol
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hemihydrate (1.0 mg/ml) in a volumetric flask of
10.0 ml with acetonitrile. The resulting solution
was with concentration of estradiol hemihydrate
2.10° g/ml (20 pg/ml). The solution was filtered
through a membrane filter 0.45 pm and analyzed by
the described RP HPLC method.

V. Preparation of standard solution of estradiol
hemihydrate for GC/MS.

The standard solution was prepared by dilution
of 1 ml of the stock standard solution of estradiol
hemihydrate (1.0 mg/ml) in a volumetric flask of
10.0 ml with acetonitrile. The resulting solution
was with concentration of estradiol hemihydrate:
1.10* g/ml (100 pug/ml). The solution was filtered
through a membrane filter 0.45 pm and analyzed by
the described RP HPLC method.

V1. Preparation of solutions from tablets.

From the stirred tablet mass an amount
equivalent to 2 mg estradiol hemihydrate was
weighed, 10 ml of acetonitrile were added and
samples were sonicated for 5 min in an ultrasonic
bath with periodical stirring. The resulting
suspension was diluted in a volumetric flask of
100.0 ml with acetonitrile, sonicated for 10 min in
an ultrasonic bath, and placed for 30 min in the
dark place for precipitation. An aliquot part was
filtered through a membrane filter 0.45 pm and
analyzed by the described RP HPLC method.

RESULTS AND DISCUSSION

I, Analysis of estradiol hemihydrate and
estradiol valerate by RP-HPLC with UV-detection.

HPLC with UV-detection was carried out in
order to find out the more suitable stationary phase
for separation of estradiol hemihydrate and
estradiol valerate from potential related ingredients
in: Femoston tabl. (esteradiol hemihydrate/didro-
gesterone), Climonorm tabl. (estradiol
valerate/levonorgestrel) and Climen tabl. (estradiol
valerate/ciproterone acetate).

Columms Nova Pack Cig (150 mm x 4.6 mm X
4 um), Li Chrospher Cis (125 mm X 4 mm X 4 pm)
and Zorbax HDB Cg (150 mm x 4.6 mm X% 3.6 pum)
were investigated. The evaluation of the various
columns operating in reversed mode shows that
Nova Pack Cis (150 mm X 4.6 mm x 4 um)
displays the highest parameters (efficiency and
selectivity) for estradiol hemihydrate and estradiol
valerate and accompanying substances in Femoston
tabl., Climonorm tabl. and Climen tabl. In isocratic
RP-HPLC with columm Nova Pack Cis in
Femoston tabl. for didrogesterone tr = 13.42 min
was obtained in comparison with didrogesterone
tr = 8.5 min obtained with Li Chrospher Cis.

On Fig. 1. are illustrated: chromatogram of
standard solution of estradiol hemihydrate and
chromatogram of 10 pl of solution of Femoston
tabl. in 100 ml of acetonitrile.

The chromatograms are obtained under
conditions of the isocratic mode, column Nova
Pack C;s, mobile phase: acetonitrile : methanol :
water = 40 : 5 : 55 v/v/v, flow rate: 1 ml/min and
UV-detection at A = 204 nm.

Esiradiol
hemihydrate

- Estradiol
= hemihydrate

Didrogesterone

Fig. 1. Chromatograms of 20 pul of 20 pg/ml standard
solution of estradiol hemihydrate and of Femoston tabl:
isocratic RP-HPLC, flow rate: 1 ml/min, A = 204 nm.

Identification of estradiol hemihydrate in
Femoston tabl. is proven by the equal data for the
chromatographic parameter retention time (tr =
4.86 min) in the tablets and in the standard of
estradiol hemihydrate. The equal results for tg =
13.42 min in the tabl. and in the standard confirm
the identification of didrogesterone in Femoston
tabl.

RP HPLC separation in isocratic conditions
allows determination of estradiol hemihydrate with
high reproducibility. Sensitivity is highest at A =
204 nm. Inspite of this benefit, the disadvantage is
that the determination under isocratic conditions in
medicinal products requires additional time for
elution of components more non-polar than
estradiol hemihydrate present in the sample: in
Femoston tabl.: tr = 13.42 min for didrogesterone;
tr = 4.85 min for estradiol hemihydrate.

In order to optimize the conditions for RP HPLC
analysis of estradiol hemihydrate in the presence of
related components the RP HPLC with gradient
elution was applied for analysis in tablets in the

379



D. Tsvetkova et al.: Evaluation of the separation of steroids in combined forms by RP HPLC with UV-detection and ...

column: Nova Pack Cis. After isocratic elution the
time for cleaning of the column take more time
(1.5 h) than after gradient elution (1 h), which is the
reason for using the gradient mode of analysis.

Chromatograms are illustrated on Fig. 2.
(Femoston tabl.), Fig. 3. (Climonorm tabl.) and Fig.
4. (Climen tabl.).

The equal data for tr = 4.86 min in the tabl. and
in the standard of estradiol hemihydrate prove the
identification of estradiol hemihydrate in Femoston
tabl. Identification of didrogesterone in Femoston
tabl. is confirmed by the equal results for tr = 8.5
min in the tablets and in the standard of
didrogesterone.

Identification of estradiol valerate in Climonorm
tabl. and Climen tabl. is proven by the equal values
of tg = 11.46 min in tabl. and in standard of
estradiol valerate. The equal results for tr = 8 min
in Climonorm tabl. and in the respective standard
confirm the identification of levonorgestrel in tabl.
In Climen tabl. ciproterone acetate is identified by
the equal data for tr = 8.29 min in the tablets and in
the standard of ciproterone acetate.

In gradient RP-HPLC analysis of estradiol
hemihydrate in the presence of related components,

the gradient elution with detection at A = 230 nm is
optimal for the achievement of high sensitivity and
is universal for the identification of other active
principles and for obtaining of stable base line.
From Figs. 2, 3 and 4 it is obvious that in RP
gradient elution the active principles of the
examined products were separated for 10 min, but
the presence of other non-polar ingredients requires
additional 10 min for elution and this leads to
increasing of the time of analysis to about 20 min.
The methods can be used for the routine analysis of
estradiol hemihydrate and estradiol valerate in
combined pharmaceutical products.

II. Identification of estradiol hemihydrate and
estradiol valerate by gas chromatography with mass
spectral detection.

On Fig. 5. a chromatogram of the standard
solution  of  estradiol  hemihydrate = with
concentration of 100 ug/ml and the mass spectrum
of the peak with a retention time of tg = 6.2 min,
obtained by electron impact ionisation mode and
monitoring of positive ions are illustrated.

= =
1 1

Didroge-
sterone

Estradiol
hemihydrate

LN L L R L L L LR RN R L LR LR LR
< 4 L a 2 14 14 18

T [rren)

Fig. 2. Chromatogram of Femoston tabl. obtained by gradient RP-HPLC with UV-detection at A = 230 nm.

Levonor-
gesirel

LR L LR L A LR LLRLS AL LR LS LR LR LR LA AL L R I
- 4 " o o W0 ] 14 16 18

= =R o

Estradiol |
valerate

Fig. 3. Chromatogram of Climonorm tabl. obtained by gradient RP-HPLC with UV-detection at A =230 nm.
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Fig. 4. Chromatogram of Climen tabl. obtained by gradient RP-HPLC with UV-detection at A = 230 nm.
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Fig. 6. Total ion chromatogram of a mixed acetonitrile solution of Femoston tabl., Climonorm tabl. and Climen tabl.
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A mixed solution of Femoston tabl., Climonorm
tabl. and Climen tabl. was filtered and analysed by
gas chromatography. Fig. 6. shows: a)
chromatogram of a mixed solution of Femoston
tabl., Climonorm tabl. and Climen tabl. in
acetonitrile and mass spectra of: b) estradiol
valerate: tr = 7.86 min; ¢) levonorgestrel: tg = 6.58
min; d) didrogesterone: with tr = 7.45 min.

From Fig. 6. it is obvious that the use of gas
chromatography allows to analyze Femoston tabl.,
Climonorm tabl. and Climen tabl. and to identify
their active principles. Mass spectral identification
using specific mass spectral libraries is particularly
convenient in the qualitative analysis. Steroids are
very sensitive to contamination of the liner in the
injector when introducing the sample at high
temperature, which leads to degradation of the
analytes. The electronic ionization with positive ion
monitoring is the most popular variant of mass
spectral detection in gas chromatography, but leads
to a very different degree of ionization of the
various analytes, and thus achieves a different
sensitivity for detection thereof. For this reason, as
shown in Fig. 7., although the concentrations of
estradiol hemihydrate and didrogesterone are equal,
the magnitude of their signals is clearly different
and cyproterone acetate in Climen tabl. is not
registered on the chromatogram. For quantitative
analysis of the active ingredients in the tablets
GC/MS requires the use of clean liners and a
suitable internal standard.

CONCLUSION

Insipite of the fact, that RP HPLC separation
with isocratic elution and UV-detection is
characterized with the highest sensitivity at A = 204
nm, the disadvantage for analysis of estradiol
hemihydrate in medicinal products is that it requires
additional time for elution of the more non-polar
components. On the other hand, the degradation of
analytes at a high temperature, their different
degree of ionization and the different sensitivity of
the detection lead to uncertainty of the GC/MS
analysis. Due to this two reasons and because of
higher selectivity, the RP HPLC method with
gradient elution and UV-detection at A = 230 nm is
the most appropriate option for analysis of steroid
components such as estradiol hemihydrate and
estradiol valerate in dosage combined preparations.
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OLIEHKA HA PA3JIEJIIHETO HA CTEPOUY B KOMBMHUPAHU ®OPMU YPE3 RP HPLC
C UV-AETEKIIA N TTABOBA XPOMATOI'PA®UA

J1. Lipetkosa'*, JI. O6pemkosa'?, C. UBanosa'?, b. Xamkuena®

'Kameopa ~Dapmayesmuuna xumus”’ ,Meouyuncku ynusepcumem-Cogpus, Dapmayesmuuen paxyimem,
P P ya. [ynas N :”2, Coqbyu;zz 00, BBJITAPHA Py Py

2Kameopa ~Dapmaroznosus u gpapmayesmuyna xumus’ Meouyuncku yuusepcumem-Ilnoeous, @axyimem no
gapmayus, yr. Bacun Anpunos N: 154, I1noeous 4002, BBJIT'APUA

SMeouyuncku ynusepcumem-Ilnosous, Meouyuncku konexc, yi. Bacun Anpunos N: 154, ITnosous 4002, EBJITAPUA
[octpnuna Ha 7 ronu, 2016 r., . kopurupana Ha 4 asryct 2016 r.
(Pesrome)

IenTa Ha HACTOSIIOTO M3CIE/BAHE € OLEHKATa Ha Pa3JesiHeTO Ha CTEPOMIHU OT NPHIApPY’KaBalll BELECTBa B
JekapcTBeHH npoaykT: Ectpaamon xemuxuapar ot [Auaporectepon BbB Femoston Tabn. m Ectpaguon Banmepar ot
JleBonoprectpen (B Climonorm Tabn.) u Iunporepon anerar (B Climen Ta6mn.). IIpunoxenn ca HPLC meron c
o0bppHaTH Pm3u u YB-gereknus u razoBa xpomartorpadus. HPLC ¢ YB-gereknus e npoBeeH Ipu CICIHATE yCIOBHUS:
a) xomoHa: Nova Pack Cis, m30kpaTH4HO elympaHe ¢ MOIBMKHA (a3a: alleTOHUTPHI : MeTaHoN : Boma = 40 : 5 : 55
00/06/00, ckopocT Ha moToka: | mi/muH, ¥YB-gerexius npy aHaTUTHYHA ThIDKAHA HA BhIHATa A = 204 nm; 0) KoJloHA
Nova Pack Cis, rpaguentHo emyupane: 0-10 MUH: aneTOHATPWI : MeTaHON : Boga = 35 : 5: 60 06/06/06; 10-20 muH:
alleTOHUTPUII : MeTaHo : Boga = 70 : 5 : 25 06/06/00, ckopocT Ha motoka: 1 mi/MuH, ¥YB-netexuus npu A = 230 mn.

Brmpekn we, RP-HPLC pa3nmensHeTo mpH W30KpaTHYHH YCJIOBUS TO3BOJSABA ompeaensHe Ha Ectpammon
XEMUXHJIPAT C BUCOKA BBH3IPOU3BOIUMOCT C Hal-BUCOKA YYBCTBHTETHOCT mpu A = 204 nm, aHATU3bT Ha JIEKAPCTBECHU
MPOAYKTHU HM3HCKBA AOIBJIHUTEIIHO BPEME 3a CIIYHPAHE Ha IMO-HCIOJIAPHU OT ECTpa]lI/IOJ'[ XeMuxXuapar KOMIIOHCHTH,
KOUTO TIPUCHCTBAT B mpobara: BB Femoston Tabm.: tg = 13.42 mun 3a dunporectepon u tr = 4.85 muH 3a Ectpaamon
xemuxuapat. ExciepuMmenTtamnuTe pesynraty nokaspar, ¢ HPLC MeToabT ¢ TpaJMeHTHO enyupaHe ce XapaKkTepusupa
C IIO-BHCOKa CCJIICKTHMBHOCT M, Y€ ABbJDKHMHATA Ha BBJIHATA 7\, = 230 nm e onTMMajHa 3a NOCTUTAaHETO HA BHCOKAa
YYBCTBUTEIHOCT U € YHHBEpCalHa 32 MIACHTH()UIMPAHETO HAa APYIM aKTHBHHU CHCTABKH M 3a IOJy4aBaHe Ha cTaOWiiHA
0a3oBa JMHUSI IPU TPAJAUSHTHO eyUpaHe.

[Ipu ra3oBata xpomarorpadus ca mnomsBaru: komoHa HP-35 (30 m x 0.25 mm x 0.25 um), TemnepatypHa
nporpama ot 100 °C mo 330 °C u mac-nmetexnus. PasrpaxxnaHeTo Ha aHAJNUTHUTE TPU BHCOKA TEMIeEpaTypa, TAXHATa
pas3jmyHa CTCIICH Ha ﬁOHHSaHHH 1 pas3jinyHaTa YyBCTBUTCIHOCTTA IPU ACTCKIUATA UM Ca MPHUYUHA 34 HECUTYPHOCT IIPHU
rasz-xpomarorpadckus aHaau3, nopagu koero, HPLC e mo-momxonmsmi MeTON 3a aHAIW3 Ha CTEPOMIHHU
KOMIIOHEHTH.
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The aim of the present study was the estimation of linearity and precision of an isocratic HPLC-HILIC method with
UV-detection for identification and determination of estradiol hemihydrate in pharmaceutical dosage forms. Linear
regression analysis was performed. The regression calib ration curve was built. Linearity accordance between
concentration and peak area in the range: 3.10 g/ml + 4.107° g/ml was proved by the regression equation: y = 2698.99 x
— 2307.98. The least squares regression yielded a correlation coefficient R? = 0.999. LOD = 8.107 g/ml, LOQ =
8.10°° g/ml. The results for the accuracy at P = 99 % (t = 4.03) were presented by the percent recovery R [%] within the
confidence interval: RC: 97.16 % + 101.84 % (RSD = 1.42).

Precision was estimated by standard deviation, relative standard deviation and confidence interval. All data for the
obtained quantity of estradiol hemihydrate correspond to the confidence interval: 1.96 mg/100 ml + 2.02 mg/100 ml
(SD=0.03; RSD =1.51).

The high selectivity and efficiency of separation by HPLC-HILIC with UV-detection at A = 230 nm in an Amino-
column and the elution of non-polar analytes before the polar ones (estradiol) shortens the time for analysis and leads to

high repeatability.

Keywords: HPLC-HILIC, estradiol hemihydrate, linearity, precision.

INTRODUCTION

Osteoporosis is a widespread disease throughout
the world and is considered as a major risk factor
for public health [1]. In osteoporosis, the imbalance
between bone resorption and formation is due to the
increased life cycle of osteoclasts and shortened
cycle of osteoblasts [2].

Estrogens bound to the estrogen receptors in the
cells suppress the degradation of bone tissue and
inhibit bone resorption by regulation of the
expression of RANK-receptor activator of nuclear
factor kB and osteoprotegrin in osteoblasts [3].

In postmenopausal women bone resorption rate
is sharply increased. The low levels of estrogen at
menopause reduce the ability for absorption and
utilization of calcium in the bones, stimulate osteoclasts
and inhibit the function of osteoblasts [4].

Stimulators of apoptosis of osteoclasts are
bisphosphonates and calcitonin [5]. The mechanism
of action of bisphosphonates on bone is complex
and involves a decrease in the production and
activity of osteoclasts, increase of osteoclast

* To whom all correspondence should be sent:

E-mail: dobrinka30@mail.bg; dobrinka30@abv.bg

apoptosis, resulting in specific inhibition of farnesyl
pyrophosphate synthetase — an enzyme that regu-
lates biosynthesis of malonate, cholesterol and re-
gulatory proteins (rab, rho, rac), which mediate the
osteoclast activity. By affecting the osteoclasts, bis-
phosphonates inhibit bone resorption and decrease
vertebral and non-vertebral fracture risk [6].

Adverse effects of bisphosphonates are
esophageal cancer, nausea, vomiting [7] and atrial
fibrillation (zoledronate) [8].

The molecular mechanism of action of selective
estrogen receptor modulators (SERM) like
raloxifene [9] include selective binding to o and 3
estrogen receptors.

Strontium ranelate inhibits osteoclastogenesis by
suppression of the differentiation and activity of
osteoclasts [10].

Hormonal therapy with estradiol [11] suppresses
bone resorption and reduces the loss of bone mass
[12]. Combined therapy leads to a greater reduction
of fractures than single agent. The administration of
bisphosphonate with raloxifene shows greater
improvement in body mass density [13].

Hydrophilic interaction chromatography
(HILIC-HPLC) has been described by Andrew
Alpert in 1990 [14] as HPLC with hydrophilic

384 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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stationary phase and reversed-phase type eluents
[15]. The HILIC mode of separation currently has
been successfully applied for separation of so-
me organic compounds and biomolecules [16]. It is
suitable for analysis of carbohydrates, peptides and
polar pharmaceuticals [17] and for quality assu-
rance of glycoproteins in biological products [18].

Through HPLC with hydrophilic interaction a
10-fold increase in sensitivity in comparison with
RP-HPLC is achieved [15].

Literature review reveals that for the
determination of 17f-estradiol alone or in
combinations with other drugs the most often
applied methods are UV-spectrophotometry [19],
derivative spectrophotometry [20], HPLC with
normal phases [21] and HPLC with reversed
phases and UV-detection [19], whereas for 17p-
estradiol and drospirenone: a Cig column, mobile
phase: acetonitrile : water = 70 : 30 v/v, A = 279
nm [20].

The aim of the present study was the validation
of the isocratic HPLC-HILIC method with UV-
detection in accordance with the International
Conference on Harmonization Guidelines [22] for
the analytical parameters: limearity, LOD, LOQ.
precision  (repeatability) and accuracy for
identification and determination of estradiol
hemihydrate in dosage preparation.

MATERIALS AND METHODS
Materials

I) Reference standard: estradiol hemihydrate:
D00 166536 with purity > 99 %.

II) Reagents with analytical grade quality:
acetonitrile for HPLC (Sigma Aldrich, N: SZBD
150 SV UN 1648), distilled water.

IIT) Tablets

Trisequens tabl. (2 mg estradiol hemihydrate/1
mg norethisterone acetate) (DF 70298 Novo
Nordisk, Netherlands)

Climonorm tabl. (2 mg estradiol valerate/0.15
mg levonorgestrel) (WEKSBH Bayer, Germany)

Climen tabl. (2 mg estradiol valerate/10 mg
ciproterone acetate) (344418, Bayer, Germany).

Methods: HPLC-HILIC method
Instrumentation

HPLC 200 (Perkin Elmer, USA) with:
spectrophotometric detector LC-785A
(Bioanalytical systems, USA); thermostat (Perkin
Elmer, Waltham, MA, USA); ultrasonic bath
(Branson Wilmington, NC, USA); apparatus for
ultra pure water: "Milli-Q", "Milipore" (Bedford,

MA, USA) and " Elga" (VWR International,
Randor, PA, USA).

Chromatographic conditions: isocratic HPLC-
HILIC elution with: stationary phase: column
Spherisorb Amino (250 mm x 4.6 mm x 5 pm),
mobile phase: acetonitrile : water = 55 : 45 v/v,
flow rate: 2 ml/min and UV-detection at A = 230
nm.

Preparation of solutions of the reference substance
estradiol hemihydrate for validation of the HPLC-
HILIC-method for analytical parameter linearity.

Preparation of stock standard solution of estradiol
hemihydrate

An accurately weighed quantity (0.05 g) of the
reference substance estradiol hemihydrate was
dissolved in 15 ml of acetonitrile under sonication
in a ultrasonic bath. After dilution with acetonitrile
in a volumetric flask of 50.0 ml a solution with a
concentration of estradiol hemihydrate of 1.0
mg/ml was obtained.

Preparation of standard solutions of estradiol
hemihydrate

For the calibration curve for HPLC-HILIC-
method a series of standard solutions were prepared
by dilution of 30 pl, 50 pl, 100 pl, 200 pl, 300 pl
and 400 upl of the stock standard solution of
estradiol hemihydrate (1.0 mg/ml) in volumetric
flasks of 10.0 ml with the mobile phase acetonitrile
: water = 55 : 45 v/v. The resulting solutions were
with concentrations of estradiol hemihydrate:
3.10% g/ml, 5.10° g/ml, 1.10° g/ml, 2.10° g/ml,
3.10° g/ml and 4.10° g/ml, respectively. The
solutions were filtered through a membrane filter
0.45 um and analyzed by the described HPLC-
HILIC-method.

Preparation of solutions from tablets

From the stirred tablet mass an amount
equivalent to 2 mg estradiol hemihydrate was
weighed, 10 ml of acetonitrile were added and the
samples were sonicated for 5 min in an ultrasonic
bath under periodical stirring. The resulting
suspension was diluted in a volumetric flask of
100.0 ml with acetonitrile, sonicated for 10 min in
an ultrasonic bath, and placed in the dark place for
30 min for precipitation. An aliquot was filtered
through a membrane filter 0.45 pm and analyzed by
the described HPLC-HILIC-method.

RESULTS AND DISCUSSION

In order to search for opportunities to shorten
the time of analysis, other options for
chromatographic separation were used. Due to the
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presence in the analyzed compounds of mainly less
polar components than estradiol hemihydrate and
estradiol valerate, the possibilities for their elution
in reversed order by HPLC-HILIC distribution
mechanism were tested.

The chromatograms from the isocratic HPLC-
HILIC elution of the components of tablets are
illustrated  for:  trisequens tabl.  (estradiol
hemihydrate/norethisterone acetate) (Fig. 1.);
climonorm tabl. (estradiol valerate/levonorgestrel)
(Fig. 2.) and climen tabl. (estradiol
valerate/ciproterone acetate) (Fig. 3.). The
optimized conditions were: column Spherisorb
Amino (250 mm x 4.6 mm X 5 um), mobile phase:
acetonitrile : water = 55 : 45: v/v, flow rate: 2
ml/min, UV-detection at A = 230 nm.

TR FATT FATT AT

Fig. 1. Chromatogram of trisequens tabl. (estradiol
hemihydrate/norethisterone acetate) at isocratic HPLC-
HILIC, flow rate: 2 ml/min, UV-detection at A = 230 nm.

Fig. 2. Chromatogram of climonorm tabl. (estradiol
valerate/levonorgestrel) at isocratic HPLC-HILIC, flow
rate: 2 ml/min, UV-detection at A = 230 nm.

Fsaponse (=)

Fig. 3. Chromatogram of climen tabl. (estradiol
valerate/ciproterone acetate) at isocratic HPLC-HILIC,
flow rate: 2 ml/min, UV-detection at A = 230 nm.

From Fig. 1, Fig. 2 and Fig. 3. it is obvious that
the components of trisequens tabl., climonorm tabl.
and climen tabl. are separated by HPLC-HILIC
mechanism using Amino column in less than 4 min.
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Validation of the isocratic HPLC-HILIC-method
with UV-detection for analysis of estradiol
hemihydrate

HPLC-HILIC-analytical method for estradiol
hemihydrate was validated in terms of the
analytical parameters: selectivity, linearity, limit of
detection (LOD), limit of quantification (LOQ),
precision (repeatability) and accuracy.

Selectivity

Placebo solution, containing starch as a
supplement, without the active substance estradiol
hemihydrate was prepared. The selectivity of the
applied method was confirmed by the fact that on
the chromatogram with placebo preparation there
was no peak with tr, corresponding to tz of
estradiol hemihydrate (tx = 2.87) in standard
solution. This fact confirms the lack of interference
from the excipient starch commonly present in
tablets [22].

Study of the analytical parameter linearity

For estimation of the linearity, the HPLC-
HILIC-method was applied under chromatographic
conditions: column Spherisorb Amino (250 mm X
4.6 mm % 5 um), mobile phase acetonitrile : water
=55 : 45 v/v, flow rate: 2 ml min, UV-detection at
A =230 nm.

Data for the concentration (C) and the peak area
(A) for solutions with estradiol hemihydrate are
presented in Table 1.

Table 1. Concentration (C) and peak area (A) for
linearity for estradiol hemihydrate.

N: C [g/ml]] A

1. 3.10¢ 5904.8

2. 5.10¢ 9872.6

3. 1.10° 22932.9
4. 2.10°7° 51561.5
5. 3.10° 79069.4
6. 4107 105994.0

The dependence of chromatographic peak area
on the concentration of estradiol hemihydrate was
evaluated by obtaining the chromatograms of
standard solutions with concentrations: 3.10° g/ml,
5.10° g/ml, 1.10° g/ml, 2.10° g/ml, 3.10° g/ml,
4.10° g/ml. The experimental results for the peak
areas obtained for solutions with increasing
concentration, were subjected to linear regression
analysis to obtain the regression equation: y = ax +
b (a —slope, b — interept).

Linearity accordance between concentration and
peak area in the range: 3.10° g/ml ~4.10 g/ml was
proved by the regression equation: y = 2698.99.x —
2307.98, with calculated correlation coefficient R?
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=0.9999. The linear relationship between peak area
(A) and concentration (C) [g/ml] is shown in Fig. 4.

Standard groph for Estradiol

Peak Area

143 214 D 357
Concentration [ug/ml]

Fig. 4. Linearity for estradiol hemihydrate of the
HPLC-HILIC-method with UV-detection at A = 230 nm
and flow rate 2 ml/min

Study of the analytical parameters LOD and LOQ.

The sensitivity of the HPLC-HILIC-method
using chromatographic conditions was defined as
LOD (concentration, at which the obtained ratio of
signal to noise is 3:1) and LOQ (concentration, at
which the obtained ratio of signal to noise is 10:1).
From the chromatogram of 10 pl standard estradiol

hemihydrate solution (C = 3.10° g/ml) were
calculated: LOD = 8.107 g/ml; LOQ = 8.10° g/ml.

Estimation of the analytical parameters
accuracy and precision (repeatability) of the
HPLC-HILIC-method.

For the estimation of analytical parameters
accuracy and precision (repeatability), the descibed
HPLC-HILIC-method was applied to 6 standard
solutions containing known amounts of estradiol
hemihydrate: 100 % (2 mg/100 ml).

On Fig. 5. the chromatogram of a standard
solution of estradiol hemihydrate is presented.

The quantity of drug was calculated by the
method of calibration curve using the regression
equation. In Table 2. are summarized data for: N —
number of individual measurements (N = 6); A —
peak area; UA — Chauvenet criterion for peak area;
C — quantity of estradiol hemihydrate obtained by
the method of calibration curve; UC — Chauvenet
criterion for obtained content; RC — degree of

recovery [%];Y— arithmetical mean; SD -
standard deviation; RSD [%] — relative standard

deviation; SX — mean quadratic error; P —
confidence possibility [%]; t — coefficient of

Student;Y.—' .S X — confidence interval, E —
relative error [%].

Table 2. Validation of the HPLC-HILIC method for accuracy and precision (repeatability) of estradiol hemihydrate.

N: A UA C ucC RC
[mg/100 ml] [%]
1. 50287 1.38 1.95 1.33 97.5
2. 50522 1.09 1.96 1.0 98
3. 51688 0.36 2.00 0.33 100
4, 51697 0.37 2.00 0.33 100
5. 51899 0.62 2.01 0.67 100.5
6. 52312 1.13 2.02 1.0 101
_ 51401 = 1.99 +
X +£SD 808 0.03
_ 99.5 +
R [%] £ 1.42
RSD [%]
SD 808 0.03 1.41
RSD [%] 1.57 1.51 1.42
_ 0.01 0.58
S X
P [%] 95.0 99.0
t 2.57 4.03
_ 0.03 2.34
t.S X
_ 1.96 ~2.02 97.16 +101.84
X +£tS X
E [%] 0.5 0.58

387



D. D. Tsvetkova et al.: Estimation of linearity and precision of HPLC-HILIC method for analysis of estradiol hemihydrate
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50328.54

Fig. 5. Chromatogram of a standard solution of
estradiol hemihydrate: HPLC-HILIC-method with UV-
detection at A =230 nm and flow rate 2 ml/min.

For the assessment of accuracy and precision the
sample standard deviation (SD) was calculated by
applying Bessel’s correction, in which the
denominator N — 1 (degrees of freedom) is used
instead of N and in this case (S)? is an unbiased
estimator for (SD) [22].

For the estimation of precision (repeatability)
the uncertainty of the result was used, which is
determined by: standard deviation (SD), relative
standard deviation (RSD) and confidence range.
Repeatability is expressed by SD and RSD for 6
standard solutions with added content of estradiol
hemihydrate: 2 mg/100 ml. All data for the
obtained concentration of estradiol hemihydrate
correspond to the confidence interval: 1.96 mg/
100 ml + 2.02 mg/100 ml (SD = 0.03; RSD = 1.51).

The results for the accuracy at P = 99 %
(t =4.03), expressed by the percent recovery R [%]
+ RSD [%] are within the respective confidence
interval RC: 97.16 + 101.84 % (RSD = 1.42).

CONCLUSIONS

The HPLC-HILIC-method is validated in terms
of the analytical parameters specificity, linearity:
y =2698.99 x - 2307.98, LOD = 8.107 g/ml, LOQ
= 8.10° g/ml, repeatability. The higher selectivity
and efficiency of separation by HPLC-HILIC with
UV-detection at A = 230 nm in an Amino-column
and elution of the less polar analytes before the
more polar ones (estradiol) shortens the time for
analysis and leads to better repeatability.

388

Acknowledgements: This article was prepared
with the financial support from Grant Project
Contract N:13/2015 — DP, Medical University-
Plovsiv, Bulgaria.

REFERENCES

1. C. Holroyd, C. Cooper, E. Dennison, Best Pract. Res.
Clin. Endocrinol. Metab., 22(5), 671 (2008).

2. J. C. Gallagher, Maturitas, 60(1), 65 (2008).

3. B. L. Riggs, J. Clin. Invest., 106(10), 1203 (2000).

4. C.J.Rosen, N. Engl. J. Med., 353(6), 595 (2005).

5. J. A. Knopp, B. M. Diner, M. Blitz, G. P. Lyritis, B.
H. Rowe, Osteoporos. Int., 16(10), 1281 (2005).

6. D. B. Kimmel, J. Dent. Res., 86(11), 1022 (2007).

7. B. Abrahamsen, P. Eiken, R. Eastell, N. Engl. J.
Med., 360(17), 1789 (2009).

8. A. Mak, M. W. Cheung, R. C. Ho, A. A Cheak, C. S.
Lau, BMC Musculoskelet. Disord., 10(1), 113 (2009).
9. K. E. Ensrud, J. L. Stock, E. Barrett-Connor, D.
Grady, L.Mosca,K. T. Khaw, Q. Zhao, D.
Agnusdei, J.A. Cauley, J. Bone Miner. Res., 23(1),

112 (2008).

10.G. M. Blake, J. E. Compston, I. Fogelman, J. Bone
Miner. Res., 24(8), 1354 (2009).

11.B. Ascott-Evans, E. W. W. Sonnendecker, T. De
Villiers, JEMDSA, 13(1), 8 (2008).

12.Y. Z. Bagger, L. B. Tanko, P. Alexandersen, H.
B. Hansen, A.Mollgaard, P. Ravn,P. Qvist,J. A.
Kanis, C. Christiansen, Bone, 34(4), 728 (2004).

13.0. Johnell, W. H. Scheele, Y. Lu, J.-Y. Reginster, A.
G. Need, E. Seeman, J. Clin. Endocrinol. Metab.,
87(3), 985 (2002).

14. A. J. Alpert, Anal. Chem., 80(1), 62 (2008).

13- P, Hemstréom, K. Irgum, J. Sep. Sci., 29(12), 1784
(2006).

16.E. S. Grumbach, D. M. Wagrowski-Diehl, J. R.
Mazzeo, B. Alden, P.C. Iraneta, LC-GC North
America, 23(Suppl. 1), 89 (2005).

17.B. Buszewski, S. Noga, Anal. Bioanal. Chem.,
402(1), 231 (2012).

18. W. Ding, H. Nothaft, C. M. Szymanski, J. Kelly, Mol.
Cell. Proteomics, 8(9), 2170 (2009).

19.B. Yilmaz, Y. Kadioglu, Arab. J. Chem., 2(1), 1
(2013).

20.Z. Aydogmus, E. M. Yilmaz, S. Yoriisiin, S. Akpinar,
Int. School. Res. Not., 2015(1), 1 (2015).

21.R. D. Josephs, A. Daircaux, T. Choteau,
S. Westwood, R. 1. Wielgosz, Anal. Bioanal. Chem.,
407(11), 3147 (2015).

22.International ~ Conference @ on  Harmonization
Guidelines. Validation of analytical procedures: text
and methodology Q2 (R1): FDA. Fed. Regist., 60(1),
11260 (1995).


http://www.scopus.com/record/display.uri?eid=2-s2.0-13944265916&origin=inward&txGid=0#corrAuthorFooter
http://www.scopus.com/source/sourceInfo.uri?sourceId=24066&origin=recordpage
http://www.scopus.com/source/sourceInfo.uri?sourceId=24066&origin=recordpage
http://link.springer.com/journal/216/407/11/page/1

D. D. Tsvetkova et al.: Estimation of linearity and precision of HPLC-HILIC method for analysis of estradiol hemihydrate

OLIEHKA HA JIMHETHOCTTA U TOYHOCTTA HA HPLC-HILIC-METO/1 3A AHAJIU3 HA
ECTPAJINOJ XEMUXUIPAT

1. Lgetkosa'*, Cr. A. UBanoa'?, JI. Caco’, JI. O6pemixosa'?, M. Jlumutpos*

Kameopa ~Dapmayeemuuna xumus”’, Meouyuncxu ynusepcumem-Cogus, Papmayesmuuen paxyimemn,
ya. [fynag N : 2, Coghus 1000, Bvreapus
2Kameopa ~Dapmaroznosus u papmayesmuyna xumus’ Meouyuncku ynusepcumem-Ilnoeous, @axyimem no
papmayus, yn. Bacun Anpunos N: 154, I1nosous 4002, bvieapus
SKameopa no @usuonoeus u papmaronozus "Vittorio Erspamer”, Yuusepcumem Canvernya-Pum, Pum, Mmanus
“Kameopa no Texnonozus na nexapcmeama u buogapmayus, Meouyurncku ynusepcumem - Cogousi,
Dapmayesmuyer paxynmem, yi. [ynag N : 2, Coghus 1000, Bvieapus

ITocTenuna Ha 28 mapt 2016 r.;. kopurupana Ha.21 nexkemspu 2016 r.
(Pesrome)

IenTa Ha HACTOSIIIOTO M3CINEABAHE € OLIEHKAaTa Ha JIMHEMHOCTTa 1 nper3HocTTa Ha u3okparuued HPLC-HILIC meton ¢
VYB-zetekipst 3a nASHTHGUIMPAHE U ONPEZIENsHE Ha eCTPaIMOoN XEMHUXHIPaT BbB (hapMalieBTHIHU 103upany (hopmu. VI3BEpIeH e
JIMHEeH perpecroHeH anami3. [loctpoena e kanmOparionHa npasa. JIMHeliHaTa 3aBUCHMOCT MEXK/Ty KOHLICHTpalMsITa 1 IUIOIITa Ha
NUKOBeTe B panasona: 3.10-6 g/ml + 4.10-5 g/ml ce 1oka3Ba OT perpecHOHHOTO ypaBHeHwe: y = 2698.99 x - 2307.98. Perpecusita
Ha Hall-MaJIK1Te KBaJpaTH Jiasa KoeuimenT Ha kopenamms R? = 0.999. LOD = 8.107 g/ml, LOQ = 8.10° g/ml. Pesysrature 3a
TouHocTTa rpu P = 99 % (t = 4.03) ca npezcraBeHu upe3 aHamTHuHms 100KB R [%] 1 oTroBapst Ha joBeputeHus uaTepBat: RC:
97.16 + 101.84% (RSD = 1.42).

IpermsHocTTa € MpencTaBeHa 4pe3 CTAHAAPTHO OTKIOHEHHE, OTHOCHTENHO CTAaHAAPTHO OTKJIOHEHHWE U JIOBEPUTENICH
WHTCpBAIL. BCHYKHM [aHHM 32 TONYYEHOTO KOJMYECTBO €CTPAIHON XEMHXHIPAT CHOTBETCTBAT HA JIOBEPUTEITHHS HWHTEPBAL:
1.96 mg/100 ml + 2.02 mg/100 ml (SD =0.03, RSD=1.51).

Bucokara cerekTiBHOCT 1 epekTiBHOCT Ha paszaessiHeto upe3 HPLC-HILIC-metona ¢ UV-nerekiwst pu A = 230 nm npu

M3MOJI3BaHe HA AMHHO-KOJIOHA U €ITyHPAHETO Ha HEMOJIPHITE aHANTH TIPEH TIONSIPHATE (ECTpaIro), ChKpalliaBa BPeMeTo 3a
AHAJTM3 1 BOJIH JIO BIICOKA ITOBTOPSIEMOCT.
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The aim of this study was to examine the effect of high concentrations of the commercial detergent "Merix"
(Henkel, Krusevac) on the growth, development and biochemical characteristics of the tested fungi isolated from
sewage and industrial wastewater. Metabolic activity of Mucor plumbeus, Aspergillus niger and Trichoderma
harzianum grown in such liquid nutrient medium and control medium is monitored over following biochemical
parameters: amounts of free and total organic acids, pH values, redox potential and biomass. Depending on the fungus
species, there was a biomass inhibition at various concentrations under the influence of the detergent in the period from
the third to the sixth day. Detergent concentration of 0.3% was decomposed in all tested fungus - detergent mixtures.

Key words: Aspergillus niger, Mucor plumbeus, Trichoderma harzianum, detergent, ethoxyl-oleyl-cetyl alcohol,

sodium tripolyphosphate

INTRODUCTION

Many researchers stated that microorganisms,
particularly some kinds of fungi, can act as
potential degraders of detergents [1,2]. Among the
fungi which have such ability, filamentous fungi
(Deuteromicotina) are especially distinguished due
to  their  physiological and  biochemical
characteristics [5]. Specificity in apical growth of
these fungi enables penetration in solid substrates
and excretion of extracellular enzymes from
vesicles on the top of hyphae to environment.
Under the influence of these enzymes complex
organic compounds are decomposed to simpler
ones, thus the fungi can be used for growth and
development of mycelia and biomass accumulation
[3,4,6]. Filamentous fungi are attractive
microorganisms for the study of biodegradation of
organic matter due to their well-developed defense
mechanisms and structure of the cell wall. Fungi
are recognized for their superior capability to
produce a large variety of extracellular proteins,
organic acids and other metabolites, as a result of
adaptation to severe environmental constraints [7].
Mucor racemosus Fresenius is a dimorphic fungus
(genus Mucor) whose growth is induced by carbon
dioxide and hexose sugar in the direction of
creating a multipolar bud as in yeast or in the

* To whom all correspondence should be sent:
E-mail: agrofarmzorka@gmail.com

direction of branched aerial hyphens [8]. When
grown on synthetic and organic substrates M.
racemosus produces various enzymes such as
invertase, alkaline phosphatase, protease, lipase,
which have applications in biotechnology and
bioremediation.

The Aspergillus fungus was first recognized as
an organism in 1729 by Micheli [9]. The genus
Aspergillus is found worldwide and consists of
more than 180 officially recognized species, and
comprises a particularly important group of
filamentous ascomycete species [10]. Although it
includes the major filamentous fungal pathogen of
humans, Aspergillus fumigatus [11], most of the
members are useful microorganisms in nature for
degradation of plant polysaccharides [12], and they
are important industrial microorganisms for the
large-scale production of both homologous and
heterologous enzymes [13-17]. Among them,
Aspergillus oryzae and Aspergillus niger are on the
Generally Recognized as Safe List of Food and
Drug Administration in the United States [18].
Aspergillus niger is one of the most important
microorganisms used in biotechnology [19,20]
which produces many extracellular enzymes.

Trichoderma spp. are common saprophytic
fungi that are interactive in soil, root and foliar
environments. They are well-known biocontrol
agents and also have considerable metabolic
diversity [11]. They are recognizable for
degradation of chitin, glucans, lignin and cellulose
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[12]. Trichoderma harzianum can degrade various
organic compounds such as DDT
(dichlorodiphenyltrichloroethane), dieldrin,
endosulfan, PCNB (pentachlororonitrobenzene) and
PCP  (pentachlorophenol)  [13].  Therefore,
Trichoderma strains play an important role in the
bioremediation of soil contaminated with
pesticides, herbicides and insecticides. Data about
the proteolytic enzyme profiles of Trichoderma
strains revealed that the protease system of
Trichoderma is complex containing a large set of
enzymes. Some of these proteases are involved in
mycoparasitic action, nematicidal activity and plant
colonization. However, only a few Trichoderma
proteases have been examined until now for their
potential applicability for commercial purposes.

On inoculated fungi species grown under in
vitro conditions, in the presence of the mentioned
pollutants, the metabolic changes of bioproduction
of different organic compounds in various aging
steps of fungi, have been investigated. The aim of
this study was to find out, among the great variety
of fungal species from wastewater, these which are
resistant to effects of detergent and its components.
Metabolic activity of Mucor plumbeus, Aspergillus
niger and Trichoderma harzianum grown in such
liquid nutrient medium and control medium was
monitored over following biochemical parameters:
amounts of free and total organic acids, pH values,
redox potential and biomass.

MATERIALS AND METHODS
Isolation of Mucor racemosus Fresenius and
cultivation
The fungus species was isolated from

wastewater samples of the Rasina River,
downstream where the industrial wastewaters of the
factory Henkel, Serbia, discharge into river. Sample
of wastewater was taken in late May 2010. Sample
was taken in a sterile container and transferred to
the microbiology laboratory where it was disposed
of in a refrigerator at 4°C. Within 24h, different
dilutions of the sample were transferred on Petri
plates with malt agar and streptomycin to prevent
bacterial growth. The plates were then maintained
at room temperature for 5 days. Positive cultures
were subcultured on malt agar and potato dextrose
agar for the isolation of a pure, single colony for
identification. The identification of the fungus M.
racemosus Fresenius (1976) was based primarily
on the macroscopic and microscopic morphology
and was carried out by systematic keys. The fungus
was maintained on potato-dextrose-agar (PDA)
slant grown at 30°C, stored at 440.5°C, and

subcultured monthly in sterile conditions. During
the experiment, the fungus was cultivated in the
sterile modified Czapek Dox liquid medium of the
following composition (g L!): NaNO; — 3, K;HPO4
— 1, MgSO4 x 7H,0 — 0.25, FeSO4 x 7H,0 — 0.01,
sucrose — 30, distilled water up to 1000 mL
(control-K) and the same medium with additional 5
g of detergent to obtain a concentration of 0.5%
(medium DS5).

Erlenmeyer flasks with liquid growth medium
were sterilized at 121°C for 20 min (autoclave
pressure, 0.14 MPa). The pH was adjusted before
sterilization at about 4.70 with 1 mol dm HCL.

Inoculation and sampling

The liquid growth media were stored in
Erlenmeyer flasks (200 mL of medium in 250 mL
flask). One positive control without detergent with
spores, one test flask with detergent and with spores
and one negative control with detergent but without
spores were used in this experiment. Inoculation of
media occurred with 2 mL of spore suspension
(5%106 conidia ~mL™). Erlenmeyer flasks in three
replicates were placed on an electric shaker
(Kinetor, Ljubljana, Slovenia) thus enabling
uniform and constant mixing.

All experiments were carried out at room
temperature, under alternate light and dark for 16
days. Sampling was started three days after
inoculation and repeated every third day until the
end of the experiment. Mycelium as removed by
filtration through Whatman filter paper No.l1 and
mycelia dry weight was determined. Filtrate was
harvested by centrifugation at 10,000g for 10 min
(4°C) and the supernatant was used as crude
enzyme extract.

Measurement of pH and redox potential

pH and redox potential were measured by digital
electric pH meter (PHS-3BW Microprocessor
pH/mV/temperature meter) type of Bante with a
glass electrode model 65-1.

Determination of dry weight biomass

The mycelia previously removed from the
fermentation broth were washed with sterile
distilled deionized water several times. Both filter
paper and mycelia were then dried in an oven at
80°C to a constant weight of the dry of mycelia and
filter paper.

The experiments were performed using
monosporial culture of the fungi Aspergillus niger
van Tiegheme isolated from the river Lepenica
(Serbia) on a wastewater outpouring site.
Identification of the culture was done at the Faculty
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of Biology, Belgrade, Laboratory for algae, fungi
and lichens. Monosporial culture of the fungi was
obtained by the method of exhaustion on poor
potato-dextrose agar [24].

The method can be summarized as follows:
fungi were inoculated into a flask that contained a
chemically-defined microbial growth medium and
the surfactant to be tested. The fungi were grown in
the sterile liquid nutrient medium according to
Czapek consistING of: 3g NaNOs, 1g K,HPO4, 1g
MgSOq4, 0.25g MgSO4x7H,0, 0.01g FeSO4x7H,O
and 30g saccharose, dissolved in 1000 ml of
distilled water. Detergent designated D, ethoxyl-
oleylcetyl  alcohol (AOC) and  sodium
tripolyphosphate (TPP) were added (1%) and the
flasks were incubated for 4-8 days. The flasks
containing 200ml of medium were uniformly and
constantly shaken on a Kinetor shaker at room
temperature under conditions of alternate light-dark
cycles [25]. The sterility of the nutrient medium
was tested using mesopeptone agar.

For the determination of free organic acids 10ml
of medium was taken and mixed with 50ml of
ethanol. After incubation at 70°C in a water bath
for 1-1.5 h, the mixture was filtered through a
special filter. The filtrate was concentrated at 50°C
- 60°C under reduced pressure to 40ml, transferred
to a volumetric flask and made up to 100ml after
addition of a teaspoon of active charcoal. After
standing in a water bath for 30-45 min at 70°C,
10ml aliquots of filtrate were taken for the
determination of the free organic acids by titration
with 0.1 M NaOH in the presence of
phenolphthalein as indicator [26-28].

Isolation and identification of Trichoderma
harzianum Rifai

The selected fungus species originated from
wastewater samples of the Rasina River,
downstream where the industrial wastewaters of the
factory Henkel (KruSevac, Serbia) discharge into
river. Sample of wastewater was taken in late May
2010.

The identification of the fungus T. harzianum
Rifai was based primarily on the macroscopic and
microscopic morphology and was carried out by
systematic key. The fungus was maintained on
potato-dextrose-agar (PDA) slant grown at 30°C,
stored at 4+0.5°C, and subcultured monthly in
sterile conditions.

Fermentation conditions

During the experiment, the fungus was
cultivated in a sterile modified Czapek Dox liquid
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medium of the following composition (g L):
NaNOs-3, K,HPO4-1, MgSO, x 7H,0-0.25, FeSO,
x  TH,0-0.01, sucrose-30, distilled water up
to1000mL (control-C) and the same medium with
additional 3g of detergent to obtain a concentration
of 0.3% (medium D3). Erlenmeyer flasks with
liquid growth medium (200mL of medium in
250mL flask) were sterilized at 121°C for 20 min
(autoclave pressure, 0.14 MPa). The pH was
adjusted before sterilization at about 4.70 with 1
mol L' HCI. After addition of detergent to the
liquid growth medium the pH value of the medium
was measured again.

Inoculation and sampling

One positive control without detergent with
spores, one test flask with detergent and with spores
and one negative control with detergent but without
spores were used in this experiment. Inoculation of
media occurred with 2mL spore suspension (5%106
conidia mL™). Erlenmeyer flasks in three replicates
were placed on an electric shaker thus enabling
uniform and constant mixing. All experiments were
carried out at room temperature, under alternate
light and dark for 16 days. Sampling was started
three days after inoculation and repeated every third
day until the end of the experiment. Mycelium was
removed by filtration through Whatman filter paper
No.1. Filtrate was harvested by centrifugation at
10000g for 10 min (4°C) and the supernatant was
used as crude enzyme extract.

Measurement of pH and redox potential

pH and redox potential were measured on a
digital electric pH  meter (PHS-3BW
Microprocessor pH/mV/temperature meter) type
Bante with a glass electrode model 65-1.

Determination of biomass dry weight

The biomass dry weight of the mycelia was
determined according to the procedure described in
Jakovljevic et al. (2014) [9].

Statistical analysis

All experiments were performed in triplicate and
results were expressed as means =+ standard
deviation. For statistical analysis, the following
tests were used: Mann-Whitney, Kruskal-Wallis
and test for correlation coefficient by SPSS
(Chicago, IL) statistical software package (SPSS
for Windows, ver. XIII, 2004). Coefficient of
correlation was determined at the levels of
significance 0.05 and 0.01.
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RESULTS AND DISCUSSIONS

The influence of the detergent Merix (Merima,
KruSevac, Serbia) and its components (ethoxyl-
oleyl-cetyl alcohol and sodium tripolyphosphate)
on the metabolic activity of the fungi Mucor
plumbeus, Aspergillus niger and Trichoderma
harzianum was studied. The metabolic changes of
bioproduction of different organic compounds in
various aging steps of the fungi in the presence of
pollutant was investigated. These fungi were
isolated from the river Lepenica (Serbia) on the
wastewater outpouring site and were chosen
because they were the most abundant there. The
fungi were then grown in a liquid nutrient medium
according to Czapek, where 1% of detergent or its
component was added, during the incubation period
of 4-8 days after inoculation.

Metabolic  activity of Mucor plumbeus,
Aspergillus niger and Trichoderma harzianum
grown in such liquid nutrient medium and control
medium was monitored over the following
biochemical parameters: amounts of free and total
organic acids, pH values, redox potential and
biomass.

Organic acids play a key role in alkali tolerance,
especially for intracellular ionic homeostasis.
Organic acids produced by fungi into the medium
can exist in free (FOA) and in bound form. The
sum of the amounts of both free and bound organic
acids represents the amount of total organic acids
(TOA). Figures 1 and 2 show the concentrations of
free organic acids (FOA) and of total organic acids
(TOA) in the fermentation broth measured during
the fungal growth. Production of free and total
organic acids increased in all cases (for all three
fungi) at the end of the experimental period (Table
1, Figure 1).

0.20 ~

015 =

000 =

Free organic acids

005 =

0.0

Mucor plumbeus Aspergilus niger Trichoderma harzianum

Fig. 1. Change in the concentration of free organic
acids (expressed as %) in a nutrient medium with
detergent.

After three days of observation, the lowest
concentration of free acid was measured for the
fungus Aspergillus niger, and its value is 0.100%.
For the same period, Mucor plumbeus and
Trichoderma harzianum, showed a higher content
of free acid, 0.125%. On the sixth day of
observation, for Mucor plumbeus and Trichoderma
harzianum, the content of free organic acids was
0.150%, and the highest concentration of free acid
was displayed b+y Aspergillus niger. Based on the
measured values of the concentration of free
organic acids, we can see that Aspergillus niger,
after three days had the lowest value and after six
days the highest value.

Similar values for the examined fungi have been
found by other authors. The concentration of free
organic acids in Aspergillus niger at an early
growth stage (day 3) was lower than 0.100% and at
the sixth day - less than 0.150%. The lowest value
was recorded during the autolysis (day 9) and
amounted to 0.380%, the highest being at the 16th
day - 1.200%. For Trihoderma harzianum the
concentration of free acids at the third day was the
lowest (0.03%) and at the 16™ day — the highest,
0.12%. In the same research the concentration of
free organic acids in Mucor racemosus was
determined which was the highest - 0.14%,
recorded during the exponential growth phase [30].

In other studies, for Aspergillus niger higher
concentrations of free organic acids in the substrate
with detergent were recorded and their value after 4
and 7 days amounted to 1.80% and 2.50%,
respectively. In the same research, the
concentration of free organic acids in Trichoderma
viride was determined after 4 days - 1.00%, and
after 7 days - 1.20%, which were higher than those
recorded for Trichoderma harzianum [27].

In Table 2 and on Figure 2 the total free acids
for all 3 fungi Mucor plumbeus, Aspergillus niger
and Trichoderma harzianum are shown.

In studies by other authors slightly lower values
of the content of total organic acids have been
noticed. The concentration of total organic acids for
Aspergillus niger after the third day was below
0.6%, while after the sixth day the concentration
was about 0.70%. For Trihoderma harzianum the
highest value recorded during exponential growth
was 0.69% to 1.06% after the sixth day. For Mucor
racemosus the largest concentration was observed
at the sixth day - 13.01% [30]. In a similar study,
the total content of organic acids in the substrate
with a detergent, for Aspergillus niger after the 4™
day amounted to 2.60%, while at the 7™ day it was
slightly lower, 2.30%. For Trichoderma viride, the
total content of organic acids in the medium with
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detergent after the 4™ day was 1.50% and after the
7% day - 2.00% [27].

Chemical compositions of growth media and
experimental conditions have influence on fungal
development and  total  biomass. Many
investigations showed that the Czapek Dox liquid
medium has good properties for fungal cultivation
and high biomass production [ 14].

Jdayvs  6davs Jdays 6 days 3 days 6 davs
0.30

0.25

0.20

Total organic acids
>
T

010

0.05 H

0.00

Mucor plumbeus Aspergilus niger Trichoderma harzianum

Fig.2. Total organic acids for Mucor plumbeus,
Aspergillus niger and Trichoderma harzianum

The fungus cultivated in a medium without
detergent (K medium) showed similar biomass
amount. But after the influence of detergent (D),
the biomass amount rapidly decreased (Table 3,
Figure 3).

1.0~

K
=

08 -

0.6

0.4

0.0
I'richoderma harzianum

Mucor plumbeus

Aspergilus niger

Fig.3. Biomass (g) Mucor plumbeus, Aspergillus
niger and Trichoderma harzianum

In this study the changes in pH and redox
potential during fungal growth were estimated
because these parameters are very important for
regular growth and development and affect the
morph-physiological characteristics and
biochemical properties of the microorganisms.

The optimum external pH for fungal growth was
under acidic conditions from 4.5 to 5. Fungi
generally alter the pH of the medium in which they
grow, due to uptake of anions or cations from the
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medium [25,26]. Therefore, the various changes
witnessed in the pH values of the culture media are
a result of the utilization of nutrients from the
growth media [27]. Based on literature data, the
fungi do not develop at pH above 9. This study
provides evidence that M. Racemosus Fresenius
could tolerate a wide range of environmental pH,
from 4.75 to 9.80. Figure 4 shows that the pH
values of the fermentation broth changed during the
fungus growth from inoculation until the 16™ day.
The initial pH values of the media were 4.75 in K
medium and 9.80 in D5 medium before inoculation.
Also, one negative control (nkD5) with detergent
but without spores was tested. The pH values of
inoculated growth media changed in relation to
their composition and growth phases of fungus. pH
value of K medium increasing from inoculation
until the 6" day. During stationary and autolysis
phases, the pH value slightly decreased but these
changes were not statistically significant. In
contrast, the pH value of the D5 medium decreased
in the exponential growth phase. The largest
decrease in the pH value was observed in the
medium D5 between the 3™ and 6" day (from 9.36
to 6.46 units) which corresponds to primary
exponential growth phase. These changes of pH
were less expressed in the secondary exponential
growth phase. Interestingly, the final pH values of
the different media were very similar although the
differences between the initial pH values were very
significant.

In the papers of other authors it was observed
that the pH value of the substrate K for Aspergillus
niger gradually decreased during the growth and
development of the fungus, with the largest
reduction recorded in the period up to the 9th day
of inoculation, ranging from pH 4.80 to pH 2.53,
while the least pH change was observed from the
9™ to the 16" day. In the medium D3, the biggest
decrease in pH was in the primary exponential
phase from the 3™ to the 6 day, with pH in the
range from 9.13 to pH 6.49. For Trichoderma
harzianum in the substrate K the largest pH
increase was during the first three days from 4.80 to
5.40 and the largest reduction from the 3™ to the 6™
day from 5.40 to 4.82 while the pH changes during
the stationary phase and autolysis were much
lower. In the medium D3, the pH value displayed
the least changes in the initial stage of development
fungi from inoculation to the 6™ day. In the phase
of exponential growth, from 6 to 9" day, there was
the largest change in pH from 6.07 to 9.05, and the
stationary phase pH changes were minimal. For
Mucor racemosus the pH value of the control
substrate K gradually increased to the 6™ day, while
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during the stationary phase and autolysis it
decreased. The largest decrease in pH in the
substrate D3 was during the inoculation period to
the 3™ day with pH changing from 9.35 to 6.24, and

in the substrate D5 it was from the 3™ to the 6" day
with pH changing from 9.36 to 6.46. In the

secondary exponential growth phase,
changes were significantly lower [30].

the pH

Table 1. Changes in concentration of free organic acids (expressed as %) in the nutrient medium with detergent.
Fungus in nutrient Mucor plumbeus Aspergillus niger Trichoderma harzianum
medium with detergent

day 6
0.175

day 3
0.125

day 6
0.150

Incubation period
Concentration of free
organic acids (%)

Table 2. Total organic acids for Mucor plumbeus, Aspergillus niger and Trichoderma harzianum.
Fungus in nutrient Mucor plumbeus Aspergillus niger Trichoderma harzianum
medium with detergent

day 3
0.125

day 6
0.150

day 3
0.100

Incubation period day 3 day 6 day 3 day 6 day 3 day 6
Concentration of free 0.200 0.300 0.250 0.300 0.200 0.160
organic acids (%)
Table 3. Biomass (g) of Mucor plumbeus, Aspergillus niger and Trichoderma harzianum
. . Trichoderma
Mucor plumbeus Aspergillus niger harzianum
Biomass Biomass Biomass Biomass Biomass Biomass
content in content content in content content in content
Incubation period the medium the medium the medium
v p control with control with control with
medium detergent medium detergent medium detergent
(8) (g) (8) (g) (g) (g)
16th day 0.7501 0.1915 0.6852 0.3823 0.9226 0.3627

Table 4. pH values of Mucor plumbeus, Aspergillus niger and Trichoderma harzianum
Mucor plumbeus Aspergillus niger Trichoderma harzianum

pH value  pH value in . pH value in . pH value

. . pH value in . pH value in . .
. in the medium medium in medium
Incubation . the control . the control .

eriod control with medium with medium with

p medium detergent detergent detergent
3rd day 4.76 9.19 6.13 9.10 3.71 9.00
6th day 3.95 6.20 6.70 6.93 3.58 8.92
9th day 341 6.33 6.89 6.22 2.62 5.86
12th day 3.43 6.15 7.17 6.20 2.42 5.97
16th day 3.19 5.88 7.39 6.25 2.36 5.19

Table 5. Redox potential of Mucor plumbeus, Aspergillus niger and Trichoderma harzianum.
Trichoderma

Mucor plumbeus Aspergillus niger

harzianum
Redox Redox Redox Redox Redox Redox
potential potential in potential potential in  potential potential in
Incubation in the medium in the medium in the medium
. control with control with control with
period medium  detergent medium  detergent medium  detergent
mV)  @mV)  @mV)  (mV) mv)  (mV)
3" day 131 123 51 118 191 112
6™ day 176 44 18 4 197 106
9t day 194 37 4 43 236 63
12 day 193 56 11 53 243 66
16" day 200 66 23 46 244 104
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Fig. 4. pH values of Mucor plumbeus, Aspergillus
niger and Trichoderma harzianum

Table 5 and Figure 5 illustrate that the redox
potential values of fermentation broth changed
during the growth of fungus from inoculation until
the 16" day. The initial redox potential values were
130 mV in K and-148 mV in D5 medium before
inoculation. One negative control (nkDS5) with
detergent but without spores was also tested. The
redox potential of the K medium decreased during
the exponential growth phase (from inoculation
until the 6™ day), whereas it slightly increased
throughout stationary and autolysis phases. During
the biphasic exponential growth of the fungus in D5
medium, the redox potential increased more
intensively in the primary than in the secondary
exponential growth phase. The decrease in redox
potential was measured in D5 medium on the 9
day only.
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Fig. 5. Redox potential of Mucor plumbeus,
Aspergillus niger and Trichoderma harzianum.

In other studies, it was observed for Aspergillus
niger that the value of the redox potential gradually
decreased from the inoculation period until the end
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of the experiment, except for the 3.4 and 6" day.
The values of the redox potential of the medium D3
have increased from the moment of inoculation to
the 9" day, while the largest change in redox
potential was noticed in the phase of exponential
growth. For Trichoderma harzianum, the value of
the redox potential of the control surfaces,
decreased from the beginning inoculation till the
end of the experiment with the exception of the 3
and 6™ day. In the medium D3, the redox potential
values gradually increased during the period of
cultivation and the largest changes were noticed
between the 6™ and 9™ day. The value of the redox
potential during the growth of the fungus Mucor
racemosus was measured in the control substrates
and in the media with a detergent concentration of
0.3% and 0.5%. The value of the redox potential in
the control medium rapidly decreased from
inoculation to the 6" day, with a slight increase
during the stationary phase and autolysis. The
redox potential in the substrate D3 gradually
increased until the end of the experiment and the
largest changes were noticed in the exponential
growth phase (day 3), in addition to the 6™ and 9™
day. The redox potential of in the substrate D5 also
gradually increased until the end of the experiment,
with the exception of the 6™ and 9" day, and the
largest changes were from the 3™ to the 6™ day and
from the 9" to the 16" day [30].

In this study it was observed that for Aspergillus
niger the redox potential in the control substrate
also gradually decreased from the beginning of
inoculation to the 9" day when the lowest value
was recorded, then there was a gradual increase in
the value of the redox potential from the 12 to the
16" day of the experiment. As opposed to the
previous studies, the value of the redox potential of
the medium D3 decreased with the largest decrease
was recorded at the 3™ day and 6" day. For
Trihoderma harzianum, the redox potential value in
the control medium gradually increased from
inoculation until the end of the experiment, in
contrast to the above studies, where the value of the
redox potential gradually decreased. In the medium
D3, the redox potential value gradually decreased
during the experiment, except from the 12% to the
16" day. For Mucor racemosus, the value of the
redox potential in the control medium gradually
decreased until the end of the experiment, while
that in the substrate D3 gradually decreased with
the exception the 12" and thel6™ day when there
was a gradual increase.
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CONCLUSION

The content of free organic acids for Aspergillus
niger amounted to 0.100% on the third day and
0.175% on the sixth day. For the fungus Mucor
plumbeus the content of free organic acids on the
third day was 0.125%, while on the sixth day -
0.150%. The content of free organic acids for
Trichoderma harzianum was 0.125% after the third
day and 0.150% after the sixth day.

In the medium with the detergent the content of
total organic acids in the examined fungi was
determined on the third and the sixth day after the
beginning of inoculation. The content of total
organic acids for Aspergillus niger after the third
day was 0.250%, and after the sixth day - 0.300%.
The content of total organic acids for Mucor
plumbeus at the third day amounted to 0.200% and
on the sixth day - 0.300%. For the fungus
Trichoderma harzianum, at the third day the
content of total organic acids was 0.200%, while at
the sixth day - 0.160%.

The fungi cultivated in a medium without
detergent showed similar biomass. But after the
influence of detergent (D), the biomass rapidly
decreased. At the end of the experiment, for Mucor
plumbeus, which grew in a medium without
detergent, the biomass amounted to 0.7501g, the
biomass content in the substrate with a detergent
was 0.1915g. For Aspergillus niger, the control
medium at the end of the experiment had a biomass
content of 0.6852g and in the medium with
detergent - 0.3823g. In the same conditions,
Trihoderma harzianum had 0.9226g of biomass in
the control medium, while in the medium with
detergent - 0.3627g.

The pH value of Mucor plumbeus in a medium
without detergent gradually decreased from the
beginning of inoculation to the end of the
experiment. The pH value of the medium with a
detergent, was the largest on the third day - 9.19
and then decreased to pH 5.88. Aspergillus niger in
the control medium had a minimum value of pH on
the third day - 6.13, then pH increased to a value of
7.39 at the end of the 16" day. The pH value in a
medium with a detergent decreased from 9.10 to
6.25. The pH value of Trichoderma harzianum in
the control medium decreased from 3.71 to p 2.36,
and in the medium containing detergent from 9.00
to 5.19.

The redox potential for Mucor plumbeus in the
control medium decreased from 131 mV at the
beginning of the inoculation to 200 mV at the end
of the experiment. In a medium with detergent, for
Aspergillus niger the redox potential at the third
day was the largest one - 118 mV, then it rapidly

decreased till the 6" day and increased again to 53
mV at the 12" day. The redox potential in the
control medium for Aspergillus niger was the
largest at the third day (51 mV), then it first
decreased to 4 mV and then increased to 23mV.
The redox potential of the control medium for
Trichoderma harzianum was the lowest on the third
day - 191mV and gradually increased to 244mV on
the 16™ day. The redox potential of Trichoderma
harzianum in the medium with detergent was the
largest at the third day - 112 mV, then it decreased
to 66 mV (day 12), and increased to 104mV on the
16™ day.

The presence of a detergent in the nutrient
medium and its degradation products during the
fermentation of the fungus, influenced the
biochemical changes of all examined parameters.
Detergent influenced the inhibition of fungal
biomass at a different percentage, depending on the
type of fungi. All fungi degraded a detergent
concentration of 0.3%, except the M. racemosus
degrading a detergent concentration of 0.5%.
Research has indicated that the tested fungi can
decompose the detergent and its products,
indicating the possibility of their use for that
purpose.
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CPABHUTEJIHO U3CJIEJABAHE HA HAKOU BUOXMMMWYHUN ITAPAMETPU HA I'bBU1
Mucor plumbeus, Aspergillus niger 1 Trichoderma harzianum

U. Matouu-ITypua', JI. [euapckn?, 3. FOrosuw®, JI. Mosmuny?, /1. Jixopmwkesna®, I1. Mackosuy®

"Meouyuncko yuunuwe, Enuckon Huxugop Maxcumosuu,Ne. 8, Yauax, Copbus
2Bucwe yyunuwe 3a npogecuonanno 30paseonaszsane, Kapa Jywana 254, Benepao, Copbus
3Bucue canumapno 30paeno yuunuwe 3a npogecuonantu uscneosanus "Buszan", Towun 6ynap 7a, beazepao, Copbus
4Vuusepcumem Cunzudynym, @axynmem 3a npunoxcua exonoaus - @ymypa, Hooxcewxa 83, Benepad, Copbus
SVuusepcumem Huwi, @axynmem 3a nayku u mamemamuxama, Buwezpaocka 33, Huw, Copbus
Vuusepcumem Kpazyesay, @axyrmem no azponomus, Yauax, Copbust

[onmyuena na 12 centemBpu 2016 r .; npuera Ha 21 oxkTomBpu 2016 .

(Pesrome)

Llenta Ha TOBa M3cieABaHE € 1a ce HM3cielBa €(PEKTHT OT BHCOKHTEC KOHIIEHTPAUMHM HA THPTOBCKHS NETEPreHT
"Merix" (Xenken, Kpymiesai) BbpXy pactexa, pa3BUTHETO M OMOXUMHYHHTE XapaKTEPHCTHKH Ha TECTBAaHHTE I'bOW,
M30JIUPaHU OT KaHAIW3ALUHOHHK M MPOMHIINICHH OTMAIbYHH BOAM. MetabonutHaTa aktBHOCT Ha Mucor plumbeus,
Aspergillus niger u Trichoderma harzianum, oTrnexxnaHud B TakaBa T€YHa XpaHUTENHA Cpelia U KOHTPOJHA cpela ce
CJIeiW MO CIIEAHUTE OMOXMMUYHHU TMapaMEeTPH: KOJIMYECTBa CBOOOJHM M OOIIM OpraHWYHM KucenwHu, pH croifHOCTH,
PEeAYKIOHEH MMOTEeHINAN i OnoMaca. B 3aBrcHMoOCT OT BUAOBeTe IHOMYKH NMa HHXHOMpaHe Ha pacTeka Ha OnomacaTa
IIPY pa3IMYHU KOHIIEHTPAIWH Ha IE€TEPreHTa B IEpUOa OT TPETHUs [0 mecTrs AeH. KoHneHTpausiTa Ha AeTepreHTa oT
0,3% ce paznara BbB BCHUKH TECTBAaHH CMECH I'bOH - AETEPTEHTH.
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A comprehensive systematic study on the mechanism of solid-liquid extraction of valuable components from plant
materials was conducted. Experimental series of extraction of flavonoids from red geranium roots - Geranium
Sanguineum L. (extractant 70% C,HsOH), and of tobacco concrete from tobacco leaves - Nicotiana tabacum L.
(extractant H,0), were done. Parametric investigations of the effect of: solid phase size (R = 0.2x103 + 1.2x107 m),
effective diffusion coefficient (Der = 101% = 1012 m?s™!), partial mass transfer coefficient (k = 107 + 107 ms™),
temperature (T = 20 +~ 60 °C) and liquid/solid ratio (& = 0.01 + 0.03 m’kg"), on the changes in the solid/liquid
concentration were done. Significant correlation between the experimental data and the model values is established.

Key words: Solid-liquid extraction, Numerical solution, Kinetics, Effective diffusion coefficient, Partial mass transfer

coefficient, Modeling, Plant materials

INTRODUCTION

Solid-liquid extraction is a process, the products
of which are widely used in pharmaceutics,
cosmetics and food industries, and also applied for
environmental purposes. The description and
calculation of the process faces serious difficulties
both from methodological and mathematical points
of view. The latter provoked numerous scientific
studies focused on the process kinetics [1-7], the
diffusivities [8-12], the extraction yields [6,9], or
the process design [13-15]. Mathematical modeling
is a powerful means for optimization of the
equipment, simulation, design and control, allowing
theoretical description of the process and evaluation
of the mass transfer coefficients. Yet, the process
description is very difficult because of the influence
of a large number of parameters: variable in time
solid phase pore structure, irregular particle shape,
large particles size distribution, etc. The initial
concentration of the active substance may also
differ for the same raw material as a function of the
crop area, storage conditions, operational
temperature during the processing, and liquid/solid
ratio. The kinetic coefficients also vary during the
extraction process. To set up an experimental
installation one needs to be acquainted with the
diffusion type and the factors that are of main
importance for the process. For that purpose, there
are two different approaches, the first one is an
analytical solution based on some simplifications
for the three classic shapes of the solid phase. The

* To whom all correspondence should be sent:
E-mail: evgeni@uctm.edu

second approach is a numerical solution combined
with experimental data to obtain the necessary
kinetic parameters applying the method of standard
function or characteristic function [15].

The process of extraction of useful components
from plant raw materials has been almost ever
limited by the mass transfer inside the solid phase
pores. Each  experimental kinetic curve
(dependence) includes indirectly all factors that
influence the diffusion process velocity, as solid
polydispersion and anisotropy, solid particles form,
change in liquid phase concentration.

Such a kinetic curve can be represented by an
equation of the type:

— (—H.0)
C,=A-Be , )

where A, B andH are constants determined
numerically on the basis of the experimental data
that have specific physical meaning, compared with
the analytical solution of the process of solid phase
extraction [10,14]. Quantitatively, these factors are
reported by the effective diffusion coefficient (Def).
The exact calculation of Der is of significant
importance for the engineering solution of the
process. In practice, there are experimental methods
and such combining experimentally obtained data
with analytical solutions. Chilev et al. (2014)
suggested a new empirical model for the calculation
of Derr that was valid for a wide range of plant
materials from which useful components were
extracted with hydroalcoholic solutions [16].

The aim of the present study is to determine the
mechanism and method of calculation and
description of an extraction process by classical
diffusion models, based on experimentally obtained
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data. Furthermore, it establishes the effect of a
number of parameters, characterizing a real system,
on the extraction kinetics, in order to obtain more
accurate modeling and control of the process.

EXPERIMENTAL
Plant materials

Experiments were carried out with two plant
materials important to practice. The roots from
Geranium Sanguineum L. were used as a solid
phase for the extraction of flavonoids, and tobacco
leaves (Nicotiana tabacum L.) - for obtaining
tobacco concrete (extractable substances).

Extraction design

The kinetic experiments were performed in a
stirred vessel. The ground raw material with
suitable size was placed in the reactor and poured
on with 70% C,HsOH/H.O or pure H,O. The
reactor was immersed in a water bath and the
temperature was maintained constant, controlled by
a thermometer. The mixture was continuously
stirred. To ensure limiting internal diffusion the
angular velocity of the mixer was regulated. After
extraction, the samples were taken and filtered
through pleated filter to separate the solid from the
liquid phase.

Experimental conditions
System I: Geranium Sanguineum L. - 70% C,HsOH

The kinetic study was carried out by periodical
extraction from the roots of Geranium Sanquineum
L. in a stirred vessel. The process temperature was
T = 20°C. To eliminate the external mass transfer
resistance the agitation rate was maintained at n =5
s'. The experiments were performed with three
sizes of the solid phase particles (R = 0.2 - 0.4 mm,
R=04-0.8 mmand R=0.8 - 125 mm), at a
liquid/solid ratio ¢ = 0.02 m’ kg' and 70%
C,HsOH/H,O solution as a solvent. The extracts
were filtered with paper folded filter (Boeco
Germany, Grade 6). The concentration of valuable
compounds in the liquid phase (C;) after the
extraction was measured. Each experimental point
of the kinetic curve was determined based on the
average value of three independent experiments.

System 1I: Nicotiana tabacum L. — water

The experimental results were obtained in a
batch reactor at the following conditions: extraction
temperature — T = 20°C and agitationrate —n =7 s
!, which ensured internal diffusion as a rate limiting
stage (the external resistance was eliminated). The
extraction experiments were conducted at three
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liquid/solid values: £=0.01 m® kg, £=0.02 m® kg
Pand ¢ = 0.03 m® kg'!. The initial concentration of
the extractable substance (tobacco concrete) was
experimentally determined - C, = 607.97 kg m>.

Analytical methods for the extraction analysis
Spectrophotometric analysis for the determination
of total flavonoids for system | - Geranium
Sanguineum L. - 70% C,HsOH

The content of total flavonoids was determined
by a colorimetric method with catechin. A
calibration curve was obtained following the
procedure: in a 10 ml volumetric flask 4 ml distilled
water, 0.3 cm® NaNO; and 1 cm® of previously
prepared 100 mg dm™ catechin solution were
added; the solution mixture was well shaken. After
5 min 0.3 ¢cm® AlICl; and 2 cm® of NaOH were added
and the solution was made up to 10 cm® with
distilled water. Four more solutions with different
catechin concentrations were prepared following
the above cited procedure. The absorbances were
measured on a UV/VIS spectrophotometer
(BOECO — Germany S-22), at a wavelength of 510
nm VS a blank sample [17].

Weight analysis for the determination of
extractable substances for system Il - Nicotiana
tabacum L. — water

A weighing method with precision of 10 g was
applied for the quantitative determination of
tobacco concrete. The extracts were evaporated in a
drying oven at T = 70°C.

Kinetics study and modeling

In the absence of convective transport, the
extraction from solid materials is described by the

nonstationary diffusion equation (a—z;é const
X

oC, .
anda—;t()). In porous solids, for the three
T

"classical" shapes (unlimited plate, infinite cylinder
and sphere) of the solid phase, the summary
equation for symmetrical mass transfer has the
following form [18]:

oCy(%7) _ 1 0 {xtDeﬁ 6Cz(x,r)} @

or Xt ox oX

At D, =const.it can be rearranged by solving

the one-dimensional Fick’s law for the three
“classical” shapes of the solid phase — plate, sphere
and cylinder:
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ox* X ox
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with the following boundary conditions:
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The general analytical solution has the form:

- Dey 7
C,-C,_ 1 ¢ 4.(+1) =
Coc. e p 2 @ik pain

®)

where Co is the initial concentration in the solid
phase; Cn = Cyi by periodical processes; Ci; -initial

concentration in the liquid phase;C,- average
concentration in the solid phase; Det — effective
diffusion coefficient in the pores of the solid phase;
R - wsize of the solid particles; 7t —

. Cleq
time; f = ——— Cc -

c, ﬂ CO _C 5 leq
concentration in the liquid phase; ui — roots of the
characteristic equation; v — shape factor for the
solid phase; m - distribution coefficient,
M =~ 1 because of the low concentration range (well
known fact in literature for the investigated plant
material).

The boundary condition of the third kind — eqn.
(4), which assumes equality of the mass flow from
the solid phase to the surface towards the mass flow
in the fluid phase, can be presented as follows:

aC
oy

equilibrium
leq

— Bi (Ezﬁ —El) . (9)

x=R

where R is a characteristic particle size,
w = X/t - relative coordinate, and Bi = kR/ D, -

Biot number.

The value of the partial mass transfer coefficient
k depends on the hydrodynamic conditions of the
porous particle wrapping, and it is a major Kinetic
indicator of the stage of the extraction process,
which involves mass transfer from the solid surface

through the boundary layer to the core of the fluid
flow. The value of Bidetermines the mode of the
diffusion extraction.

At high  wrapping velocity K -— o0,
Bi > o0 (Bi>30+40), the mode is internal
diffusion, and the extraction rate is limited by solid
phase diffusion. The opposite results correspond to
lower values of the mass transfer coefficientK . At
k — 0, C, — const. and Bi < 1 the mode is external
diffusion, and the process rate is limited by external
diffusion — mass transfer from the solid surface.

In the boundary conditions, the concentration C;
of the extractable component in the liquid phase is
introduced. This concentration is approximately
constant when the amount of the extractant is much
greater than the amount of the extractable
component. Such a ratio between the phases is
some times artificially created in experimental
conditions to facilitate the processing of the
experimental data.

RESULTS AND DISCUSSION
Numerical solutions and analysis

The model described above can be used for
extraction processes with various types of plant
materials with different type of the internal
structure and different size of the solid phase
fractions, as well as when applying various
extractants for the same raw material, etc.
Practically, to use this model it is necessary to
clarify the influence of the individual parameters on
the type and accuracy of the solution and to present
subsequent comparison with the experimental
results for different liquid/solid systems.

Initially, a numerical study on the impact of
various factors on the overall solution of the model
was conducted. The programming environment
MatLab 8.0 was used. The function ,,pdepe”, which
solves initial-boundary value problems for systems
of parabolic and elliptic partial differential
equations (PDEs) in the one space variable X and
time 7 with variable coefficients, was selected.

oC
The coefficients may depend on X, 7z, C anda—.
X

This function can be used for different types of
symmetry - slab, cylindrical, or spherical.

The plant material may have different shapes
and sizes. Usually they represent bits of herb
leaves, flowers or roots. Therefore, the geometry of
the system is a plate or a sphere. Thus, the
numerical experiments were conducted for both
types of system geometry. The solution of the
differential eqn. (8) gives the distribution of
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concentration in the solid phase over time. By the
boundary condition eqn. (4), however, the
concentration profiles in the liquid phase could be
determined, and they can be compared with the
experimental data. Therefore, the effect of
individual factors on the distribution of
concentration first in the solid phase and then in the
liquid phase was initially examined. During the
numerical experiments the following values of the
variables, which were not changed in the course of
the calculation procedure, were used: Coo = 317 kg
m>, C10=0kg m? and Ceq = 5.8 kg m™.

Factors influencing the concentration change in
the solid phase

The parameters affecting the concentration
distribution in the solid phase could be summarized
as direct and indirect, or internal and external. The
first group of parameters, on which the external
diffusion mass transfer depends directly, includes
the particle size R and the coefficient of effective
diffusion Des. The latter is directly related to the
structure of the solid phase. The second group
includes factors associated with the external mass
transfer of a substance: the partial diffusion
coefficient in the boundary layer around the particle
k and the concentration change in the liquid phase
Ci.

Factors directly influencing the change of solid
phase concentration

Effective diffusion coefficient (Det)

The first parameter of this type is the effective
diffusion coefficient. It is a complex function which
depends on the pore diffusion coefficient and the
structure of the solid phase — pore size distribution,
pore curvature, etc. [14,15]. During the extraction
process, the solid phase changes its structure
regularly or irregularly, thus De will generally
depend on the spatial coordinates and time. To
determine the effect of this parameter on the
solution, numerical experiments at D, = const

but changing in a different order, were conducted
(Fig. 1).

The obtained solutions were for a plate. In this
case, the system is symmetrical with the axis of
symmetry passing through half the thickness of the
plate. The numerical solutions were obtained for
solid particle thickness R = 0.3x103 m and this
spatial coordinate was divided into 10 parts (size of
the integration step). Time changed from 0 to 7200
s, and the time interval was divided into 100 parts.
The partial external diffusion coefficient was k =
10° m s!. Figure 1 presents the change of the solid
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phase concentration C, depending on the spatial
coordinate X, i.e. amending half the plate thickness
from zero to R = 0.3x10° m. With respect to the
time coordinate, the figure depicts the concentration
profiles for the initial moment "zero" (C, at time
zero) and for the final moment (all other curves) at
7 = 7200 s. Obviously, at 7 = 0 s the concentration
of the extractable component is C, = 317 kg m?
and it is regularly distributed in the solid phase
volume. At z = 7200 s for all values of Des the
solution displayed the highest concentration in the
particle center at X = 0, which decreased to the
boundary value at X = R.
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Fig. 1. Effect of Deff on the change of solid phase
concentration (Cy).

The figure shows that the smaller value of De,
provokes the higher concentration in the center of
the particle at the final time. At Derr = 107! m? s,
the concentration in the core was practically equal

to that at the plate surfaceC, |_,=C, |,_g, i.e. the

total quantity of the extractable component was
extracted from the solid phase. Hence, the more
intense the internal diffusion, the less amount of
extractable component remained in the solid phase
after specific time. According to Fig. 1, a relatively
small modification of Derr, with only one order of
magnitude, resulted in large differences in the
concentration profiles in the final point of time, i.e.,
a strong influence of the effective diffusion
coefficient on the final solution was observed. It is
known that atBi<I1the process is limited by
external mass transfer, for 1<Bi<30+40 a
combined mass transfer mechanism is observed,
and at Bi>30+40 the diffusion is internal
[14,18]. In the case of the presented numerical
experiments, Bi changed in the region 300 - 3000,
i.e. the process was limited by internal diffusion.
Such study is essential when the target
component is of high price, and it is necessary to be
fully recovered from the solid phase. Thus, for a
particular system at known Det, the final point of
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time can be determined so that practically 100% of
the extractable component can be extracted from
the solid phase.

Solid phase particles size

From practice, it is known that one of the stages
during the preparation of the raw material for
extraction is crushing or cutting of the solid phase,
i.e. the particle size influences the overall process.
To investigate this dependence, numerical
experiments for different particle radius (in a
spherical coordinate system) and different leaves
thickness (for a plate) were conducted. The
obtained results at Der= 107! m? s! are presented in
Fig. 2. The other parameters are as in the numerical
experiments for Derr in the previous section. Figure
2 displays the solutions for spherical coordinate
system at =0 and 7 = 7200 s.

Obviously, the larger the particles, the greater
amount of the extractable component remained in
them after 7200 s. At R = 1.4x10° m, the
concentration in the particles center after 7200 s
approximated the initial concentration. For small
particles with R < 0.4x10” m, practically the entire
quantity of the extractable component was
extracted after 7200 s. Consequently, at a given
intensity of the external diffusion, the greater the
particle size, the greater amount of extractable
components remained there after a certain period.
In this case, Bi number varied between 200 and
1400, i.e. the rate limiting stage was internal
diffusion. This study is essential when the target
compound is of high price, and the optimization
problem for choosing the time of extraction and
particle size has to be solved, so that substantially
the whole of the extractable component has to be
extracted from the solid phase.
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Fig. 2. Effect of the solid particles size (R) on the
change of solid phase concentration (Cy).

Factors indirectly influencing the change of solid
phase concentration

Partial mass transfer coefficient

This parameter is related to the external mass
transfer through the boundary layer of the particle.
Numerical experiments for various k values, Dt =
10" m? s and slab symmetry — R = 0.8x103 m,
were conducted. The other parameters were as in
the previous numerical experiments for Der. Figure
3 presents the numerical solutions for the initial and
final time moments.

Obviously, for k> 10 m s, the latter parameter
actually did not influence the concentration change
in the solid phase, as these values of k correspond
to Bi > 80, which means rapid diffusion through the
external boundary layer. Thus, the process was
limited by internal diffusion, and the external mass
transfer did not influence the derived solution. For k
~ 107 m s' and Bi = 8 the external diffusion
affected the overall process rate, i.e. the latter
depended on both external and internal diffusion. In
this case, k influenced the concentration distribution
in the solid phase, which was confirmed by the
numerical experiments presented in Fig. 3.
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Fig. 3. Effect of k on the change of solid phase
concentration (Cy).

Liquid/Solid ratio

The second parameter that indirectly affects the
solution is the liquid/solid ratio & It is directly
related to the concentration in the liquid phase Ca.
The concentrations in both phases are
interconnected by the boundary condition eqn. (4).
Since the concentration in the liquid phase is
generally lower than that in the solid and it changes
in a narrow range, very little influence of this
parameter on the solution could be expected (i.e.
the distribution of the concentration in the solid
phase). Thus, numerical experiments at Desr = 107!
m’s™!, k=10 m s and at two values of the particle
sizes R = 0.8x103 and 1x10* m were carried out.
The values of the other parameters were the same
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as those of the numerical experiments for D in

Section 3.2.1. To ascertain the impact of C; on Co,
numerical solutions were obtained in which the
boundary condition was set sequentially C, =0 (at
liquid/solid ratio infinity) for the entire time
interval and Ci # const., i.e. likewise C,; changes

over time depending on the solution.
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Fig. 4. Effect of the liquid/solid ratio (&) on the solid
phase concentration (Cy).

According to Fig. 4 for both selected particle
diameters, the difference between the solutions at

constant and variable C,was very small, i.e. the

influence of this parameter on the distribution of
concentration in the solid phase was very weak, as
already mentioned.

In conclusion, the concentration profiles in the
solid phase were mainly influenced by the effective
diffusion coefficient and particle size. Depending
on their values for a given system, an optimum
solution with regard to the necessary extraction
time and the recovery rate of the target component
has to be found. The influence of the other
parameters was much slighter, and it probably
manifests in mixed modes (with both external and
internal diffusion control), which practically do not
occur for extraction processes from raw plant
materials.

Factors influencing the change of liquid phase
concentration

Liquid phase concentration depends on the
following three factors:

1. Mass transfer to the interior of the liquid
phase;

2. Intensity of mass transfer through the
boundary layer around the particle;

3. Concentration on the solid phase

surfaceC, |, _p .
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The first factor is related to the mechanism of
mass transfer of the extractable component in the
liquid phase (molecular and convective diffusion).
Typically, using suitable techniques (e.g., vigorous
stirring) with a rather high accuracy the operation
of the extractors approaches the ideal mixing
regime. Thus, the concentration of the extractable
component in the liquid phase at a given time is
instantaneously equalized for the entire phase
volume. Therefore, the impact of this parameter
was eliminated.

Intensity of mass transfer through the boundary
layer around the particle

The intensity of mass transfer through the
boundary layer around the particle depends on the
partial mass transfer coefficient, k. This coefficient
depends mainly on the nature of the solvent and the
extractable component and is in the order of 10 -
10 m s'. Rarely, for highly viscous extractable
agents and for mass transfer of organic
macromolecules or complexes, it may be reduced to
107 m s, By the Biot number, calculated on the
basis of the values of k and Des, the rate limiting
mass transfer mechanism — internal or external
diffusion, could be determined. For extraction from
plant materials, D, is usually of the order of 10!

m? s, while £k = 10° m s'. The latter implies a
limitation of the diffusion process in the solid phase
pores, which is confirmed by numerous
experimental results [10,14,18]. The effect of the
mass transfer coefficient through the boundary
layer around the solid particle on the liquid phase
concentration  was  investigated. = Numerical
experiments (Fig. 5) were conducted for various K
values at the following conditions: D, = 10" m?

s, R = 0.8 m, phase equilibrium constantm=1.
The other parameters: initial solid/liquid
concentration, etc., were the same as those in the

previous numerical experiments. Bi number
changed in the range 8 — 8000.
&
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Fig. 5. Effect of k on the change of C;.
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Figure 5 displays the concentration profiles in
the liquid phase, obtained by the numerical solution
of the model for the time period 0 — 7200 s.
Obviously, at k = 10* and 10° m s™! and Bi = 8000
and 800, respectively, the curves practically
interflowed. These values corresponded to rapid
mass transfer through the boundary layer around
the particle, and demonstrated that further increase
of Bi by k would be senseless and would not alter
the rate of concentration change in the liquid phase.
The effect of K became apparent at values

k <10°m s, i.e. Bi <80. Then the mass transfer
through the boundary layer around the particle was

hindered, as for Bi=80 (k=107 m s") the rate
of C1 increase was significantly reduced.

Phase equilibrium constant

The equilibrium state of extraction represents
the dependence of the equilibrium concentration in
the liquid phase on the solid phase concentration
for a given temperature and at various liquid/solid
ratios. Usually, it is a straight line of the
type: Cf =m.C,, ~where m is the phase
equilibrium constant. The values of this constant
could be larger or smaller than unity. The
equilibrium type affects the entire extraction
process. The equilibrium constant is included in the
boundary condition presented by eqn. (4), thus
influencing the solution of the task. The effect of
this parameter on the liquid phase concentration
change was numerically investigated. The
numerical experiments were conducted for m = 0.5,
I, 2 and 3, corresponding to equilibrium line
slopes:  25°65, 45°, 63°43and  71°57,
respectively. The values of the other parameters
were as follows: k= 10° m s Dest = 10" m? s, R
= 0.3x10® m and Bi =30. Figure 6 presents the
strong influence of this parameter on the type of the
obtained solutions. The equilibrium constant
affected the nature of the curvature of the obtained
solutions, and hence the accuracy of the calculation.
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Fig. 6. . Effect of m on the change of C;.

Effective diffusion coefficient in the solid phase
pores

Since the concentration on the grain surface,
C, |,.r » depends on the one hand on the effective

diffusion coefficient of the extractable
component D, , and on the other on the partial

external mass transfer coefficientk in the boundary
layer around the particle, the complex influence of
both parameters was tested. Derr and K participate in
the calculation of Bi. Since C; is lower than the
solid phase concentration C, (increased driving
force) and if the mass transfer through the boundary
layer is very intensive (at k = 10, 10° m s), the
concentrationC, |, _, ceases to depend on Derr and

depends only on k. The change in the value of De,
in this case, influenced the distribution of the
extractable component inside the particle (as
depicted in Fig. 1), but did not influence the

boundary  concentrationC, |,_,, which  was

approximately equal to Ci. Figure 7 presents the
change of boundary concentration with time for k =
10* and 107 m s, Dexr = 10° and 10" m? s,
respectively, and R = 0.3x10° m. The
corresponding values of Bi are 30, 3000 and 0.03,
3, respectively.
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According to the data in Fig. 7 in the case of
large values of k=10 ms™, ie. rapid mass
transfer through the external boundary layer,
corresponding to Bi =30 and 3000 (mixed mass
transfer mode), D, did not influence the type of

the obtained curves. Hence, the change of C, | _;
depended only on kK, rather than Dy, . For Dett = 10

and 10" m? s! the curves coincided (Fig. 7). For
small values of k = 107 m s, i.e. hindered mass
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transfer through the boundary layer, the curves for
both D values were well distinguished. In this

case, the external and internal diffusion became
commensurable (Bi = 0.03 and 3). Fork =107 m s!
and Der = 10° m? s' (Bi=0.03) there was a
pronounced external diffusion mode and D,

started to affect the change of the liquid phase
concentration. According to the figures, the impact

of D, was less pronounced than that of k.

Consequently, the dependence of the change of C,
on D, varied but only when the overall speed of

the process was limited by external diffusion and
this change was insignificant. Desr did not affect C;
for the cases of limiting internal diffusion or mixed
mass transfer mode.

Solid particles size

Almost similar results were obtained when the
impact of particle size on the change of
concentration in the liquid phase was investigated
(Fig. 8).

The corresponding values of Bi for the four
cases displayed in Fig. 8 were 3000, 13000 and 0.3,
3. Hence, at k = 10* m s' the process was
controlled by internal diffusion, and at k= 107 ms-
' the mode was mixed. Obviously, the effect of
solid particles size was more significant for low k
values, i.e. mixed mass transfer mode - Bi <3. At
k=~ 10* m s, the curves coincided. In that case, C;
did not depend on the solid particles size.
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Fig. 8. Effect of the solid particles size (R) on the
change of C, .

It can be summarized that C; was influenced
mainly by the rate limiting diffusion mechanism

related to Bi, which is in direct correlation with k.
At k = 10* — 10° m s!' (Bi=60+70), the
diffusion is fast, thusC, and C, |,_g did not depend
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on D, and the solid particles size. At k= 10°- 10"

7 m?s™'(Bi~30+0.03), slight dependence of the

concentration profiles in the liquid phase on
D, and on the solid particles size was established.

The equilibrium phase constant also affected the
accuracy of the solution, although less than Kk, but
again in the regions of mixed and external diffusion
control of the process. The influence of this
parameter in the case of internal diffusion was
insignificant. For most extraction systems, the
value of the equilibrium phase constant is
approximately 1, but in some cases of multi
component extraction of polymers, and when mixed
extracting agents (containing both polar and non-
polar molecules) are applied, this value can be
variable.

Numerical studies aimed to establish the
influence of the size of the integration step on the
spatial coordinate and time were conducted. For
this purpose, solutions were obtained by dividing
the spatial coordinate and the time interval into 5,
10, 100, 200, 500 and 1000 parts. The resulting
solutions were identical regardless of the step of
integration in space or time. This indicated greater
resistance of the solution and could be accepted as a
criterion for reliable results.

Experimental validation

The experimental data for target compounds
extraction at different process conditions are
presented in Table 1.

The experimentally obtained data for the
extraction kinetics of the investigated solid-liquid
systems can be described with an acceptable
accuracy by eqn. (1). The values of A, B and H
were estimated by nonlinear regression analysis of
the experimental data and presented in Table 2 for
different sizes of the solid phase - System |
Geranium Sanguineum L. - 70% C,HsOH and
different solid-liquid ratios - System Il Nicotiana
tabacum L. — H>O.

Effect of the liquid/solid ratio

To investigate the effect of the liquid/solid ratio
on the process kinetics, extraction experiments with
Nicotiana Tabacum L. were conducted. The
experimental results are presented in Table 1.They
were described with sufficient accuracy by eqn. (1).
The values of the constants A, B and H were
determined by non-linear regression on the basis of
the experimental data. The effective diffusion
coefficient was calculated by the Standard function
method [14-18]. Its values are presented in Table 2.
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Numerical solutions of the model for the three
liquid/solid ratios were obtained. Figure 9 displays
the experimental data and the numerical solutions.

Obviously, satisfactory compliance between the
experimental and model curves was achieved.
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Fig. 9. Mathematical modeling of the experimental
results for different liquid/solid ratios.

Effect of the particle size

To study the influence of the solid phase size on
the process kinetics, extraction experiments of total
flavonoids from Geranium Sanguineum L. were
performed. The experimental data are presented in

Table 1. Solid particles with average sizes of
0.4x103, 0.8x10 and 1.25%10° m were used for
the experiments. The values of the parameters from
eqn. (1) and those of Desr are presented in Table 2.
Figure 10 illustrates the experimental data and the
numerical model solutions for the three studied
cases.
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Fig. 10. Mathematical modeling of the experimental
results for different particle sizes.

Table 1. Experimental data for extracted components concentration in the liquid phase C; (kg m) under different

process conditions

Nicotiana Tabacum L.

Geranium Sanguineum L.

E=0.01 £=002 £=0.03 R=(0.2-0.4) R=(0.4-0.8) R=(0.8-1.25)

O k) (mikg) kgl  *10° (mm) x10° (m) x10° (m)
300 25.14 11.93 10.38 0.527 0.470 0.364
600 36.15 18.45 13.26 0.823 0.767 0.428
900 39.99 20.28 13.94 0.717 0.661 0.725
1200 - - - 0.929 0.915 0.491
1800 45.16 21.5 15.00 0.922 0.887 0.604
3600 43.7 21.68 13.77 0.965 0.823 0.746
5400 42.64 23.19 14.60 - - -

7200 - - - 0.937 0.852 0.788

Table 2. Values of the coefficients A, B, and H from eqn. (1) and of D, calculated by the standard function

method.

Parameter A B H D x 10" (m? s
For Liquid/Solid Ratios (Nicotiana Tabacum)
& =0.01(m*kg™") 43.7 43.1 0.003 0.30955
&=0.02 (m* kg 222 22.1 0.0026 0.28064
& =0.03(m* kg ") 14.3 13.8 0.0045 0.47784
For particle size (Geranium Sanguineum)
R=04x10" (m) 0.933 0.9272 0.002713 1.2097
R=08x10" (m) 0.8406 0.8391 0.002824 5.0567
R=1.25x107 (m) 0.7532 0.6815 0.001053 4.7499
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According to Fig. 10, when the particles size was
reduced, the quantity of the extracted component
increased and the kinetics of the process was
intensified. Satisfactory correlation between the
experimental and model data was observed.

Effect of temperature

To study the effect of temperature on the
concentration profiles in the liquid phase,
experimental data from a previous publication of
the scientific team was used [16]. The obtained
numerical solution for the examined system was
compared to the experimental data.

Concentration [ kg / i 1

T=40°C| -

*  T=20°C
T=50°C
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Fig. 11. Mathematical modeling of the experimental
results for different temperatures.

Figure 11 presents the experimental results and
numerical solutions of tannins extraction from
Cotinus coggygria. The processing temperature was
T = 20, 40, and 50°C. The experiments were
performed at liquid/solid ratio ¢ = 0.02 kg m?,
density of the solid phase pso = 961 kg m>,
characteristic solid particle size R = 1.5%10*m, and
initial tannins concentration in the solid phase Co =
353.66 kg m>. The values of the constants A, B and
H and the coefficient D, (calculated by the

standard functions method) were published
previously [16]. A direct relationship between
temperature and the quantity of the extracted
tannins was observed. There is a good agreement
between experimental and modeled results.

CONCLUSIONS

A parametric study of the influence of various
parameters on the concentration change in the solid
and liquid phase, during the extraction of target
components from plant materials, was conducted.
The extraction kinetics of the systems Geranium
Sanguineum L.-70% C,HsOH and Nicotiana
tabacum L. — H,O was experimentally investigated.
The comparative analyses outlined that the effect of
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the various tested parameters on the process
kinetics was complex and its magnitude was
determined by the mode of the diffusion control
based on Bi number values. The experimental data
showed that, in all cases of extraction from plant
materials, the process was controlled by internal
diffusion. Thus, the main parameters influencing
the kinetics of the process were the effective
diffusion coefficient and the size of the solid
particles.

The decrease in the solid particles size at
constant other parameters lead to a decrease of the
Bi value. According to the conducted numerical
experiments, the extraction process was intensified
at smaller particle sizes. At particles sizes smaller
than R = 0.4x10 m, practically the entire quantity
of the target component was extracted after 7200s.
The latter was confirmed by the experimental data
for extraction of flavonoids from Geranium
Sanguineum L. The effective diffusion coefficient
depended predominantly on the temperature and the
solid phase structure, as confirmed by both the
performed numerical experiments and the
experimental data for tannins extraction from
Cotinus coggygria L. Therefore, by increasing the
temperature the amount of the extracted material
was increased. The liquid/solid ratio was directly
related to the change of the liquid phase

concentrationC,. The numerical experiments

displayed slighter influence of this parameter on the
numerical model solution. The liquid/solid ratio
affected predominantly the driving force and
therefore, the intensity of the diffusion process. The
latter was confirmed by the experimental data of
target compounds extraction from Nicotiana
tabacum L.

The influence of the partial mass transfer
coefficient through the external boundary layer and
the equilibrium phase constant was investigated
numerically. These two parameters affected the
model solution only in the regions of mixed and
external diffusion control (Bi<30+40). For
internal diffusion, the influence of both parameters
was insignificant.

The numerical modeling of all experimental data
displayed satisfactory compliance between the
experimental and model results. The comparative
analyses and the suggested mathematical model
could be applied for the simulation and description
of extraction processes from various plant materials
at verified technological parameters influencing the
process intensity.
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NOMENCLATURE

A = coefficient defined by eqn. (1)

B = coefficient defined by eqn. (1)

Bi = Biot number (Bi = KR/De)

C; = concentration in the liquid phase (kg m™)

Cieq = equilibrium concentration in the liquid phase

(kg m™)

%)

C; = concentration in the solid phase (kg m™)
C, = initial concentration in the solid phase (kg m™)

C,= average concentration in the solid phase (kg m

Deit = effective diffusion coefficient (m? s™!)
H = coefficient defined by eqn. (1)
k = external mass transfer coefficient (m s™')
m = distribution coefficient
n = agitation rate (s™!)
R = characteristic size of the solid particles (m)
T = temperature (°C)
X = coordinate (m)
Greek Letters
0 = solid particles size (mm)
ui=roots of the characteristic equation
v = shape factor
¢ = liquid/solid ratio (m*kg™")
psol = density of the solid phase (kg m™)
7= time (s)
y = relative coordinate (i = X/t)
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N3CJIIEABAHE HA MEXAHU3MA U KNHETUKATA HA EKCTPAKIIUSA OT PACTUTEJIHU
CYPOBUHU

E. Cumeonos'”, 3. SIuesa?, U. Yues'

'Kameodpa ,, Musxcenepna xumus “, Xumuxomexnono2uuen u memanypauden ynusepcumen, o6yi. ,, Kn. Oxpudcxu“ 8,
1756 Coghus, Bvacapus

2Cexyus ,, Xumus “, Kamedpa ,, Papmaxono2us, pusuoious Ha JCUOmHUmMe u Gu3uono2uuHa xumus *,
Bemepunapnomeouyuncku ¢axyimem, Tpaxuticku ynugepcumem, Cmyoenmcku epad, 6000 Cmapa 3acopa, bvreapus

Ilocrbnuna Ha 11 ronu 2016 r., xopurupana Ha 24 guyapu 2017 r.
(Pesrome)

ITpoBeaeHo € USAJIOCTHO CHCTEMATHYHO M3CI/Ie/IBAaHE HA MeXaHW3Ma Ha M3BJIMYAHE Ha MOJIE3HH KOMIIOHEHTH TIPH TBHP/IO-
TEYHA EKCTPAKIMS OT PACTHUTENHU CYpOBUHH. M3BBPIICHH ca CEPUU OT EKCIEPUMEHTH Ha EKCTPaKIHOHHO W3BIMYaHE
Ha (IaBOHOMIM OT KOPEHU Ha KPbBeH 37pasell - Geranium Sanguineum L. (ekctparent 70% C,HsOH), u Ha TiOTIOHEB
KOHKpeT oT TioTIoHeBH scta - Nicotiana tabacum L. (excrparent H,O). 3a menra G6e NpoBeIEeHO MapaMeTPUUHO
u3ciIelBaHe HA BIMSIHUETO HA IapaMeTpuTe: pasMep Ha TBhpaaTa ¢asa (R = 0.2x107 + 1.2x1073 m), koepuuueHTHT HA
edexrmBra muQy3ua (Der = 10710 + 1072 m?s!) wacten koeduument ma macompenacsue (K = 107 + 107 ms™),
temmeparypa (T = 20 + 60 °C) u xunpomonyn (¢ = 0.01 + 0.03 m’kg™!), BEPXy M3MEHEHHETO HA KOHIECHTPALUATA B
TBbp/aTa U TeyHaTa (paza. YCTaHOBEHA € MHOTO BUCOKA CTEIIEH Ha KOpealus MKy eKCIIEPUMEHTAIHUTE 1 MOJICITHH
CTOMHOCTH.
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The primary aim of the present study was to compare the prediction power of different PLS algorithms as applied to
the quantification of three spectrally overlapping drugs. Four variants of PLS were chosen for multivariate calibration
and prediction of the three components of the drug formulation (paracetamol, propyphenazone and caffeine). NIPALS
and SIMPLS algorithms were the most commonly used algorithms. The other tested algorithms were Kernel and
Bidiagonalization which have been rarely applied in pharmaceutical analysis.

First-order data were created by measuring UV-spectra of drug mixtures over the range 190-300 nm with a
resolution of 2.0 nm (i.e., 56 spectral points/sample). Reduced five-level full factorial design was used and the
prediction power of PLS variants was tested for drugs levels outside the ranges selected in the calibration set.

De Luka method and the confirmative bootstrap method were helpful for the quick selection of the spectral regions.

The external prediction using the PLS-Kernel calibration model showed significant advantages in the analysis of the
common marketed formulation SARIDON. The three drugs in SARIDON were quantified with mean recoveries and
precisions of 96.4 (1.3), 95.1 (2.5) and 96.2 (2.9) for paracetamol, propyphenazone and caffeine, respectively. This
turned out to be the optimal algorithm which could be successfully applied for the routine analysis of analgesic and
antipyretic tablets in the pharmaceutical industry.

Keywords: PLS1 algorithms: NIPALS, SIMPLS, KERNEL, BIDIAGONALIZATION, Spectral overlapping; De Luca

method, Bootstrap method, SARIDON formulation.

INTRODUCTION

Pharmaceutical formulations, in which one
dominant component is combined with other drugs,
are designated to enhance the final pharmacological
effects of each substance and to cover a larger
medical treatment [1]. Formulations containing
paracetamol PAR, propyphenazone PRO, and
caffeine CAF represent a commonly prescribed
combination for pain relief [2]. Paracetamol is a
common antipyretic and analgesic agent used as an
alternative to aspirin (acetylsalicylic acid) in some
countries [1]. Propyphenazone is derived from
pyrazolone with analgesic, antipyretic and anti-
inflammatory effects [2]. It is a non-steroidal
antiinflammatory drug incorporated together with
paracetamol into many analgesic combinations [2-
3]. CAF, a methylated xanthine and potent
stimulant of the central nervous system, has been
added to PAR and PRO in various combinations
[1,3]. Caffeine is also known to synergistically
increase the analgesic effect of paracetamol and

* To whom all correspondence should be sent:
E-mail: ggergov@abv.bg

propyphenazone, providing relief from symptoms
like headache, muscular aches, neuralgia, backache,
joint pain, rheumatic pain, migraine, toothache and
menstrual pain [2,4]. In Eastern Europe, very
common marketed formulations containing PAR,
PRO and CAF are known as SARIDON® and
Pararemin® [3]. On the Bulgarian market the
generic product SARIPHEZON® is also available.

Typical doses of the earlier preparations are 250
mg PAR, 150 mg PRO and 50 mg CAF, however,
different levels are also available in the market.
NeoOptalidon® is a common formulation with
lower drug-doses 200 mg PAR, 125 mg PRO and
25 mg CAF, while Veramon® is available with
higher PRO dosage: 200 mg PAR and 285 mg PRO
[8].

The aforementioned ternary-drug formulations
are of great challenge for pharmaceutical analysts
to develop reliable and simple analytical procedures
avoiding expensive chromatographic separation and
characterized by low-consumption of organic
solvents and short analysis time.

Quantification of PAR, PRO and CAF in
different pharmaceutical preparations was carried

410 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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out using liquid chromatography [3,5]. Derivative
spectroscopic methods were also suitable for
resolving such complex mixtures. Derivative ratio
zero-crossing spectrophotometric determination of
the three analytes was demonstrated by Dink et al.
[5]. However, the applicability of derivative
spectroscopic methods for handling overlapped
spectra would be limited. More powerful
multivariate calibration and UV spectrophotometry
for accurate assaying marketed formulations has
been well documented [1,8]. Among the
multivariate calibration methods, classical least
squares CLS, principal component regression PCR,
and partial least squares regression PLS have been
intensively applied [6].

Dink et al. proposed UV chemometric
determination of a ternary mixture containing PAR,
PRO and CAF in pharmaceutical preparations [7].
De Luca and co-workers have applied several
chemometric methods using zero and derivative
spectra to get better external prediction for PAR-
PRO-CAF [8] .The same authors proposed a new
procedure for wavelength selection based on the
cumulative regression coefficients.

PLS modeling is the most important multivariate
calibration method in many different fields
including chemical and pharmaceutical analysis.
PLS method has a very important advantage over
other = chemometric = methods  for  using
concentrations knowledge directly in calculations.
PLS can deal with collinearity and offers an
interactive diagnostic exploration of the data [9].
Modern instruments can generate a large number of
data points per sample, which needs more advanced
PLS-algorithms to end up with accurate results
within minimum time , numerical stability and
capacity [10,11]. PLS (particularly the nonlinear
iterative partial least squares-NIPALS) is the most
frequently adopted algorithm in chemical and
pharmaceutical analysis [12,13]. Undoubtedly, the
dramatic improvement in software production,
modeling, and programming languages has
positively reflected on the popularity of
multivariate calibration. The intense applicability of
PLS-NIPALS in pharmaceutical analysis is
attributed to its availability in most commercial
softwares like MVC1® and TOMCAT® [14,15]. For
example, NIPALS is suitable for modeling many
variables-X but it requires long computational time
and more memory-storage [16]. PLS-SIMPLIS is
proposed for increasing calibration speeding [17].
Along with this, there are two versions of the de
Jong's algorithm (SIM-PLS and WIM-PLS), which
are implemented in TOMCAT®[15]. WIM-PLS is
specially designed for wide X matrices . Another

approach, although not as fast, was presented and
called the Kernel PLS algorithm . PLS-Kernel is
considered as an adjustable algorithm which can be
adopted for systems of many variables or even
many mixtures by creating condensed and small
matrices [18,19]. The kernel algorithms were
improved by Dayal and MacGregor [20]. PLS-
Bidiagonalization is an advanced version of another
algorithm which decomposes the X matrix into
three smaller matrices of orthonormal vectors [11]
and this algorithm deserves investigation as it has
no application in pharmaceutical analysis. It is
known that the mentioned algorithms are different
in their mechanisms for running chemical analysis
[10,11,16].

There are two main goals of this work: a)
assessment of the resolving power of four common
PLS algorithms (NIPALS, SIMPLS, Kernel, and
Bidiagonalization) for quantification of three
spectrally overlapping drugs, and b) quick
quantification of the active ingredients (PAR, CAF,
and PRO) in the highly consumed marketed drug
SARIDON® with minimum sample clean up. The
application of the newly proposed De Luca
procedure and bootstrap methods for selecting
informative spectral regions before multivariate
calibration is evaluated.

Theoretical background

PLS is an efficient tool for developing a
quantitative relationship between several predictor
variables X (spectral measurements in this work)
and a property of interest Y (the independent
variables or drugs content in this work).
Mathematically, the relationship between X and Y
or y (for one single independent variable) is given
as [16]: y=Xb, where y, X, and b are drug standard
concentrations in the calibration samples arranged
in a vector, the data matrix containing the
absorbances of standard solutions that are measured
at different wavelengths, and the calibration
sensitivity which is necessary for estimating drug
content in the extracts of SARIDON®. PLS is an
efficient numerical tool to find b which is often
accomplished using different variants of PLS [11].
In general, the dimensions of the mentioned
quantities are X (I samplesxJ variables) and Y (I
samplesxk solutes), y (I samplesx1), and b (J
variablesx1). The tested PLS-variants are NIPALS,
SIMPLS, Kernel, and Bidiagonalization. In the tests
of comparing algorithms only PLS1(one dependent
variable) was considered. The best selection of the
optimum number of PLS-factors (A) is carried out
by using leave-one-out cross-validation technique
[21].
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A brief summary on the PLS-variants is
provided in this section.

PLS-NIPALS

This classical algorithm is suitable for modeling
different sizes of X matrices which containing the
explanatory variables. Therefore, for matrices of
I>J or J>I| but the algorithm reported to be not
suitable for many variables X matrices [10-11].
This algorithm decomposes X and y (or Y) into
smaller matrices and vectors to estimate calibration
vector b to be used in the next prediction stages.
The general steps of the algorithm are [10-11,16]:
w: PLS-weight for X: w=u'X/(u'u)

t: PLS-score for X: t=Xw

q: PLS-loading for y: q=t'y/(t't)

u: PLS-score for y: g=yq/(q'q)

p: PLS-loading for X: p=t'X/(t't)

X and optionally y are then deflated before
repeating the above steps for the new PLS-variable:
X]ZX—tlplt and y1=y—t1q1‘

The next component is estimated using X; and y;
and proceeding with Xy2.... Xa, ya until an
adequate model is established. Once the earlier
vectors are estimated using the optimum number of
factors (A), then b is estimated as:

b=W'(PW')!q

where W is the weights matrix for X, P is the
loadings matrix of X, and q is the loading vector for
y. t and -1 stand for transpose and inverse
operations, respectively. Once b is estimated by
PLS-NIPALS, prediction of the target drug from
the unknown spectrum ay, is carried out as
following:

Cun = aunb

PLS-SIMPLS

This algorithm is faster than PLS-NIPALS but it is
not recommended for many variables-X matrices.
To find the wuseful calibration vector b, the
following quantities are computed [16, 17]:

s=X'y

r: PLS-loading fory: r=s

t: PLS-score for X: t=Xr

p: PLS-loading for X: p=X't

q: PLS-loading for y: q=y't

The quantities r, t, p, and q are stored in R, T, P
and q, respectively. Before estimating the next
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PLS-variable s is projected on a subspace of P. The
above algorithm is stopped once all PLS-variables
are estimated as outlined earlier. Regression vector
is calculated as [17]:

b=Rq

Prediction of the target drug in the new sample
(extract of formulation) is estimated as shown
above. PLS-SIMPLS is faster than classical PLS-
NIPALS as it proceeded without deflation of X and
y and fewer matrices (to find b) are used [16].

PLS-Bidiagonalization

Basically, this advanced algorithm is started by
decomposing X into three matrices [11]:

X=URV!

Where, U(IxJ) and V(IxJ) are matrices with
orthonormal columns (i.e., UU= V'V=1) and
R(J%J) is the bidiagonal matrix. It is imprint to
mention that in the earlier algorithms all columns in
the generated matrices must be orthogonal (i.e.,
WW= P'P=0). Once the U, R and V matrices are
estimated with the optimum PLS-variables, the
calibration vector is estimated as [11]:

b = VR''Uy

PLS-Kernel

There are two common variants of Kernel
algorithm so far [11, 16, 18, 19]. The first one can
handle matrices of many samples, i.e. | is larger
than J (I>>J), and the other one (which is suitable
for the current drug system) was proposed for many
variables X-matrices (J>>1). In all kernel
algorithms, condensed matrices are created from X
and Y (or y) which is an essential step. In the
adopted algorithm, two condensed matrices are
created XX' and YY" or yy'. Kernel matrix is then
estimated as: XX'YY' The main steps of the
algorithm are [19]:

1. The eigenvector of the kernel matrix is
taken as the first X score vector t;. The Y score
vector is then estimated as: u;=YY't

2. The next step is to update the association
matrices by eliminating the explained variable as
follows:

G, =I-t;it;' (I identity matrix)

XiX'= G XX'G;

Y]Y]t = G1 YYt G]

The above operations save us from going back
to the original large matrices and calculation of
association matrices which are necessary at the start
of the algorithm. As can be seen, the matrices
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involved in Kernel algorithm have lower
dimensions than the original matrices.

3. The next t and u vectors are estimated as
outlined above using the updated matrices. The
calibration matrix (containing the calibration
vectors for the target solutes) are estimated from
weight and loading matrices (W, P and Q) as

follows:

W=XU
P = (T'X)(T'T)"!
Q = (TY)(T'T)’

Step 3 is repeated until the optimum number of
PLS-variables is estimated.

It should be mentioned that all vectors in W
should be normalized before creating the b vector
[18, 19]:

b =W(PW)'Q

The solutes could be predicted from the
spectrum ay, of the sample as follows:

Cun = aumb

De Luca wavelength selection method

The main steps of the De Luca method [8] are:

1. Firstly, the optimal number of factors (A) for
components in the mixture is found.

2. Secondly, regression vectors for every
component using A are estimated from PLS -
algorithms: B = W(P'W)'Q".

The regression coefficients for every component
have different values at each wavelength:

C=by + bjd;, + bA, +--+b 4,

where C is the analyte concentration, b the
regression coefficients and A is the wavelengths.

3. The sum of the absolute values of regression
coefficients gives a new vector called curve of
cumulative coefficients (B):

By, = Zlbil
i=1

4. Finally, the mean of cumulative coefficients is

estimated and so the cutoff values are obtained:
1

_ 1
5=1%5
nid
I—
5. The appropriate wavelength range includes
the crossing points between cutoff value (B) and
the curve of cumulative coefficients (B).

EXPERIMENTAL
Chemicals and reagents

The drugs (Paracetamol, Propyphenazone and
Caffeine) as shown in Fig 1 with maximum purity
(> 99%) were purchased from Sigma—Aldrich. A

100.0 mg/L standard solution of each drug was
prepared by dissolving 100 mg (£0.0001 g) from
the corresponding pure materials in doubly distilled
water in a 1.0 L volumetric flask. Due to the
modest solubility of PAR and PRO in water, the
initial solutions were mildly heated (50 °C). The
calibration mixtures (22 solutions) and validation
mixtures (12 solutions) were directly prepared from
the stock solutions by appropriate dilution using
distilled water.

o Q CHa i
N |
HN CHj %\Jw/i /> e 1;.’J
o) N N |
' 0Ny cH
CH3 TOw
HiC—(  CH,
OH cH,
Paracetamol Caffeine Propyphenazone

Fig. 1. Structural formulae of the drugs
Apparatus and software

The absorbance measurements were obtained
using a quartz cuvette of 1.0 cm optical path, by a
HP8452A diode-array UV—Vis spectrometer. The
spectra of drugs were recorded over the wavelength
range of 190-300 nm and the digitalized
absorbance values were exported to MATLAB®
for further analysis. Numerical solutions are
calculated using MatLab®2013a (The Mathworks,
Natick, MA, USA). PLS-variants (NIPALS,
SIMPIS, Kernel and Bidiagonalization) were
runned using home-made matlab® codes based on
the algorithms outlined in the former section. The
matlab® codes are available upon request from the
authors. Independently, mathematical calculations
were carried out using MVCI® [14] and
TOMCAT® [15] programs which are freely
available. Cross-validation procedure was carried
out using cross-validation.m function from
TOMCAT?®, which is modified to be applicable for
SIMPLS, Kernel and Bidiagonalization algorithms.

Calibration and validation sets

There are many strategies for building a
calibration set which is necessary to run the
calibration model. In pharmaceutical analysis, full
factorial design is often adopted to end up with
accurate multivariate calibration analysis. For n
concentration levels for k solutes, the number of
calibration mixtures | that should be prepared is n*.
Finally, a large reduction in the number of mixtures
is obtained by applying Brereton's table [22]. It is
proposed for multilevel multifactor (multi-solute)
systems. According to Brereton's design, the
number of mixtures is I = n?> and the maximum
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number of analyzed solutes is I-1. In our work,
five-level full factorial design was adopted.
Following this design, 25 mixtures should be
prepared and up to 24 solutes analyzed [22]. In this
work, 22 mixtures are found representative and
prepared according to the levels provided in Table
1. The levels of drugs in the calibration set were
randomly selected. As can be seen from Table 1,
the levels of the drugs were carefully chosen to be
comparable to those present in the marketed
formulation (250 mg PAR-150 mg PRO-50 mg
CAF per tablet). For PAR and PRO, the selected
levels are 0, 4.0, 6.0, 8.0, and 10.0 mg/L, while for
CAF, the levels were 0, 1, 2, 4, and 8 mg/L. For the
three drugs, the concentration levels were coded as:
-2 for the lower concentration and +2 for the higher
concentration. In general, the design would show
that the levels of drugs are orthogonal and span a
large variation in levels. The orthogonal design is
necessary for building a stable and robust PLS
model. A 12-mixture validation set was prepared in
order to test the performance of the models. For a
validation set, new concentration levels were
created for the three solutes, and the prediction
power of the PLS model was tested for drugs levels
outside the ranges selected in the calibration set.
For example, 12.0 mg/L (for PAR and PRO) and

Table 1. Composition of calibration and validation sets

16.0 mg/L (for CAF) were selected and these levels
are out of the calibration range.

Preparation of the formulation before analysis

The drugs were safely extracted from
SARIDON following a simple procedure.
Pharmaceutical formulations were assayed by
weighing the content of five tablets, grinding to a
fine powder, and storing in a cold place. A great
care was taken to ensure safe extraction of the three
drugs from the complex extract of the formulation.
Extraction by hot water was found useful, as will be
shown later. An amount exactly corresponding to
the average tablet weight was suspended in water or
hot water (50 °C) and made up to a volume of 1000
ml. The final suspension was sonicated for 10 min
and then filtered through a PTFE 045 pm
membrane filter. Samples were scanned after
proper dilution using a spectrophotometer over the
spectral range 190-300 nm. The initial examination
of the spectra indicated the existence of co-
extracted components (mainly excipients) which
needs application of multivariate calibration for
more accurate quantification. Derivative
spectroscopic methods were found of limited
application for this complex system.

Calibration set (mg/L) Validation set (mg/L)

Number Paracetamol Propyphenazone Caffeine Paracetamol Propyphenazone Caffeine
1 4.0 (-1) 6.0 (0) 2.0 (0) 12.0 6.0 2.0
2 6.0 (0) 6.0 (0) 2.0 (0) 10.0 12.0 2.0
3 8.0(1) 6.0 (0) 2.0 (0) 10.0 6.0 8.0
4 4.0 (-1) 6.0 (0) 2.0 (0) 10.0 6.0 16.0
5 8.0(1) 0(-2) 0(-2) 0 0 8.0
6 10.0 (2) 4.0 (-1) 0(-2) 8.0 6.0 1.6
7 10.0 (2) 6.0 (0) 2.0(0) 6.0 4.8 1.6
8 10.0 (2) 8.0(1) 4.0 (1) 6.0 4.0 0.8
9 10.0 (2) 10.0 (2) 8.0(2) 8.0 4.8 1.6
10 0(-2) 8.0(1) 0(-2) 0 4.8 1.6
11 10.0 (2) 6.0 (0) 1.0 (-1) 8.0 4.8 0
12 10.0 (2) 6.0 (0) 2.0 (0) 8.0 0 1.6
13 10.0 (2) 6.0 (0) 4.0 (1)

14 10.0 (2) 6.0 (0) 0(-2)
15 0(-2) 6.0 (0) 2.0 (0)
16 10.0 (2) 0(-2) 2.0 (0)
17 0(-2) 0(-2) 2.0 (0)
18 10.0 (2) 6.0 (0) 1.0 (-1)
19 10.0 (2) 6.0 (0) 2.0 (0)
20 8.0(-1) 0(-2) 0(-2)
21 0(-2) 8.0 (1) 0(-2)
22 0(-2) 0(-2) 8.0(2)

a.  Five-level full factorial design according to orthogonal Brereton's design [22]. Values in parentheses are the codes

necessary for building orthogonal mixtures.
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RESULTS AND DISCUSSION
Spectral overlapping

The UV absorption spectra of the three drugs
along with the typical SARIDON extract are given
in Fig 2.

As indicated in Fig 2, the drugs exhibited strong
UV absorption over the studied range (190-300
nm). Both PAR and CAF showed their typical
spectra with suitable wavelengths for detection at
244 and 274 nm, respectively. In fact, the
absorption spectrum of PRO has irregular shape
where the drug has stable absorption over the range
210-270 nm. The spectra of the drugs are highly
overlapped over the studied range. Net analytical
signal (NAS) is a suitable method to characterize
the analytical figures of merit and spectral
overlapping related to the multivariate calibration
[23]. NAS analysis indicates that PAR, PRO and
CAF would be detected down to 0.21, 0.37 and
0.15 mg/L! respectively. On the other hand, NAS
calculations indicate a high degree of spectral
overlap with other signals for PRO (80% spectral
overlap). PAR and CAF showed lower spectral
overlapping (71 and 55%). The absorption
spectrum of the mixture indicated the additive
nature of the individual signals of the drugs and the
linearity of the current system. In fact, the
experimental spectrum and the one estimated from
the single-drug spectra were almost identical
indicating the additive nature of the generated
signals. The claimed values of the three drugs in the
formulations indicated that PAR and PRO are more
dominant than CAF (250 mg PAR, 150 mg PRO
and 50 mg CAF per one tablet). This fact clearly
reflected on the shape of the recorded spectrum
(dilution factor 1:25) of drug extract where the final
shape is very close to that of PAR. The similarity of
the extract spectra with PAR would indicate that
the extraction procedure was effective as the drugs
were selectively obtained among other constituents
like excipients.

2.50

PAR (8.0 mg/L)
2.00 -~ PRO (RO M)
— = - CAF {80 mat)

2eses Mixture of drugs

i V4
150 Y - = = Drugextra

Absorbance

150 210 230 250
‘Wavelength (nm])

27 290 310

Fig. 2. Absorption spectra of the studied ternary drug
system

In fact, simultaneous determination of the
ternary drug system is not possible by univariate
calibration which is due to intense spectral
overlapping. In our view, the main analytical
problem in the current system is the intense spectral
overlap where the influence of unexpected
interference is also high, as indicated from the
spectrum of the drug extract.

In this study, three matrices were -created:
calibration matrix (22x56), validation matrix
(12x56) and matrix of drug extracts (18x56).

Selection of the optimum spectral ranges before
PLS calibration

In fact, the performance of multivariate
calibration would be improved if calibration is
carried out over certain informative ranges instead
of the entire spectrum. There are many procedures
for selecting those informative regions prior to
multivariate  calibration, including statistical
analysis related to the external validation [24],
genetic algorithm [25], changeable size moving-
window [26], and De Luca's procedure [8]. In the
latter procedure, the absolute values of the
calibration vector b (obtained by the PLS model)
for the three solutes were numerically summed to
find the cumulative coefficient B. Another
important line called cutoff line is estimated. This
line is necessary for the final selection of the
spectral ranges of the studied drugs. The De Luca
plot is given in Fig 3.

As indicated in the plot, the best spectral ranges
which are included in the calibration are those
located under the De Luca line and above the cutoff
line. The best regions for analyzing drugs are: 202-
220, 234-254, and 266-284 nm. In fact, the purpose
of the cutoff line was to help the analyst to select
or locate the informative spectral ranges [8].

4.0

2 30-

3 De Lyca Line

3 20

:_% \ ; Cutoff line

AT

g 1.0 \ f /

? WY N IR

2004 /

g 1907 11\11

g0 % '

2 / Wavelengths (nm) e
20

Fig. 3. De Luca plot generated from PLS-calibration
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Table 2. Prediction of drugs in the validation set before and after applying De Luca's procedure for selecting the

informative spectral regions.

Spectral region (nm) 190-300 nm

De Luca wavelength selection

(56 points/spectrum)? (31 points/spectrum)®
PAR PRO CAF PAR PRO CAF
PLS-NIPALS variables 8 10 7 8 6 7
REP%? 5.9 14.3 12.2 4.9 7.9 6.7
RMSEP® 0.45 0.78 0.40 0.37 0.67 0.39
Mean Recovery® 98.5 90.7 96.1 99.0 90.8 96.4

a.  Based on De Luca procedure, the optimum spectral regions for drugs are: 202-220, 234-254, and 266-284 nm (31 spectral

points/sample).

b.  Statistical analyses were applied to the non-zero concentration of the drugs. REP%: Relative error of prediction and

RMSEP: root mean square error of prediction.

The regions that left over would account for the
serious overlapping between drugs (220-230 nm,
258-266 nm, as shown in Fig 3). Although the first
region (190-194 nm) would be included in the
regression, it was excluded, as it is close to the
extreme limit of the instrument. One more
interesting point in the procedure is including the
maximum wavelengths of absorption of drugs like
244 nm for PAR and 208/274 nm for CAF. It was
interesting to notice that 196 nm (a significant
wavelength for PAR) was excluded by the
procedure. Now, the numerical analysis by PLS
(NIPALS variant) was repeated to quantify the
drugs in the validation set using selected regions.
The main results are compiled in Table 2.

Application of De Luca method for selecting the
informative spectral regions has improved PLS
regression in certain aspects. For PRO, the number
of PLS-variables was reduced from 10 to 6 which
will reflect on the computation time. Moreover, the
prediction power of the model was improved by
applying De Luca procedure. Another important
method that would be used for finding the optimum
spectral ranges is the bootstrap method [16]. In this
method, bootstrap sampling is used to estimate the
standard errors in the PLS-calibration vectors b (for
each drug) and from these errors an assessment of
each explanatory variable on modeling y is carried
out. Usually 1000 bootstrap samples are enough to
estimate the standard error in b. From bootstrap
samples (taken from X and y), the standard errors
of bj, j= 1,...,A (oyj) are estimated and are used to
calculate the standardized coefficients b; /oy The
standardized coefficient larger than 1.96 is
considered important at 0.05 significant level
meaning this variable is essential for modeling y.
The bootstrap procedure was repeated for each
drug. Bootstrap analysis indicated that the best
spectral regions for PAR are 212-220, 230-252, and
258-282 nm. For PRO: 190, 194-196, 206, 212-
228, 232-242, 248-280 nm. For CAF: 190, 194-
198, 204-206, 212-228, 244-272, and 282-290 nm.
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For PAR, the results of De Luca were comparable
to the bootstrap ranges. However, for the other two
drugs, more spectral regions were obtained by
bootstrap compared to De Luca. Accordingly, PLS-
NIPALS calibration was repeated using the regions
of bootstrap and the optimum PLS-variables were
also estimated by the cross-validation technique.
The overall results were comparable to those
obtained by De Luca/PLS-NIPALS.

Comparison between PLS variants for drugs
guantification

MVC1 and TOMCAT are the most commonly
used software package in the pharmaceutical
analysis [14,15]. MVCI1 uses only NIPALS [14],
but in TOMCAT, except for NIPALS, there are
additional two variants of the SIMPLS algorithm:
the WIM-PLS and SIM-PLS algorithms [15]. Nine
PLS-algorithms are available for handling different
kinds of data, but application of Kernel and
Bidiagonalization is rather limited [11].

For the current drug system, the size of the X
matrix is 22x56. From a practical point of view, the
size¢ of X is an adjustable parameter and is
dependent on the system under investigation.

The current analytical system was subjected to
different PLS-variants and the assessment strategy
was based on two items: a) number of PLS-variants
needed to build the model, and b) the prediction
power of different PLS-variants. Model of lower
PLS-variables with better prediction is the best
choice. Other important criteria including
computational time and memory-storage were not
investigated [16].

For each drug, PLS-variables needed for
calibration (A) were estimated by the leave-one-out
method. The final PRESS-PLS-variable plots are
shown in Fig 3a, 3b and 3c and the performance for
drug prediction is summarized in Table 3.
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4.5 7 - -o- - Bidiagonal PLS

CAF

—o—Kernel
-+-a - NIPALS /
—— SIMPLS i

0 1 2 3 4 5 6 7 8 9

10 11
PLS Latent Variables
Fig 3 a). PRESS-Latent variables plots for

different PLS-variants as obtained by cross-validation
technique for CAF
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Fig 3 b). PRESS-Latent variables plots for
different PLS-variants as obtained by cross-validation
technique for PAR

In fact, typical PRESS-Latent variable plots
were obtained for all variants (except
Bidiagonalization). In all cases, a large reduction in
PRESS is observed with increasing variables.
Generally speaking, from 6 to 10 variables are
needed in all variants to explain the variances in the
data. Except for PLS-Bidiagonal, the models
exhibited a stable performance at high latent
variables. The interesting point in Fig 3 is the
abrupt jump in PLS-Bidiagonalization behavior

where PRESS is suddenly increased at 7 variables
and this is true for the three drugs. The optimum
number of factors needed for optimum prediction is
shown in Table 3.

304 PRO —o— Bidiagonal PLS
—&— Kernel
2.5 A —o— NIPALS
—%— SIMPLS
2.0
7
ElS*
1.0 1
0.5
0.0 T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 11
PLS Latent variables
Fig 3 «¢). PRESS-Latent variables plots for

different PLS-variants as obtained by cross-validation
technique for PRO

The performance of PLS-variants was
comparable for PAR prediction in the validation set
with an overall recovery of 97.2-99.7 and excellent
REP% 1.6-4.9. Although the NIPALS model used
fewer variables (compared to SIMPLS and Kernel)
for prediction, the model needs longer computation
time, particularly for many variables-X matrices
[16]. For all variants, poor prediction was observed
for PRO and this is attributed to intense spectral
overlap of this drug with other components. Due to
its unstable performance and poor prediction for
PRO  (16.2%) and  CAF(8.5%), PLS-
Bidiagonalization (see Fig 3 c¢) was not appropriate
algorithm. Kernel model, in fact, outperformed
other variants for PAR, PRO and CAF prediction
which is expected, as this algorithm is perfectly
designed for the current analytical system.
Compared to the other variants, PLS-kernel is
known for its shorter computation time and less
computer storage [18,19].

Table 3. Prediction of drugs in the validation set using several PLS-variants

PLS-variant® PAR PRO CAF

AP REP% RSD A REP% RSD A REP% RSD

S =z Sz Sz

) 1S )

=3 = 3 =

- ' -
NIPALS 8 99.0 4.9 34 6 9038 7.9 2.9 7 96.4 6.7 4.0
SIMPLS 9 97.4 32 2.9 10 89.0 125 35 9 90.3 11.8 2.8
Kernel 9 97.2 33 2.8 8 955 5.4 2.5 9 96.4 55 27
Bidiagonal 6 99.7 1.6 1.1 6 820 162 6.5 6 109.8 13.7 8.5

a. See "Theoretical background" section for more details on the algorithms.
b. PLS-factors needed for optimum modeling was estimated using cross-validation technique [21].
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Drugs quantification in SARIDON formulation
and comparison with other methods

Although PLS-variants were workable for
simultaneous analysis of PAR-CAF-PRO in their
pure mixtures, the performance of the models was
further tested for SARIDON® formulation. In real
preparations, excipients are present along with the
drug component which may negatively interfere
with drugs quantification by PLS-regression. The
extraction experiments indicated that distilled water
is an efficient extractant for the three drugs.
Accordingly, the consumption of expensive and
toxic organic solvents is avoided. Moreover, hot
water (50 °C) was also tested for drugs extraction.
After extraction, the extracts were directly scanned
by UV and the obtained spectra were analyzed by
PLS calibration. As Kernel model was the optimum
model for drugs prediction, the model was used for
drugs quantification in real extracts. The overall
results are summarized in Table 4.

The analytical performance of the Kemnel-PLS
method should be tested against a standard
analytical procedure to asses the overall accuracy
and precision. The levels of drugs in the marketed
formulation were accurately measured by an
independent chromatographic procedure and this
was carried out by the manufacturer at earlier
stages. The following main conclusions are drawn
from Table 4: a) the proposed Kernel-PLS is
workable for quantifying drugs with stable
performance. No advanced cleaning procedures like
solid phase or liquid-liquid extraction are applied in
the current case and no chromatographic

procedures are applied; b) extraction by hot water
(50 °C) clearly ended up with better results and this
is attributed to the enhanced solubility of drugs at
higher temperature. Extraction at still higher
temperatures is not recommended due to the
unexpected influences on the chemical structure of
drugs; c) the estimated recoveries £ RSD (96.4
(1.3), 95.1 (2.5) and 96.2 (3.0) for PAR, PRO and
CAF, respectively) reflected the applicability of the
Kernel-PLS method for drugs quantification. In
fact, many analytical methods were proposed for
PAR-PRO-CAF quantification in commercial
pharmaceutical formulations. The reported methods
extended from laborious matrix cleaning-liquid
chromatography to non-separative ones including
partial least squares PLS calibration.

For further assessment, the current method was
compared with published methods as summarizes
in Table 5.

Most of the reported methods are using either
ethanol or methanol for drugs extraction, however,
other aqueous solvents are also applicable. For
chromatographic methods, the main steps of
extract-cleaning were centrifugation and filtration.
In general, all chromatographic procedures were
found efficient for drugs quantification with
acceptable accuracy and precision. The best
detection of the ternary system was reported by
Soponar and co-workers [3]. Using micellar
electrokinetic capillary chromatography with DAD
detection, the drugs were quantified in SARIDON®
with very low detection limits of 42, 194, and 74
ng/ml for PAR, PRO and CAF, respectively [3].

Table 4. Quantification of active ingredients in marketed SARIDON® formulation by Kernel-PLS

Extraction * PAR PRO CAF
Content Rec %" RSD" Content (mg/ Rec RSD Content Rec%  RSD
water extraction (mg/ tablet) % (mg/tablet)
(25 °C) tablet)
S1 239.3 127.8 44.0
S2 229.8 137.5 34.3
3 233 8 93.8 1.7 1200 86.7 6.1 420 80.2 10.4
S4 235.2 135.0 40.0
Hot water extraction (50 °C)

S1 240.0 144.1 48.5
S2 241.0 140.5 46.5
S3 2375 96.4 1.3 139.0 95.1 2.5 485 96.2 2.9
S4 245.0 146.8 49.3

a.  In all extractions, 5.0 g tablets of SARIDON® were grinded and a mass equivalent to one tablet was directly extracted with
water. The extract was centrifuged and finally filtered through a 0.45 um filter. Before spectral analysis, 1:25 dilution was carried out

with distilled water. Four identical extractions were carried out (n=4).

b.  The overall accuracy (mean recovery) and precision (RSD) were estimated against the actual or claimed values (250 mg

PAR, 150 mg PRO and 50 mg CAF) provided by the manufacturer.
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Table 5. Comparison of the analytical characteristics of Kernel-PLS with published methods for PAR-PRO-CAF
quantification in commercial pharmaceutical formulations

Chromatographic methods

Formulation . . . . . . LOD Spike Rec. RSD
(mg/tablet) Extraction solvent Matrix purification Analytical technique (mg L) %) %) Ref.
N provided PAR 1002  PARO0.2
Methanol Centrifugation HPLC-DAD Not providled ~ PRO 99.8 PRO 0.2 27
PRO150 CAF 99.3 CAF 0.2
CAF 50 ’ :
ROt provided PAR 1024  PAR 1.4
Methanol Centrifugation HPLC-DAD Not providled ~ PRO 97.5 PRO 1.2 28
PRO150 CAF 99.6 CAF 0.8
CAF 50 : :
Not provided Micellar electrokinetic
. - . PAR 0.6 PAR 100.3 PAR 0.2
Centrifugat d b
PAR 250 Distilled water 0 on AnC mEmbrane capillary CAF08  PRO999  PRO02 29
PRO150 filtration chromatography- PRO0.S  CAF1000  CAF0.4
CAF 50 MECK-DAD : : :
SARIDON®
I . HPLC-UV PAR 0.042
PAR 250 Methanol Filiration by pore-size filier .\ claed drugs were  PRO0.194  97.2-1023  05-1.1 3
PRO 150 paper (no centrifugation)
also detected) CAF 0.074
CAF 50
Pararemin®
. . HPLC-UV PAR 0.042
PAR 230 Methanol Filtration by pore-size filter i \ojated drugs were  PRO0.194 9791011 1826 3
PRO 150 paper (no centrifugation)
also detected) CAF 0.074
CAF 50
AN PAR030  PAR100.0  PAR 0.4
PRO 150 Methanol Filtration and dilution HPLC-UV PRO 0.25 PRO 100.0 PROO0.6 5
CAF 50 CAF 0.36 CAF 100.0 CAF 1.8
Non-Chromatographic methods
mZSO Derivative UV PAR 0.29 PAR 99.8 PAR 0.3
PRO 130 0.1 M HCI Filtration and dilution Sooctromhotomet PRO035  PRO100.I  PROOS 5
Pectrop 24 CAF0.10  CAF99.0  CAF16
CAF 50
Minoset plus® .
PAR 250 gastric juice Shaking, and filtration by Multivariate . PAR 100.0 PAR 0.7
PRO 150 solution 0.20pm membrane filter calibration Not provided PRO 99.9 PRO 1.2 7
’ PLS-NIPALS CAF 101.6 CAF 2.7
CAF 50
. Sonication and filtration by .
Nﬂ;(})ﬁaél(()ign@ 0.45pm  membrane filter. Mull%"atr,late PAR 105.1 PAR 3.75
Ethanol Final extract diluted et Not provided ~ PRO 105.5 PRO- 8
PRO 125 . PLS-NIPALS
(1000 time) by CAF 126.9 CAF -
CAF 25 L. (absorbance)
distilled water
Sonication and filtration by L
sy i e Mo i1 pas
PRO 150 Ethanol Final extract diluted PLS-NIPALS Not provided PRO 106.6 PRO - 8
(1000 time) by ) CAF 129.5 CAF -
CAF 25 .. (absorbance)
distilled water
Sonication and filtration by Multivari
Veramon® 0.45mm  membrane filter. ul_ttl)vatr_late
PAR 200 Ethanol Final extract diluted PLS.MIpALs  Notprovided  PAR959  PAR375 8
PRO 285 (1000 time) by PRO 88.5 PRO -
. (absorbance)
distilled water
S PAR 251:)]® Shaking, centrifugation, and Multivariate calibration PAR 0.21 PAR 96.4 PAR 1.3 This
PRO 150 Hot water (50 °C) filtration by 0.45 pm PLS-Kernel PRO 0.37 PRO 95.1 PRO 2.5 work
CAF 50 membrane filter (absorbance spectra) CAF 0.15 CAF 96.2 CAF29

The drugs were quantified after separation by
Cis column with excellent recoveries 97.2-102.3
and precision 0.5-1.1 [3]. In general, the reported
chromatographic methods manifested an excellent
analytical performance for quantifying commercial
tables containing PAR, PRO and CAF [5, 27-29].

As can be seen from table5, chromatographic
procedures have shown a better precision compare
to multivariate calibration methods. Interestingly
and as depicted in this table , multivariate
calibration methods do not apply any extra
purification or preconcentration step and
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manifested a comparable stable analytical
performance to chromatographic methods. As
indicated in Table 5, the proposed multivariate
calibration has achieved better detection for drugs
without using advanced instruments. Although
derivative spectrophotometry was workable for
analyzing PRO, CAF and PRO in commercial
tablet (Minoset®), the overall precision seems to
questionable [5]. As shown in Table 5, PLS-
NIPALS is the most adopted algorithm for drugs
quantification in commercial tables. Indeed, PLS-
NIPALS was effective for analyzing the current
ternary-drug system in different commercial
formulations with optimum accuracy and precision.
Ding and co-workers showed that the results
obtained by derivative spectrophotometry and
liquid chromatography for PAR-CAF-PRO
quantifications are statistically comparable [5]. De
Luca and co-workers showed that application of
PLS NIPALS on absorbance spectra gave good
recovery only for PAR, but for PRO and CAF
satisfactory quantifications were obtained using
third derivative spectra [8]. Our results demonstrate
that recovery can be improved especially for CAF
using only absorbance spectra and Kernel-PLS
algorithm. Besides the reported detection limits,
accuracy, and precision of Kernel-PLS method is of
comparable quality to laborious and time-
consuming chromatographic methods. Another
advantage of the proposed method is that no
extensive matrix-cleaning procedures are adopted.

CONCLUSIONS

The following main conclusions are deduced

from the current pharmaceutical-chemometric
study:
. Modeling many variables-X matrices is less

time-consuming and very safe using Kernel-PLS
method.

. Selection of informative spectral regions by
De Luca's method has improved the overall
regression which was also in agreement with
bootstrap method.

. Extraction of the ternary drug mixture by
hot water instead of using ethanol or other toxic
organic solvents is a good practice.

. The reported recoveriestRSD [96.4 (1.3),
95.1 (2.5) and 96.2 (3.0) for PAR, PRO and CAF,
respectively] proved the applicability of Kernel-
PLS method for drugs quantification in commercial
SARIDON®,

The proposed multivariate calibration procedure is
applicable for other formulations and, in the same
time indicated the adequacy of Kernel-PLS for
pharmaceutical analysis.

420

REFERENCES

1. M.R. Khoshayand, H. Abdollahi, M. Shariatpanahi,
A. Saadatfard, A. Mohammadi, Spectrochim. Acta A,
70, 491 (2008).

2. H.G. Kraetsch, T. Hummel, J. Lotsch, R. Kussat, G.
Kobal, Eur. J. Clin. Pharmacol., 49, 377 (1996).

3. F. Soponar, D. Staniloae, G. Moise, B. Szaniszlo, V.
David, Rev. Roum. Chim., 58, 433 (2013).

4. J.R. Migliardi, J.J. Armellino, M. Friedman, D.B.
Gillings, W. T. Beaver, Clin. Pharmacol. Ther., 56,
576 (1994).

5. E. Ding, G. Kokdil, F. Onur, J. Pharm. Biomed.
Anal., 26, 769 (2001).

6. Y.S. Al-Degs, A.H. El-Sheikh, A.A. Issa, M. Al-
Ghouti, M. Sunjuk, Water Sci. Technol., 66, 1647
(2012).

7. E. Dinc, C. Serin, F. Tugcu-Demiroz, T. Doganay,
Int. J. Pharm., 250, 339 (2003)

8. M. De Luca, F. Oliverio, G. Ioele, G. Ragno,
Chemometr. Intel. Lab., 96, 14 (2009).

9. P. C. Damiani, G. M. Escandar, A. C. Olivieri, H. C.
Goicoechea, Current Pharm. Anal., 1, 145 (2005).

10.J.A. Martins, R.F. Teofilo, M.M. Ferreira, J.
Chemom., 24, 320 (2010).

11. M. Andersson, J. Chemom., 23, 518 (2009).

12. H.W. Darwish, [.A. Naguib, Drug Test. Anal., 5, 325
(2013)

13.H.W. Darwish, S. A. Hassan, M.Y. Salem, B. A. El-
Zeany, Spectrochim. Acta A, 122, 744, (2014)

14. A.C. Olivieri, H.C. Goicoechea, F.A. Ifion, Chemom.
Intell. Lab. Syst., 73, 189 (2004).

15. M. Daszykowski, S. Serneels, K. Kaczmarek, P. Van
Espen, C. Croux, B. Walczak, Chemom. Intell. Lab.
Syst., 85, 269 (2007).

16. A. Alin, Stat. Papers, 50, 711 (2009).

17.S. de Jong, Chemom. Intell. Lab. Syst., 18, 251
(1993).

18.S. Rénnar, F. Lindgren, P. Geladi, S. Wold, J.
Chemom., 8, 111 (1994).

19.S. Rénnar, P. Geladi, F. Lindgren, S. Wold, J.
Chemom., 9, 459 (1995).

20.B.Dayal, J.MacGregor. J. Chemom.,11, 7 (31997).

21.D.M. Haaland, E.V. Thomas, Anal. Chem., 60, 1193
(1988).

22.R. Brereton, Analyst, 122, 1521 (1997).

23.S. Yousefinejad, B. Hemmateenejad, Drug Test.
Anal., 4,507 (2012).

24.M.S. Linares, J.M.G. Fraga, A.l Jimenez, F.
Jimenez, J.J. Arias, Anal. Lett., 32, 2489 (1999).

25.J. Ghasemi, A. Niazi, R. Leardi, Talanta, 59, 311
(2003).

26.Y.P. Du, Y.Z. Liang, J.H. Jiang, R.J. Berry, Y.
Ozaki, Anal. Chim. Acta, 501, 183 (2004).

27.M.G. Mamolo, L. Vio, V. Maurich, J. Pharm.
Biomed. Anal., 3, 157 (1985)

28. A.M. Di Pietra, R. Gatti, V. Andrisano, V. Cavrini, J.
Chromatogr. A, 729, 355 (1996).

29.D. Emre, N. Ozaltyn, J. Chromatogr. B, 847, 126
(2007).


http://link.springer.com/search?facet-creator=%22H.+G.+Kraetsch%22
http://link.springer.com/search?facet-creator=%22T.+Hummel%22
http://link.springer.com/search?facet-creator=%22J.+L%C3%B6tsch%22
http://link.springer.com/search?facet-creator=%22R.+Kussat%22
http://link.springer.com/search?facet-creator=%22G.+Kobal%22
http://link.springer.com/search?facet-creator=%22G.+Kobal%22
http://link.springer.com/journal/228

G. Gergov et al.: Assessment of different variants of partial least squares for quantification of three spectrally overlapping drugs

OLEHKA HA PA3JIMYHU PLS AJI'OPUTMHU 3A KOJIMYECTBEHO OITPEJIEJISIHE HA
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ITomydena 20 ronu, 2016 r.; kopurupana Ha 26 centemBpy, 2016 1.
(Pesrome)

OcHOBHaTa IieN1 Ha HACTOSILIOTO M3CJIEBAaHE € Jla Ce€ CPaBHU IPOTHO3HATa Moll Ha pasnuyHu PLS anropurwmu,
NpWIaraHy 3a KOJMYECTBEHO OIpEJesssHE Ha TPU CIEKTPaJIHO NPHUIIOKPUBALIM ce JiekapcTBa. bsxa n3bOpaHu yetnpu
Bapuanta Ha PLS 3a MHoOroBapmanmoHHO KanmOpupaHe ¥ IpeJcKa3BaHe Ha TPUTE KOMIIOHEHTa Ha JieKapcTBeHaTa
¢dopma (mapaueramon, npornudpenazon U kogpeun). Anropurmure NIPALS u SIMPLIS ca naii-uecto cpemanure u
W3MONI3BaHN anroputMmu. J[Ipyrure TtectBanm anmroputmu ca Kernel m Bidiagonalization, komro ce mpmmarar
CPaBHHTEITHO PSAAKO BBB (papMarieBTUUHHS aHAIN3.

JlaHHWTE OT IBPBH paHr Osixa reHepupaHu dupe3 m3MepBaHe Ha UV-CHEKTpUTE Ha JICKAPCTBEHHTE CMECH B
muamnazoHa 190-300 nm ¢ pazgenuTenHa crocooHocT OoT 2,0 nm (T.e. 56 crekTpamHu ToukH / mpoba). M3mon3san Oe
penyiupan meJieH (pakTopHajeH JU3aiiH Ha IeT HUBA M MIPOTHO3HaTa MomHOoCT Ha PLS BapuanTnTe Ocmie TecTBaHa 3a
KOHIICHTPAILIOHHN HMBA HA JICKAPCTBATa U3BbH JUANA30HUTE, N30paHN B KAIMOPUpPAIIMOHHATA MAaTPHUIIA.

Meronst Ha [le Jlyka u noTBbprkaaBaius OyyTcTpan MeToa 0sxa M30paHu KaTo YJauHHU 332 ONTHMallHa CEJIEeKLUs
Ha CHEKTPAJIHUTE PETHOHHU.

BrHIIHOTO BaMMaMpaHe W3MOJI3Baliku KamuOpanuoHuus moxaen PLS-Kernel mokasa 3HauuTeIHU MPEIUMCTBA MPH
ananu3a Ha tadnaetku SARIDON. Tpure nekapctBa B SARIDON 6sixa KOJIMYESCTBEHO OMPEICICHU ¢ aHATUTHYCH TOOUB
u nper3HocT 96.4 (1.3), 95.1 (2.5) and 96.2 (2.9) cpoTBeTHO 3a maparieTaMmol, nponudeHa3on u kodpend. Topa ce
OKa3Ba OINTHMAJIHHUSA QJITOPUTHM, KOWTO MOXE YCIEHIHO Ja C€ MPWIOKH 332 PYTHHEH aHallM3 Ha aHAITeTUYHH W
AHTUNMPETHYHN MHOTOKOMITOHEHTHH Ta0JIeTKH BbB (papMarieBTHUHATa HHAYCTPHUSI.
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The microstructure and thermal behaviour of industrial starches with different origin were characterized by X-ray
diffraction and thermal analyses (DSC, TG). Some of the studied starches revealed crystalline structure (type A and type
B), while others were predominantly amorphous, having only about 15 % crystallinity. The moisture content of the
pristine starches correlated with their microstructure: starches with a higher amount of amorphous phase showed larger
water content. The thermal behaviour of the starches with different amount of additional water was also studied by DSC.
In a starch-water paste at higher water content the gelatinization started earlier and gelatinization enthalpy change was
greater, than what was observed at lower water content. At certain starch to water ratio two distinguished endothermic
peaks denoted the gelatinization and melting processes. The determined enthalpies of gelatinization were in the range of
5-15 J/g and did not correlate with the initial crystallinity of the starches. The activation energies of gelatinization in the
range 40-100 kJ/mol, obtained by the Kissinger method, were found not to depend on the initial crystallinity of the starch
either. At starch concentrations of 20-35% after the gelatinization endothermic peaks a clear exothermic effect could also
be observed, which could be described by the formation of internal hydrogen-bonded associations.

Keywords: gelatinization, heat-moisture treatment, starches

INTRODUCTION than the rest of the granule and could be situated
either near the middle or towards one end of granules
[9].

Starch granules are insoluble in cold water.
During heat treatment of starch in presence of
sufficient amount of water, starch gelatinization
occurs, where amylose is leached into the outside
solution, while bulk water penetrates into the
granules, which leads to swelling, destabilization of
the crystalline structure, resulting in granule
fragmentation and a loss of birefringence. The
kinetics of this process depends on the temperature
and on the ratio crystalline to amorphous regions,
since the latter tend to absorb water more easily. It is
believed that there is a certain amount of bound
water in the native starch granule, specific to
different starches, which is crucial for their
gelatinization behaviour and which depends on the
ratio of crystalline vs. amorphous regions.

Since starch is the major source of energy in
human nutrition, providing more than 50% of the
caloric value, and the properties of starch foods
strongly depend on the processing, obtaining a better
understanding of gelatinization is essential not only
from a scientific, but also from an industrial point of
view, as well. Many methods have been suggested
for investigating the gelatinization process of
starches, including electron microscopy, optical
microscopy, X-ray diffraction, differential scanning

Starch is a natural biopolymer, produced and
stored in plants as partially crystalline granules,
consisting mainly of two  components:
predominantly linear amylose and highly branched
amylopectin [1]. It is commonly used in food,
chemical, textile, papermaking, medicine and many
other industries [2]. Depending on the botanical
source starch granules may vary in size (from <1 to
100pm), shape (including spherical, lenticular, oval,
elongated) with alternating semi-crystalline and
amorphous layers (growth rings) [3, 4]. Granules
may also have different type of crystallites and
crystal fraction [5]. The crystallinity of the granules
is often assigned to the double helix formed by the
branches of amylopectin [6]. Wide-angle X-ray
diffraction can be used to determine if starches have
A-, B-, or C-type crystallinity, as well as the
contribution of the amorphous and the crystalline
regions to the overall X-ray pattern. In general,
cereal starches generate A-type X-ray diffraction
patterns; tuber and high amylose starches are of the
B-type; and legume, root and some fruit and stem
starches, are of C-type, which is a combination of A-
and B-type polymorphs [7,8]. The hilum, which is
the core of the granule and the starting point from
which the granule grows, is usually less organized

* To whom all correspondence should be sent: calorimetry, viscosity measurement and more.
E-mail: nhtts@chem.uni-sofia.bg Stevens and Elton (1971) first reported the
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application of DSC for measuring the heat of
gelatinization of the starch/water system [10]. Two
distinct endotherms can be observed during heating
of starch in a low- water content system. Donovan
(1979) reported that these endotherms were
determined by the degree of hydration of ordered
regions within the starch granules and the high-
temperature transition disappears in presence of
excess water [11]. In most starches these order-
disorder transitions may follow two different
mechanisms of melting and gelatinization. Melting
usually takes place at low water contents (less than
30%) and corresponds to the high temperature
endotherm, while gelatinization occurs in the
presence of excess water (more than 70% for most
starches) and corresponds to the low temperature
endotherm on the thermogram [12]. Both processes
can be observed if heating is done at an intermediate
moisture content [13]. Evans and Heisman (1982)
proposed the so-called "Cooperative melting theory"
which explained the bi-phasic endotherm as a result
of different crystallite stability within the granules
[12]. Water absorption by the granules lowers the
melting points of crystallites resulting in quick
melting. This reduces the constraints of still
remaining crystallites to lower their melting points.
This process of cooperative melting happens quickly
in sufficient amount of water and leads to a single
DSC endotherm. When the available water is not
sufficient for the cooperative melting to occur a
distinct second endotherm or a "shoulder" appears
on the thermogram representing melting of
remaining crystallites at a higher temperature.
Biliaderis et al. suggested that gelatinization process
involves partial melting, recrystallization, and final
melting of the crystallites, while Fukuoka et al.
reported that enthalpic transitions during heat-
moisture treatment represent a number of different
simultaneously occurring processes [14,15]. Some
authors reported that in the presence of more than
70% water in the system only one endothermic peak
was visible in the DSC curve, while at 50% water
content, two distinct peaks were observed [16].

Although many starch gelatinization theories
have been suggested, none of them is able to
thoroughly explain the mechanism of structural
changes that granules undergo during heating in the
presence of water, therefore further research is
needed [17]. It is commonly accepted that depending
on the starch nature and the conditions of the thermal
experiments (amount of water, heating rate, quality
of the DSC baseline, accounting of specific heat, Cp,
variation) serious differences in the thermal
behaviour of the examined starch can be observed.
Additionally, due to the different rate of the phase
transformations occurring during gelatinization,
routine DSC does not always give an adequate
explanation of these processes. Therefore, the
present work aims at studying the gelatinization
process in a series of starches of industrial interest
from different sources and different pre-treatments
at various experimental conditions (amount of
additional water, heating rate), combining carefully
performed thermal (DSC,TG) and X-ray diffraction
(XRD) analyses.

MATERIALS AND METHODS
Materials

Modified starches with different origin were the
objects of the present study. Information about their
origin and modification treatment is presented in
table 1.

Thermflo was obtained from Ingredion (UK),
Merigel 100 and Merigel 340 starches were provided
by Tate & Lyle (UK). Eliane 100 and Eliane SC 160
starches were supplied by AVEBE (Netherlands).

Optical and Scanning Electron Microscopy (SEM)

The morphology of the starches was
characterized by optical and scanning electron
microscopy (SEM-JEOL 5510). For the electron
microscopy starch granules were dispersed on a
holder, coated with a thin golden layer, and used for
observation.

Table 1. List of the starches used in the study, their origin and modification.

Trade name Origin and modification
Thermflo Maize starch, with high amylopectin content (> 95%)
Merigel 100 Maize, pre-gelatinized
Merigel 340 Maize, pre-gelatinized, with high amylopectin content (>95%)
Eliane 100 Native waxy potato starch

Eliane SC 160

Waxy potato starch, pre-gelatinized, acetylated
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X-Ray Diffractometry (XRD)

The structure and microstructure of the dry starch
powder samples were studied by X-ray diffraction
(XRD) with Cu-Ka radiation. The time per step was
5 sec, the step was 0.03°, operating voltage of 30kV
and current of 15mA.

Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA)

DSC (Perkin Elmer DSC7) and DTA/TG (Perkin
Elmer Pyris) were used to study the thermal behavior
of the dry starches as well as of the starch-water
suspensions  (pastes)  varying the  starch
concentration. The DSC experiments with the
starch-water pastes were carried out in sealed sample
pans at a scanning rate of 10 K/min. All samples
were scanned one hour after sealing, in order to
equilibrate. For the enthalpies of starch
gelatinization the arithmetic average of 3
independent measurements was taken.

Kissinger analysis

DSC curves, used for Kissinger analysis were
obtained by preparing three samples for each starch
and scanning them with three different heating rates.
Samples were prepared by placing the same amount
of starch and water in sealed sample pans, so that
10% w/w was obtained. All the samples were given
one hour to equilibrate before scanning. The used
scanning rates (2.5 K/min, 5K/min, and 10K/min)
were selected so as to ensure actual heating rates of
the samples.

RESULTS AND DISCUSSION

The morphology and the microstructure of
starches with different origin were characterized by
electron microscopy (fig.1) and X-ray diffraction
(fig.2). Typical morphology of starch granules with
an irregular shape is presented in fig.1. The granule
size did not differ very much for the different
starches, as it ranged from about 10 to 50 um. The
granule surface was rough; pores and holes could
also be observed at higher magnification. Formation
of granule agglomerations was seen, as well. One of
the studied starches (Thermflo) showed A-type
crystalline structure with characteristic diffraction
peaks at 15°, 17°, 18° and 23°, while Eliane 100
revealed diffraction peaks typical for crystal
structure type B (intensive peak at 17° and less

intensive ones at 15°, 20°, 22° and 24°). Merigel
100, Merigel 340 and Eliane SC160 could be
considered as mainly amorphous, which was
expected because these three starches had been pre-
gelatinized, fig.2. The degree of starch crystallinity,
determined from the X-ray diffraction patterns,
according to the method described in [18], ranged
from about 15% to 75%, Table 2.
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Fig. 2. XRD patterns of the untreated starch powders.

Table 2. Moisture content, relative crystallinity and heat effect, measured for the used starches.

Starch Moisture content (%)  Relative crystallinity (%)  Heat effect (J/g)
Thermflo 11.4 74 88.5
Merigel 100 8.6 34 62.5
Merigel 340 7.2 23 51.9
Eliane 100 13.8 58 151.7
Eliane SC160 6.8 17 55.2
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The native moisture content and the thermal
behaviour of the initial starches were studied by TG
and DSC, fig.3 and fig. 4, respectively. The
thermogravimetric curves of all starches had
identical shape, but differed in the height of the first
step (weight decrease), fig.3. Water is the only
volatile component of the dry starches (containing
only native moisture) and during heating it is
released in the temperature range of 60-120°C; at
higher temperatures (250-300°C) starches undergo
thermal degradation and lose between 60% and 80%
of their weight for only few degrees.
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Fig. 3. TG curves of the untreated starches (containing
only the native moisture).
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Fig. 4. DSC curves of the untreated starches
(containing only the native moisture).

The observed differences in the moisture content
and in the thermal stability of the studied starches
were also expected due to their different origin,
crystal type, relative crystallinity and different starch
modification. The starches moisture content varied
between 7 and 14 wt% and for the non-
pregelatinized starches showed obvious correlation
with the degree of crystallinity. The starches with
lower crystallinity had larger amount of included
moisture, which confirmed available results for other
starches [19,20].

The DSC results corresponded entirely to the TG
analysis and correlated with those of the XRD. The
single endothermic peaks observed by DSC in the
temperature range 30-130°C (fig.4) had to be
obviously related to the release of moisture from the
starches, which process was also detected by the
themogravimetric analysis. The temperatures and
enthalpies (heat effects) of the DSC peaks,
connected with the moisture release, are also
presented in Table 3.

It is possible the larger heat absorbed
(endothermic heat effect) observed for starches with
larger crystallinity to be due not only to the water
release, but also to the melting of parts of the
crystalline starch granule regions. However, typical
crystallite melting endotherms were not seen in the
DSC curves of the dry samples, which confirmed
that the presence, quantity, and type of plastisizer
play significant role in the process of gelatinization
[21, 22]. It is necessary to be mentioned that good
quality DSC curves of dry starch samples
(containing only native moisture) are not frequently
seen in the literature.

Studying the starches gelatinization when using
the same amount of additional water (10 wt.% starch
in water suspension; heating rate 10 K/min) revealed
identical DSC curves for all samples — a broad
endothermic peak was observed. However, the
starches thermal scans differed in the peak area, as
well as in the temperature range of the gelatinization
peak. DSC curves of two of the investigated starches
having different structure are presented in fig.5.

Table 3. Enthalpy change and activation energy of the gelatinization process for all studied starches.

Activation energy

Starch Tmax [K] [kJ/mol] Gelatinization enthalpy [J/g]
Thermflo 336 62.4+16.1 5.67
Merigel100 339 105.6+23.3 36.65
Merigel340 336 74.5+4.7 4.52
Eliane100 341 58.2+4.2 12.36
ElianeSC160 341 49.1+10.6 13.05
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Fig. 5. DSC curves of Thermflo and Eliane 100.

Both, the thermal effects (enthalpy change) and
the activation energy of the gelatinization process
were determined, Table 3, for all studied starches.
For the apparent activation energy of gelatinization,
E., Kissinger’s analysis was applied [23]:

q= Eq

In + const. , (D

Tr%lax R max
where ( is the heating rate, Tmax is the temperature
of the maximum of the endothermic DSC peak and
E. is the activation energy of the thermally activated
process (in this case gelatinization). According to the
Kissinger’s method, the activation energy can be
obtained by plotting IN(Q/Tmax’) vS. 1000/ Tax. Fig.6a
shows the DSC data in Kissinger coordinates for the
two crystalline starches and in fig.6b the data for the
pre-gelatinized amorphous starches are presented.
The values for the activation energies ranged from
about 40 to 105 kJ/mol, and the highest value applied
for Merigel100, which is also the starch with the
highest gelatinization enthalpy. Both the activation
energies and heat effects of gelatinization were close
to those available in the literature for similar systems
[24-28]. Furthermore, two different methods for
obtaining activation energies (thermal and
rheological) seem to produce consistent results,
indicating, that both are suitable for investigating the
gelatinization process [29].

To understand the influence of the gelatinization
on the structure of the starch granules XRD analysis
was applied to a sample obtained after gelatinization
of Thermflo. The X-ray diffractograms of the initial
starch and of the corresponding gel are shown in
fig.7. Drastic reduction in the intensity of the
crystalline peaks could clearly be seen, revealing
that the gelatinization took place in a large degree,
and resulted in an amorphous granule structure
according to the XRD data.
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Fig. 7. XRD patterns of the untreated Thermflo, a, and
of the corresponding gel, b.

It is known, however, that except gelatinization a
process of melting is also possible in starch-water
suspensions with insufficient amount of water.
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Moreover, although carefully studied, these
processes still need further understanding due to the
great diversity of the results available in the
literature, as well as to the big importance of the
gelatinization for the cooking properties of the
starches with different origin. To separate both
processes (gelatinization and melting) a series of
DSC measurements on a starch-water system (paste)
at different concentrations were performed. DSC
plots of gelatinization of Thermflo with different
concentrations are shown in fig.8, as the weight
percentage of the starch was varied between 5% and
90%. At large amount of water (5% starch) the
gelatinization process started at lower temperatures,
and a big complex endothermic peak was observed,
which might be due to the fact that the peaks of
gelatinization and melting were strongly overlapped.
With the increase of the starch concentration the
endothermic peaks became more separated and the
two processes (gelatinization and melting) became
distinguishable. Besides, the peaks were shifted to
lower temperatures. At concentrations 20-30% two
clearly separated peaks were observed, as the low
temperature  one  corresponded to  starch
gelatinization and the high-temperature peak — to the
melting of the non-gelatinized crystalline parts of the
starch granule. Although both processes are
extremely sensitive to the amount of additional
water, the heat (enthalpy change) determined from
the low-temperature DSC peak showed a very good
correspondence to the heat effects of gelatinization
determined in excess water.

This result is inconsistent with the available
report in the literature [16], revealing that in the
presence of more than 70% water in the system only
one endothermic peak was visible in the DSC curve,
while at 50% water content, two distinct peaks were
observed.

Exactly in the same range of 20-35% starch
concentration after the endothermic DSC peaks a
clear exothermic effect (peak) could also be seen,
which could be described by possible formation of
hydrogen-bond associations between the free ends of
the unwound helixes of amylopectin and parts of
amylopectin molecules other than their original helix
partner [30]. Another possible explanation of the
exothermic DSC effect is based on the association of
the amylose molecules extracted from the granule
into the surrounding water or formation of amylose-
lipid complexes [31].

As it could be expected, at insufficient amount of
water in the system not all of the starch granules and
crystalline parts participated in the gelatinization
process and the heat effect gradually decreased with

[ _.-
0%
-
=
o
T
“g 80%
o
=
o
I
T0%
T ¥ T T T J T
310 320 330 340 350 350
Temperature (K}
a
T mitd
= 50%
=
o
-
=,
z 35%
o
i
L 30%
25%
T T T T T ¥
310 320 330 340 350
Temperalure (K}
b
= m
20%
— 15%
g
b= 10%
=
4]
o 5%
"
[+1]
I
L B " s
310 320 330 340 350 380

Temperature (K)
C

Fig. 8. DSC curves of gelatinization of Thermflo at
different concentrations.

the starch concentration increase. At the same time
the intensity of the high-temperature peak
increased,which corresponded to the melting of
larger amount of ordered starch zones. At further
increase of the starch concentration the two
endothermic peaks gradually transformed to a single
peak. At these concentrations the water in the system
was not enough for the gelatinization to take place.
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This result shows that by precise control of these
processes (gelatinization and melting) it is possible
to obtain starch gelatinization preserving some of the
ordered granules zones, which may result in
materials and food products with interesting
mechanical and digestive properties.

CONCLUSIONS

The microstructure and thermal behaviour of
starches with different origin were investigated. It
was found that the starches structure ranges from
predominantly crystalline (type A or type B) to
almost amorphous (15% crystallinity) and their
moisture  content  correlated  with  their
microstructure. The starches revealed different
thermal behaviour when varying the amount of water
added to the starch before the DSC experiments,
which is consistent with the results of similar
experiments available [33]. At larger water content
the gelatinization started at lower temperatures and
the gelatinization enthalpy change was larger as
observed by other authors as well [34]. At starch
concentrations in the range 20-30% two
distinguished endothermic DSC peaks denoted the
gelatinization and the melting processes [35]. A
clear exothermic thermal peak was also seen, which
could be explained by the formation of internal
hydrogen bonds. Both the enthalpies and the
activation energy of gelatinization were determined
and it was found that they did not depend on the
initial crystallinity of the starches.

Our results indicate that by adjusting the ratio of
water vs. starch and gelatinisation temperature one
can control granule melting and gelatinisation
independently, allowing to obtain gelatinized
starches where parts of the ordered granule zones are
preserved, which in turn can result in materials and
food products with interesting mechanical and
digestive properties.
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MHUKpOCTPYKTypaTa ¥ TEpPMUIHNTE CBOWCTBA HA WHIYCTPUAIHH HUILIECTETA C PA3IMUYCH MIPOU3X0A Os1Xa M3CIeIBaHU
¢ moMomITa Ha peHTreHoBa audpakmus u tepmudeH aHanu3 (JACK, TI). Hsaxow OT H3ClIeIBaHUTE HHIIECTETA
JIEMOHCTpHUpaxa KpHcTaiHa CTpyKTypa (Tun A u tun b), a npyru 6gxa npenqumao amopdHH, ¢ okono 15% cremeH Ha
KPHCTAITHOCT. Biiaroch1bpkaHIETO HAa YMCTHTE HUIIECTETa KOPEIMpAIIIE C TAXHATA MUKPOCTPYKTypa: HUIIECTETA C T10-
TOJISIMO KOJHMYECTBO aMop¢Ha (a3a MMaxa I0-BUCOKO BIAroChAbpKaHMe. TepMUYHOTO MOBEICHNE HA HUILIECTETATa C
J100aBEHO Pa3IMYHO KOJMYECTBO BOJA chIlo Oeme m3cnensano ¢ nomorura Ha JICK. B cmecra Humiecte-Boaa mpu mo-
TOJIEMH KOJHMYECTBa BOJa TEIMPAHETO 3allodBalle I0-paHO M CHTAINMUATa Ha TreiupaHe Oemle MO-BHCOKAa OT
HaOojaBaHaTa IMpH TO-MAJIKUA KOJIWYECTBa BoJa. [IpM OIpeaeneHO CHOTHOIICHHWE HUINECTE-BOJA JIBa OTICIHU
EHJIOTepPMHUYHH ITHKA TI0Ka3BaT MPOILeCUTE Ha resiupane 1 torene. OnpeneneHnTe eHTaINMH Ha rejiipane 0sixa B paMKUTe
5-15 JIx/r u He KOpenupaxa ¢ MbPBOHAYAIHATA CTEIICH HA KPUCTATHOCT Ha HUIlllecTeTraTa. He Oelie 0TKpUTa 3aBUCUMOCT
MeXIy aKTHBHPAIUTE CHEPTuH Ha rexupane B pamkute Ha 40-100 K/Ix/Mon, momyduenu mo merona Ha Kucuumxkep, n
CTETIEeHTa Ha KpUCTaHOCT. [Ipy koHIeHTpanuu Ha HumecTe Mexay 20% u 35% cien eHIoTepMUYHHS [TUK Ha TeJIUpaHe
ce HaOmogaBa eK30TepMHIYEH e(eKT, KOMTO OM MOTBJI 1a ce 00CHU ¢ (popMHpaHe HA BETPEIIHA BOJOPOAHH BPB3KH.
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Different types of pretreatment of lignocellulosic wastes for methane production

I.S. Simeonov, D.D. Denchev, L.V. Kabaivanova*, E. Tz. Kroumova, E.Y. Chorukova,
V.N. Hubenov, S. N. Mihailova

Stephan Angeloff Institute of Microbiology - Bulgarian Academy of Sciences, Sofia 1113, ,,Acad. G. Bonchev’” Str. 26
Received October 3, 2016; Revised October 24, 2016

Biotechnological processes for anaerobic digestion of lignocellulosic substrates were performed in a laboratory
bioreactor. Bioreactors used were operating at 35°C to follow the process of methane production. Cattle manure and
wheat straw were involved in a ratio of 65:35 as a substrate, as well as only wheat straw as a sole substrate. We report
on performing two pretreatment techniques to the substrates - chemical with ammonium hydroxide (NH4OH) and
polyethylene glycol (PEG) and biological — employing white-rot basidiomycetes (Trametes hirsuta) before starting the
process of anaerobic digestion. The biological method of pretreatment gave the highest cumulative biogas yield for the
substrate wheat straw and cattle manure. Chemical pretreatment lead to higher specific biogas yield when only wheat
straw was used as a substrate. Both methods were easy to perform and lead to increased biomethane yield in comparison

to that obtained with the participation of untreated substrates.

Key words: substrate pretreatment, anaerobic digestion, biomethane yield

INTRODUCTION

Anaerobic digestion of lignocellulosic biomass
provides an excellent opportunity to convert
abundant bioresources into renewable energy
[1]. Anaerobic digestion is a process of organic
matter mineralization by microorganisms into
biogas (mainly methane and carbon dioxide) and
digestate in the absence of oxygen [2]. The products
obtained are of arising energetic and ecological
significance. Biodegradation of organic wastes is a
complex biotechnological process, which is
performed by a specific microbial community. It
combines the breakdown of wastes with
opportunities to obtain the energy carrier methane.
The chemical composition of the substrates used has
a direct impact on the efficiency of their conversion.
Microbial digestion of lignocellulose contained in
the agricultural wastes is difficult to accomplish and
slow because of the presence of lignin therein. This
requires preliminary physical, chemical or biological
treatment. To enhance the enzymatic and microbial
accessibility, preliminary treatment was identified as
an obligatory step before accomplishment of the
whole complex biotechnological process [3].
Generally lignocelluloses have a stable structure,
insoluble in water and resistant to both mechanical
and enzymatic effects. Over the years, a great variety
of pretreatment methods have been exploited [4].
Because of the simultaneous presence of lignin and
crystalline cellulose, the water molecules can not
penetrate into the lignocellulose fibers. To optimize
the anaerobic digestion of wheat straw and manure

* To whom all correspondence should be sent:
E-mail: lkabaivanova@yahoo.com

and make the biogas process more profitable, several
pretreatment techniques were evaluated.
Pretreatment technology is a prerequisite to facilitate
the release of monomers from a lignocellulosic
biomass prior to enzymatic biodegradation [5].
Recently, some methods have been tried with ionic
liquids, but they were still expensive and unpractical
[6]. Alkaline hydrolysis results in the reduction of
degree of polymerization and loosening of the
intermolecular bonds connecting the lignin and
hemicelluloses, thus increased porosity of the
material and increased specific surface area of the
lignocelluloses was realized [7]. Involving wood
decaying fungi in a pretreatment process that can
break down all major wood components (cellulose,
hemicelluloses and lignin) more or less
simultaneously, would result in substrates more
accessible to biodegradation. Much efforts are
aimed at developing a pre-treatment technology,
which is eco-friendly and cost effective, aiming at
increasing the porosity of the substrate, removing
lignin or hemicellulose, and reducing the overall
crystallinity in the structure to facilitate the
biological conversion of biomass into bioenergy and
biobased products [8]. Lignocellulosic substrates are
suitable for continuous biogas production, because
of their high potential methane yield [9, 10].

The aim of this study was the development of an
effective technology for anaerobic digestion of
lignocellulosic wastes by selecting the most
effective method for pretreatment of wheat straw
added to cattle manure to realize higher degree of
anaerobic digestion of substrate and obtaining
maximum methane yield.
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EXPERIMENTAL

The bioreactor working volume was 3 dm’,
equipped with a system for monitoring and control
and continuous stirring. Released gas volume from
both bioreactors was measured using a graduated
cylinder in the gas holder working on a water
displacement principle. Concentration of methane
was measured with an automatic gas analyzer
"Dréger” equipped with an IR-sensor for methane.

Certain parameters characterizing the process
were followed during its realization:

Total solids were measured by dehydration of a
certain volume of culture liquid at 105 °C; volatile
solids - by burning at 575° C [11].

Cellulose concentration in the samples was
measured according to the photometric method
proposed by Updegraff [12].

Two types of pretreatment were performed:

1) Chemical pretreatment: 28% NH4OH,
polyethylene glycol-4000 (3%) and water were
involved; a ratio of 1:0.5:20 was used for straw:
NH4OH: H>0. The mixture underwent heating at 90
°C for 5h in a water bath. This was followed by
rinsing till neutral pH.

2) Biological pretreatment was accomplished by
white-rot basidiomycetes - Trametes
hyrsuta, isolated from soil samples from Bulgaria.
The inoculum was prepared by inoculation of 50 mL
potato dextrose medium (glucose, 20.0 g/L) with 3
mycelial disks (diameter of 0. 5 cm, from a 7 day-
old culture from potato dextrose agar). Incubation
was without agitation at 28 °C for 7 days. The ob-
tained biomass was transferred onto sterile 5 g of
wheat straw and incubated statically for 10 days.

As a criterion for the effectiveness of
pretreatment served the residual concentration of
cellulose, the total organic matter in dry wheat straw
and composition and volume of the biogas released.

RESULTS AND DISCUSSION

Several of the substrates used today for biogas
production are slowly degraded and only partially
digested in the process of anaerobic biodegradation.
This was the reason to apply chemical and biological
pretreatment of wheat straw in our experiments
before introduction of the pretreated substrate into
the bioreactor. Experiments were carried out for
untreated and pretreated substrates for comparison
and evaluation of the different pretreatment
techniqies - chemical and biological (Trametes
hyrsuta), (Fig.1).

Fig. 1. Digital image of Trametes hyrsuta

The results presented in Table 1 show the
changes in the chemical composition of the substrate
before and after the corresponding pretreatment
method.

Among the biological methods for pretreatment,
the use of wood degrading fungi is one of the most
effective and widely applied methods (Fig. 2). The
hyphae of the fungi can secrete many ligninolytic
enzymes which catalyze oxidative reactions during
lignin depolymerization [13]. The peroxidases
produced by them weaken and/or destroy the bonds
linking cellulose and lignin.

Fig. 2.
pretreatment of wheat straw and introduction into the
bioreactor.

Schematic presentation of biological

Table 2 presents the changes in the organic solids
after cultivation in an anaerobic digester for biogas
production when cattle manure and wheat straw or
only wheat straw were used as substrates. The degree
of biodegradation of the substrate was calculated.
The data obtained indicate that the biological
pretreatment improves the rate of biodegradation.
From the reports available, it is evident that white rot
fungi can be used to remove lignin from
lignocellulosic substrates and by shortening the
incubation time and optimization of the
delignification process better utilization of the
substrate can be realized [14]. Our results clearly
indicate that the biological pretreatment improves
the rate of biodegradation. The percentage of
biodegradation in the variant with biological
pretreatment (54.2 %) is the highest one, compared
with all other variants.

The daily production of biogas was followed for
a period of 15 days when cattle manure and wheat
straw were used as a substrate (Fig. 3 a) and 20 days
when only wheat straw was involved in the
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anaerobic biodegradation (Fig. 3 b). The daily
production of biogas applying the two methods of
pretreatment was different, as well as the lenghth of
the process during which biogas was released as a
result of digestion. It is seen that the amount of
biogas after biological pretreatment is the greatest
one in comparison to the control option, followed by
the chemical treatment for both substrates tested.
The effect of pretreatment appeared to be less
expressed when only wheat straw was used as a
substrate, considering the rate of biodegradation. It
was calculated to be 36.9% at biological

pretreatment and 16.2% when chemical pretreatment
was applied.

Table 3 presents the yields of biogas and methane
obtained from the consumed substrate. The most
efficient synthesis of biogas was observed after
biological prereatment (cumulative biogas yield).
An important feature is the percentage of methane in
the biogas released. The obtained results showed that
both chemical or biological pretreatment techniques
applied to the substrate increase the percentage of
methane in the biogas.

Table 1. Chemical composition of wheat straw before and after pretreatment.

Substrate Pretreatment Total Solids, % Volatile Solids, % Cellulose, %
Wheat Chemical before 93.7 95.2 41.7
straw
after 91.8 90.1 36.2
Biological before 93.7 95.2 41.7
after 92.1 93.5 31.8
Cattle Without pretreatment 22.3 83.2 17.4
manure
Table 2. Changes of organic matter after cultivation in a bioreactor for biogas production
Substrate Method of VS, g/dm?3 Rate of
pretreatment biodegradation, %
Influent Effluent Utilization
g/dm’
Cattle No 413 26.6 14.7 35.6
manure+wheat pretreatment
straw
Cattle Chemical 32.8 16.1 16.7 50,9
manure+wheat
straw
Cattle Biological 31.2 14.3 16.9 54.2
manure+wheat
straw
Wheat straw No 27,5 24.2 33 14.85
pretreatment
Wheat straw Chemical 222 18.6 3.6 16.2
Wheat straw Biological 273 17.2 10.1 36.9
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Fig. 3. Effect of the method of pretreatment on the daily synthesis of biogas (cattle manure and wheat straw-a and
only wheat straw-b)

Table 3. Efficiency of biogas and methane synthesis

Substrate Method of Utilization Cumulative Specific Methane, %
pretreatment of VS biogas yield biogas yield
(AVS), (Qx), (Qsp)*,
g/dm? ml/l working ml/g AVS
volume
Cattle manuret+wheat No 14.7 1103 75.0 52
straw pretreatment
Cattle manuret+wheat Chemical 16.7 1027 61.5 57
straw
Cattle manuret+wheat Biological 16.9 1388 82.1 58
straw
Wheat straw No 3.5 833 238 48
pretreatment
Wheat straw Chemical 3.6 863 239.7 51
Wheat straw Biological 10.1 1195 118.3 49

>k-Qsp = QZ/AVS
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The values of pH were followed during the whole
process, and an increase from 5.5 to 7 was
established, accompanied by an increase in methane
yield, which is in accordance with the statement of
Kheiredine and co- workers [15], who reported that
the optimum pH for degradation in an anaerobic
process is in the neutral range. This fact was also
stated by Sanchez and co-workers [16].

The abundance of lignocellulosic substrates
makes them a potential feedstock for biofuel
production but their conversion is a major hurdle.
They have to be pretreated physically, chemically, or
biologically to be easily used by fermenting
organisms for methane production. Alkaline pre-
treatment of lignocellulosic material aims to remove
part of the lignin and hemicellulose by solubilization
and to enhance the accessibility of the cellulosic part
for cellulolytic enzymes [17], together with the
effect of the amphyphilic substance polyethylene
glycol which also helps in making the substrate
highly water soluble [18] and favors the increase in
the methane yield. In agreement with this are the
results obtained after application of chemical
preliminary treatment.

For most of the parameters followed in this study
the biological pretreatment appeared to be the most
effective. These results are due to the fact that many
microorganisms in nature are able to attack and
degrade lignin, thus making easy access to cellulose.
Such organisms are abundantly found in the forest
and include the wood decaying fungi [19]. They
possess enzyme systems to attack, depolymerize and
degrade the polymers in lignocellulosic substrates
[20]. The application of fungi for delignification is
an environmentally friendly technology that can be
applied for lignocellulosic biofuel production, which
was confirmed by our investigations and the results
obtained.

CONCLUSIONS

Biotechnological exploitation of lignocellulosic
wastes is promising for sustainable and
environmentally-friendly energy production because
of the abundant availability of these renewable
sources.

Finding the most appropriate substrate and
method of pretreatment could permit enhancement
of biodegradation and increase in biomethane yield.

The biological method of pretreatment gave the
highest cumulative biogas yield when wheat straw
and its mixture with cattle manure were used as
substrate. A ratio between the cattle manure and
wheat straw (65:35) was the most appropriate one
and together with application of biological treatment
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of the straw improved the efficiency of biogas
synthesis.

On the other hand, chemical pretreatment lead to
higher specific biogas yield when only wheat straw
was the substrate.

Most significant was the fact that both methods
of pretreatment helped for obtaining an increased
percentage of methane in the biogas released.

Acknowledgements: The authors gratefully
acknowledge the financial support of this work by
the Bulgarian National Science Fund, contract No
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PA3JIMYHU HAUYMHU HA TIPEJIBAPUTEJIHO TPETUPAHE HA JIMT'HOLEJIYJIO3HU
OTITAABIN 3A TTIPOAYKIMA HA METAH

W. C. Cumeonos, /1. JI. Henues, JI. B. Kadausanosa*, E. L1. Kpymosa, E. 1. Yopyxkosa, B. H. Xy0eHos,
C. H. MuxaiinoBa

Hnemumym no Muxpoouonozus ,, Cmeghan Aneenog* — Bvaeapcka Axademusn na Hayxkume,
Cogua 1113, yn. ,,Axao. I'. bonues” 26

Ilocrpnuna Ha .3 okTomBpu 2016 r.; npuera Ha 24 okToMBpu 2016r.
(Pesrome)

OchblecTBeHH ca OWOTEXHOJIOTHYHHW TIPOIECHM Ha aHaepoOHa nerpajanvisi Ha JIMTHOLETYJO3HH CyOCTpaTth B
naboparopen ouopeakrtop. M3nomsBanure ornopeakTopu padotuxa mpu 35°C u Gemie npocieaeH mpoieca Ha MPOTyKITHs
Ha MeTaH. O0OPCKY TOp M MIIIEHUYHA CJIaMa Ce U3I0JI3BAT KaTo CyOCTpaT B ChOTHOIIEHUE 65:35, KaKTO U caMO MIIIeHYHA
clama Kato enTuHCTBeH cyOctpar. Hue nokiansaMe 3a mpuiiaraHeTo Ha JIB€ TEXHUKU Ha TMPEIBAPUTEIHO TPETUpaHe Ha
cybcrpatute — xuMuuecko ¢ amoHueB xuapokeua (NH4OH) u nonmerunen rimkon (PEG) n 6nonorniecko — ¢ y4actueTo
Ha JbpBecHHa-pasnaraiu 6asunuomuietr (Trametes hirsuta) npenu crapTupane Ha mporeca B aHACPOOHHUS PEaKkTop.
Bronorn4nusT MeTO Ha MpeTpeTHpaHe JI0BEAE /10 Hall-BHCOK KyMYJIaTHBEH JI0OMB Ha Ouoras mpu cyocrpaT o00pcKu
TOp ¥ MIIEHNYHA c1aMa. [Ipr XUMUYeCKOTO MpeTpeTHpaHe ce MOJIYYH 10 — BUCOK CIIeIu(uIeH JoOMB Ha OHoras, KOoraTo
caMo NIIECHHYHA CclIaMa ce M3II0J3Ba 3a cyocTpar. U mBaTa MeToza ca JIeCHH 3a OCBINECTBSIBAHE M BOIAT IO yBEIHUYCH
0OMB Ha OMOMETaH B CPABHEHHUE C TO3H, TIOIYUCH C YUaCTHE Ha HETPETHPaHH CyOCTpaTH.
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The method of experimental design has been applied to study the dependences of the operational characteristics of
reclaim-based vulcanizates on the devulcanization conditions of rubber crumbs from solid and superelastic tyres —
temperature, treatment time and softener quantity. Mathematical models in the form of second order polynomials,
representing the dependence of the most important operation characteristics of the reclaims and the vulcanizates based
thereof vs. devulcanization conditions have been obtained. Optimizing a number of predetermined goal functions
according to a chosen scan method allows determination of the optimum values of the working conditions. It has been
established that there are no devulcanization conditions suitable to ensure the best values for all important operation
characteristics studied. That is why the devulcanization process should be run under particular conditions, tailored

according to obtaining of reclaim for specific technological purposes defined preliminary.

Keywords:reclaim characteristics, rubber crumb, experimental design, devulcanization conditions

INTRODUCTION

Although  finely = ground,  disintegrated
vulcanizates cause quality problems related to
worsened operation characteristics of the final
rubber products. From a theoretical point of view,
the reason is in the thermodynamic incompatibility
between the fresh rubber mesh matrix and the
particles of the disintegrated vulcanizates, occurring
mainly at their interface. That is why the studies on
the reclaim of disintegrated worn and dispensed
rubber particles aim first of allcreating ofeffective
methods for improving their compatibility with the
fresh rubber mesh matrix, as well as of possibilities
for inter-diffusion or interaction at the phase
boundary [1]. Reclaiming is one of the reliable
methods for solving the problems mentioned, as
more and more companies recognize rubber reclaim
as an important source for rubber processing
industry first of all because of the environmental and
economic benefits of recycling [2].

The technological process of devulcanization
consists of reclaiming worn tyres and dispensed
or/and obsolete technical rubber particles and their
turning into a product with prevailing plastic
properties. It is also characterized by the opportunity
to compound fresh rubber and ingredients, and then
revulcanize the compound. The principle of the
process is described in [3]: optimal destruction of the
three-dimensional vulcanization net, rupture of the
rubber-carbon black bonds and then transforming
the elastic vulcanizate into a plastic recyclable
product [4].

* To whom all correspondence should be sent:
E-mail:dishov@uctm.edu
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In comparison to the initial vulcanizate, the
structural specifics of the reclaims are connected
with the effect that a part of the rubber substance in
the reclaim still keeps remnants of the non-
destructed curing net, while the other part though
lacking cross links differs from the crude rubber by
its molecular chain structure resultant from
devulcanizationside reactions. In fact, both features
have negative effect on the reclaim quality.

During last years, many different reclaiming
methods have been developed and successfully
implemented [5-21]. One of them is devulcanization
by thermal swelling in the presence of different
agents, predominantly oil softeners [7,10].
Evidently, it is necessary to find optimal conditions
for the devulcanization process, so that to achieve a
maximum destruction rate of the curing net on one
hand and on the other, to achieve minimization of the
side reactions causing changes in the reclaim
macromolecules.

This work aims at deriving polynomial
mathematical models by planning a multifactor
experiment via optimal experimental design and
regression analysis. The models will describe the
relationships between the process conditions for
devulcanization via thermal swelling in oils and the
basic rheological, vulcanization and mechanical
properties of the obtained vulcanizates and reclaims.

EXPERIMENTAL
Initial vulcanizates

Initial vulcanizates for reclaims were obtained
from protector crumbs based on: 70 % of stryrene-
butadiene rubber (BULEX 1500, made in Bulgaria);
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20 % of isoprene rubber (SKI-3, made in Russia) and
10 % of butadiene rubber (SKD, made in Russia).
The crumbs of waste vulcanizates from solid and
superelastic tyres (made by Zebra Ltd., Bulgaria)
were obtained on a 05-782/P3disk grinder with two
disks having 800 mm outer diameter, at a rate of 900
rpm and power of 75 kW.

Some of the most important characteristics of the
crumbs used for reclaiming are summarized in Table
1. As seen, the prevailing fraction size is about 250-
500 um, approximately.

The process of devulcanizing rubber crumbs by
thermal swelling in highly aromatic oil (softener) as
a swelling agent, was carried out in a horizontal
autoclave of 6 m length with inner diameter of 1.6
m. The temperature conditions, duration of the
treatment and the amount of softener (with regard to
the amount of crumbs) were considered in the scope
of the optimization parameters to be included in a
model, obtained by industrial data.

Table 1. Characteristics of the raw protector rubber
crumbs

Characteristics Values
1.Particle size, mm Share, %
>1.6 mm 2.2
1.25 mm — 1.6 mm 0.6
1.0 mm — 1.25 mm 43
0.63 mm— 1.0 mm 11.8
0.50 mm — 0.63 mm 104
0.25 mm — 0.50 mm 52.7
0.20 mm— 0.25 mm 7.2
0.16 mm — 0.20 mm 6.6
0.10 mm — 0.16 mm 3.7
0.09 mm — 0.10 mm 0.3
<0.09 mm 0.2
2. Acetone extract, % 12
3. Ash content, % 6.5
4. Carbon black content, % 30.2
5. Rubber content, % 49
6. Loss on heating, % 0.49
7. Specific gravity, g/cm’ 1.15

The swelling agent was a highly aromatic oil type
PN-6 (made in Russia), having the following
characteristics: viscosity 35-40 CST (at 100 °C);
density 0.96-0.98 g/cm’; flash point 230 °C; solid
point 36 °C; refractive index 1.53-1.54; sulphur
content 2.71-3.08 %; aniline point 55-65 °C. The
hydrocarbon composition of the oil was the
following: paraffinic-naphthenic fraction 8-10 %,
aromatic fraction (low, medium and heavy
hydrocarbons) 82-90 %, resins 7.0-8.0 %.

Optimal experimental design

The experimental design was conducted using a
Bn type optimal compositional plan [22, 23],
containing 14 experiments for obtaining a second

order mathematical model. The model factors
(process variables), i.e. the devulcanization
conditions of the experiment, as well as their levels
in a normal and encoded form, were set up as
follows:

X1 - devulcanization temperature, °C

Low level — 185 °C, encoded as /-1/;

Main level — 200 °C, encoded as /0/;

High level - 215 °C, encoded as /+1/.

X, — time for treatment (devulcanization) of the
crumbs, hours

Low level — 3 h, encoded as /-1/;

Main level — 5.5 h, encoded as /0/;

High level - 8 h, encoded as /+1/.

X3 - amount of the softener with regard to the
crumbs amount, %

Low level — 5 %, encoded as /-1/;

Main level — 10 %, encoded as /0/;

High level - 15 %, encoded as /+1/.

The following basic characteristics of the
obtained reclaims and vulcanizates were chosen for
goal functions (functions of desirability) of the
performed experimental design:

Y — Mooney viscosity; Y2 — devulcanization
degree; Y3 — crosslink density of the reclaim-based
vulcanizates; Y4 — tensile strength of the reclaim-
based vulcanizates; Ys — heat aging resistance with
regard to tensile strength of the reclaim-based
vulcanizates.

The applied optimal compositional plan
contained 14 experiments and is described by the
following design matrix (Table 2):

Matrix of the experimental design in normal and
encoded values

The reclaims obtained under the treatment
conditions in each out of all 14 experiments (Table
2) were used for preparing identical rubber
compounds according to the Bulgarian National
Standard 5149-80, all having the following
composition (in phr): reclaim - 100, zinc oxide — 2.5,
dibenzothiazolyl disulfide — 0.9 and sulphur — 1.5.

The compounding was carried out on an open
rubber two-roll mill with L/D 320%160 and friction
rate of 1.27. Nominal speed of 25rpmon the slower
roll was set.

The experimental samples (200%200%2mm)
prepared from the examined compounds underwent
vulcanization by electric heating on a hydraulic press
at 143 °C, and pressure of 12MPa with time duration
of 15 min.
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Test treatment of the prepared compounds and
vulcanizates

The following characteristics of the prepared
compounds and the vulcanizates based thereof were
further investigated:

- Vulcanization characteristics at 143
according toISO 3417:2010;

- Mooney viscosity, ML (1+4) at 100°C of the
reclaimsand the compounds based thereon (ISO 289-
1:2002);

- Shore A hardness — according to ISO
7619:2001;

- Tensile stress-strain test properties of the
vulcanizates (Migoand Msgo-stress load at 100%and
300 % elongation, ¢ — tensile strength, .- relative
clongation, &.s- residual elongation (according to
ISO 37:2008). The experimental tests were carried
out at a stretching rate of 500 mm/min;

- Resistance to heat aging of the vulcanizates (at
70 °C for 72 hours) according to ISO 188:1998. The
negative sign of the aging coefficient shows the
worsening of the respective mechanical properties,
in %;

°C

- The equilibrium rate of swelling in xylene of the
reclaims was determined by a particular laboratory
method;

- The devulcanization rates of the modified
crumbs (i.e. the reclaims) were evaluated as the ratio
between the equilibrium swelling rate of the
devulcanized samples under different conditions and
the same index of the initial untreated sample.

RESULTS AND DISCUSSION

Table 3 presents the experimentally obtained
Moony viscosity index of the reclaim samples
devulcanized under different conditions, (according
to the design matrix, Table 2). As seen, the
conditions of the devulcanization process influence
to a sufficiently high extent the Mooney viscosity
values. So, this index varies under the prescribed test
conditions in the range of 33+52 units ML. The
experimental results have good reproducibility, as
shown by the parallel runs of experiment No. 9
(corresponding values: 36, 35,35). That issue allows
assuming that by changing the devulcanization
conditions, for particular needs one can obtain
reclaims with preset Mooney viscosity levels.

Table 2. Matrix of the experimental design in normal and encoded values:

Experiment X X2 X3
Neo Devulcanization Devulcanization Amount of softener
temperature time
normal encoded normal encoded normal encoded
1 185 -1 3 -1 5 -1
2 215 +1 3 -1 5 -1
3 185 -1 8 +1 5 -1
4 215 +1 8 +1 5 -1
5 185 -1 3 -1 15 +1
6 215 +1 3 -1 15 +1
7 185 -1 8 +1 15 +1
8 215 +1 8 +1 15 +1
9 185 -1 5.5 0 10 0
10 215 +1 5.5 0 10 0
11 200 0 3 -1 10 0
12 200 0 8 +1 10 0
13 200 0 5.5 0 5 -1
14 200 0 5.5 0 15 +1

Table 3.Mooney viscosity index of the sampled reclaims according to the experimental design matrix

Experiment No 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Mooney viscosity,
units ML (1+4) 100 °C 42 52 33 47 40 48 33 36 35 42 44 34 38 34
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Table4. Rate of equilibrium swelling (R of ES) in xylene and devulcanization rate (DR) of samples from
modified reclaims obtained according to the experimental design matrix.

ExperimentNe 1 2 3 4 5 6 7 8 9 10 11 12 13 14
R of ES % 331 273 329 280 313 301 324 289 330 292 298 310 292 295
DR 196 1.83 221 1.87 2.09 201 220 193 219 195 199 2.07 195 197

3 parallel runs of experiment Ne 9: R of ES values-328,330,331; DR values: 2.19, 2.20, 2.19.

Untreated sample R of ES: 150

Table5. Mooney viscosity index of standard rubber compounds based on reclaims modified under
different conditionsaccording to the experimental design matrix.

Experiment Ne 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Mooney viscosity,
units ML (1+4) 100 °C 34 30 27 29 33 30 26 29 29 35 37 28 32 30

The devulcanization rate of the reclaims obtained
under different conditions has been determined with
regard to their equilibrium swelling rate compared to
the same index of an untreated sample. The
investigations aim at establishing supervision and
optimization of the devulcanization process, as well
as the effect its conditions have on the obtained
reclaim characteristics. The experimental results are
given in Table 4. It is evident, that the reclaims
resulting from experiments Ne 3 and Ne7 have the
highest devulcanization rate. Also, their swelling
equilibrium rate reaches the highest values, hence it
is the closest to the index of a fresh elastomer. It is
obvious, however, that the devulcanization is only
fractional in all experimental cases. The process has
been completed at the least extent in the case of
experiments Ne 2 and Ne 4. Certain correlation
between Mooney viscosity index and the
devulcanization degree has also been observed. In
brief, the lower the Mooney viscosity values, the
higher devulcanization degree is obtained.
Obviously, the devulcanization rate and the reclaim
properties are strongly dependent on the process
conditions. =~ That is why the optimum
devulcanization conditions should be specified in
advance and first of all, the process should be run
only under the prescribed controlled conditions to
minimize the undesired side effects of worsening the
qualities of the reclaims obtained.

Table 5 summarizes the values of Mooney
viscosity index regarding the prepared standard
rubber compounds based on reclaims devulcanized
under different conditions. Obviously, Mooney
viscosity values of the standard rubber compounds
are generally lower than those of the respective
reclaims. That meets the theoretical expectations as
low-molecular ingredients (without reinforcing
fillers) have been added to the reclaims and the
system becomes less saturated in high molecular

products. Besides, an additional thermomechanical
destruction of the rubber substance in the reclaims
has taken place while being compounded with
ingredients on the roller mill.

As seen from the table, Mooney viscosity values
vary in the range of 26+37 units. The highest values
are obtained for compound Ne 11, and the lowest
ones - for compound Ne 7. Having in mind that all
other process conditions are fixed at the same levels,
that means the variations observed are only due to
the different reclaim properties, resulting from the
devulcanization conditions. Reproducibility of the
experimental results is good, as the parallel runs of
experiment No. 9 show(corresponding values: 29,
30, 29).

The vulcanization characteristics of the prepared
standard rubber compounds, based on reclaims,
devulcanized under different conditions according to
the experimental plan matrix are represented in
Table 6. As shown, there is a significant difference
in the vulcanization characteristics of the rubber
compounds due to the devulcanization conditions.

The minimum torque (Mp), which correlates
significantly with the effective viscosity of the
compound prior to vulcanization, possesses values
between 8 and 15 dNm, while the maximum
torque(My), characterizing the  vulcanizates
hardness, varies in the range between 30-54 dNm.

The crosslink density of the curing net, which
could be evaluated by AM values, varies between 32
and 40 dNm. Compound Ne 8 demonstrates the
highest value, while compounds Ne 2 and 6 have the
lowest ones.

The wvulcanization scorch time is relatively
uniform and for most of the compounds it is between
3.9 and 5.8 minutes. Compound Ne 2 has the longest
scorch time, while compound Ne 4 - the shortest one.
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Table 6. Vulcanization characteristics of standard rubber compounds obtained from reclaim devulcanized under
different conditions.

Characteristic ML My AM ts too
dNm dNm MH-ML min min
Compound dNm
code
1 12 46 34 5.8 12.0
2 15 54 39 4.4 11.1
3 9 41 32 5.0 11.1
4 11 49 38 3.9 12.1
5 10 48 38 4.4 10.9
6 13 53 40 4.3 10.8
7 9 43 34 4.8 12.0
8 8 30 22 4.4 8.9
9 9 44 35 4.8 12.0
10 11 46 35 4.4 10.3
11 12 47 36 4.6 10.9
12 9 44 35 4.6 11.6
13 10 46 36 4.4 10.9
14 9 47 38 4.0 10.1
3 parallel runs of 9,9.9 44,44.5,45 35,35,36 4.84.74.8 11.8,12.0,11.9

experiment Ne9

Table 7.Mechanical properties of vulcanizates obtained from modified reclaims under different conditions

Experiment Ne Migo Moo c Erel, Eres. Shore A Aging
MPa MPa MPa % % hardness, rel. units coefficient
Ko, %
1 1.64 - 5.66 238 7 56 -12.7
2 1.69 - 5.54 220 6 58 -8.1
3 1.68 - 4.85 237 8 55 4.3
4 1.47 - 4.81 228 8 56 10.2
5 1.69 - 5.73 227 8 57 -5.2
6 1.69 - 5.83 222 6 57 -7.7
7 1.51 - 4.21 216 4 55 5.5
8 1.57 - 5.27 220 7 56 -5.3
9 1.66 - 4.92 222 5 58 -6.7
10 1.58 - 5.69 235 7 55 -0.7
11 1.72 - 5.52 228 5 60 -15.0
12 1.50 - 4.60 229 5 55 -5.6
13 1.58 - 4.95 235 5 58 -10.9
14 1.52 - 4.33 241 8 57 0.5
3 parallel runs 1.65; - 4.87; 220; 5; 59; -6.7;
of experiment 1.66; 4.95; 225; 5; 58; -6.9;
Ne 9 1.65 492 220 5 59 -6.7

The optimum vulcanization time (to) does not
vary significantly. For most compounds it remains in
the limits of 11-12 min, with an exception of that for
compounds NeNe 8, 10 and 14, which is about 9-10
min.The main mechanical properties of the
vulcanizates obtained from reclaim devulcanization
under different conditions according to the
experimental design matrix are presented in Table 7.
The values for Mgy are close for all experimental
cases investigated. The difference between the
minimum and maximum values is about 10%. The
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compounds based on reclaims Ne6, 5, 1 and
10possess the highest tensile strength values (in the
range between 5.6-5.8 MPa), while compound Ne 7
reaches the lowest one (4.2 MPa). The highest
tensile strength value for sample Ne6 correlates
significantly with the highest crosslink density of the
curing net (Table 6). The relative elongation of the
particular compounds is almost the same. The
residual elongation in all the cases considered is
negligible. The values of Shore A hardness index for
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each vulcanizate are also close, varying in the range
of 55+60 relative units.

The thermal aging resistance of the vulcanizates
obtained from devulcanized reclaims under various
conditions is different. The reason is in the various
conditions under which the crude crumbs have been
devulcanized: the different rate of devulcanization
process and the side reactions, which worsen the
reclaim quality, respectively. Best aging resistance
properties with regard to all parameters studied
(Migo, tensile strength and relative elongation)
demonstrate compounds Ne 4 and Ne 10.

Having carried out the experimental plan in the
design matrix, the results achieved allow deriving
the following regression models in the form of
second order polynomials, representing the existing
dependences of the goal functions Y;—Ys on the
devulcanization conditions, including the factors:

Xi-devulcanization temperature, °C;

X,-devulcanization time, h,

andXs-softener quantity, %:

1)Mooney viscosity Y for the reclaims obtained:

Y= 36.90 + 3.50[Xi] — 5.60[X>] —1.40[X5] +
1.60[X1]* + 2.10[X2]* — 0.90[X5]* —[X1][Xz]

2)Devulcanization rate Yo:

Y= 2.00 — 0.12[X;] + 0.07[Xi]* + 0.02[Xz]* —
0.05[X3]* —0.03[X1][X3] +0.04[X>][X5]

3)Crosslink density of the reclaims based
vulcanizates Ys:

Ys = 38.20 + 3.00[X;] + 2.20[X;5] — 3.25[X ]~
2.75[X,)? - 1.25[X5]* - 5.25[X4][X2] —-6.25[X1][X5]
—6.00[X>][X5]

4)Tensile
vulcanizatesY4

Ys=4.51+0.10[X;]* + 0.54[X:]* + 0.13[X5]?

5)Aging coefficient with regard totensile strength
of the reclaims based vulcanizates Y5s):

Ys= -8.58 + 0.33[Xi]+5.85[X2] + 0.34[X3] +
5.18[Xi]~ L.72[Xo]* + 2.83[X5]* —0.79[X4][Xz] —
3.06[X1][X3] — 2.86[X2][X5]

Having tested the adequacy of the obtained
mathematical models Y;-Ys (optional goal
functions) by the Fisher criterion (level of
significance 0.02) and considering the affirmative
results, the models have been subjected to an
optimization procedure. The optimal coordinates of
the global extrema to all goal functions have been
determined implementing standard scan
optimization methods. The values for the factors
concerning devulcanization conditions have been
obtained in the factorial space studied, respectively.

The final results obtained are the following:

1) For the relation Mooney viscosity Vs.
devulcanization conditions - the lowest Mooney
viscosity (Y MAX=32 relative units) has been

strength of the reclaims based

obtained under the following devulcanization
conditions:

- devulcanization temperature 183°C;

- devulcanization time 8 h;

- softener quantity 5 % of the crumbs amount.

Comparing the results from Tables 2 and 3 and
those derived by the optimization procedure one can
consider that in the case of industrial experiment No
3 from the design matrix, the applied
devulcanization conditions for waste vulcanizates
are very close to the extremum coordinates, found by
the numerical optimization software utility.

2) For the relation reclaim devulcanization rate
Y, vs. devulcanization conditions — the highest
devulcanization rate (Y,=2.25) is obtained at the
following factor values:

- devulcanization temperature 175 °C;

- devulcanization time 8 h;

- softener quantity 8.5 % of the crumbs amount.

Reclaims Ne 3u Ne 7 demonstrate the highest
devulcanization rate achieved experimentally: 2.21
and 2.20, respectively (Table 4). These values
deviate by about 2-3% from those predicted by the
derived model.

3) For the relation AM (crosslink density of the
reclaim-based  vulcanizates) vs.  reclaiming
conditions in the form of highest vulcanizate
crosslink density Y3, Ys=41 dNm has been obtained
under the following devulcanization conditions:

- devulcanization temperature 215 °C;

- devulcanization time 21 min;

- softener quantity 5 % of the crumbs amount.

A practical experimental point with these
coordinates does not exist in the generated
experimental design matrix. The highest AM value,
achieved experimentally for a compound based on
reclaims Ne 6, iSAM=40 dNm (Table 6).

4) For the relation tensile strength of the reclaim-
based vulcanizates Vs. the reclaiming conditions Y4,
the highest value of the tensile strength of the
reclaim-based vulcanizates Y4=6.15 MPa has been
measured at the following factor values:

- devulcanization temperature 215 °C;

- devulcanization time 3h;

- softener quantity 15 % of the crumbs amount.

A practical experimental point with these
coordinates does really exist in the experimental
design matrix as experiment Noe 6. The
experimentally obtained highest tensile strength
value is 5.83 MPa (Table 7). It differs just by 5 %
from the value predicted by the mathematical model.

5) For the relation aging coefficient (with regard
to tensile strength of the reclaim-based vulcanizates)
vs. reclaiming conditions Ys, the highest value of the
aging coefficient with regard to tensile strength of
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the reclaim-based vulcanizates Ys=10.9 % has been
determined at the following factor values:

- devulcanization temperature 215 °C;

- devulcanization time 8 h;

- softener quantity 15 % of the crumbs amount.

There is such an experimental point in the
experimental design matrix as experiment Ne 4. The
aging coefficient value with regard to the tensile
strength determined experimentally is 10.2 %. It
differs just by 6 % from the one predicted by the
derived mathematical model.

The analysis of the results obtained reveals that
the  optimal  conditions for  performing
devulcanization of waste vulcanizates are
considerably differing for each ofthe 5 goal
functions, i.e. devulcanization conditions ensuring
the most appropriate values for all important
parameters simultaneously could not be found. That
infers that the optimal devulcanization conditions
should be chosen depending on the future reclaim
application, keeping in mind the following issues:

- The lowest value of the Mooney viscosity index,
the highest degree of devulcanization of the crumbs,
respectively, is achieved at low temperature (175-
185 °C) but for the longest treatment time (8 h)
possible and at an average quantity of softener
(8.5%). Evidently, the lower temperature and longer
treatment time allow the softener to facilitate the
highest rate of intermacromolecular diffusion and
scission more bonds.

- In the case of longer treatment, undesired side
destructive processes occur simultaneously with the
devulcanization of waste vulcanizates. Therefore, if
aiming at obtaining reclaim-based vulcanizates of
maximum tensile strength, the reclaiming conditions
should be intensified so that to minimize the
undesired destructive processes yielding lower
molecular mass and worsened mechanical
parameters, respectively. The mathematical model
prompts the same, namely: best mechanical
properties have the vulcanizates based on reclaims
devulcanized at higher temperature (215 °C) and
maximum quantity of the softener — 15%. All these
conditions lead to intensified vulcanization
treatment since the conditions benefit the diffusion
of the molecules of the softening agent. However,
modification of the compound should proceed for
the shortest time (3 h) in order to maximally
eliminate the destruction processes. Assuming that
first priority is to obtain reclaim-based vulcanizates
with best mechanical properties, the reclaiming
conditions should be set at the values shown above.
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CONCLUSIONS

1) The dependences of the exploitation
characteristics  of  obtaining  reclaim-based
vulcanizates on the conditions of reclaiming crumbs
from solid and superelastic tyres — temperature,
treatment time and softener quantity, have been
studied by the method of experimental design.

2) Mathematical models in the form of second
order polynomials representing the relations
between the most important operation characteristics
of the reclaims and the vulcanizates based thereof vs.
devulcanization conditions have been derived. The
extremum values of the processing conditions have
been determined by optimization procedures
implementing standard scan search routines.

3) It has been established that there are no
practical devulcanization conditions ensuring the
best values for all most important exploitation
characteristics studied. That is why devulcanization
should be conducted under conditions of
compromise, tailored according to the specific future
application of the reclaim obtained:

- the lowest Mooney viscosity value of the
reclaims has been achieved at 183 °C for the longest
treatment time (8 h) and at a minimum quantity of
softener (5%);

- the highest devulcanization rate of the crumbs
has been achieved at 175 °C for the longest treatment
time (8 h) and at average quantity of softener (8.5%);

- best mechanical properties possess the
vulcanizates based on reclaims devulcanized at 215
°C, for the shortest treatment time (3 h) and at a
maximum quantity of the softener — 15%, in order to
maximally eliminate the destruction processes;

- the highest aging resistance coefficient with
regard to the tensile strength is obtained for the
vulcanizates based on reclaims, devulcanized at 215
°C, for the longest treatment time and at a minimum
quantity of the softener — 5%.
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N3CJIEABAHE BJIMAHUETO HA YCIIOBUATA HA AEBYJIKAHU3ALINA BbPXY
EKCINIOATAIIMOHHUTE XAPAKTEPUCTUKU HA BYJIKAHU3ATU HA BA3ATA HA
PEI'EHEPAT

II.A. Manunosa, H.T. Jlumoscku, A.Il. Ilanes

Xumuxomexnonocuwen u memanypeuder ynueepcumem, oya.” Knumenm Oxpuocku” 8, Cogusn 1756, Bvacapus

[Tonmy4ena Ha 29 cenremBpu 2016 r .; kopurupana Ha 6 suyapu 2017 .

(Pesrome)

IIpe3 npuwiarane Ha METOAAa Ha IIJIaHUPpAaHUSA CKCIICPUMCHT

0sxa n3CJII€ABaHU 3aBUCHMOCTHTC Ha

EKCIUIOATAIIMOHHUTE XapaKTePUCTHKH Ha BYJKAaHW3aTH Ha Oa3aTa Ha pereHepar OT YCJIOBHATa Ha
NeBYJIKaHU3AMS HAa KaydyKOBO OpamrHO OT IUTBTHH M CYINEPETacTHYHH TYMH - TeMIlepaTtypa, BpeMme Ha
TpeTHpaHe U KOJNIecTBO Ha oMeKkunTens. [lomyuenn 6s1xa MaTeMaTH9HN MOJENH 1o/ (hopMaTa Ha IOTHHOMH
OT BTOpa CTEMEH, MPEACTABSIIM 3aBUCUMOCTTa HA HaW-BaXKHUTE CKCIUIOATAIMOHHU XapaKTEPUCTHKU Ha
pereHepara u Oa3WpaHWTE Ha HErO BYJIKAaHW3aTH OT YCIOBHUATA HA JeByJIKaHu3anus. ONTUMHU3UPANKH
3HAYMTENIeH OpOoW MpeIBAUTENTHO OINpENeIeH! IeNIeBH (YHKIUM 10 METOAa Ha CKaHUpaHeTo Osixa
OTIpe/iecNieHH ONTHMAITHUTE CTOWHOCTHM Ha YCIIOBHSTA HA JICBYJIKAHM3AlMsA. YCTaHOBEHO Oemie, 4e HsiMa
YCIIOBUSI Ha JICBYJIKAHHW3AIWsI, KOUTO Jla OCHTYPSBAT Hal-TOOpPHUTE CTOWHOCTH €JHOBPEMEHHO Ha BCHYKH
W3CTIeIBAHN BKHU EKCIUIOATAlMOHHM XapaKTepUCTHKH. ETO 3a1o mporechT Ha AeByNKaHU3AIMs TpsOBa aa
ObJic TPOBEKAAH NPH YCIOBUS, NePUHUPAHU MPEIBAPUTEIHO C OrJIe]] MOJy4yaBaHETO Ha pereHepar 3a

CHGLII/I(l)I/I‘IHI/I TCXHOJIOI'MYHU LCIIN.
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Zinc and nickel ferrite have been synthesized from metal nitrates using a hydrothermal method to study the
structural, thermal, and corrosion properties. The XRD pattern of both zinc and nickel ferrite confirm face centered
cubic (FCC) spinel structure with a very small impurity phase of hematite (a-Fe,O3). TGA and DSC shows two major
weight losses, exothermic and endothermic, corresponding to moisture removal and decomposition of oxides to
zinc/nickel ferrite. Sharp Auger electron peaks are visible throughout XPS spectrum of both ferrites. The corrosion
protection of zinc ferrite is because of the unavailability of the metal for the redox pair reaction while cobalt ferrite
corrosion protection is because of the passivation layer formed over time.

Keywords: Hydrothermal method, Ferrites, Potentiostat, Corrosion, Thermal decomposition, Working electrode

INTRODUCTION

Spinel ferrite MFe,Os, where M indicates Ni, Zn,
Co, Mn, etc. is a close packed structure with two
different crystallographic sites, namely tetrahedral
and octahedral. These sites are also referred to as A
and B-sites, respectively. Spinel structure contains
two cation sites for metal cation occupancy. There
are 8 A-sites in which the metal cations are
tetrahedrally coordinated with oxygen atoms and 16
B-sites, which are octahedrally coordinated. Three
kinds of spinel ferrites are formed by the occupancy
of A and B-sites with M?>" and Fe** cations. Normal
spinel ferrite is when A-sites are occupied by M?*
cations and the B-sites are occupied by Fe*" cations.
Inverse spinel ferrite is when A-sites are completely
occupied by Fe** cations and B-sites are randomly
occupied by M?*" and Fe** cations. In mixed spinel
ferrite, both A and B-sites are occupied by M?" and
Fe*" cations. Normal, inverse, and mixed spinel
ferrite are shown in table 1.

Table 1. Normal, inverse and mixed spinel ferrite.

Site A Site B Ferrite Type
Y Fe’t Normal spinel ferrite
Fe** Y Inverse spinel ferrite
M?"or Fe’?*  MZ?* or Fe**  Mixed spinel ferrite

Conventional size controlled co-precipitation [1],
ultrasonic wave-assisted ball milling technology [2],
co-precipitation [3], non-aqueous synthesis method
[4], thermal treatment method [5-8], hydrothermal
process [9], and polymerized complex method [10]
were used to synthesize ferrite nanoparticles.
Ferrites are nowadays quite often used as inductive

* To whom all correspondence should be sent:
E-mail: rathersami@kau.edu.sa, rathersami@gmail.com

components in various electronic circuits. High
frequency applications such as telecommunication
and radar systems make ferrites the most essential
part of advanced technology. Furthermore, ferrites
are also used in computers, TV, video systems,
small and medium power related instruments. Other
important application of ferrites is: electromagnetic
interference (EMI) suppression related to notebooks,
cameras, digital computers, scanners, etc. and
biosciences related to magnetic materials present in
the nanoparticles, specifically magnetite (Fe,O3), in
various forms of living organisms [11]. Corrosion
protection by coating of ferrites on steel alloy
samples is performed to avoid surface damage in
hostile environmental conditions. Furthermore, it
was proved that doping of ferrites with Nd-Co
increases the corrosion protection and resistance
against aggressive environment as compared to
pristine ferrites [12]. Morphology and chemical
composition of ferrites are very crucial to improve
their anticorrosion properties [13]. Keeping in mind
above-mentioned applications, study of corrosion
properties of ferrites such as zinc ferrites, cobalt
ferrites, nickel ferrites, etc. may help to improve
applications in a more advanced manner in near
future.

In this paper, synthesis, characterization, and
corrosion properties of zinc and cobalt ferrites are
reported. Main aim of this report is to study the
corrosion properties of ferrites at different time
intervals.

EXPERIMENTAL
Materials and Preparation

Iron nitrate (Fe(NOs); * 9H,0), zinc nitrate
(Zn(NOs)3 6H>O0), and cobalt nitrate
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(Co(NO3)s " 6H,0), were purchased from Acros
Organics with a purity exceeding 99%. Poly(vinyl
pyrrolidone) (PVP) (MW = 30,000) was purchased
from Sigma Aldrich and all the above chemicals
were used without further purification. For the
preparation of zinc and cobalt ferrites, an aqueous
solution of PVP was prepared by dissolving 3 g of
polymer in 100 mL of distilled water at 363 K. 0.2
mmol iron nitrate and 0.1 mmol zinc nitrate/cobalt
nitrate were mixed into the above polymer solution
and constantly stirred for 2 h using a magnetic
stirrer. A litmus paper was used to determine the
pH of the solution, which ranged from 4 to 5. The
mixed solution was heated at 80°C for 24 h to
evaporate moisture. The dried, orange, solid
zinc/cobalt ferrite that remained was crushed and
grounded in a mortar to form fine powder. The
calcination of the powders was conducted at 600°C
for 3 h for the decomposition of organic
compounds and the crystallization of the
nanocrystals.

Characterization

The structure of ZnFe,Os and CoFe,Os4 was
characterized by XRD technique using an Inel X-
Ray diffractometer model EQUINOX 1000 with
CuKa radiation (k = 0.15406 nm) to generate
diffraction patterns from powder crystalline
samples at ambient temperature in the 20 range of
15 to 70°. Thermal decomposition and examination
of the absorptive surfaces were conducted at 950°C
using thermogravimetric analysis (TGA) and
differential scanning calorimetric analysis (DSC)
on a model STA 449 F3 Jupiter. XPS was
performed using XPS SPEC GmbH, Germany.

Measurement of Corrosion Properties

A three-electrode system is used to determine
the Tafel curves for the ferrite powder in a 3.5%
NaCl electrolyte solution. The working electrode is
a compact ferrite powder in contact with a copper
rod. Paraffin (C14) was used as a binder. The
electrode is polarized to £200 mV with respect to
the open circuit potential. The Ir resistance is
measured by zero run without the sample and is
adjusted. The Tafel curves are then used to
determine the corrosion rates. The potentiostat used
to polarize the ferrite electrode is provided by
AUTOLAB. The NOVA software is used to
analyze the results.

RESULTS AND DISCUSSION

X-ray diffraction (XRD) was used to identify the
structure of the zinc/cobalt ferrite samples. The
patterns of zinc/cobalt ferrite as prepared and

calcined at 600°C are presented in Figs. 1 and 2.
Peaks in the as prepared samples are not visible, but
as calcination temperature increases to 600°C, sharp
intense peaks appear. Both zinc and cobalt ferrite
XRD patterns are characterized by several intense
peaks between diffraction angle of 15 and 70°. The
pattern shown in Fig. 1 is a form of cubic structure
which is interpreted as cubic spinel zinc ferrite
indexed by the peaks of (111), (220), (311), (222),
(400), (331), (422), (511), and (440). Fig. 2 shows
XRD pattern of as prepared and calcined cobalt
ferrite samples. The peaks can be indexed to
noticeable reflection from (111), (220), (311), (222),
(400), (331), (422), (511), and (440) planes of
cobalt ferrite. Both zinc and cobalt ferrite samples
show very small impurity phase of a-Fe,Os (H) and
this impurity occurs naturally as hematite [14-16].

Intensity (a.u.)

T T T T
» o = = - - ™

Two theta {degrees)

Fig. 1. X-ray diffraction (XRD) profile of zinc
ferrite (ZnFe,04) synthesized by hydrothermal method.

-

Intensity (a.u.)

T T T T T
= = » = "

- " M "
Two theta (degrees)

Fig. 2. X-ray diffraction (XRD) profile of cobalt
ferrite (CoFe,O4) prepared by hydrothermal method.

Thermal decomposition of as prepared
zinc/cobalt ferrite samples was studied by TGA and
DSC, presented in Figs. 3 and 4, respectively. Two
major weight loss curves for zinc ferrite, from 75 to
125°C are due to evaporation of moisture. From
400 to 500°C weight loss is due to decomposition
of elemental oxides, zinc oxide, and hematite
(Fe203) to the crystalline zinc ferrite. The extended
curve after the last peak (>600°C) indicates sample
stability and formation of crystalline zinc ferrite, as
confirmed also by XRD. The corresponding DSC
curve shows two major peaks, at 93°C, an
endothermic peak indicates moisture removal and
at 472°C, an exothermic peak confirms
decomposition [17, 18]. Two major weight losses
of cobalt ferrite were also observed, the first around
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100°C indicates moisture removal and the second at
400-500°C, confirms decomposition of sample and
formation of crystalline cobalt ferrite. The extended
curve after the last peak (>600°C) indicates sample
stability and formation of crystalline cobalt ferrite,
as confirmed by XRD, following the same trend as
zinc ferrite. DSC curve also shows two major peaks,
an endothermic peak indicates moisture removal
and an exothermic peak at 473°C confirms
decomposition [19, 20].

Fig. 3. Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) data of zinc
ferrite performed in an oxygen atmosphere. The heating
ramp used is 10°C/min.

Fig. 4. Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) data of cobalt
ferrite performed in an oxygen atmosphere. The heating
ramp used is 10°C/min.

XPS results of zinc and cobalt ferrites are
presented in Figs. 5 and 6, where binding energy
(BE) ranges from 0 to 1100 eV. Sharp Auger

Table 2. Quantitative analysis of XPS data of ZnFe;O4

electron peaks are visible throughout the XPS
spectrum of zinc ferrite/cobalt ferrite. Core levels
of Zn 2P, Co 2P, and Fe 2P are also visible. The
presence of very low peaks of absorbed carbon on
the spectra is due to PVP involved during the
synthesis process [21].
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Fig. 5. Wide scan survey X-ray photoelectron spectra
(XPS) of zinc ferrite (ZnFe,O4).
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Fig. 6. Wide scan survey X-ray photoelectron spectra
(XPS) of cobalt ferrite (CoFe,0s).

Full details of both zinc and cobalt ferrite are
presented in Tables 2 and 3.

Sample .. Area / %ALt. % Mass
Name Name Position FWHM (T*MFP) Conc. Mass Conc.
Zn-Ferrite 5;3% 710.79 4211 26355.1 1179 558458  23.501
O (O 1s) 529.99 3.609 44341.2 73.39 15.9994 41911
ZnZn 403239 2356 565271 1482 653873 34.588
2p3/2)
100 100
Table 3. Quantitative analysis of XPS data of CoFe,O.
Sample . Area/ %ALt. % Mass
Name Name Position FWHM (T*MFP) Conc. Mass Conc.
Co-Ferrite ngjo 780.04 4.533 34700.2 10.069 58.9332 21.779
5;3(};; 710.34 3.844 32179.7 17.378 55.8458 35.618
0 (0 1s) 529.74 2.845 36520.7 72.553 15.9994 42.603
100 100
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The TAFEL curves for the zinc ferrite in saline
solution are shown in Fig. 7. Zinc ferrite corrosion
rates do not increase with time, essentially having
constant anodic and cathodic surface reactions. This
indicates that there is no change in the surface
composition of zinc ferrite over time. Zinc ferrites
anticorrosion pigments are embedded in various
matrices of the paints/epoxy resins to enhance the
anti-corrosion properties (22, 23). As the corrosion
potential E., remains constant over the entire
testing time period, therefore cathodic and anodic
reactions and not the solid sample of the working
clectrode are the representation of the solution
species (oxygen and water redox couple reactions).
Thus, zinc ferrite does not show any metal
dissolution into the solution. This is not true for the
zinc nitrate and iron nitrate solid particles sintered
below 600°C. Cobalt ferrite Tafel curves are shown
in Fig. 8. Corrosion rate is almost constant over the
entire testing period. However, the corrosion
potential decreases over time. This indicates that
there is some change on the surface of the cobalt
ferrite that provides more resistance to polarization
over the surface of the specimen. Cobalt is known
to produce a passive layer if alloyed with steel
under aggressive environment (24).
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Fig. 7. Tafel curves of zinc ferrites over time, (A - 3
min), (O - 30 min), (x - 60 min), and (+ - 120 min).
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Fig. 8. Tafel curves of cobalt ferrite over time, (A - 3
min), (O - 60 min), and (x - 120 min).

CONCLUSIONS

The results of this investigation indicate that
thermal treatment method can be used for synthesis
of ZnFe;O; and CoFe;Os nanoparticles using
poly(vinyl pyrrolidone) as a capping agent to
stabilize the particles and prevent them from
agglomerating. XRD patterns indicate the presence
of face centered cubic spinel structure with natural
impurities. TGA curves shows two major peaks
related to the weight losses due to water
evaporation and decomposition to crystalline phase.
XPS results show the percentages of elements
present on the surface of the metal ferrites. The
corrosion protection of zinc ferrite is because of the
unavailability of the metals for the redox pair
reaction. While cobalt ferrite corrosion protection is
because of the passivation layer formed over time.

Acknowledgements: This research was funded
by the Deanship of Scientific Research (DSR), King
Abdulaziz University, Jeddah under grant No.
D1435-974-135. The author, therefore,
acknowledges with thanks DSR technical and
financial support.

REFERENCES

1. Y. Mattei, O. Pérez, O. Uwakweh, J. Magn. Magn.
Mater., 341, 17 (2013).

2. D. Chenn, L. Li, J. Wang, Ceram. Int., 39, 4669
(2013).

3. M. El-Okr, M. Salem, M. Salem, M. Salim, J. Magn.
Magn. Mater., 323, 920 (2009).

4. L. Ajroudi, S. Villain, V. Madigou, J. Cryst. Growth,
312, 2465 (2010).

5. M.G. Naseri, E. B. Saion, H.A. Ahangar, A .H. Shaari,
M. Hashim, J. Nanomater., 1, 1 (2010).

6. M.G. Naseri, E.B. Saion, H. A. Ahangar, A.H. Shaari,
M. Hashim, J. Powder Technol., 212, 80 (2011).

7. M.G. Naseri, E.B. Saion, M. Hashim, A.H. Shaari,
H.A. Ahangar, J. Solid State Commun., 151, 1031
(2011).

8. M. Stoia, P. Barvinschi, L. Tudoran, J. Therm. Anal.
Calorim., 108, 1033 (2012).

9. M. Su, C. Hea, V. Sharma, J. Hazard. Mater., 211,
95 (2012).

10. S.M. Montemayor, L.A. Garci'a-Cerda, J.R. Torres-
Lubia’n, Mater. Lett., 59, 1056 (2005).

11.R. Valenzuela, Phys. Res. Int., 2012, 1 (2012).

12.C.A. Herme, G.P. Cicileo, P.G. Bercoff, S.E. Jacobo,
Pro. Mater. Sci., 9, 150 (2015).

13. A. Kalendova, P. Rysanek, K. Nechvilova, Prog. Org.
Coat., 86, 147 (2015).

14.J. Vidales, A. Lopez-Delgado, E. Vila, J. Alloys
Compd., 287, 276 (1999).

15.M. Naseri, E. Saion, H. Ahangar, J. Nanomater.,
2010, 1(2010).

447



S.U. Rather: Corrosion study of ferrites prepared by hydrothermal method

16.Y. Qu, H. Yang, N. Yang, J. Mater. Lett., 60, 3548
(20006).

17.P. Aghav, V. Dhage, M. Mane, J. Phys. B, 406, 4350
(2011).

18.P. Laokul, V. Amornkitbamrung, S. Seraphin, J.
Curr. Appl. Phys., 11, 101 (2011).

19. B. Randhawa, M. Gupta, M. Kaur, J. Ceram. Int., 35,
3521 (2009).

20.S. Rana, J. Philip, B. Raj, J. Mater. Chem. Phys., 124,
264 (2010).

21.G. Fan, Z. Gu, L. Yang, F. Li, J. Chem. Eng., 155,
534 (2009).

22.Y.M.A. Ayana, S.M. El-Sawy, S.H. Salah, Anticorr.
Meth. Mater. 44, 381 (1997).

23. A.M. Musa, N.N. Shawal, H.U. dadum, M. Jibril, G.
Abdurrahman, M.Z. Husna, Appl. Mech. Mater., 695,
110 (2015).

24.K.H. Kim, S.H. Lee, N.D. Nam, J.G. Kim, Corr. Sci.,
53,3576 (2011).

W3CJIEJIBAHE HA KOPO3USITA HA ®EPUTU, TIPUTOTBEHU I10 XWUJIPOTEPMAJIEH
METO/1

C.VY. Parxep

Jlenapmamenm no XuMuuHo UHICEHEPCME0 U MamepuaniosHanue, Ynusepcumem ,, Kpan A60ynaszusz*, /[iceoa,
Cayoumcka Apabus

Iocrenuna na 29 Mapt, 2016 r.; npuera Ha 13 asrycr, 2016 .

(Pesrome)

[[MHKOBUTE M HUKEIOBUTE (EPUTH CE CHHTE3MPAT OT METAIHM HHUTPATH 110 XHIPOTEpMaJieH METOA, 3a Aa ce
M3CIIe/IBAT CTPYKTYPHUTE, TEPMUYHHUTE U KOPO3HMOHHUTE MM CBOUCTBA. PEHTIeHO-CTPYKTYPHHTE XapaKTEPUCTUKH Ha
nBaTa (epuTa MOTBBPXKAABAT yenHO-TieHTpupanata kyonyHa (FCC) mmmHenoBa CTpyKTypa ¢ MajKd OHEYHUCTBAH OT
xematutT (0-FexO3). TepMorpaBUMETpUYHUAT aHAIH3 M JAH(PEPEHIIHATHO-CKaHUpaIaTa KaJIOpUMETPHs TOKa3BaT IBE
TJIABHU 3aryOu Ha Teryo (€K30TepMHYHA M C€HJIOTCPMHUYHA), ChOTBETCTBAIM HA OTCTPAHSIBAHE HA BJIara M pasjaraHe Ha
okcunute BbB (eputure. Octpu U OxKe-eJICKTPOHHU NMHUKOBE ce 3a0eliA3BaT B PEHTTCHO-CTPYKTYPHHUTE CIEKTPU Ha
nBata (epura. 3ammuTaTa OT KOPO3US HA I[MHKOBUSA (EPUT CE ABJDKM HAa HEIOCTHITHOCTTa HAa METala KbM PEIOKC-
peaxIyu, TOKaTO KOPO3WOHHATA 3alllUTa MpPU KOOAnTOBHsS (EpUT Ce IBDKM HA MACHUBUpAIIUsA cliod, GopMmupan c

BpPEMCTO.
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Application of 1, 4-diaminoanthraquinone as a new selectophore material for
construction of a potentiometric iron (III)-selective electrode
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A new Fe® selective electrode based on PVC membrane was prepared with a view to its application as an indicator
electrode in the potentiometric cell. 1,4-Diaminoanthraquinone(DAQ) as a lipophilic selective element, sodium
tetraphenylborate (NaTPB) as an anionic additive, nitrobenzene (NB) as a solvent mediator, and polyvinyl chloride (PVC)
as a polymeric matrix were employed to form the membrane mixture. The best electrode response had a slope of 19.6 =
0.2 mV per decade over a wide iron(I1I) concentration range (1.0x107 to 1.0x102 M) with a detection limit of 8.0x10 M.
This electrode showed a fast response time (~12 s) over the whole concentration range in the pH range of 1.6-3.5. In order
to study the selectivity of the electrode toward Fe*3ions in presence of many common alkaline, alkaline earth, transition,
lanthanide and heavy metal ions the matched potential method was applied. According to the obtained results the
interference of all mentioned cations on the proposed iron(IIl) electrode was negligible. The sensor was successfully
employed as an indicator electrode in the potentiometric titration of iron(III) with EDTA at pH 6.0. The applicability of
the sensor was studied in determination of Fe** ions in mixtures with different ions.

Keywords: Sensor, Potentiometry, lon-Selective Electrode, PVC Membrane

INTRODUCTION

Among different analytical methods, the
potentiometric ion selective electrodes are mostly
applied to determine the amount of various ions due
to the wide linear range, low detection limit, good
Nernstian slope, high sensitivity and selectivity, low
cost, portability, easy maintenance, simplicity and
speed of the usage, etc. [1-5].

Lately, a large number of PVC membrane
electrodes for diverse ions such as iron were reported
by us and other researchers [4-44].

Iron is a metal of the first transition series with
atomic number 26. It is a mineral element which our
body needs for numerous functions including
complexation with oxygen in hemoglobin and
myoglobin which are two prevalent proteins to
transport oxygen in thebody. Moreover, the iron
could be found in many other proteins and enzymes.
The human body needs an appropriate amount of
iron, otherwise the lack of iron causes iron-
deficiency anemia. On the other hand, a high amount
of iron in our body leads to iron poisoning [45].

In this paper the preparation of a new Fe™ ion
selective electrode was described, based on PVC
membrane with DAQ as a selector element (Fig.1)
with a special interaction between its heteroatoms
such as nitrogen and iron(III) ion.

* To whom all correspondence should be sent:
E-mail:haszamani@yahoo.com

o) NH,
o) NH,
Fig. 1.1, 4-Diaminoanthraquinone (DAQ)
structure
EXPERIMENTAL
Reagents

1, 4-Diaminoanthraquinone (DAQ) was purchased
from Fluka. The nitrate and chloride salts of all used
cations, reagent grade nitrobenzene (NB),
acetophenone (AP), benzyl acetate (BA), dibutyl
phthalate (DBP), sodium tetraphenyl borate
(NaTPB), high molecular weight PVC,and
tetrahydrofuran (THF) were purchasedfromMerck
and Aldrich and used without modification or further
treatments, except for the vacuum drying of the salts
over P,Os. Doubly distilled deionized water was
used in all experiments.

The EMF measurements

To potential measurement a Corning ion analyzer
250 pH/mV meter was used at 25.0 °C. The activities
were calculated by the Debye—Hiickel procedure
[46]. The electrochemical cell was assembled to
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EMF measurements according to the following
system:

Ag-AgCl | internal solution, 1.0x10° M Fe
(NO3)3| PVC membrane | test solution | Hg—Hg,Cl,,
KC1 (satd.)

PVC membrane electrode preparation

In order to prepare the membrane solution by the
dipping method, specific amounts of PVC,
ionophore (DAQ), plasticizer (NB), and anionic
additive (NaTPB) were blended and dissolved in 3-
SmL THF. AfterevaporatingTHF from the obtained
solution an oily concentrated mixturewas formed. A
pipet tip (3-5 mm o.d. on top) was dipped into the
blend for about 5s in order to form a transparent
membrane of about 0.3 mm thickness[47-55]. In the
next stage the pipet tip was removed from the
mixture and left at room temperature for about 12
h.At last the pipet tip was filled with 1.0x10° M
Fe(NO3)s solution as an internal filling solution and
the pipet tip was soaked in the same solution for 24
has a pretreatment. A silver/silver chloride electrode
was used as an internal reference electrode.

RESULTS AND DISCUSSION
Potential response of the electrode

In order to investigate the electrode response over
a wide concentration range of various
cationsnumerous polymeric liquid membrane
sensors based on DAQ were fabricated. Due to the
special structure of DAQ and its ability to form
complexes with iron (II), the Fe™ selective
electrode showed the most sensitive response with a
slope of 19.6+0.2 mV per decade (Fig. 2).

Effect of membrane composition

As the type and nature of membrane composition
have a substantial impact on the ion selective
electrodes response, to obtain the best Nernstian
response with steady, noiseless and repeatable
potentials, the membrane composition was
optimized by employing various proportions of

Table 1.Composition of membrane ingredients

additives, ionophore, plasticizer and PVC [56-61].
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Fig. 2. Potential responses of various ion-selective
electrodes based on DAQ.

According to the obtained results listed in Table
1, among four different plasticizers, NB showed the
best sensitivity. Essentially the plasticizer acts as a
solvent mediator to ameliorate the performance of
the sensor via facilitating the movement of the
ionophore in the polymeric membrane matrix. By
changing the amount of NATPB the proper rate of
ionic additives was achievedwhich could impress on
the workability of the electrode by increasing the
sensitivity of the membrane via reducing the ohmic
resistance and speeding upthe process of ion
extraction into the membrane [62-70]. Hence, the
best Nernstian potential response was obtainedwith
amembrane composition of (w/w):30% PVC, 5%
DAQ, 2% NaTPB and 63% NB (electrode no.11).

Calibration curve

The potential response of the iron(IIl) selective
electrode based on DAQ,which is demonstrated in
terms of calibration curve (Fig. 3) shows the wide
working range (1.0x10°% to 1.0x102 M)
fortheoptimizedDAQ-based iron (III) ion selective
electrode. The slope of the linear part of the
calibration curve is 19.6+0.2 mV per decade with a
detection limit of 8.0x1077 M. According to the
IUPAC recommendations, the detection limit is
calculated bycrossing of two extrapolated segments
of the calibration curve.

Electrode Composition of Carbon Paste (wt. %) Slope (mV/  Dynamic Linear
No. PVC NB DBP AP BA NaTPB  DAQ decade) Range (M)
1 30 66 - - - 2 2 16.9+0.4 1.0x10-1.0x102
2 30 - 66 - - 2 2 14.1£0.4 1.0x1073-1.0x102
3 30 - - 66 - 2 2 15.7+0.5 1.0x107-1.0x10"
4 30 - - - 66 2 2 14.8+0.3 1.0x107-1.0x10"
5 30 68 - - - 0 2 12.8+0.3 1.0x104-1.0x107
6 30 67 - - - 1 2 16.1£0.3 1.0x10-1.0x10"
7 30 65 - - - 3 2 15.5£0.4 1.0x10%-1.0x10"
8 30 67 - - - 2 1 14.9+0.3 1.0x10%-1.0x10"
9 30 65 - - - 2 3 17.6+0.2 1.0x10-1.0x102
10 30 64 - - - 2 4 18.4+0.3 1.0x10-1.0x102
11 30 63 - - - 2 5 19.6+0.2 1.0x106-1.0x1072
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Fig. 3. Calibration curve of the DAQ-based Fe*

sensor.
pH Effect

The profile of the designed electrode potential
response versus the pH changes was investigated by
employing 1.0x10*M Fe™ solutionand adding very
small drops of HNOsor NaOH over the pH range 1.0-
11.0. Pursuant to the obtained graph (Fig. 4) it is
obvious that the working pH range of the electrode,
where the potentials stay constant, is from 1.6 up to
3.5.

100

0.001 mol Lt Fe¥

E{mV)

.50 4
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o1 2 3 4 5 6 7 8 9 w0 1 oz

Fig. 4.The pH effect of the test solution on the
potential response of the iron (III) sensor.

The potential drift at pH values lower than 1.6
could be attributed to the protonation of the
heteroatoms of the ionophore, as a result of
whichDAQ loses the ability of forming complexes
with the iron ions. On the other hand, the potential
drift at higher pH values could be due to the
formation of some hydroxyl complexes of Fe*" ions
in solution, which results in reduced amount of free
iron (III) ions in the solution [71].

Dynamic response time

One of the most important factors in analytical
applications is the response time of the ion selective
electrode,whichis defined as the average time
neededto reach a stable potential value of the ion
selective electrode after sequential submerging of
electrodes in a series of primary ion solutions with
ten-fold difference in concentration. In order to

measure the dynamic response time of the Fe™ ion
selective electrode, various concentrations of Fe™
over the range from 1.0x10¢ to 1.0x1072 Mwere
employed. According to the obtained results
illustrated in figure 5, the average response time
required for the iron(Ill) electrode is about 12 s.

10-2mol Lt

20 40 &0 20 100 120
(s}

Fig. 5. Dynamic response time of Fe3* sensor
Selectivity of the sensor

To assess the effect of interfering ions including
lanthanides, alkali and alkaline earth elements,
transition and heavy metals on the potential response
of the proposed electrode, the selectivity coefficients
were determined graphically by the match potential
method (MPM). In order to determine the selectivity
coefficients by MPM, the potentialofadding the
specificactivity (concentration) ofa Fe**solution to
areferencesolutionwas measured. On the other hand,
in a separate experiment, a certain amount of various
interfering ions was sequentially added to the same
reference solution, as long as the obtained potential
response matches the initial one. Eventually, by the
ratio of primary ion (A) activity changes to the
interfering ion (B) according to the following
equation, the matched potential method selectivity
coefficient (Kmpm) was determined for each cation
[72]:

KMPM = Aay
j ag

Pursuant tothe resulting values,which are
summarized in table 2, the interference of other
cations on the proposed electrode was negligible.
Thispoints to a very high performance of the
designed electrode toward Fe™ ions and special
interaction between Fe** ions and DAQ.

Analytical applications

To verify the practical utility of the proposed
electrode, it was applied as an indicator electrode in
order to determine iron (III) in a potentiometric
titration of 25 mL of 1.0x10* M Fe*" solution with
1.0x102 M EDTAat pH=6adjusted by acetate buffer.
As figure 6 shows, by increasing the amount
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Table 2.Selectivity coefficients (K, ;fj;’:’ ) of the proposed Fe3" sensor.

Interfering Ion K;degl\f‘B Interfering Ion K;’[epsl\f,B
Ho** 8.0x10* Dy** 1.0x103
La* 8.0x10* Ca?* 2.0x1073
Tm3* 1.5x107 Co* 1.0x1073
Nd** 1.0x1073 K* 1.0x1073
Eu** 8.5x10* Pb** 8.0x10*
Pr3* 8.5x10* Ni%* 1.0x1073
Yb3* 2.0x107 Mg 8.0x10*
Lu** 1.0x1073 Cd* 1.0x1073
Er¥* 8.0x10* Na* 8.0x10*
Tb** 1.5x103 Cr** 2.5%1073
Sm** 8.5x10*

Table 3.Determination of Fe* in presence of a mixture ofmetal ions.

Fe3'(M) Added cations (M) Found*(M) Recovery (%)
1.0x10¢ (0.001)Eu(NO3)3& (0.001)Er(NO3)3 1.03x10°6 103
1.0x10¢ (0.001)Gd(NO3)3&(0.001) Pr(NOs)3 1.03x10°6 103
1.0x10¢ (0.001)La(NO3)3&(0.001)Ho(NO3)3 1.03x10°6 103
1.0x10¢ (0.001)Dy(NO3)3&(0.001)Yb(NO3)3 1.00x1076 100
1.0x10¢ (0.001)Tb(NO3)3&(0.001)Nd(NO3)3 1.03x10°6 103
1.0x10¢ (0.001)Pb(NO3)2& (0.001)Ni(NO3)2 1.00x1076 100
1.0x10%¢ (0.001)Cr(NO3)3& (0.001)Cd(NO3)3 1.03x1076 103
1.0x10¢ (0.001)KNOs& (0.001)Mg(NOs)2 1.00x1076 100
1.0x10%¢ (0.001)NaNO;& (0.001)Ca(NOs), 1.03x1076 103
1.0x10¢ (0.001)Pb(NO3)2&(0.001)Ca(NO3)2&(0.001)KNO; 1.00x10¢ 100
1.0x10°¢ (0.001)Cr(NO3)3&(0.001)Na(NO3)&(0.001)Ca(NO3), 1.03x1076 103

aResults are based on three measurements

of EDTA, a reduction in the potential values is seen, CONCLUSION

which is attributed to a decrease in free iron(III)
concentration due to complexation with EDTA. As a
result, the sharp end point in the titration curve
reflects the fact that this electrode could successfully
play the role of an indicator electrode. Furthermore,
the designed Fe™ electrode was employed to
determine Fe™ ions in presence of binary mixtures
containing various cations, the result of which, listed
in table 3, demonstrates the acceptable recovery for
Fe™ ion in all mixtures.

20 4
10
-10
20
é -30
W40
-50
-50
-70
-30 .
0.1 02 03 04 05 0.6
v(EDTA,mL)

Fig. 6. Potential titration curves of 25 mL of 1.0 x 10*
M Fe**solution with 1.0 x 102 M of EDTA.
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In the present work, a new iron-selective PVC
membrane electrode based on DAQ as a carrier ion
and NB as a solvent mediator was developed. The
best membrane composition (5% DAQ, 2% NaTPB,
30% PVC, 63% NB) showed a slope of 19.6+0.2 mV
decade'in the linear range of 1.0x10° -1.0x102 M
and a limit of detection 0f8.0x10"M. This electrode
isindependentof pH changes in the range of 1.6-3.5.
It was successfully employed in titration and direct
potentiometric methods.
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MPUJIOXKEHME HA 1, 4-TUAMUHOAHTPAXUHOH KATO HOB CEJIEKTO®OPEH
MATEPHAJI 3A TTIPOU3BOJICTBOTO HA TTOTEHLIMOMETPUYEH Fe(I11)-CEJIEKTUBEH
EJIEKTPO/I

®. Kazemu', X.A. 3amanu!, @. [lxo3-SIpmoxamanu', M. EGpaxumu', M.P. AGenn®

Yenapmamenm no npunoxcua xumus, Ucrsamcku ynusepcumem ,,Aza0*, Knon Mawxad, Mawxao, HUpan
2 lenapmamenm no npunoxcra xumus, Mciamcxu ynusepcumem ,,A3a0", Knon Kyuan, Kyuan, Hpan

Ioctermmna Ha 19 despyapu, 2016 r.; npuera Ha 30 asrycr, 2016 T.
(Pesrome)

IIpuroTBeH € HOB, MHOH-CEJEKTHBEH €JNEKTPoJ 3a ompeaelsHeto Ha Fe™ | Gasupan ma PVC-membpana.
VHAWKaTOPHUAT €JEeKTPoJ € TIpenHa3HaueH 3a MOTEHIMOMETPHYHH omnpenensHus. MsmomsBat ce 1,4-
nuamMuHoaHTpaxuHOH (DAQ) KaTo TUMOJUTHYCH CENIEKTUBEH areHT, HaTpueB TeTpadenmnoopar (NaTPB) kaTo aHrmoHHA
nobaBka, HUTpoOeH3eH (NB) karo pasrBopuren-menuatop u nosmBuaIIXIopu (PVC) karo monmmepHa matpura. Haii-
J0OBP OTrOBOP Ha eNEeKTpoa ce npu HakiIoH 19.6 + 0.2 mV 3a nekana 3a MIMPOK MHTEPBaJ Ha KOHIEHTPALMU Ha JKEJSA30
(1I) ot 1.0x10° go 1.0x102 M mpu uyscTBHTENHOCT OT 8.0x1077 M. T03H eNeKTpos Moka3sa 6bp3 oTroBop (~12 s) 3a
IIMPOK MHTEPBAN OT KoHueHTpanuu Ha Fe™ (1.0 x107° M 1o 1.0x1072 M) 3a pH B o6xBara 1.6-3.5. CenexTuHocTTa Ha
enektposa cipsiMo Fe™ e uscnenBana B IPUCHCTBME HA MHOTO METAJIHU HOHM (QJIKaIHM, AIKAIO3EMHH, TEXKHM METAIH,
NIPEXOJIHH eJIeMEeHTH U jtaHTaHuu). Criope] NOIyYeHUTE pe3yITaTH CMYLIEHUsITa OT CTPpaHa Ha W3CJIECABAHUTE METaIN
ca npeHeOpexxumMu. Taka HaIpaBEeHHUST CEH30P € U3M0JI3BaH YCIENTHO IIPH IIOTEHIIMOMETPUYHOTO TUTPYBaHE Ha pa3TBOPU
Ha xens30 (1II) c EDTA npu pH 6.0. [IpunoxumocTTa Ha ceH30pa € NOTBHPJICHA U B IPUCHCTBHE HA CMECH OT Pa3IMYHU
HoHH.
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One of the main problems with using Data Envelopment Analysis (DEA) is the weak separability of the decision-
making units. This is mainly due to the low number of units compared to the number of inputs and outputs of the model
[1]. This problem is evident in evaluation of the performance of 144 decision-making units (2007-2014) of Khuzestan
Steel Company industrial wastewater treatment plant due to the large number of inputs and outputs of the treatment
system. Thus, in the present research, in order to evaluate the performance of the treatment plant in removal of
environmental pollutants, first input-based CCR model was used to rank efficient units in the form of DEA models and
weaknesses of the models in terms of calculation and separability of efficiency of the treatment plant. Then, in order to
analyze and evaluate the efficiency of the treatment plant, neural networks for predicting the performance in the form of
hybrid models of data envelopment analysis and artificial neural networks (Neuro/DEA) were used. The result of the
analysis of the calculated efficiency of the units using these models suggested the strength of the network in calculation

and separability of the treatment plant performance in terms of efficiency over the studied years.

Keywords: treatment plant, efficiency, data envelopment analysis, artificial neural networks (ANN), neuro-DEA

INTRODUCTION

Measurement of efficiency, due to its
importance in evaluation of the performance of a
system, has always been considered by researchers.
In 1957, Farrel used a method similar to
engineering efficiency measurement to evaluate the
efficiency of a production unit. In his study, Farrel
considered one input and one output. His study
consisted of evaluating the technical efficiency and
allocation and the efficient production function
derivative. Farrel used his model to estimate the
efficiency of USA agriculture section in
comparison to other countries. However, he was not
successful in presenting a model containing
multiple inputs and outputs [2]. Charnes, Cooper
and Rohdes developed Farrel’s model and
presented a model which had the ability to evaluate
the efficiency using multiple inputs and outputs.
This model was called Data Envelopment Analysis.
Since this model was presented by Charnes,
Cooper, and Rudez, it became known as CCR
model, which stood for the initials of the names of
these three researchers. The aim of this model is to

* To whom all correspondence should be sent:
E-mail: ahh1346@gmail.com

evaluate and compare the relative efficiency of
organizational units with multiple inputs and
outputs similar to each other [3]. Evidently,
creating an efficient system and optimal use of the
resources will prevent from wasting substantial
amounts of material and moral resources, that is, a
small percentage of increase in efficiency can save
a large amount of resources. Therefore, studying
the level of efficiency in industrial treatment
systems is essential. Although choosing the best
process for the treatment of industrial waste is
important, some quantitative studies have been
conducted in this regard using numerous scientific
and mathematical techniques and have had a good
feedback [4].

To reach this goal, it is necessary to, first,
evaluate and analyze the performance of the
treatment systems and then identify the units that
are not efficient, determine the causes of their
inefficiency and try to remove them. Many methods
for measuring efficiency have been proposed in the
research literature, but in comparison to other
models, DEA is a better method for organizing and
analyzing the data, because it allows for changes in
efficiency over time and requires no assumptions
about efficiency limit [5]. Therefore, DEA has been

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 455



K. Rahbari et al.: Evaluating the performance of decision-making units using hybrid neural network model for predicting ...

used more than any other method for evaluating the
performance and is a suitable technique for
comparing the units in terms of -efficiency.
However, the efficiency limit obtained from DEA
is sensitive to statistical turbulence and outlying
data caused by measurement errors or any external
factor and statistical turbulence or outlying data
may shift the efficiency limit and deviate the
analysis results [6]. Therefore, caution should be
taken in using DEA to evaluate the performance of
other decision-making units (DMU). Thus, recently
Artificial Neural Networks have been used as a
suitable alternative for estimation of efficiency
limits for decision-making, because due to their
learning  ability and  generalizability, the
performance of neural networks is such that they
are more resistant to outlying data and turbulence
caused by inaccurate measurement [7].

In 2011, Salgado et al., in a research entitled
Evaluation of Efficiency of Wastewater Treatment
Plants using Data Envelopment Analysis (DEA)
Method, studied modern technologies for
comparing the efficiency of wastewater treatment
technologies. In order to calculate technological
economic efficiency and Technological Gap Ratios
(TGRs) of WasteWater Treatment Plants
(WWTPs), a heterogeneous technological factor
was used. This model included four alternative
technologies: activated sludge, aerated lagoon,
trickling filter and biological rotation. The results
showed that the mean efficiency was relatively high

and uniform across various technologies.
Furthermore, analysis of the calculation of
technological economic efficiency and

technological gap ratios (TGRs) indicates that
optimal technological economic efficiency for
WWTPs is using activated sludge and basically, it
could be stated that activated sludge is more
efficient compared to other technologies [8].

Nasr (2012) used an artificial neural networks
method to study the reduction of efficiency costs in
a treatment plant in Egypt. In this study, the data
including input Total Suspended Solids (TSS),
Chemical Oxygen Demand (COD) and Biological
Oxygen Demand (BOD), environmental
temperature, pH, Mixed Liquor Suspended
Solids (MLSS) concentration in aerated lagoon,
nitrogen and phosphorus were used in the network
for a year. The results showed that Feed Forward
Back Propagation (FFBP) Neural Network with a
correlation coefficient of 0.9 can estimate the return
sludge in this treatment plant [9].

Neelakantan et al. (2014) used artificial neural
networks to predict the qualitative factors of output
wastewater of industrial/urban treatment plants in
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the United States. In this study, multilayer
perceptron (MLP-7) artificial neural network,
which is the most common neural network
structure, was employed. They used the
characteristics of sewage pH, COD and BOD in the
neural network input in order to predict pH, COD
and BOD in the wastewater. Their results showed
good efficiency of the used neural network with
minimum absolute percentage errors (MAPESs) of 4,
11 and 7 for pH, COD and BOD, respectively [10].

Steel industry is one of the main consumers of
water and Khuzestan Steel Plant, due to its
geographical location, has diverse and abundant
water consumptions. In a process where sewage is
collected and reused in the best way possible,
efficiency has a special role in all the stages and
can play a significant role in sustainable
development of the country. This research develops
and presents a new approach based on DEA models
to evaluate the performance of wastewater
treatment plant of Khuzestan Steel Company by
which in addition to evaluating the current
efficiency of the performance of treatment plant in
removal of the pollutants, predictions can be made
of the quality of the output wastewater in the future.
In this research, it is tried to use neural networks,
DEA and a combination of the two (Neuro/DEA) to
measure the technical efficiency of the industrial
treatment plant of Khuzestan Steel Company
(2009-2014). After calculation of efficiency, the
obtained results are compared with the
conventional DEA results, because given the
number of inputs and outputs, basic DEA models
cannot rank the units. The rest of the article is
arranged as follows. Section two contains an
overview of the principles of DEA and section
three briefly introduces neural networks. Section
four describes the used method and structure of
Neuro/DEA, and in section five the data are
analyzed. Finally, section six includes conclusion
and recommendations for future research.

RESEARCH METHOD

Studied area
Khuzestan Steel Company treatment plant

With an area of 3.8 square kilometers,
Khuzestan Steel Company is located on the 10%
kilometer of Ahwaz-Imam Khomeini Port road.
Khuzestan Steel Company wastewater treatment
plant was established in 2006 and began operation
in 2008. Wastewater treatment plant was
constructed next to the south wing of the factory.
The current capacity of the wastewater treatment
plant is 3000 m’h and in the future, it can be
increased to 5715 m’/h. The wastewater produced
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by various units of Khuzestan Steel Complex enters
the main canal through two (eastern-southern)
canals.

This treatment plant uses physical/chemical
treatment methods in several stages during the
operation (such as increasing polyelectrolyte and
alum and directing the wastewater to settling basins
in order to reduce suspended materials, etc.). The
effluent is discharged directly to Maleh River by
considering  environmental  standards  and
eventually, enters Shadegan international wetland
and some of it is employed to irrigate the
company’s green area. (Khuzestan Steel Company
Public Relations Department, 2012)

Due to the high volume of this wastewater,
discharging it to the environment without
observance of control measures can cause
considerable damage to the environment. In recent
decades, many legal regulations and restrictions on
the methods of treatment and disposal of industrial
wastewater to the environment have been
established. Therefore, to solve the problem of
wastewater, environmental experts have proposed
two general ideas: reuse and final disposal.

The treatment process of this plant is shown in
Figure 1.

Sampling and Analysis methods
In this research, the data from raw sewage and

output wastewater of Khuzestan Steel Company
industrial wastewater treatment plant were studied.

Since for modeling data with a high degree of
accuracy and richness in the studied period are
required, parameters and quality indicators were
used that create an output for an input (2009-2014).
Thus, Oil, COD, TSS and pH factors were selected.
Raw sewage and output wastewater were sampled
to measure and monitor the above-mentioned
parameters and based on the book Standard
Methods for the Examination of Water and
Wastewater, input sewage samples were kept in
polyethylene and glass containers on which the
date, time and place of sampling, as well as the
water temperature at the time of sampling had been
written and these containers were immediately
transferred to the laboratory of Khuzestan Steel
Company where tests were performed on the
parameters (Table 1). To analyze the output
wastewater, online monitoring systems were used,
the specifications of which are given in the
equipment and devices section.
Equipment and devices:

To analyze the output wastewater, online
monitoring devices were used, the specifications of
which are given in the following: HACH-LANGE
FP 360 sc was used to measure Oil and G, HACH-
LANGE UVAS Plus was adopted to measure COD,
HACH-LANGE SOLITAX sc was employed to
measure TSS and HACH-LANGE 1200-S/sc100
was used to measure pH.

Alum Polyelectrolyte Acid

| |

Primary coagulation and
flocculation

Chlorine Gas

.

wastewater
(Influent)

Alum

|

Secondary coagulation and
flocculation

Filter cake

Polyelectrolyte  Acid

Chlorine Gas

w

Sludge

Treated
wastewater
(Effluent)

Fig. 1. Schematic of the process of Khuzestan Steel Company industrial wastewater treatment plant

Table 1. Methods of conducting the examinations (Standard methods for the examination of water and wastewater)

Method number Used method Parameter Number
4500-M.B.  Section 4-p. 86 Electrometric method pH"! 1
: : 3.105
2540 D. Section 2- p. 57 Total suspended scocli(}s dried at 10°-10 Totai OSEZEEZHded )
5220 .B. Section 5- p. 13 Reading COD Chemical oxygen 3
demand
5220 .B. Section 5- p. 35 Ben Marie— Oil&G Oil 4

*I- Method of calculating pH: using pH Meter Metrohm type made in Switzerland.

*2- Method of calculating TSS: using vacuum pump.

*3 Method of calculating COD: kept for 2 h at a temperature of 150°C in a DRB200 reactor (HACH Company) and read by DR5000

(HACH Company).
*4- Cubic centimeter
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Table 2. Inputs and outputs of the model

Parameter Output Parameter Input
Oil O Oil I
COD (@)} COD I
TSS O3 TSS I
pH 04 pH I4

Other devices that were used in the
examinations were Memmert oven and incubator,
Sartorius GM 502 digital scale with an accuracy of
0.00001. The chemicals used were products of
Merck Company, Germany. It should be noted that
all laboratory operations were carried out in the
environmental laboratory of Khuzestan Steel
Company and all the used devices belonged to this
center.

Stages of the research

This research is conducted in four stages:

Stage one: Data collection;

Stage two: Reviewing, selecting and collecting
data on wastewater and effluent quality index,
according to the past years’ statistics;

Stage three: Sampling and testing parameters
and quality indices in the input wastewater and
effluent from the treatment plant;

Stage four: Data analysis and modeling.

Steps in the analysis of performance and
determining the efficiency of the treatment system:

First step: Collecting the data related to Decision
Making Units (DMUs) input/output:

In the study of real systems, to calculate the
efficiency, the first step is to determine the inputs
and outputs of each DMU so that they reflect the
efficiency. In analyzing the efficiency of treatment
plants, determining inputs and outputs is
particularly important, because each DMU or time
period has numerous inputs and outputs and
considering a lot of them or ignoring them will
cause some problems. After determining the inputs
and outputs of each DMU, to compare and measure
the efficiency of DMUs, the data related to each
DMU were collected.

Each year, 24 samples (2 samples per month)
are taken for the 4 input and output parameters (Oil,
COD, TSS, pH) and it could be stated that each
year we had 24 DMUs and over a six-year research
period, a total of 144 DMUs are calculated (Table
2).

Second step: After collecting the data, the
efficiency of all DMUs is calculated using the CCR
model. In this research, the data related to all
DMUs from 2009 to 2014 (each year includes 24
DMUs, where DMU-1 represents August and
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DMU-24 represents July) are used for the input
(Oil, COD, TSS, pH) and output (Oil, COD, TSS,
pH) parameters. (Similar input and output
parameters)

Third step: The data required for training the
artificial neural network are obtained from the
results of the DEA-CCR model.

Fourth step: In this stage, the artificial neural
network (ANN) is trained using the data selected in
the previous step.

Fifth step: The efficiency of the performance of
the industrial wastewater treatment plant of
Khuzestan Steel Company is predicted using
artificial neural networks (ANNSs).

Data Envelopment Analysis (DEA)-(DEA-CCR
model):

Data Envelopment Analysis (DEA) is a method
adopted to measure the relative efficiency of
decision making units (DMUs). In DEA, the criteria
are not weighed by the decision maker and this is
done by the model in a way that each DMU
achieves its highest level of efficiency. A DMU is
an institution which turns the data into outputs.
DMUs are units that perform similar types of tasks
and share the same goals and ideals. DMUs which
are used in DEA must be homogeneous and have
the same kind of data and outputs [11].

Efficiency is defined as the ratio of the output to
input. When there are multiple inputs and outputs,
efficiency is defined as the ratio of weighed total
outputs to weighed total inputs. If the values of the
inputs and outputs are known, efficiency is simply
calculated as follows (Equation 1):

Uy .-+ UsYs
Vi Xgi F etV X

TE, =
(Eq.1)

where v is the input value and u is the output
value of the i unit. But the difficulty is in
determining the value of inputs and outputs. If the
units under evaluation are manufacturing units,
evaluating or pricing the inputs and outputs is not
difficult but if they are not manufacturing units,
determining the real value of the inputs and outputs
is difficult and perhaps impossible. Therefore, in
the DEA method the value of the inputs and outputs
is assumed variable and in order to calculate
efficiency, the following fractional model was
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presented by Charnes, Cooper and Rhodes in 1978,
which is known as CCR model. (Equation 2):

zur yl’p

max ——
: ‘,Vixip
i

Zur yrj
<——=<¢cC
Zvixij

1

st u.,v;, =0 (Eq.2)
where c is an arbitrary constant which is usually
assumed to be 1. In fact, the above model considers
all possible weights for the inputs and outputs of
the p"™ unit and finds weights for which the
objective function will be maximized. Due to the
constraints of the problem, maximum objective
function value can be c. If the p™ unit is inefficient
compared to other units, in the process of
maximizing the objective function, constraints
related to efficient units in the set of constraints
first reach the value of ¢ and force the p™ unit to
reach a level lower than c. However, if the p™ unit
is efficient, the objective function reaches the value
of c is without destroying the feasibility of the
constraints. [12]
It should be noted that the CCR model described
above is fractional and in practice, its linear type is

Multiplier form of BCC (Banker, Charnes and Cooper)

model [18]
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used. In the following, some of the most widely
used models of DEA are described. (Equation 3)

Above models are all input models; that is, they
determine the efficiency frontier in a way that the
input is minimized to the extent that the output is
not reduced. A similar model with an output nature
can also be written. Output models determine the
efficiency frontier in a way that the output is
maximized to the extent that the input is not
increased. [12]

Artificial neural networks (ANNS)

Artificial neural networks are mathematical
models that imitate human brain’s function and are
capable of extracting patterns from the observed
data without the need for assumptions about the
relationships among the variables. In neural
networks, a neuron is the smallest processing unit
and is the basis of a neural network. In Figure 2 a
neuron with one input is shown. This simple neuron
is composed of two simple elements: weight (w)
and transfer function (f).

Input (p) is applied to the neuron and is weighed
by multiplying it by weight (w). The result is
applied to transfer function (f) as an input and the
final output is obtained. By adding bias to the

Multiplier form of CCR model
S
Max zuryrp
r=1
m
st Zvixip =1,
i=1
S m
zuf Yij _Zvi Xj<0, j=L..,n
r=1 i=1

u, =g, r=1,...,s

vize, i=L..m (Eq.3)
Input Simple Neuron
N7 ™

W n B a
’

e N
a = filwp)

Fig. 2. Simple biased neuron (left) and nonbiased neuron (right) [13]
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structure of the neuron in the previous figure, a
biased neuron (on the left) is created. b and w are
two regulating parameters in the neurons [14]. The
main idea of neural networks is that by changing
the values of w and b, the network makes a
decision. In the used tool in MATLAB, bias has
been considered but using it is optional. Neural
networks can have more than one layer. They are
called multilayer networks. Generally, neural
networks can be divided into two types of
feedforward and recursive networks. In
feedforward networks, no feedback is given to the
network input from the network output. But in
recursive networks, at least one recursive signal is
sent from one neuron to the same neuron or neurons
in the previous layer(s). Also, neural networks can
be divided into fully connected networks and
partially connected networks. In partially connected
networks, some of the synaptic connections have
been removed [15].

Learning in neural networks:

Simply put, learning in neural networks means
that synoptic weights (w, b) change in a way that
the neuron input/output relation is adjusted to a
specific goal. Learning in neural networks is often
done in two ways: supervised learning and
unsupervised learning. In supervised learning, a set
of data pairs, known as learning data, are applied. A
learning pair {(xi ,ti ),i,1,2,..m} in which xi is
network input and ti is the desirable output for xi.
After applying xi input to the network, in the
network output, Oi is compared with ti and then
learning error is calculated and used to adjust the
network factors. In unsupervised learning (self-
organizing learning), neural network factors are
only modified and adjusted by system’s response.
In other words, the input merely comprises the data
received by the network from the environment and
optimal vector is not applied to the network [16].
One of the most common and most widely used
neural networks are multilayered perceptron neural
networks with backpropagation algorithm. In
backpropagation algorithm, frequent input data are
given to the network and the output is compared
with optimal output and error is calculated in each
repetition. This error is propagated across the
network and synoptic weights are adjusted in a way
that reduces the error in each repetition [17].

Hybrid model of neural networks and data
envelopment analysis (Neuro/DEA):

In the present research, a combination of neural
networks and data envelopment analysis is used to
evaluate the performance of Khuzestan Steel
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Company wastewater treatment plant. The potential
of neural networks for identifying patterns,
estimating functions, prediction and clustering
makes it possible to combine them with DEA in
order to evaluate the efficiency of the units. Hybrid
models of neural networks and DEA used in this
research include two approaches (scenarios) which
will be discussed in detail in the following section.

In the following, to implement the Neuro/DEA
model, first the data are collected. Then, the
collected data are saved in the form of EXCELL
files in MATLAB software. The networks used in
this research include multilayer, feedforward
networks and self-organizing networks, which were
discussed in the previous section.

Modeling the defined scenarios:

In the present research, two main approaches
have been adopted to model the scenario. Before
describing these two approaches, to model the
scenario, the data must be normalized. In leading
neural networks with backpropagation learning
algorithm, activation functions errors in the input
and latent layers are tangent sigmoid and in the last
layer, linear activation function is used. Since
sigmoid functions are saturated for values larger
than 1 and smaller than -1, input and output values
must be scaled to prevent saturation. In addition,
the output must also be scaled to be proportionate
to the sizes obtained from the neural network.
Radial neural network is also composed of a middle
layer and an external layer. Activation function of
the main layer is a Gaussian radial function, which
varies between 0 and 1 and its external layer is a
linear activation function. Both neural networks
need scaling inputs and outputs. There are various
methods for normalization of the data. In this
project, mapstd was used to normalize the data in a
way that the mean of the data was zero and their
standard deviation was one. After scaling and
normalization of the input and output data, the
following two approaches (scenarios) were
considered and the normalized data were entered
into the model.

First approach: performance prediction network:

In the first approach in hybrid Neuro/DEA-1
models, a multilayer perceptron network was used
to predict the performance of the decision-making
units, which as a simulator can simulate the
performance of the units in the coming years and
analyze the sensitivity of the units. 8 data including
Oil i «COD i «TSS i «¢pH i «Oil o «COD o ¢
TSS o «pH_o as well as the efficiency calculated
by DEA (input-based multiple CCR model) are
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taught to the network. The network learns the
efficiency pattern of the units based on network
topology and Scaled Conjugate Gradient (SCG) and
Levenberg—Marquardt (LM) learning algorithms
and establishes a nonlinear mapping between inputs
and outputs. The calculated output is actually the
efficiency of the data in the new year, that is, 2014.
Therefore, we call the first network “performance
prediction network”. Our goal is to be able to
predict the outputs based on these inputs. To do so,
we will consider the first five years data as training
data and the sixth year data as test data.

Second approach: efficiency calculation network:

In the second approach in hybrid Neuro/DEA-2
models, also a multilayer perceptron network was
used. At this stage, the aforementioned neural
network calculates the efficiency of the units. 5 data
including Oil i «COD i «TSS i ¢pH i <DEA-CCR
are considered as inputs and 4 data including Oil o ¢
COD o «TSS o «pH o as outputs. The available
data for the units from 2009 to 2014 are divided
into learning data and test data. Test data are
selected randomly from units’ data and are entered
into the network along with their efficiency which
is calculated by DEA (input-based CCR model).
The network learns the pattern of efficiency
between inputs and outputs and then, calculates the
efficiency of the new data which have been kept as
test data. This network is referred to as efficiency
calculation network. Our aim is to be able to predict
the outputs based on these inputs. To this end, we
will consider the first five years data as training
data and the sixth year data as test data.

The method employed in hybrid Neuro/DEA models
(first and second approach) to evaluate the units:

In the present research, to evaluate the
performance of Khuzestan Steel Company
industrial wastewater treatment plant during 2009-
2014, DMUs of inputs and outputs are determined

and efficiency is measured using DEA (input-based
CCR model).

To measure efficiency, the data related to the
inputs and outputs of the treatment plant during the
mentioned years were used as Fig. 3.

For measuring the technical efficiency of each
industrial treatment plant in terms of reducing
wastewater ~ parameters to  the  standard
environmental level, COD, pH, TSS and Oil can be
considered as model inputs and the treatment plant
outputs corresponding to the mentioned parameters
can be considered as model outputs. Nevertheless,
there are numerous parameters that are considered
while evaluating technical efficiency of a treatment
plant and it could be stated that efficiency of each
industrial treatment plant can be a function of the
abovementioned variables and changes in each of
them affects the performance of the company.
Under such conditions, the assumption of linearity
of the relationship between the variables can be
ignored and based on the law of diminishing returns
and by considering the interactions between the
variables, efficiency function of the i unit, that is,
fi=(x1,x2,x3,x4,y1,y2,y3,y4), can be a nonlinear
function. The aim of Neuro/DEA model is to
minimize the number of inputs required to achieve
the desired output. To measure the efficiency of the
treatment plant using Neuro/DEA model, first
based on the mentioned approaches, 5 scenarios are
introduced as shown in Table 3. In this table, the
inputs and outputs corresponding to each scenario
are described. Then, a suitable neural network
model is simulated and after that, using the data for
initial processing as well as preprocessing data, the
network is trained using a suitable output calculated
by DEA so that the network can learn the reference
model and based on it, calculate the efficiency of
the units. Then, the observed results are studied
using DEA/CCR and Neuro/DEA models.

Y

\4

Fig. 3. Khuzestan Steel Company industrial treatment plant inputs and outputs.

Table 3. Inputs and outputs corresponding to each scenario.

Scenario No. Model inputs Model output
| Oil_i, COD i, TSS i, pH i, Oil o, COD o, TSS o,pH o+ DEA-CCR sixth year
DEA-CCR (2014)
2 Oil i, COD i, TSS i, pH_i, DEA-CCR pH o
3 Oil i, COD i, TSS i, pH_i, DEA-CCR TSS o
4 Oil i, COD i, TSS i, pH_i, DEA-CCR COD o
5 Oil i, COD i, TSS i, pH i, DEA-CCR Oil o
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Table 4. Inputs and outputs of decision making units (DMUs)*.

Year Input Input Input Input Output Output Output  Output
(Oil) (COD) (TSS) (pH) (Oil) (COD) (TSS) (pH)
Mean 9.733 85.817 58.092 7.938 4.242 43.929 14.000 7.700
Std.
2009 Dev. 8.470 59.619 53.557 0.186 4311 23.760 7.945 0.232
Min 1.3 26 9 7.5 0.3 11 3 7.2
Max 37 254 271 8.3 20 115 35 8.1
Mean 4317 69.333 45.775 8.075 1.883 25.458 12.896 7.850
Std.
2010 Dev. 4.473 53.921 35.277 0.217 2.676 10.371 4.191 0.159
Min 0.6 25 14 7.8 0.2 3 6 7.6
Max 22 261 150 8.6 11 40 22 8.2
Mean 4.279 55.133 55.825 7.942 2.333 38.500 21.750 7.725
Std.
2011  Dev. 2.960 9.644 26.411 0.289 1.001 6.711 8.774 0.285
Min 1.2 40 26 7.1 0.6 25 6 6.9
Max 15 81 129 8.5 4.5 53 48 8.2
Mean 7.435 62.058 71.446 7.982 2.863 33.083 13.917 7.663
Std.
2012 Dev. 8.430 20.317 38.274 0.261 0.283 13.897 5.770 0.300
Min 29 22 17 7.5 24 6 4 7
Max 40 103 162 8.6 3.5 62 32 8.5
Mean 4.571 65.221 74.168 8.079 3.596 20.747 15.333 7.854
Std.
2013 Dev. 1.926 23.135 39.179 0.257 1.434 10.448 11.126 0.195
Min 2.9 33.8 20 7.6 2.6 13 9 7.5
Max 11.3 111 210 8.6 10.1 64 66 8.2
Mean 3.617 46.625 61.583 8.004 2.775 23.417 20.833 7.800
Std.
2014  Dev. 0.725 14.832 33.628 0.146 0.182 6.928 17.264 0.147
Min 2.8 29 23 7.7 22 12 11 7.4
Max 5.1 98 143 8.3 3.1 40 99 8

* According to the table, the measurement unit of Oil, COD and TSS parameters in the input and output of the treatment plant is

mg/L.

RESULTS AND FINDINGS OF THE RESEARCH

The present research was conducted based on
the data gathered over the period of six years from
2009 to 2014.

The results of the analyses conducted on Oil,
COD, TSS and pH parameters of the raw sewage
entering the treatment plant and the output
wastewater, are presented in Table 4 in the form of
decision making units (DMUs).

As can be seen, the range of annual mean of Oil
in the raw input sewage varies from 3.62 mg/L in
2014 to 9.73 in 2009 and in the output wastewater
from 1.88 mg/L in 2010 to 4.24 in 2009. The total
mean in the raw input sewage and in the output
wastewater was estimated to be 5.66 and 2.95 mg/L
respectively.

Also regarding TSS, BOD and pH parameters,
according to Table 4, the range of annual mean of
COD in the raw input sewage varies from 46.63
mg/L in 2014 to 85.82 in 2009 and in the output
wastewater from 20.75 mg/L in 2013 to 43.93 mg/L
in 2009. The total mean in the raw input sewage
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and output wastewater was estimated to be 63.84
and 30.86 mg/L, respectively. The range of annual
mean of TSS in the raw input sewage varies from
45.78 mg/L in 2010 to 74.17 in 2013 and in the
output wastewater from 12.92 mg/L in 2010 to
21.75 in 2011. The total mean in the raw input
sewage and the output wastewater was estimated to
be 61.15 and 16.45 mg/L, respectively. Finally, the
annual mean of pH in the range of the raw input
sewage varies from 7.93 in 2009 to 8.08 in 2013
and in the output wastewater varies from 7.66 mg/L
in 2012 to 7.86 in 2013. The total mean in the raw
input sewage and the output wastewater is
estimated to be 8 and 7.77, respectively.

Results of process performance evaluation using
DEA

In this section, the real application of the
proposed model in water and wastewater industry is
explained. As noted above, our study includes 144
homogeneous decision making units, each of which
has four input variables and four similar output
variables. As explained above, in order to measure
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efficiency and compare the units, the data from
2009 till 2014 were used. Decision making units
(DMUs), which are the years studied in this
research, are presented in Table 4. Efficiency of the
treatment system during these years was calculated
based on inputs and outputs using DEA-RCC, the
results of which are shown in Table 5. According to
the results, the number of efficient units in 2014,
2013, 2012, 2011, 2010 and 2009 was 7, 7, 9, 8, 12
and 10, respectively, and the number of inefficient
units in 2014, 2013, 2012, 2011, 2010 and 2009
was 17, 17, 15, 16, 12 and 14, respectively (Table
5).

Results of Neuro/DEA section:

First scenario: DEA/CCR prediction of the
performance in the sixth year (2014)

The results of the first scenario are presented in
Table 6 and Figure 4. Figure 4 shows the outputs
simulated by the neural network and the output
already existing, corresponding to the learning data.
The color blue stands for the existing outputs and
red stands for simulated outputs. Ideally, the two

Table 5. The results obtained from the DEA-RCC model.

graphs should match each other. Following the
implementation of the program, we observe that the
same thing occurs and the two graphs
approximately match each other, which shows that
our network has been properly trained for learning
data. In this graph, the x axis shows the number of
the used test data and the y axis shows the
DEA/CCR value.

Test Data

Fig. 4. Comparison of the output of the neural
network with the real values of the first scenario.

2009 2010 2011 2012 2013 2014
DMUO1 0.7725 1 1 1 0.9133 1
DMUO02 0.7844 0.9083 1 1 1 0.9727
DMUO03 0.7958 0.8589 1 0.9398 0.8331 1
DMUO04 0.8638 0.88 0.8658 0.9674 0.9204 0.9443
DMUO05 0.785 0.8967 0.9551 0.9917 1 0.9429
DMUO06 0.7956 1 0.8404 1 1 0.8661
DMUO07 0.8907 0.8626 0.7691 0.9257 0.8966 1
DMUO08 0.7252 1 1 1 0.9217 1
DMU09 0.8779 0.9269 0.9039 0.8701 0.7732 0.9047
DMU10 0.6869 0.9609 1 0.9368 1 0.9326
DMUI11 1 1 0.9813 0.9499 0.8907 0.9573
DMUI12 0.9331 0.9707 1 1 0.9405 0.9769
DMUI13 1 0.9487 0.9815 0.8352 1 1
DMU14 0.8512 0.8611 1 0.9688 1 1
DMUI15 1 1 0.955 0.967 0.8197 1
DMU16 0.8149 0.9298 0.89 0.9318 0.9185 0.9612
DMU17 0.9565 0.9084 1 1 1 1
DMUI18 0.9006 0.9076 0.8591 0.9336 0.8992 0.9194
DMU19 1 0.8569 0.9433 0.9255 1 0.8817
DMU20 1 0.7996 0.9183 0.9683 1 1
DMU21 1 0.9231 0.7956 0.8819 0.8172 0.839
DMU22 0.8895 1 0.9532 0.8811 1 0.9161
DMU23 0.8362 1 0.8483 1 1 0.9657
DMU24 1 0.8827 1 1 1 1
# of efficient units 7 7 9 8 12 10
# of inefficient units 17 17 15 16 12 14
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Real values- First scenario:
The results of the second through fifth scenarios:

To better compare the value predicted by the neural
network to the expected values in the test data, in
the second through fifth scenarios, the following
graphs are used. In these graphs, the x axis is the
number of the used test data and the y axis shows
the value of the predicted output parameter. The

(predicted) neural network output values are shown
in red and the real values of the test data in blue.

DISCUSSION AND CONCLUSION

Selection of the superior model or approach to
evaluate the performance and rank the decision-
making units (during the studied years)

Data Envelopment Analysis model

In Data Envelopment Analysis models, only
input-based multiple CCR approach (model) has
been used and evaluation of the performance of
Khuzestan Steel Company treatment plant during
the studied years has been done using the mean of
the data, which, given the final conclusion in Table
5, reveals that in 2009 and 2010 most of the units
have been inefficient and some of the units have
had almost equal efficiency. Therefore, it suggests
poor separation of the performance of the units
using the aforementioned model in 2009 and 2010.

This problem in evaluation of the performance
of the units is also evident in 2011 and 2012,
because in 2011, 9 DMUs had efficiency of 1 and
some of the units had almost equal efficiency, and
in 2012, 8 DMUs were considered efficient. In
2013, 12 DMUs had the highest level of efficiency
(1) and in 2014, 10 DMUs were considered
efficient and the rest of the DMUs had equal
efficiency. Evaluation of the performance of the
units using the mean of the data during the studied
years (2009-2014) may have a better evaluation
logic in comparing the efficiency of the units
during the studied years (2009-2014), but
evaluation of the performance using multiple input-
based CCR model indicates poor separability of this
model in analyzing efficiency. Because according
to Table 5, it is shown that in this evaluation, 53
DMUs have had the highest efficiency (1) during 6
years (2009-2014) and some other have had similar
performance. Also, based on the obtained results,
the most important parameter affecting the
efficiency of the treatment plant system is pH. In
other words, by removing or changing pH, changes
will occur in the performance of the treatment
plant, which can be due to the significant impacts
of this parameter on different phases of wastewater
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treatment including the process of removal of
dissolved metals and wastewater chlorination. In
the event that wastewater with acidic or basic pH
enters receiving waters, depending on the
conditions, it can have severe environmental
consequences for the water ecosystem.
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Fig. 5. Comparison of the output of the neural
network with the real values of the second scenario.

As we know about the Data Envelopment
Analysis method, this method is a nonparametric
method and the efficiencies calculated by this
method have relative values. In this method, unlike
the parametric method, the function has no
predetermined shape and the efficiency limit is
determined based on the location of the data. Thus,
it is natural to speak of the contribution of each unit
or index in forming the limit.
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Fig. 6. Comparison of the output of the neural
network with the real values of the third scenario.

Because any change in the data shifts the
production function and particularly the efficiency
of each unit, this will be discussed while analyzing
sensitivity. In this section by removing each of the
indices, we study the change in efficiency of the
units. It should be noted that there is a direct
correlation between the input and output indices
and removing each of the input indices will lead to
the removal of its corresponding output index. In
general, it could be said that considering the used
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models and conducted analyses in each section, it is
evident that in none of the results obtained from the
models employed in this research, except for few of
the units, there has been a remarkable difference
between the performances of the units. Regardless
of the individual performance of the units, it could
be stated that there is a perceptible balance in the
system.
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Fig. 7. Comparison of the output of the neural
network with the real values of the fourth scenario.

Table 6. Results obtained from scenario one

Therefore, considering the conducted analysis, it
seems that Data Envelopment Analysis models are
not a suitable approach to analyze and evaluate the
units in a comprehensive and complete way. Thus,
hybrid Neuro/DEA models were adopted to
evaluate the performance of the treatment plant
during the studied years.
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Fig. 8. Comparison of the output of the neural
network with the real values of the fifth scenario.

Input Output Output

.2

3 Lo . . . . DEA-

§ Year name Oili COD.i TSSi pHi Oilo COD o TSS o pHo CCR Neuro-DEA

%)
2014.07.23 DMU-121 3.1 35 60 8 2.7 28 11 7.7 0.8972  0.9039704
2014.08.13 DMU-122 3.1 40 55 8.1 2.9 29 12 7.7 0.8762  0.8926328
2014.08.27 DMU-123 3.9 54 25 7.9 2.9 33 19 7.6 0.9196  0.9203327
2014.09.10 DMU-124 3.1 35 50 7.9 3 32 16 7.8 0.9047  0.902035
2014.09.24 DMU-125 39 46 32 8.1 29 32 19 7.9 0.8636  0.8733432
2014.10.15 DMU-126 5.1 32 136 83 2.7 28 17 7.9 0.7974  0.7795509
2014.11.05 DMU-127 4.5 45 43 7.9 2.7 14 15 7.8 0.8812  0.8961407
2014.11.11 DMU-128 3.2 61 23 8.2 2.7 12 17 7.8 0.8904  0.8895371
2014.11.25 DMU-129 45 58 85 8.1 2.7 17 28 7.9 0.7765 0.7931143
2014.12.09 DMU-130 3.1 63 78 7.9 2.8 18 27 7.7 0.8167 0.83287
2014.12.24 DMU-131 3.2 49 114 7.7 2.6 20 22 7.6 0.8402  0.8434945

< 2015.01.06 DMU-132 3.2 37 56 7.8 2.8 29 20 7.7 0.9093  0.9157205

£ 20150121 DMU-133 2.8 29 49 7.9 2.7 21 17 7.8 0.9338  0.9327067
2015.02.03 DMU-134 29 36 143 7.8 22 25 99 7.7 0.8489  0.7917352
2015.02.25 DMU-135 3.1 35 32 8.1 2.7 20 16 7.8 0.9101  0.9336293
2015.03.11 DMU-136 3.5 50 34 8.1 2.8 40 15 8 0.8454  0.8413867
2015.04.08 DMU-137 3.1 36 32 7.9 2.9 23 16 7.4 0.9748  0.9952334
2015.04.15 DMU-138 3.1 45 61 8.1 2.9 28 14 7.9 0.8315  0.8420976
2015.04.29 DMU-139 34 57 59 8.2 2.9 21 15 8 0.7833  0.8076925
2015.05.13 DMU-140 3 31 50 7.9 2.6 17 12 7.8 0.9217 0.9257734
2015.05.22 DMU-141 5.1 98 104 8.1 3 17 19 8 0.7326  0.7329739
2015.06.05 DMU-142 49 51 70 8 3.1 19 26 7.8 0.8185  ().8379982
2015.06.22 DMU-143 3.9 42 62 8 2.6 21 12 7.9 0.8446  ().8538165
2015.07.06 DMU-144 4.1 54 25 8.1 2.8 18 16 8 0.8579  .859641
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Evaluating the approaches (scenarios) in the form
of hybrid Neuro/DEA models

In the first approach (scenario) in hybrid
Neuro/DEA  models, a multilayer perceptron
network was used to predict the performance of the
decision-making units during the studied years,
which as a simulator can simulate the performance
of the units in the coming years and analyze the
sensitivity of the units. 8 data including Oil i ¢
COD i ¢TSS i ¢pH i «Oil o «COD o ¢TSS o «
pH_o, as well as the efficiency calculated by DEA
(input-based multiple CCR model) are taught to the
network. The network learns the efficiency pattern
of the units based on network topology and SCG
and LM learning algorithms and establishes a
nonlinear mapping between inputs and outputs. The
calculated output is actually the efficiency of the
data in the new year, that is, 2014. Therefore, we
call the first network “performance prediction
network”. As shown in Table 6, all the units that
have high efficiency have been separated, which
indicates high separability of this model. Therefore,
this approach (neural networks for predicting the
performance) can be considered a suitable approach
for evaluating DMUs of Khuzestan Steel Company
treatment plant. In the second through fifth
approaches (the first through fifth scenarios), the
performance of 144 decision-making units (2007-
2014) of Khuzestan Steel Company wastewater
treatment plant has been calculated using the neural

have been kept as test data. This network is referred
to as efficiency calculation network. Our aim is to
be able to predict the outputs based on these inputs.
Analysis of the results obtained from this approach
indicates high separation power of the scores of
efficiency of the units in this network. The obtained
results show that this model has high power in
separation and calculation of the scores of
efficiency of the units. Furthermore, in calculation
of efficiency by DEA, as the results indicate,
efficiency scores are equal, which shows that this
model cannot separate the units from each other in
terms of efficiency. Whereas, the neural network
eliminates this weakness of the DEA model,
through separation and calculation of efficiency.
Based on the results of several tests, we came to the
conclusion that it is better to use four single-output
neural networks instead of one four-output neural
network. In this way we will be able to use a neural
network with a specific structure for each output
and produce minimum error in predicting each of
the outputs. In the following, both networks have
been evaluated and compared based on the
efficiencies  calculated by DEA/CCR and
Neuro/DEA models.

Evaluation of the modelings:

To evaluate the modelings,
parameters are used (Equation 4):

the following

|EF=1_':Tcrruc[ - T:r'nrercsr:]:

network for calculation of performance. Our goal is RMSE = -ql 7

to be able to predict the outputs based on these EMSE

inputs. To do so, we will consider the first five NRMSE =

years data as training data and the sixth year data as En“j&?g E_ _T 32

test data. In this approach also a perceptron network R*P=1- EL:L 1:”'““ I{ dlii -

is used which calculates the efficiency of the units. T l'=|11_,': actual - average)

Test data are selected randomly from units’ data MAE = —i=tliactual 7 ‘forecast

and are entered into the network along with their MAE

efficiency which is calculated by DEA (input-based NMAE =

CCR model). The network learns the pattern of arerage

efficiency between inputs and outputs and then, (Eq.4)

calculates the efficiency of the new data which

Table 7. Summarization of the results of simulations.
Item Scenario No MODELING RMSE NRMSE R MAE NMAE

1 1 DEA-CCR 0.0423 0.8344 0.8267 0.0683 1.3494
2 1 Neuro-DEA  0.0032  40.6721  0.9902  0.0330  59.1425
3 2 DEA-CCR 0.0349 0.6345 0.7967  0.04321 1.0056
4 2 Neuro-DEA  0.0186  101.8391  0.8418 0.1132 203.1523
5 3 DEA-CCR 0.0349 0.6345 0.7489  0.04321 1.0056
6 3 Neuro-DEA 0.036 110.8391  0.8618 0.0932 188.1167
7 4 DEA-CCR 0.0987 52.6382 0.4588 0.1753 64.8007
8 4 Neuro-DEA  0.0564 37.479 0.5388  0.08301 52.5800
9 5 DEA-CCR 0.0887 47.6382 0.5488 0.1523 71.7695
10 5 Neuro-DEA  0.0564 0.7902 0.6788  0.04321 1.0056
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Fig. 9. Comparison of the correlation coefficients in various scenarios

In Figure 9, a comparison of the correlation
coefficients in various scenarios is presented.

As shown in Table 7 and Figure 9, in all the
defined scenarios, the best correlation coefficients
are observed in Neuro/DEA models. In other
words, hybrid models (including leading neural and
artificial networks using error backpropagation
model and DEA) have the best performance and are
capable of predicting the data with minimum error
(in most cases since the value of R is close to 1,
there is a good linear relationship between the
observed and modeled values) and real results are
within a suitable range, because the ups and downs
of the graphs simulated for various scenarios in
order of priority include: the first scenario with
0.99, the third scenario with 0.86, the fifth scenario
with 0.67 and the fourth scenario with 0.53 in the
specific intervals in the model are consistent with
reality. Also in most time points, the values
obtained from simulation are very close to the real
values. On the whole, the most accurate modeling
for evaluation of the performance of Khuzestan
Steel Company treatment plant during the studied
years (2009-2014) is that of Neuro/DEA rather than
DEA. On the other hand, the hybrid Neuro/DEA
model not only evaluates the performance but also
predicts the performance of the treatment plant in
the coming years and this is one of the unique
features of this model.

RECOMMENDATIONS FOR FUTURE
RESEARCH

The results of the research showed that neural
networks have a high capability to learn efficiency
patterns, yet it is noteworthy that the network
should be properly trained. A combination of DEA
and neural networks can be employed in cases

where basic models cannot separate and identify the
units.

Given the fact that Neuro/DEA hybrid model
has not been implemented in the treatment plants of
the country, by using the findings of this research
and modeling Khuzestan Steel Company treatment
plant in terms of efficiency, other industrial
treatment plants in the country can be studied to
determine whether or not they are efficient and also
strategies for improving efficiency can be
presented. In this regard, other input and output
criteria of the industrial treatment plants of the
country can be extracted, the efficiency of the units
can be evaluated and the units can be ranked using
Neuro/DEA model.

Using Neuro/Fuzzy model and entering external
factors as the inputs of the neural network and
determining the efficient units in the future based
on the changes in these factors can also be an area
for future research. In subsequent studies, basic
DEA models can be used to conduct more
extensive research on this subject. Efficiency
calculation networks and self-organizing networks
can be used to create a network that analyzes
efficiency independently of DEA. Since in DEA,
the calculated weights are the most suitable weights
for maximizing the efficiency of the units, it is
expected that the efficiency of all units will be
equal to one.
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(Pesrome)

Enue 0oT ocHOBHHMTE MpoOJNeMH, CBBp3aHM C TMOAXO0Ja 3a aHaiM3 Ha obOxBata Ha maHHuWTe (Data Envelopment
Analysis, DEA)) e nuricata Ha 9yBCTBUTEITHOCT IPH OIIEHKA Ha e(DEKTUBHOCTTA HA OTACIHUTE eIMHHIIN 32 B3eMaHE Ha
pemeHne, KOUTO TIPEACTABIISABAT Pe3yNTaTH OT aHAIM3a Ha IapaMeTpUTe Ha BXOMANINTE W M3XOAAIIM MOTONH Ha
cUcTeMaTa 3a MMPEYNCTBAaHE Ha OTMAaIbYHH BOAW. T03W mpobieM ce TBIDKH Ha MalKusg Opoil eMMHHWIN B CpaBHEHHE C
Oposi Ha BXOJOBETEC M HM3XOAUTE Ha Mojena. J[0Ka3aTeICTBO 3a TOBa € paslNIeKIAHETO HA MPUMEp 3a OICHKA Ha
epexkTuBHOCTTa Ha 144 envHuULM 3a B3eMaHe Ha pemieHue 3a nepuozaa (2007-2014) na cuctema 3a mpedyrcTBaHE Ha
ornagpyHu Boau Ha Khuzestan kommaHus 3a mpepaboTKa Ha CTOMaHa ¢ rojiisiM Opoil BXoloBe M M3XOnIu. 3a Ja ce
M34MCIIM e(EeKTHBHOCTTa Ha NpPEYHCTBATENHATA CHCTeMa 3a IpepaboTka Ha 3aMbpPCHTENUTE, IbPBOHAYAIHO €
m3nomBad CCR moxxon 3a MonenupaHne, OCHOBaBall] CE HA aHAJIM3 Ha JaHHUTE 32 BXOJOBETE HAa CUCTEMAra, KOWTO
CIy)KH 3a TOJpeXTaHe Ha ePEKTHBHUTE eAWHUIM upe3 mpuiaaraHe Ha DEA mopenu. Iloka3anu ca OCHOBHHTE
HEIOCTAaTHIN Ha TO3U MOAXOl, 8 IMEHHO HAJIMYMETO Ha TPYJHOCTH IIPH OTICISTHETO Ha Pe3yJTATHUTE 32 €PEeKTHBHOCTTA
Ha pa3TJeKIaHATE CIMHUIM 3a B3eMaHe Ha perieHue. C IeNl MOCTHTaHe Ha IO-BUCOKAa YYBCTBUTEIHOCT MOJENa 3a
aHanmM3 Ha oOXBaTa Ha JaHHUTE € KOMOMHHpaH C MOJIEN Ha WM3KyCTBEHAa HEBPOHHA Mpeka 3a MpeAcKa3BaHe Ha
e(eKTHBHOCTTa Ha CAWHUIIMTE 3a B3WMaHE Ha peIIeHUs 4Ype3 cbh3maBaHe Ha T.H. xubpumen Neuro/DEA momern.
Pesynrature oT mpoBeneHNUS aHAIM3 Ha €(PEKTHBHOCTTA HA SAMHHUINTE 32 B3EMaHE Ha peIIeHUe TIOKa3BaT IO-BHCOKATa
YYBCTBUTEITHOCT HAa M3KYCTBCHHTE HEBPOHHU MPEXH IPHU H3YUCIIBaHE Ha e(DeKTUBHOCTTA HA PA3TJICKIAHUTE SIUHUIIN
3a B3eMaHe Ha PELICHUs 3a ONPEENICH MEPUOJ OT BpeMe.
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The need of small amounts of water daily in desert areas motivates the design of a humidifier-dehumidifier
desalination portable unit using solar energy. The objective of this paper is to calculate the humidifier performance
parameter (KaV) for various values of its exit temperature. KaV includes the mass transfer coefficient of the water K, the
surface area of the packing a,and the volume V of the humidifier. A numerical method is employed to calculate the KaV
of the humidifier; and NTU method to calculate the distilled water and exit temperatures of the dehumidifier. The usual
approach in analyzing the HDH is to select KaV and solve the mathematical model of HDH to find the exit temperatures
and amount of distilled water. In this paper, instead of calculating the exit temperature of the water from the HD, we
reverse this process. The KaV is calculated given the exit temperature of the HD, and the amount of the distilled water.
The results of KaV variations for a range of 25-40°C of exit temperature; and the corresponding amounts of the distilled
water are presented for four cases of operating conditions of humidifier and dehumidifier: water mass rate, air flow rate;
and inlet water temperature to the humidifier. The calculated value of KaV, for a given region and amount of water

required, will be used to design the evaporator.

Keywords: desalination, humidification, dehumidification, numerical method, design

INTRODUCTION

Humidification-Dehumidification = (HD-DHD)
process is an efficient method for desalination in
remote areas to produce a small amount of water [2-
23].The work presented in this paper is the result of
a project that aims to design a HD-DHD desalination
unit in the Saudi Arabia weather. The goal of the
research project is to manufacture a portable unit
suitable to the gulf area weather to produce a small
amount of fresh water daily. In the gulf region, the
solar energy is abundant and it will be employed to
power the HD-DHH unit. The research project
consists of two parts; the first part concerns the
design a parabolic thermal solar collector with
control unit to heat the seawater to a specified
temperature to produce at least 500 Lit/day of
desalinated water. The first part of the project
completed the analysis and the design of the solar
collector to heat the seawater to a controllable
temperature; and the model of the solar irradiance
available at Jeddah Saudi Arabia was published [1].
In that paper, the parameters concerning the gulf
region, the solar power, ambient temperature were
reported. The second part of the research focuses on
the sizing and material selection parameter of the
HD-DH to produce a small amount of water based
on a given inlet water temperature, mass flow rate,
air flow rate, and cooling water mass flow rate for a
range of HD exit temperature. Our specific goal is to

* To whom all correspondence should be sent:
E-mail: faissalhady@gmail.com

study the effect of HD exit temperature on the
performance characteristic parameter KaV. This
parameter is composed of the mass transfer
coefficient K of water (kg/m? s), the surface area of
the packing a, and the volume V of the humidifier
(m®). The objective of the calculation is to relate the
brine exit temperature of the evaporator (HD) to the
amount of water produced during the day and the
KaV.

The research results will help to design a portable
HD wusing the KaV value to produce the distilled
water required per day in the desert environment. In
present paper, the result of the research concerning
the procedure to calculate KaV to produce a small
amount of distilled water is reported under the
assumption that the exit temperature of the seawater
equals the ambient temperature of the region.

A MATLAB code uses a numerical iterative
method was employed to calculate the produced
clean water for different exit temperatures of the
humidifier; and for different values of airflow and
seawater flow rates. The calculation is repeated for
the inlet temperature range of 85 — 45 °C of a
humidifier during the day. The amount of the
produced water is calculated for 10 hours daily from
9:00 am to 7:00 pm. To produce a minimum of 500
liters/10 hours daily, the designer have different
options by selecting the mass flow rate of air; and
seawater rates to the HD and the DHD. The main
result from the above calculations, are a set of curves
that relate the exit temperature of the humidifier
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versus the KaV and the produced distilled water. The
calculated results show the effect of exit temperature
variation for a given mass flow rates of air and
seawater on the amount of distilled water and KaV.
These results can be used to size and select the
packing material of the HD-DHD unit.

A brief review of the methods of analyzing the
working of HD-DHD

Researchers used theoretical, computational, and
experimental methods to analyze the performance of
HD-DHD unit. They studied the effect of different
parameters on the amount of distilled water
produced. The researchers in references [2, 3]
analyzed the HD-DHD hybrid desalination process
using solar still. Modeling and experimental
validation for the unit is analyzed for different cases
in [4]-[7]. Entropy and thermodynamic analysis are
used to analyze the performance of the desalination
unit [8]-[11]. Experimental researchers [15, 17] used
a pilot plant and measured the temperature, humidity
and the produced water for different water inlet
temperature for units that use solar power. Other
researchers[13, 15] used numerical methods and
designed experiments to validate the computational
results.

The research reported here belongs to the
modeling and numerical methods that used to study
the HD-DHD process. In papers[16]-[23] numerical
methods are used to solve the energy and mass
conservation equations for the HD and DHD in
addition to enthalpy balance for the humidifier and
the LMTD equation for the dehumidifier. For the
humidifier the mathematical model is a set of three
equations with three unknowns. The humidifier
unknowns are the exit water temperature, the mass
flow rate, and the exit temperature of the hot humid
air. Given a value of KaV, an iterative method is
used to solve these three equations for the three the
unknowns. The results of the published numerical
research, used a different empirical formula for KaV
borrowed from the empirical cooling tower
research[20-23].

For the dehumidifier the mathematical model is a
set of three equations with three unknowns too. The
dehumidifier unknowns are the exit cooling water
temperature, the mass flow rate of the distilled water,
and the exit temperature of the cooled air. Given a
value of UA, an iterative method is used to solve the
three equations for the three unknowns of the
dehumidifier.

The objective of the present study is to solve
numerically only the mass and energy conservation
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equations of the HD to calculate the distilled water
as a function of the exit temperature of hot water
from the HD. From the solution, the enthalpy
balance equation is used to calculate the
performance parameter KaV needed to produce the
amount of distilled water during 10 hours in a desert
environment for a given mass flow rates of air and
seawater; and for various values of inlet and exit
temperatures of HD of the desalination unit. For the
dehumidifier, the NTU method [24] is used to solve
the dehumidifier equations.

HD-DHD desalination unit

Figure 1 shows the HD-DHD unit for a
desalination process using a parabolic trough
collector (PTC) as a heat source to produce a
minimum of 500 liters of water per 10 hours in
Jeddah weather condition [1].Also, figure 2 shows a
schematic diagram of the HD-DHD process for
desalination.

HD-DHD desalination process

In the HDH unit, a hot seawater is sprayed into
the evaporator compartment of the unit (humidifier);
and the air passed to the evaporator is humidified and
then moved to the condenser (dehumidifier) where
water in the humidified air condenses releasing its
enthalpy of condensation. In the cooling process of
the dehumidifier the heat is recovered, and used to
preheat the inlet seawater to the HD; but this amount
of heat is not enough and the seawater is heated more
by a solar PTC heat source before entering again to
the evaporator.

The seawater, with mass flow rate of mpup.i | is
heated using the solar energy and flows to the HD at
temperature Tup-in. It exits the HD at temperature
Thp-ou With mass flow rate mup-ou. The air enters the
HD at temperature T; with a specific humidity o,
and mass flow rate ma. It exits the HD at
temperature T, with saturated air with specific
humidity ®>. In the dehumidifier, the saturated air
enters at temperature T, with a specific humidity ©;
and air mass flow rate m.ir. A cooling seawater, that
is used to cool the hot humid air, enters the DHD at
temperature Tsw.in and mass flow rate mgy. It exits
the DHD with the same mass flow rate at
temperature Tsw.ow. The hot air is cooled and exits
the DHD with the same air mass flow rate, specific
humidity ®; and temperature T;. The condensed
water is produced with the rate of mq at temperature
Tq. In this process the condensation temperature Tq
is set equal to T;. It is assumed that the air is
saturated at the exit and inlet of the DHD.
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Sizing the HD depends on the amount of water
produced, rate of air and seawater flows, and the exit
temperatures of HD and DHD. The objective of this
paper is to study the effect of exit temperatures on
the amount of water produced during a day for
various values of mass flow rates of air and seawater;
and compute the corresponding design parameter
KaV.

Mathematical model

The mathematical model for the HD-DHD unit is
derived from the conservation of mass and energy
principles. Since the number of unknowns are
greater than number of equations, in HD and DHD,
the researchers in the references[16-23] used
additional equations to close the system.

I. Mathematical model of the humidifier

The solar energy source heats the inlet water to
the humidifier to a temperature Trxp-in. In the HD, the
unknowns are T2, Tup.ow, and mpp.ow. The HD
parameters are: 1) the mass flow rate of the hot water
to the humidifier m up.in, 2) the mass flow rate of the
air to the humidifier mair, and 3) the inlet seawater
temperature to the humidifier Tip-in. Since we have
three unknowns, three equations are needed. The
researchers in references [16-23 Jused the energy and
mass conservation and added an enthalpy balance
equation. Hence, the mathematical model of the HD
is given by the following equations:

Mass balance:

Myp_in + MairWl = Myp_oye + mau‘” w2 (1)
Energy balance:

Myp-inhap—in + Mairh1 = Mup_outhup—out +
mair.hz (2)

Enthalpy balance analogy equation:

) (htp—in—h2)—(RED—o0ut—h
Mair(hy—hy) = KaV 0 hZD—(' Pi?zz )
ln(im )
3)

hHD-out=h1

KaV in equation (3) is used in sizing and selecting
material properties of the evaporator. Different
values of KaV are given in references [20-23 ]. The
selected value of KaV affects the exit temperature of
the seawater Tup.ow. The KaV parameter consists of
K, which represents the mass transfer coefficient, the
surface area of the packing a ; and V which is the
volume of the humidifier. To solve the above
equations, the following thermodynamic relations
are used:

h=CpT+oh,
hg=2500+ 1.8 T - 1.9x 10°T* 9.3 x 10°T?

o= 0.662Pg/( P- ¢ Pg)
Pg =0.61 +0.044T +0.0014 T> +2.7x10° T°
+2.8x 107 T* +2.7x 107 T3

For the saturated air, the specific humidity is
given by the formula:

®=0.002 +0.00071 T -1.95 x 10 T?
x 107 T3

Il. Mathematical model of the dehumidifier

The unknowns of the DHD, are T;, Tsw-ou, and
mgy.To solve for these unknowns three equations are
required. The researchers in references [16-20] used
the energy and mass conservation and added heat
transfer equation employed in the analysis of heat
exchangers. The mathematical model of the DHD is
given by the following equations:

Mass balance:

Mgy Wy = MgirWy + My (4)

Energy balance:

+7.7

magrhz + mswhsw—_in = Mgirhy +
Mgy hsw—our + Mahg )
Heat transfer balance equation (LMTD):
mSWCPw(TSW—out_TSW—in) =
UA (T2=Tsw—out)—(T1=Tsw—in) (6)

(TZ—TSW—out)
T1-Tsw-in

Equations (4)- (6) are solved for the unknowns of
the DHD, which are T}, Tsw-ou, and mq. For the given
inlet temperature to the DHD, T, the temperatures
Ti1& Tsw-ou and my are obtained. The solution will
vary for different values of the DHD parameters
which are: 1) themass flow rate of the cooling
seawater to the dehumidifier msw, 2) the mass flow
rate of the air to the dehumidifier m,ir, and 3) the inlet
seawater temperature Tsw.in to the dehumidifier.UA
parameter in equation (6) affects the solution too.

A new approach

In the published method of solution; the
unknowns are calculated using iteration to solve
equations (1) - (6) for the exit air temperaturesTa,
Tup-out, Tsw-out, and the distilled mass flow rate mg.
In the present research, a numerical method is
employed to solve equations (1) & (2) for the HD to
compute T, and mup.ow; and for the DHD, the NTU
method [ 23] is used to calculate T; and Tsw-ouw. In
solving the evaporator equations an inverse
approach is used. Instead of selecting KaV and
solving equations (1)-(3) for the T2, Tup-ou, and mgp.
ou, the exit temperature of the HD selected that
match the ambient temperature and KaV is
calculated from equation (3).This calculated value
will be used to size and select the material of the HD.
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To the knowledge of the authors no one used this
approach before. This approach is suitable for the
design of evaporator for a portable unit to produce a
small amount of water for gulf area. Using this
method, the designer can manufacture a customized
small units for different areas by changing the size
and the material of the HD.

The numerical algorithm

The following are the steps used to calculate the
KaV and the distilled water for the given specified
parameters:

Humidifier

1) Select the inlet temperature of the hot seawater
Tup-in, and the mass flow rates mup-in &m,ir to the
humidifier.

2) Select the required temperature of the exit
water Tap-out.

3) Select the air inlet temperature to the
humidifier T,

4) Solve equations (1) & (2) iteratively to
calculate the unknowns Trandmup.out.

Dehumidifier

5) Use the calculated value T, from the
humidifier to calculate the air exit temperature of
the dehumidifier T, and the exit temperature of the
cooling seawater of the dehumidifier Tsw-out . Given
the mass flow rate m, and the inlet temperature of
the cooling seawater Tsw.in to the dehumidifier, the
NTU method[24] is used to calculate T, and Tsw-out

6) If the computed T} in this step is different from
the T, selected in step 3), the steps 3) - 5)are repeated
until convergence.

7) From the converged solution for T, T2, Tsw-out,
equation(4) is used to calculate the amount of
distilled water in the condenser mq for ten hours. The
KaV is calculated from equation (3).

8) Steps (2) -(7) are repeated for another values
of Thp-ou, and the KaV and mq are plotted

8) The procedure (1) - (7) is repeated for
different values ofmgp-in, Mair, and Twp-in

The above algorithm of HD-DHD can be
repeated for different values of mup.in, Mair, T1 , Msw
, and Tsw.in.

RESULTS AND DISCUSSION

The main objective of this paper is to produce a
code to calculate the amount of distilled water per
day for HD-DHD unit for any mass low rates of air
and seawater. The numerical results of the code is
used to analyze the effect of exit temperature on the
amount of produced water. Also, the result showed
that the KaV parameter of equation (3) depends on
the exit temperature of the humidifier as expected.

The following results are obtained for two values
of the inlet temperature to the HD: Txp.in= 45 °C and
85°C. The amount of water in kg based on the
assumption the humidifier works 10 hours/day at the
given Trup.inis plotted for all cases considered. For
analyzing the humidifier, a range of the Tup.ouis
selected to vary from the maximum Tup.n-5 to a
minimum of 20 °C, and the iteration is conducted
for each 5 degrees Celsius.

Case |

Figures 3 -6 show the results for Ty, T», mq, KaV
variation versus Tup.ow for the following values of
the parameters :mup.in = .1 kg/s, myp=.2 kg/s, mgw=
.1 kg/s, and Tup.n= 45 °C. Figure 3 shows the
variation of the exit air temperatures T & Tsas a
function of Tup.ow. It is observed that the T,
decreases as the exit water temperature increases.
This is physically logical since decreasing the exit
temperature allow more water goes to the air. Also,
T, stabilizes to a fixed temperature 21 °C.

The varaition of T1 and T2 as a function of T-HD-out
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Fig. 3. Thevariation of T; and T as a function of Trup-out

The varaition of the water mass in kg as a function of T-HD-out
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Fig. 4. The variation of the water mass in kg as a function
Of THD-out

Figure 4 shows the variation of the mass flow rate
of the seawater exiting the HD, and the evaporated
air mass flow rate exiting the HD. The figure shows

473



F. Abdel-Hady et al.: An inverse approach in designing a humidifier for humidification-dehumidification desalination process

that the water going to the air in HD increases with
decreasing the Trp-ow, and mup-ou decreases too.

Figure 5 shows the variation of the total distilled
water produced in kg in 10 hours. The curve shows
the increase of distilled water with decreasing Trp.
out. The maximum occurs when the exit temperature
of the water from the HD is minimum.

The varaition of distilled water as a function of T-HD-out
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Fig. 5. The variation of distilled water as a function of
THD-out

Figure 6 shows the variation of the exit cooling
seawater temperature of the DHD as a function of
the exit seawater temperature of the HD. The figure
shows that the Tgw-out decreases as Thp-ou increases,
which reflect the conservation of heat for the unit.

The varaitions of T1 and T-sw-out as a function of T-HD-out in Celsius
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Fig. 6. The variations of Ty and Tsw-ou as a function
of THD»out

Figure 7 shows the variation of the performance
characteristic parameter KaVof the humidifier as a
function of the exit temperature. The calculated
resultsare employed in equation (3) to compute KaV.
Also, the figure shows that KaV decreases as the exit
temperature increases; and this trend is the same for
the other cases presented in this paper. This result for
KaV means that, for the same mass transfer
coefficient K and material packing parameter a, the
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volume V should decrease as the exit temperature
Thp-out increases.

Case Il

Figures 8 shows the produced water variations as
a function of Tup.w, while figure 9 shows the
variation ofKaV with the exit temperature of the
humidifier. This curve is calculated for the following
values of the parameters: mup-in= .1 kg/s, mai—=0.2
kg/s, mgw= .1 kg/s, and Tup-in = 85 °C. The behavior
of myg and KaV are similar qualitatively to case I but
quantitatively are different. The only difference of
this case, compared to case I, is the value of the inlet
hot seawater to the HD. This reflects an increasing
the amount of the distilled water in Fig 8; and an
increasing the values of KaV in Fig. 9.

kav per unit air mass flow rate to the HD from the enthalpy balance equation
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Fig. 7. KaV/m,;; to the HD from the enthalpy balance
equation
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equation.

Case Il

Figurel0 shows the variation of the amount of
the produced water with Thp.ow While figure 11
shows the variation of KaV with Tup.ow for the
following values of the parameters: mpup.in=".5 kg/s ,
mai= 1.0 kg/s , mgw=".1 kg/s, Tup.in = 45 °C. Case 111
shows the same trend of variations qualitatively as
cases I and II; but it is quantitatively different. The
only difference between this case and case I are the
values of mpup.in and mair. But the ratio of these mass
rates is the same and equals 0.5. Figure 10 shows a
rise of the mq vs. Tup ou curve; while Fig 11 shows
an increase in the value of Kav as Trup-ow increases.
In this case, the ratio mpp.in/Mair and the Tup.in are the
same as in cases | and IIl. The only difference
between cases I and III is the amount of hot seawater
and air mass flow rate. Here the water rate is
increased which reflect the increase in the amount of
distilled water.

The varaition of distilled water as a function of T-HD-out
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kav per unit air mass flow rate to the HD from the enthalpy balance equation
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Fig. 11. KaV/m,; to the HD from the enthalpy balance
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Case IV

Figures 12shows the variation of the amount of
the produced water with THD-out. Figure 13shows
the variation of KaV with Tup.ow for the following
values of the parameters: mup.in= .5 kg/s, ma;= 1.0
kg/s, msw= .1 kg/s, and Tup.in = 85 °C.

This case has the same trend as cases I, II, and 11
qualitatively, but the values of mg and KaV are
different quantitatively. These differences are due to
the different values of the seawater, air mass flow
rates and the Trp.in. Comparing this case to case 111
the only difference is the inlet Tup.in, Which equals to
85°C. Figure 12 shows an increase in the total
distilled water produced in 10 hours; while Fig. 13
shows an increase in the value of KaV as Tup-out
increases. In this case and case II, the ratio mup.in/Mair
and the Tup.in are the same, but the only difference
between cases I and I1I is the amount of hot seawater
and air mass flow rates. In case IV, the water rate is
increased which reflect the increase in the amount of
distilled water.

The varaition of distilled water as a function of T-HD-out
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Fig. 12. The variation of distilled water as a function
of THD-out
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kav per unit air mass flow rate to the HD from the enthalpy balance equation
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Fig.13. KaV/m,;: to the HD from the enthalpy balance
equation.

From the above result, to design a humidifier for
a specific amount of distilled water, the designer
have many options to select KaV to cool the seawater
of the humidifier. From this selection follows the
selection of the packing area, the material, and the
humidifier volume.

CONCLUSIONS

The main objective of the research in this paper
is to design a portable HD-DHD unit to produce a
minimum amount of 5000 lit/ day in gulf weather
using solar energy. To design a portable unit to
produce a small amount of water a computational
procedure is introduced to calculate KaV for a range
of the exit temperature of the seawater from the
humidifier consistent with the range of the ambient
temperature variation of the different areas of the
region. This KaV will be used to calculate the size
and the select the material of the evaporator for any
value of the controllable inlet temperature of the
seawater to the humidifier. In a remote areas in the
gulf regions the ambient temperature varies, so the
calculation procedure to design a humidifier take the
exit temperature of the HD as input and calculate the
performance  characteristic =~ parameter  KaV
consequently. The amount of produced water
depends also on the inlet temperature of hot seawater
to the HD. This temperature is controlled by the
design of the solar source and can be selected to
control the amount of distilled water.

A computer program using MATLAB was
developed to calculate the amount of distilled water
in a HD-DHD unit at any hour during the day. The
program  solves numerically the standard
conservation equations of mass and energy. The
calculation depends of the given values of the exit
temperature of the seawater from the HD. The
employed algorithm that solves the mathematical
model of the desalination unit can be used
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extensively to simulate the working of the HD-DHD
unit for different ranges of the mass flow rates of air
and water as well as inlet temperature to the HD; and
seawater cooling temperature. The designer can
select the amount of water needed per 10 hours daily
based on his selection of Typ.in and Tup.ou; and the
best choice, in the above calculations, occurs when
the Thp-our 18 20 °C. The results for four cases are
represented to show the usage of the code to generate
the designed amount of water. Based on the amount
of water needed per day the designer can select the
mass flow rate of air and seawater, and the exit
temperatures to size the unit. The main result from
the above calculations is a bank of data that can be
used to design the DH of the unit. To produce the
maximum amount of water the exit temperature of
the humidifier Tup-ou should be minimum.

Recommendation: Design the solar energy PTC
system to produce a constant highest possible
temperature, and design the evaporator to cool the
water (brine) to a temperature close to the ambient
temperature of the region.
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Nomenclature

A - surface area of the packing (m?)

Chpair - specific heat of dry air (kJ/kg °C)

C,w - specific heat of seawater (kJ/kg °C)

h - enthalpy (kJ/kg)

h, - enthalpyof the saturated water vapor(kJ/kg )

K - masstransfer coefficient of the water in the
humidifier ( kg/ m? s)

m,i; - air mass flow rate to the humidifier ( kg/s)

mg, - cooling sweater mass flow rate to the
dehumidifier ( kg/s)

my - rate of distilled water in the dehumidifier (kg/s)

Mmpp.in - Water mass flow rate to the humidifier ( kg/s)

P - atmospheric pressure (kPa)

P, - saturation pressure

Tp-out - outlet temperature from the humidifier (°C)

Tp-in - inlet temperature from the humidifier (°C)

T\ - inlet air temperature to the humidifier (°C)

T, - exit air temperature from the humidifier (°C)

Tsw-ininlet ~ seawater  temperature  to  the
dehumidifier(°C)

Tsw-out - €Xit seawater temperature to the dehumidifier
)

UA - heat transfer coefficient of the dehumidifier
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V - volume of the humidifier (m?)
of the water vapor

Greek symbols
o -specific humidity
¢ - relative humidity
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OBPATEH ITOAXO/] 3A KOHCTPYHUPAHE HA OBJIA’KHUTEJI 3A ITPOLIECHU HA
OBE3COJISIBAHE C OBJIAXKHABAHE/M3CYIIABAHE

®. A6nen-Xamu', A.K. Masxep?, A. Anzaxpanu', M. Xamen®

Y lenapmamenm no xumuuno umnsicenepcmeo u mamepuanosnanue, Ynusepcumem ,, Kpan A6oynasus*, [Juceoa,
Cayoumcka Apabus
2flenapmamenm no a0peno undxcenepcmeo, Yuueepcumem ,, Kpan A60ynazuz“, Juceda, Cayoumcka Apabus
$lenapmamenm no mawunno unsxcenepcmso, Yuusepcumem ,, Kpan A6oynasus“, Joceoa, Cayoumcka Apabus

Iocrenuna Ha 3 sHyapu, 2016 r.; npuera Ha 14 aBrycr 2016 .
(Pesrome)

ExxenHeBHaTa HyXJa OT MaJKd KOJIMYECTBA NMUTEHHA BOAA OCOOCHO B CYXH ITyCTHHHH O0JaCTH HM MOTHBHpA Ja
paszpabotum u mpoektupame omiaxkautesn (DHD), koiiTo ma mpousBexkaa oOe3colieHa MUTEHHA BOJa ¢ MOMONITA Ha
crpHYeBa eHeprus. [lenTa Ha Ta3u cTaTus € Ja onpeesy eQeKkTUBHUSA KoepHuIreHT Ha oBiaxkHsBaHe (KaV) 3a pa3nmuaau
n3XoaHU Temriepatypu. KaV BxirtodBa B cebe ci KoeHIIeHTa Ha MacOOOMEHa Ha BOJIaTa, MOBBPXHOCTTA HA IThJIHEXA a
1 obemaV Ha oBakHUTEI. 3a onpeenssHe Ha KaV e m3non3Ban yucieH MeTo kakto 1 NTU MeTo;1 3a n3uncisBaHe Ha
oOeMa Ha NeCTHIMpaHaTa BOJA W M3XOIsN[aTa TEMIepaTypa OT OBIaXHUTENS. TpaJuIMOHHMS MOAXO] U3IMOJI3BaH 3a
onmcanue Ha (DHD) e na ce uzdepe KaV u na ce pemn maremarnueckus mozaen (DHD) 3a na ce HamepsT KOJIM4eCTBOTO
Y U3XO0J{HATa TeMIlepaTypa Ha BojaTa. B HacTosmara paboTa BMECTO Ja M3YHCIIsIBAaME U3X0/IHATA TEMIIepaTypa Ha BoJarta
ot HD, Hue o6pbiiame To3u npouec. KaV e n3dmciieH 3a IpelBapUTEIHO 3aaieHH TeMIIepaTypa U KOJMYECTBO Ha
nonyyenara Boja. KaV e omnpenenen 3a remneparypu B narepsaia ot 25 1o 40 °C 3a Tpu ciry4yas Ha paOOTHH YCIIOBUSL:
MAacoB JICOHUT Ha BOJaTa, ICOUT Ha Bb3JlyXa, BXOJHA TEMIICpaTypa Ha BOJIaTa B OBIaKHUTENs. [oaydeHnTe CTOWHOCTH Ha
(KaV ca usnosi3BaHy 3a MPOSKTUPAHE HA OBJIAYKHHUTEIIS.
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Mg(Cl10O4),-catalyzed one-pot synthesis of 2-amino-4H-chromenes and
dihydropyrano[c]chromenes
H. Emtiazi, M.A. Amrollahi*
Department of Chemistry, Yazd University, P.O.Box 89195-741, Yazd, Iran
Received March 25, 2015; Accepted February 26, 2016

This report provides a description of an efficient and simple procedure for the synthesis of 2-amino-4H-chromenes
and dihydropyrano[c]chromenes via one-pot three-component reaction of aldehydes, active methylene compounds and
resorcinol or 4-hydroxycoumarin catalysed by magnesium perchlorate. The remarkable advantages are simplicity of the
experimental procedure, high yields, short reaction times, and reusability of the catalyst.

Keywords: 2-Amino-4H-chromenes, Dihydropyrano[c]chromenes, Resorcinol, 4-Hydroxycoumarin, Magnesium

perchlorate, One-pot

INTRODUCTION

Coumarin  derivatives  like  2-amino-4H-
chromenes and dihydropyrano[C]chromenes have
received considerable attention because they
possess several pharmacological properties [1].
These compounds can be prepared by one-pot
three-component condensation of aldehydes, active
methylene compounds and resorcinol or 4-
hydroxycoumarin in the presence of a variety of
acids or bases [2-11]. Some of these procedures
suffer from the use of toxic, highly acidic and
expensive catalysts and require organic solvents.
Therefore, cleaning processes have been in
permanent focus. Magnesium perchlorate as a solid
acid is a moisture-stable, non-toxic, cheap, and
commercially available material which can be
handled easily and removed from the reaction
mixtures. In continuation of our research on the
applications of solid acids in organic synthesis
[12,13], we have investigated the one-pot three-
component synthesis of 2-amino-4H-chromenes
and dihydropyrano[C]chromene derivatives in the
presence of Mg(ClOs)s.

RESULTS AND DISCUSSION

Initially, we explored the catalytic efficiency of
Mg(ClO4), and other salts with various cations and
anions such as MgSO4, MgBr;, MgCl, and LiCIOs.
However, MgSO4 and MgBr; did not exhibit any
significant catalytic activity; only 60% and 70%
yield was obtained in the presence of MgCl, and
LiClOs, respectively, establishing that amongst the
various salts used, Mg(ClOs), was the most

* To whom all correspondence should be sent:
E-mail: mamrollahi@yazd.ac.ir

effective catalyst for the synthesis of 2-amino-4H-
chromenes and dihydropyrano[c]chromenes. For
optimizing the experimental conditions, the
reaction between malononitrile, benzaldehyde and
4-hydroxycoumarin in the presence of Mg(ClO4):
was considered as a model reaction. This
condensation reaction was studied in various
solvents at different temperatures and with different
amounts of catalysts. The best conditions were
found to be 0.035 g catalyst at 60 °C in H,O (Table
1).

After completion of the reaction, the mixture
was filtered and the aqueous filtrate extracted by 5
mL of ethyl acetate to remove any starting
materials. The aqueous phase containing
magnesium perchlorate was separated and reused
for three times although a gradual decline was
observed in its activity (Table 1, entries 18, 19).
Apparently, the reaction of various aldehydes,
active methylene compounds and  4-
hydroxycoumarine in the presence of an optimized
amount of Mg(ClO4), in H,O at 60 °C resulted in
the formation of dihydropyrano[cC]chromene
derivatives (Table 2).

Aromatic aldehydes  containing  electron-
withdrawing groups have reacted very well at a
faster rate in a shorter time than aromatic aldehydes
with electron-donating groups (Table 2, entries 2,
3). Also, in this reaction with ethyl cyanoacetate as
a substrate instead of malononitrile, the
corresponding products have been produced in high
yields but in a longer reaction time (Table 2, entries
11,12). This may be due to the lower activity of
ethyl cyanoacetate than malononitrile. Also, the
reactions of active methylene compounds, pyridine
carbaldehydes and 4-hydroxycoumarine were
examined and the corresponding products were
found to be yielded highly and within short times
(Table 2, entries 13-16). Although the mechanism
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of the reaction has not yet been experimentally
established, the formation of the product can be
rationalized as outlined in the Scheme 1.

The reaction of malononitrile, resorcinol and
aldehydes was carried out in the above-mentioned
optimized reaction conditions and various 2-amino-
4H-chromenes were obtained (Table 3). This

o Mg(ClOy),

ph/U\H Ph)j\H

Mg(ClO4), H
P CN
NH,
0 X CN
-H+ NS Ph

(0]

reaction produces 2-amino-7-hydroxy-4H-
chromene derivatives instead of the expected 2-
amino-5-hydroxy-4H-chromene derivatives, that is
probably due to the steric hindrance between the
two hydroxyl groups in resorcinol.

O  Mg(ClOy),

CH,CN, Hh>—<

(CIO4)2Mg N

Gt o

Scheme 1. A possible mechanism for the synthesis of dihydropyrano[c]chromenes

Table 1. Optimization of the reaction conditions for one-pot synthesis of dihydropyrano[c]chromenes ®

H,N
o0 X-CN
(@]
+ N cagalyst X_Ph
NC” en PhJ\H
(0]

Entry Catalyst (g) Temp. ("C) Solvent Time (min)  Yield (%)?
1 - 70 EtOH 120 30
2 MgCla.xH,0 (0.020) 70 EtOH 60 60
3 MgBr; (0.030) 70 EtOH 60 45
4 MgSOs; (0.025) 70 EtOH 60 40
5 LiClO;4 (0.020) 70 EtOH 60 70
6 Mg(C104)2.xH,0 (0.030) 70 EtOH 50 84
7 Mg(C104),.xH,0 (0.020) 70 EtOH 50 60
8 Mg(C104),.xH,0 (0.035) 70 EtOH 50 90
9 Mg(ClO4)2.xH>0 (0.045) 70 EtOH 50 87
10 Mg(C104)2.xH:0 (0.035) 70 EtOH/H,0 50 85
1 Mg(C104)2.xH:0 (0.035) 70 H,0 50 90
12 Mg(C104),.xH,0 (0.035) 70 MeCN 50 50
13 Mg(C104),.xH,0 (0.035) 70 CHCl; 50 ;
14 Mg(C104)2.xH:0 (0.035) rt H,0 50 60
15 Mg(C104)2.xH:0 (0.035) 40 H,0 50 72
16 Mg(C104)2.xH:0 (0.035) 50 H,0 50 83
17 Mg(C104)2.xH:0 (0.035) 60 H,0 50 90
18 Mg(ClO4):.xH:0 (0.035) (2 run) 60 H,0 50 82
19 Mg(ClO4)2.xH:0 (0.035) (3 run) 60 H,0 50 75
20 Mg(ClO4),.xH:0 (0.035) 0.s.9 H,0 15 50

3 Reaction conditions: malononitrile (1 mmol) benzaldehyde (1 mmol), 4-hydroxycoumarin (1 mmol). ® Isolated

yields. © Reaction under ultrasonic waves (60 W).
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Table 2. Synthesis of dihydropyrano[c]chromenes in the presence of Mg(C104), ¥

H,N
0 oH o
leH + Rz/\cN + ©\/10 Mg(ClOy4), XH,0(0'035 g) X R,
o 60 °C' H,0
o

Entry Ry R, Time(minh)  Yield (%)" M.p. (€ Ref.
Observed Reported ’

1 CoHs CN 50 min 89 256-258 256-258 [3]
2 3-NO,-CgHy CN 45 min 95 260-261 256-259 [11]

3 3-OH-C¢H,4 CN 70 min 75 272-273 - -
4 4-F-CgHa CN 50 min 88 265-267 262-263 [3]
5 4-OMe-CsHy CN 48 min 86 258-260 248-250 [3]
6 4-Me-CsHa CN 55 min 88 254-256 253-255 [3]
7 2,6-Cl,-CeH3 CN 52 min 89 299-300 274-277 [11]
8 4-Cl-CsHy CN 45 min 92 260-262 260-262 [3]
9 CsHsCH,CH> CN 60 min 74 190-192 187-188 [6]
10 2-furyl CN 55 min 78 253-255 250-252 [4]

11 3-Br-CsHy CO,Et 14h 78 220-222 - -
12 3-NO»-C¢Hs  COqEt 15h 75 245-247 247-250 [12]

13 3-pyridiyl CN 12 min 90 251-253 - -

14 3-pyridiyl CO,Et 20 min 85 227-229 - -
15 4-pyridiyl CN 10 min 94 186-188 182-184 [5]

16 4-pyridiyl CO,Et 15 min 87 220-222 - -

3 Reaction conditions: aldehyde (1 mmol), malononitrile (1 mmol), 4-hydroxycoumarin (1 mmol). ® Isolated yields

Table 3. Synthesis of 2-amino-4H-chromenes in the presence of Mg(ClO4), ¥

R
Ne” en T J\ @ Ma(e1onz 00035 9 /©\)\/|[ .
60 °C’ H,0 HO o~ NH,
Entry R Yield (%) » Time (min) M. p. (°C Ref.
Observed Reported
1 CsHs 83 80 237-238 235-236 [7]
2 4-Me-CsHa 82 85 190-191 182-184 [7]
3 4-F-CgH4 90 70 188-190 187-189 [7]
4 3-NO,-C¢Hy 92 70 210-212 215-217 [13]
5 4-Cl-CsH4 88 75 165-167 163-164 [7]

® Reaction conditions: malononitrile (1 mmol) aldehyde(1 mmol), resorcinol (1 mmol). ¥ Isolated yields

EXPERIMENTAL

The products were characterized by IR, 'H-
NMR, *C-NMR spectra and by comparing their
physical properties with those reported in the
literature. IR spectra were run on a Bruker Eqinox
55 spectrometer. 'H- and 3C-NMR spectra were
obtained using a Bruker Avance 500 MHz
spectrometer (DRX). Melting points were
determined by a Buchi melting point B-540
B.V.CHI apparatus. Purity determination of the
substrates and reaction monitoring  were
accompanied by TLC using pre-coated plastic
sheets of silica gel G/UV-254 of 0.2 mm thickness.
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General procedure for the synthesis of
dihydropyrano[c]chromenes and 2-amino-4H-
chromenes

4-Hydroxycoumarin or resorcinol (1 mmol) was
added to a stirred mixture of aldehyde (1 mmol),
active  methylene  compound (1  mmol),
Mg(Cl0O4)2.xH20 (0.035 g), and water (3 mL). The
mixture was stirred at 60 °C for the appropriate
period of time until the initial materials were no
longer detectable (TLC). The mixture was filtered
and recrystallized in ethanol to obtain pure
products. The aqueous filtrate containing
magnesium perchlorate was used to investigate the
reusability of the catalyst.
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Selected spectra data

2-Amino-4-(3-hydroxyphenyl)-5-0x0-4,5-

dihydropyrano[3,2-c]chromene-3-carbonitrile
(Table 2, entry 3). IR (KBr) (omax): 3314, 3186,
2209, 1707, 1668, 1604, 1587, 1484 cm™'. '"H-NMR
(500 MHz, DMSO-ds): 8 = 4.35 (s, 1H), 6.62 (d,
1H, J = 7.1 Hz), 6.63 (s, 1H), 6.67 (d, 1H, J = 8.0
Hz), 7.10 (t, 1H, J = 7.5 Hz), 7.39 (brs, 2H), 7.47
(d, 1H, J=28.5Hz), 7.50 (t, 1H, J= 7.5 Hz), 7.72 (t,
1H,J=28.1 Hz), 7.90 (dd, I1H,J=79 Hz, J=1.5
Hz), 9.36 (s, 1H).*C-NMR (125 MHz, DMSO-ds):
d = 32.45, 60.45, 106.34, 114.64, 120.45, 124.89,
127.89, 129.35, 130.23, 133.23, 133.56, 134.23,
139.45, 142.12, 148.12, 155.46, 157.89, 164.12,
167.23. Anal. calc. for CioHi2N2O4: C 68.67, H
3.64, N 8.43. found: C 68.4, H 3.8, N 8.9.

2-Amino-5-0xo-4-(2-phenylethyl)-4,5-

dihydropyrano[3,2-c]chromene-3-carbonitrile

(Table 2, entry 9). IR (KBr) (0max): 3368, 3167,
2202, 1703, 1639, 1612, 1601, 1376, 1171 cm™. 'H-
NMR (500 MHz, DMSO-ds): & = 1.80 (m, 1H),
2.10 (m, 1H), 2.50 (m, 1H), 2.54 (m, 1H), 3.54 (t,
1H, J = 4.0 Hz), 7.03 (t, 1H, J = 7.1 Hz), 7.12 (d,
2H, J = 7.4 Hz), 7.16 (t, 2H, J = 7.3 Hz), 7.36 (s,
2H), 7.45 (m, 2H), 7.69 (t, 1H, J = 7.8 Hz), 7.80 (d,
1H, J = 7.8 Hz)."*C-NMR (125 MHz, DMSO-de): &
= 30.31, 30.75, 34.67, 54.60, 103.76, 112.92,
116.42, 119.60, 122.09, 124.47, 126.64, 128.14,
132.67, 141.30, 152.04, 154.04, 159.44, 159.91.

2-Amino-4-(furan-2-yl)-5-oxo-4,5-

dihydropyrano[3,2-cJchromene-3-carbonitrile
(Table 2, entry 10): IR (KBr) (Omax): 3364, 3164,
2201, 1702, 1670, 1639, 1604, 1374, 1257 cm™.'H-
NMR (500 MHz, DMSO-ds): & = 64.63 (s, 1H),
6.27 (d, 1H, J = 3.1 Hz), 6.38 (dd, 1H, J = 3.0, 1.8
Hz), 7.47 (d, 1H, J = 3.3 Hz), 7.48 (s, 2H), 7.50 (t,
1H, J = 8.0 Hz), 7.53 (d, 1H, J = 6.0 Hz), 7.69 (t,
1H, J = 8.0 Hz), 7.79 (d, 1H, J = 7.0 Hz). *'C-NMR
(125 MHz, DMSO-dg): 6 = 29.23, 58.99, 105.23,
106.78, 111.88, 116.78, 117.67, 124.23, 125.67,
126.67, 141.67, 143.45, 152.56, 153.98, 159.47,
160.98, 161.90.

Ethyl-2-amino-4-(3-bromophenyl)-5-0x0-4,5-
dihydropyrano[3,2-cJchromene-3-carboxylate
(Table 2, entry 11). IR (KBr) (0max): 3432, 3311,
1708, 1684, 1655, 1608, 1536, 1517, 1492, 1455
cmr!. '"H-NMR (500 MHz, DMSO-de): & = 1.09 (t,
3H, J = 7.5 Hz), 3.99 (q, 2H, J = 7.0 Hz), 4.82 (s,
1H), 7.45 (d, 1H, J = 8.3 Hz), 7.51 (t, 1H, J = 7.4
Hz), 7.55 (t, 1H, J = 7.9 Hz), 7.7 (d, 1H, J = 8.4
Hz), 7.72 (t, 1H, J = 7.5 Hz), 7.96 (s, 2H), 8.00 (d,
1H, J = 8.0 Hz), 8.04 (d, 1H, J = 8.0 Hz), 8.06 (s,
1H). *C-NMR (125 MHz, DMSO-de): & = 14.90,

36.36, 60.03, 106.32, 108.12, 113.91, 122.42,
123.49, 123.71, 125.53, 130.41, 133.77, 135.76,
148.02, 148.23, 153.12, 154.43, 159.36, 160.77,
168.12. Anal. calc. for C1Hi¢BrNOs: C 57.03, H
3.65,N 3.17. found: C 57.3, H3.4, N 2.9.

2-Amino-5-0xo-4-(pyridin-3-yl)-4,5-

dihydropyrano[3,2-c]chromene-3-carbonitrile
(Table 2, entry 13). IR (KBr) (Omax): 3376, 3190,
2194, 1713, 1674, 1639, 1603, 1506, 1460, 1377
cm."H-NMR (500 MHz, DMSO-de): 8 = 4.56 (s,
1H), 7.35 (t, 1H, J = 7.2 Hz), 7.46-7.53 (m, 4H),
7.71-7.75 (m, 2H), 7.90 (d, 1H, J = 6.8 Hz), 7.46
(d, 1H, J = 4.0 Hz), 8.55 (s, 1H). *C-NMR (125
MHz, DMSO-dq): 6 = 34.45, 56.96, 102.92, 113.95,
116.57, 119.03, 122.54, 123.79, 124.66, 132.02,
135.45, 138.75, 148.23, 149.03, 152.21, 153.79,
158.02, 159.56. Anal. calc. for CisH;1N3;O;: C
68.14, H 3.49, N 13.24. found: C 68.3, H 3.4, N
12.9.

Ethyl-2-amino-5-oxo-4-(pyridin-3-yl)-4,5-
dihydropyrano[3,2-c]chromene-3-carboxylate
(Table 2, entry 14). IR (KBr) (Omax): 3376, 3190,
2194, 1713, 1674, 1639, 1603, 1506, 1460, 1377
cm’. "H-NMR (500 MHz, DMSO-d): & = 1.07 (t,
3H, J=7.2 Hz), 4.00 (d, 2H, J = 6.8 Hz), 4.73 (s,
1H), 7.38 (d, 1H, J = 8.0 Hz), 7.49-7.54 (m, 2H),
7.70 (t, 1H, J = 8.0 Hz), 7.78 (d, 1H, J = 8.0 Hz),
7.96-7.99 (m, 3H), 8.43 (d, 1H, J = 4.0 HZ), 8.58
(s, 1H).3C-NMR (125 MHz, DMSO-ds): & = 14.10,
33.35, 59.10, 62.55, 105.27, 113.05, 116.56,
122.60, 124.65, 132.88, 136.43, 137.38, 141.13,
146.10, 148.13, 152.24, 153.16, 158.49, 159.90,
167.20. Anal. calc. for C0HisN2Os: C 65.93, H
4.43,N 7.69. found: C 66.1, H 4.2, N 8.0.

Ethyl-2-amino-5-oxo-4-(pyridin-4-yl)-4,5-
dihydropyrano[3,2-c]Jchromene-3-carboxylate
(Table 2 entry 16). IR (KBr) (Omax): 3358, 3182,
1715, 1688, 1658, 1594, 1549, 1492, 1373 cm’™.
'H-NMR (500 MHz, DMSO-de): & = 1.10 (t, 3H, J
= 7.2 Hz), 4.00 (d, 2H, J = 6.8 Hz), 4.74 (s, 1H),
7.42 (d, 2H, J = 6.2 Hz), 7.48 (d, 1H, J = 8.2 Hz),
7.51 (t, 1H, J = 8.0 Hz), 7.72 (t, 1H, J = 8.0 Hz),
7.76 (d, 1H, J = 8.0 Hz), 8.00 (s, 2H), 8.51 (d, 2H, J
= 6.2 Hz).*C-NMR (125 MHz, DMSO-d¢): & =
14.11, 35.34, 59.17, 62.13, 104.89, 112.98, 115.76,
116.58, 122.62, 124.15, 130.76, 133.02, 145.18,
147.66, 152.21, 155.59, 158.57, 159.86, 167.14.
Anal. calc. for CyHi6N2Os: C 6593, H 4.43, N
7.69. found: C 65.9,H4.4,N 7.8.

2-Amino-7-hydroxy-4-phenyl-4H-chromene-3-
carbonitrile (Table 3, entry 1). IR (KBr) (Omax):

3500, 3428, 3331, 2193, 1650, 1619, 1588, 1506,
1453, 1403, 1325 cm’. 'H-NMR (500 MHz,
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DMSO-dg): & = 4.62 (s, 1H), 6.41 (d, 1H, J = 2.0
Hz), 6.48 (dd, 1H, J = 8.43,2.0 Hz), 6.8 (d, 1H, J =
8.4 Hz), 6.84 (brs, 2H), 7.16 (d, 2H, J = 8.0 Hz),
7.20 (t, 1H, J = 7.0 Hz), 7.30 (t, 2H, J = 7.5
Hz).’C-NMR (125 MHz, DMSO-d¢): § = 56.14,
102.11, 112.32, 113.70, 120.65, 126.60, 127.34,
128.55, 129.89, 146.35, 148.80, 157.02, 160.02.

2-Amino-7-hydroxy-4-(p-tolyl)-4H-chromene-
3-carbonitrile (Table 3, entry 2). IR (KBr) (Dmax):
3441, 3339, 3207, 2190, 1643, 1588, 1508, 1464,
1406, 1155 cm’!. '"H-NMR (500 MHz, DMSO-de):
&=2.25(s,3 H),4.56 (s, 1H), 6.39 (d, 1H,J=2.5
Hz), 6.47 (dd, 1H, J=8.2,2.3 Hz), 6.77 (d, 1H, J =
8.4 Hz), 6.81 (brs, 2H), 7.04 (d, 1H, J = 7.9 Hz),
7.10 (d, 1H, J = 7.9 Hz).®C-NMR (125 MHz,
DMSO-dq): & = 15.87, 55.23, 104.21, 110.30,

117.87, 125.65, 126.32, 127.78, 128.54, 141.86,
143.56, 146.45, 159.10, 161.34.

In summary, this paper reports a facile and
efficient method for the synthesis of 2-amino-4H-
chromenes and dihydropyrano|[c]chromenes in the
presence of magnesium perchlorate. This method
offers significant advantages such as high
conversions, easy handling, clean and mild reaction
profile, and a straightforward work-up which make
it a useful and attractive process for the rapid
synthesis of substituted 2-amino-4H-chromenes and
dihydropyrano[c]chromenes.
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EJTHOCTAJUMHA CUHTE3A HA 2-AMUHO-4H-XPOMEHU U JUXUIPOITMPAHO [c]
XPOMEHU, KATAJIM3UPAHA OT Mg(ClO4),

X. Emtnasu, M.A. Amponaxu *

Lenapmamenm no xumus, Ynueepcumem ¢ 30, I1.K. 89195-741, Upan

Ioctenuna Ha 25 mapt, 2015 r.; npuera Ha 26 despyapu, 2016 r.

(Pesrome)

Tasu craTwsi naBa ommMcaHWe Ha eQuUKacHa W MpOCTa TpoIlenypa 3a CHHTe3aTa Ha 2-aMuHO-4H-XpomeHn u
JTUXUAPONIUPAHO [c] XpOMEHH Ype3 eqHOCTAIUiiHA TPHU-KOMIIOHCHTHA PEaKIs Ha aJIeXWIH, aKTUBHU METHUJICHOBH
ChCIUHECHUS M PE30PLUMHON WiIH 4-XUIPOKCHKYMAapWH, KaTalM3WpaHa OT MAarHe3ueB MepXJopar. 3aleNeKUTeITHU
MPEIMMCTBA Ca MPOCTOTaTa Ha CKCIIEPUMEHTATHATA MPOIEypa, BUCOKUTE JOOUBH, KPaTKUTE BPEMEHA 3a PEaKIUaTa U

MHOTOKpaTHaTa yHOTpe6a Ha KaTajau3aTtopa.
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Zirconium (IV) chloride was used as an efficient, stable, inexpensive, environmentally friendly, and convenient
catalyst for preparation of xanthene derivatives via one-pot three-component condensation of aldehydes with 2-naphthol

and 5,5-dimethyl-1,3-cyclohexanedione under ultrasonic irradiation conditions. EtOH was found as an effective solvent
for this transformation. This method offers several advantages such as high yields, simple procedure, low cost and short

reaction times.
Keywords: Lewis acid, 2-Naphthol,

INTRODUCTION

One-pot,

Ultrasound irradiation is a very effective method
and can be widely used in organic synthesis. Higher
reaction rates, simple experimental procedure, and
high yields are the notable features of the
ultrasound approach as compared to established
methods [1-3]. In recent times, xanthenes have
attracted attention of medicinal chemists, as well as
organic chemists due to their wide range of
biological and pharmacological activities such as
antiviral  [4], antibacterial [5], and anti-
inflammatory properties [6]. A variety of reagents
and catalysts has been reported for the preparation
of these compounds such as Fe(HSO4); [7], PVPP-
BF; [8], NaHSO04Si0, [9], Sr(OTf). [10],
ZI‘(HSO4)4 [1 1], RuC13-nH20 [12], PzOs/A1203 [13],
BF;.Si0; [14], CoH204 [15], P(4-VPH)HSO; [16],
H3NSO; [17], BiCls [18], ZnO-NPs [19], SUSA
[20], Sc[N(SO.CsF17)2]5 [21], Pd [22], InCls [23],
BF;.0Et, [24], AcOH/H" [25], p-TSA [26]. The use
of each of these materials has its own advantages,
but it also suffers from one or more disadvantages
such as prolonged reaction time, low yields, use of
toxic and costly catalysts, harsh reaction conditions,
and complex work-up procedures. Zirconium (IV)
chloride (ZrCls) is generally considered to be a
green, inexpensive, non-toxic (LD50: 1688 mg/kg)
and commercially available zirconium salt [27]. Its
application as a Lewis acid catalyst in various
organic transformations has been reported [28-32].
In continuation of our studies towards the
development of novel methodologies for the
synthesis of biologically active heterocyclic
compounds [33], herein we report a improved and
convenient method for the synthesis of xanthene
derivatives through the condensation of various
aromatic aldehydes, 2-naphthol, and 5,5-dimethyl-
1,3-cyclohexanedione (dimedone) in the presence

* To whom all correspondence should be sent:
E-mail: mamrollahi@yazd.ac.ir

Ultrasonic,

Xanthenes, Zirconium (IV)  chloride

of ZrCls as an efficient catalyst under silent and
ultrasonic irradiation conditions.

EXPERIMENTAL

'H- and "C-NMR spectra were recorded on
Bruker Avance-400 MHz spectrometers. IR spectra
were run on a Bruker Eqinox 55 spectrometer.
Ultrasonic irradiation was run on Bandelin
Sonopuls HD 3200 with an output power of 60 W.
Purity determination of the substrates and reaction
monitoring were accompanied by TLC using pre-
coated plastic sheets of silica gel G/UV-254 of 0.2
mm thickness.

General experimental procedure

Silent conditions. A mixture of aldehyde (1
mmol), 2-naphthol (1 mmol), dimedone (1.2 mmol)
and ZrCl, (8 mol%) was stirred for appropriate time
in EtOH at reflux temperature. The completion of
the reaction was monitored by TLC (CHCl;:MeOH
9:1). After cooling, the reaction mixture was poured
onto crushed ice (20 g). The resulting precipitate
was filtered under suction, and then recrystallized
from EtOH to afford the pure product with yield of
70-82%. The results are summarized in Table 2.

Ultrasound irradiation. A mixture of aldehyde (1
mmol), 2-naphthol (1 mmol), dimedone (1.2 mmol)
and ZrCls (8 mol%) was irradiated with ultrasound
at reflux temperature for appropriate time. After
cooling, the reaction mixture was poured onto
crushed ice (20 g). The resulting precipitate was
filtered under suction, and then recrystallized from
EtOH to afford the pure product with yield of 75-
95%. The results are summarized in Table 2.

Selected spectra data

9,9-dimethyl-12-phenyl-9,10-dihydro-8H-
benzo[a]xanthen-11(12H)-one Yield: 85%, White
solid, m.p. 158-160 °C; IR (KBr): 2913, 1647,
1620, 1596, 1469, 1452, 1372. 'H-NMR (400 MHz,
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CDCI3): 8 0.97 (s, 3H), 1.13 (s, 3H), 2.25 (d, 1H),
2.32 (d, 1H), 2.58 (s, 2H), 5.71 (s, 1H), 7.06 (t, 1H),
7.18 (t, 2H), 7.32-7.46 (m, 5H), 7.77 (d, 1H), 7.79
(d, 1H), 8.00 (d, 1H). “C-NMR (100 MHz,
CDCI3): & 27.5, 29.7, 32.6, 35.3, 41.8, 51.2,
114.71, 117.4, 118.1, 124.1, 125.3, 126.6, 127.4,
128.6, 128.8, 128.8, 129.2, 131.8, 131.9, 145.1,
148.2, 165.3, 197.2.
9,9-dimethyl-12-(p-tolyl)-9,10-dihydro-8H-
benzo[a]xanthen-11(12H)-one Yeild: 85%, White
solid, m.p. 172-174 °C; IR (KBr): 2957, 1646,
1620, 1597, 1511, 1466, 1369. 'H-NMR (400 MHz,
CDCI3): 6 1.00 (s, 3H), 1.14 (s, 3H), 2.23 (s, 3H),
2.35 (m, 2H), 2.6 (s, 2H), 5.7 (s, 1H), 6.99 (d, 2H),
7.24 (d, 2H), 7.32-7.43 (m, 2H), 7.46 (t, 1H), 7.78
(t, 2H), 8.03 (d, 1H). *C-NMR (100 MHz, CDCI3):
3 209, 27.3, 29.2, 32.3, 343, 41.4, 509, 114.4,
117.0, 117.9, 123.7, 124.8, 126.9, 128.2, 128.3,
128.7, 128.9, 131.4, 131.5, 135.6, 141.8, 147.7,
163.7, 196.9.
12-(2-fluorophenyl)-9,9-dimethyl-9,10-dihydro-
8H-benzo[a]xanthen-11(12H)-one  Yeild: 87%,
White solid, m.p. 175-177 °C; IR (KBr): 2948,
1649, 1620, 1595, 1515, 1485 (-CH» bend.), 1371.
'H-NMR (400 MHz, CDCl3): & 1.03 (s, 3H), 1.16
(s, 3H), 2.23-2.42 (m, 2H), 2.63 (s, 2H), 5.9 (s, 1H),
6.96-6.99 (m, 2H), 7.38-7.41 (m, 2H), 7.42-7.48
(m, 2H), 7.52 (t, 1H), 7.75-7.80 (m, 2H), 8.12

(d,1H).*C-NMR (100 MHz, CDCL): 27.1, 27.2,
29.4,32.2, 414, 50.8, 115.7, 116.5, 117.1, 118.8,
121.5, 123.2, 123.4, 124.0, 1243, 124.9, 1252,
127.1, 128.2, 1284, 128.7, 1289, 130.9, 1652,
196.6.

RESULTS AND DISCUSSION

In our initial study, the reaction of benzaldehyde,
2-naphthol, and dimedone was considered as a
model reaction to optimize the conditions. The
reaction was first carried out in H>O in the absence
of ZrCly and at reflux temperature. No reaction
occurred under silent and ultrasound irradiation
conditions (Table 1, entry 1). The reaction was then
attempted in the presence of 8 mol % of ZrCls. The
result in Table 1, entry 2 shows a trace amount of
product prepared under both silent and ultrasound
irradiation conditions. To find the best solvent,
several solvents such as CH,Cl,, AcOEt, MeCN,
EtOH and solvent-free conditions were employed
as media. It was noticed that the highest yield was
achieved with EtOH, when the reaction was
performed under silent conditions (Table 1, entry
6), while the formation of the product was more
facile and proceeded in shorter time and with high
yield under ultrasonic irradiation conditions.

Table 1. Optimization of the reaction conditions for one-pot synthesis of 9,9-dimethyl-12-phenyl-9,10-dihydro-8H-

benzo[a]xanthen-11(12H)-one under various conditions 3

catalyst
PhCHO + /“
Trefux

Entry Catalyst (mol%) Solvent Yield (%) ¥
1 H,O -

2 ZrC14 8) H,O trace
3 ZrCly (8) CH)Cl, -

4 ZrCls (8) AcOEt -

5 ZrCly (8) MeCN -

6 ZrCly (8) EtOH 75

7 ZrCl4 (8) solvent-free trace
89 ZrCls (8) EtOH 65
99 ZrCl4 (8) EtOH 40
10 ZrCls (4) EtOH 55
11 ZrCly4 (6) EtOH 60
12 ZrCl4 (10) EtOH 71
13 ZrOCl,.8H,0 (9) EtOH 20
14 ZnBr; (8) EtOH 70
15 CoCl: (8) EtOH 40
16 CuCl: (8) EtOH 35
17 Ni(NOs), (10) EtOH 65

@ Reaction conditions: benzaldehyde (1 mmol), 2-naphthol (1 mmol ), dimedone (1.2 mmol), EtOH (5 mL),  Isolated yields

under normal conditions. ® 60 'C, 9 room temp.
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Table 2. Synthesis of benzo[a]xanthenone derivatives under silent and ultrasonic conditions

0
HO 0

ZrCly, (g mol %)

EtOH, reflux, A7 y))))

Entry R Time (min) Yield (%) Melting points (°C)
Sonication/Silent Sonication /Silent  Found Reported  Ref.

1 CeHs 20/120 85/75 158-160  151-153 [23]
2 3-NO2C¢Ha 15/63 92/80 162-164  168-170 [23]
3 4-NO,CsHs 15/60 95/82 181-182  178-180 [23]
4 2-FCsHy 17/70 87/80 175-177 -

5 4-CICsH4 18/70 85/78 185-187  180-182  [23]
6 2-CICsH4 18/75 87/80 184-186 179-180 [23]
7 4-OMeCg¢H,4 30/140 80/72 202-204 204-205 [23]
8 2-OMeCg¢Hs4 28/150 82/70 166-168 163-165 [23]
9 4-MeCsHy4 25/130 84/75 172-174 176-178 [23]
10 4-CsH7CeHa 30/125 83/73 155-157 150-152 [20]
11 3,4-(OMe),CeHs 40/150 77/70 208-210  201-204  [12]
12 2-naphtyl 20/115 87/79 210-212 215-217 [20]
13 3,4(Me)>CeH3 25/125 82/77 176-178 181-182  [10]
14 4-OHC¢H4 40/145 75/70 155-156 151-153  [12]
15 2,4-CICsH3 17/65 90/80 182-184 178-181 [12]

2 Reaction conditions: aldehyde (1 mmol), 2-naphthol (1 mmol), dimedone (1.2 mmol), EtOH (4 mL), ® Isolated

yields. © Constant frequency: 60 W.

Table 3. Comparison of the efficiency of ZrCls with that of the reported catalysts for the synthesis of

benzo[a]xanthenones.
Entry Catalyst Yield (%) Ref.
1 Sr(OTH),2 (10 mol%) 70-88% [10]
2 Zr(HSO4)4 (2 mol%) 69-90% [11]
3 RuCl;-xH20 (5 mol%) 75-92% [12]
4 ZrCl4 (8 mol%) 75-95% This work

The effect of temperature on the reaction was
also studied. We found that the best results were
obtained in EtOH at reflux temperature under silent
conditions (Table 1, entries 6, 8, 9). Similar
reactions were then attempted in the presence of 4,
6, and 10, mol% of ZrCls. The results in Table 1,
entries 6, 10-12 show that the use of 8 mol% of
ZrCly is sufficient to push the reaction forward.
Higher loading of the catalyst had no significant
influence on the reaction yield. Thus, 8 mol% of
ZrCly and a reaction temperature at reflux were the
optimal conditions. When ZrOCl,.8H>O, ZnBr,
CoCl,, CuCl,, and Ni(NOs), were used as catalysts,
benzo[a]xanthenone was formed in lower yields
(Table 1, entries 13-17).

Under the optimized conditions, xanthene
derivatives were synthesized in high yields under
silent and ultrasound irradiation conditions.
Ultrasound irradiation accelerated such reactions.
The results are summarized in Table 2. It can be
observed that the process tolerates both electron-

donating and electron—withdrawing substituents in
the benzaldehydes.

O
98¢
O

O = catalyst OO OH

Scheme 1. The proposed mechanism of synthesizing
benzo[a]xanthenones catalyzed by ZrCly

In all cases, the reactions proceeded efficiently
at reflux under mild conditions to afford the
corresponding products in high yields. All the
products were characterized by 'H- and *C-NMR,
and IR spectroscopy.
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Finally, in order to assess the efficiency and
generality of this methodology, we compared the
method with some reported results in the literature
(Table 3). It was found that ZrCls is the most
efficient catalyst with respect to reaction time,
temperature, yield of the product, and catalyst
nature.

Although the mechanism of the reaction has not
yet been established experimentally, the formation
of the product can be rationalized as outlined in
Scheme 1.

In conclusion, we have developed an improved
and convenient procedure for the synthesis of
xanthene derivatives under ultrasonic irradiation in
the presence of ZrCl, as a catalyst in EtOH at reflux
temperature. The remarkable advantages of this
method are: simple experimental procedure, short
reaction times, high yields, and ease of product
isolation.

Acknowledgements: The authors thank the
Research Council of Yazd University for the
financial support.
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C. barepmnyp, M.A. Amponaxu*

Jlenapmamenm no xumus, Ynueepcumem 6 30, A30, Upan

IMoctenuna Ha 20 mait,, 2015 r.; npuera Ha 26 peBpyapu, 2016 1.

(Pesrome)

Uznmon3ean e mwpkonueB (IV) xmopun karo edukaceH, CTaOWICH, CBTHH, CKOJIOTHYHO CHBMECTHM W yIoOeH
KaTaau3aTop 3a MPUTOTBSHETO HAa KCAHTCHOBU MPOM3BOJIHU 4Ype3 €IHO-CTaJAMIHA TPU-KOMIIOHEHTHA KOHJCH3aIMs Ha
angexugu ¢ 2-HadTonm M 5,5-auMeTHi-1,3-IMKIIOXeKCAaHANOH TIPH YITPa3BYKOBO oOONbuBaHe. ETaHONBT € Haii-
MOJXOSIIMS Pa3TBOPUTEN 3a ciydas. To3M METOA Mpejajiara HSAKOJIKO IMPEIMMCTBa, KaTO BHCOK J00OUB, MpocTta

MpoLeaAypa, HACKA IIEHa U KPAaTKH PEaKIMOHHU BPEMEHa.
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Magnetohydrodynamic stability of a gravitational medium with streams of variable velocity distribution for a
general wave propagation in the presence of the rotation forces has been studied. The magnetic field has strong
stabilizing influence but the streaming is a destabilizing. The rotating forces have a stabilizing influence under certain
restrictions. It is proved that the gravitational Jean’s instability criterion is not influenced by the electromagnetic force
or the rotation force or even by the combined effect of them whether the fluid medium is streaming or not and whether

the rotation in one or more dimension.
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INTRODUCTION

The  self-gravitational instability of a
homogeneous fluid medium at rest has been
investigated since long time ago, for its practical
application in astrophysics see Jeans [1]. It is
founded that the model is unstable under the
restriction

k’Ci- 42Gp, < 0

called after Jeans by Jeans’ criterion, where k is the
net wave number of the propagated wave, C; isa

sound speed in the fluid, of density p,, and G is

the self-gravitational constant. Chandrasekhar and
Fermi [2], and later on Chandrasekhar [3] made
several extensions. The Jeans’ model of self-
gravitational medium has been elaborated with
streams of variable velocity distribution by Sengar
[4]. Recently Radwan et. al. [5], developed the
magnetogravitational stability of variable streams
pervaded by the constant magnetic field

(HO, 0, 0). The stability of different cylindrical

models under the action of self-gravitating force in
addition to other forces has been elaborated by
Radwan and Hasan [6], [7]. Hasan [8] has
investigated the stability of an oscillating streaming
fluid cylinder subject to the combined effect of the
capillary, selfgravitating and electrodynamic forces
in all axisymmetric and non-axisymmetric
perturbation modes. He [9] has investigated the
stability of oscillating

streaming self-gravitating dielectric incompressible

* To whom all correspondence should be sent:
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fluid cylinder surrounded by tenuous medium of
negligible motion pervaded by transverse varying
electric field for all the axisymmetric and non-
axisymmetric perturbation modes. He [10] has
studied the instability of a full fluid cylinder
surrounded by self-gravitating tenuous medium
pervaded by transverse varying electric field under
the combined effect of the capillary, self-
gravitating, and electric forces for all the modes of
perturbations. He [11] the magnetodynamic
stability of a fluid jet pervaded by transverse
varying magnetic field while its surrounding
tenuous medium is penetrated by uniform magnetic
field.

Here in the present work we study the
magnetodynamic stability of a self-gravitating
rotating streaming viscous fluid medium pervaded
by general magnetic field. Such studies have a
correlation with the formation of sunspots. Also
they have relevance in describing the condensation
within astronomical bodies cf. Chandrasekhar and
Fermi [2], and also Chandrasekhar [3].

BASIC STATE

We consider an infinite self-gravitating fluid
medium. The fluid is assumed to be homogeneous
and viscous. The model is acting upon the
following forces
(i) the pressure gradient force, (ii) electromagnetic
force, (iii) self-gravitating force, (iv) the forces
due to rotating factors and (V) the forces due to
resistivity.

We shall utilize the cartesian coordinates (X, Y,
z) for investigating such problem. The required
equations for the present problem
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VV =-47Gp (5)
P=Kp" (6)

Here p, U, and P are the fluid density, velocity
vector and kinetic pressure, p and H are the
magnetic field permeability and intensity, V and G
are the self-gravitating potential and constant, 77 is

the coefficient of resistivity, Q is the angular
velocity of rotation, K and I are constants where I"
is the polytropic exponent.

We assume that the medium: (i) rotates with the
general uniform angular velocity
2=(2,9,9) (™)

(i) be pervaded by the two dimensions
homogeneous magnetic field

Ho=(0.H,,. H,,) (8)
and (iii) posses streams moving in the Xx_direction
with velocity

u, =(U(2),0.0) ©)

varying along the z-direction of the Cartesian
coordinates (X, Y, 2).

PERTURBATION ANALYSIS

For small departures from the initial state, every
variable quantity Q may be expressed as
Q=Q,+Q ] << Q, (10)
where Q stands for each p,H,P,u andV .
Based on the expansion (10), the perturbation
equations could be obtained from (1)--(6) in the
form:

p{%ﬂgo V)u, +(y, -V)Be]:—VR +u(VAH)AH,

+u(VAH ) AH, +pVV, =20, (u, A Q) (1)
%:w(wﬂo) SV AU AH) -V ARV AH,) (12)
%+(QU~V),0,+(Q‘~V)po+po(V-g])+p,(V~go):0 (13)
V-H, =0 (14)
VV, =-47Gp, (15)
dR 2 dp
il Y o E et B 16
e °odt (16)
where Cg | = is the sound speed in the
fluid.

By the wuse of the
u, and H,, viz.
u,=(u.v,w) (17)
H,=(h.h,h,) (18)
together with the assumptions (7)--(9), the system
of equations (11)--(16) may be rewritten as

components  of
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EIGENVALUE RELATION

Apply sinusoidal wave along the fluid interface.
Consequently, from the viewpoint of the stability
approaches given by Chandrasekhar [3], we assume
that the space-time dependence of the wave
propagation of the form
Q ~exp[i(kxx+kyy+kzz+at)] (29)
Here o is gyration frequency of the assuming wave.
k,,k, and k, are (any real values) the wave

numbers in the (X, y, z) directions. By an appeal to
the time-space dependence (29), the relevant
perturbation equations (19)-(28) are given by
npu+ p,WDU, =-ik,C2 p, iz (kH,, +k,H,, )h,

+ik gt (Hohy + Hoh, )+ ik, 0V, +20,0 w=2p,0,v (30)

npv =-ik,C3 o, —is(k,H,, +k,Hy, )h,

+ik (Ho h, + Hy,h, ) +ik oV, —20,Q2,W+2p,Q,u (31)
np,w=-ik,C3 p, iz (k H,, +k,H,, )h,
+ik1y(Huyhy + Hozhz)+ikzpﬂvl+2quyu—2pDva (32)
nh, =(H,,K, + HoK, Ju+h,DU, +in (- (K} +k2)h +k kb, +kkh, ) (33)
nh, =i (Hk, +Hyk, )v=iH, (ku+kv+kw)
ik h, = (k7 +K )hy +k,kh, ) (34)
nh, =i(Hok, +Hok, Jw—iH,, (ku+kv+kw)
+in(kh +kkh, - (k2 +k?)h,) (35)
np, :—ipu(kxu+kyv+klw) (36)
ik.h, +ik h, +ik,h, =0 (37)
kV, =-42Gp, (38)
where
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K2 =K+ +2 ,D=j—z (39)

n=i(o+kU,) (40)
The foregoing system equations (30)-(38) could

be rewritten in the matrix form

[a;][b;]=0 (41)

where the elements [aij ] of the matrix are given in

the appendix I while the elements of the column

matrix [b i } are being

uyv,w,h h h o andV,. One has to mention

here that equation (37) is identically satisfied.
For non-trivial solution of the equations (41),

setting the determinant of the matrix [a ] equal to

ij
zero (see Appendix I), we get the general
eigenvalue relation of seven order in n in the form

AN+ AN+ AN +AN* + An’+ An*+An+A =0 (42)
where the compound coefficients
A, (i =0,1,2,3,4,5,6, 7) are calculated.

DISCUSSIONS AND RESULTS

Equation (42) is a general MHD eigenvalue
relation of a rotating self-gravitating fluid medium
pervaded by magnetic field of two dimensions.
Some previously publishing results may be
obtained as limiting cases here. That confirms the
present analysis.

In absence of the rotating, electromagnetic
forces and for inviscid fluid ie.

Q=0,H,=0and 77=0, equation (42) yields

K*n® +k* (K*C2 - 472G, )n—k,k, (k*C2 - 47Gp,) DU, =0 (43)
This relation coincides with the dispersion relation,
of a pure self-gravitating fluid medium streams
with variable streams (Uo (Z ),0,0) derived by

Sengar [1]. For more details concerning stability of
this case we may refer to Sengar (1981).

If
Q=0,H,=0,7=0and U, =0,
equation (42) reduces to
n? =kC2 -44Gp, (44)
This gives the same results given by Jean’s (1902).
For more details concerning the instability of this
case we may refer to the discussions of Jean’s
(1902).

In absence of the magnetic field and we assume
that the fluid medium 1is stationary i.e.

H,=0,7=0 and U =0, equation (42) gives
another relation. The purpose of the present part is
to determine the influence of rotation on the Jean’s

criterion (44) of a uniform streaming fluid. So in
order to carry out and to facilate the present

situation we may choose Q =0,H =0,

n=0,k, =0 and k, =0, equation (42), gives

n' +(47Gp, —CIk} —4Q°)n* +4Q2 (C2k} —47Gp, ) =0 (45)
with
Q=0 +Q; (46)

Equation (45) indicates that there must be two
modes in which a wave can be propagated in the
medium. If the roots of (45) are being n,” and n,’,

then we have
N +n} =Cik; +4Q° -4zGp, (47)
Ny =40} (Clk} —47Gp, ) (48)

and so we see that both the roots n°, and n’, are

real. The discussions of (45) indicate that if the
Jean’s restriction

C2K2 —47Gp, <0 (49)
. . 2 2

is valid, then one of the two roots n;” or n, must be

negative and consequently the model will be
unstable. This means that under the Jean’s
restriction (49), the self-gravitating rotating fluid
medium is unstable. This shows that the Jean’s
criterion for a self-gravitating medium is unaffected
by the influence of the uniform rotation.

In order to examine the influence of the
electromagnetic force on the instability of the
present model we use the relation (42) with the

assumptions Q=0,7=0k,=0and k, =0.
Then, equation (42)

n*+An*+B=0 (50)
with

A:47szﬂ—C§kf—#H§kf (51)
g Hak; (C2k2 -42Gp,) (52)
where

HZ = HZ +HZ (s3)

Again as in the previous case of rotation, we have
here also two modes of wave propagation, and
therefore, we obtain

HHGK]

n+n; =Cik; —47zGp, +7p (54)
n?n? =%§kf(cgkf -47Gp,) (55)
By comparing (47) & (48) with (54) & (55) we may
HZk}
say that 4Q7is replaced by A% Following
Lo

the same analysis of the rotating case we finally
find out that Jean’s self-gravitating instability
restriction of a streaming fluid medium is not
influenced by the effect of the electromagnetic
force.
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In order to determined the combined effect of
the rotation and the electromagnetic force we may

put k, =0andk,6 =0 for simplicity but

Q and H  are still as they are given in their

general forms given by equations (7) and (8). In
such a case the relation (42) reduces to

n®-En*+En’ -E=0 (56)
with
2k2 2uHZK: 5
E =40 + 2Kk ZHNOK oo 46, (57)
Po Po

1 17
21,2\ H2k2 )2
E, =4 QY{LH"ZKZ] —q,| £
Po Po

21,2 N 2,2 Hlkl N
+ﬂH°ZkZ {4Q;+”H‘”k‘ +” ikt +C;k2747szo:|

P Po P
+(cik? 747sz°)[49§ +7"H§1k5} (8)
HHGK, ’ 212
E, = Sy (Cik*-4xGp,) (59)
where
Q=0]+Q} +Q; (60)

The relation (56) is of sixth order algebraic
equation in n, so there will be three modes for
which the proposing sinusoidal wave may be
propagated in the medium. If we assume that the
oscillation frequencies i.e. the roots of (56) are

n, , N, and n,, then using the theory of equations

we get
nl+nl+n = E 61
1 2 3 1
ninin; =E,
21,2\
=[%] (C2K>-47Gp,) (62)
o

By the use of equation of multiple roots
n, , N, and n, we see that if Jeans’s criterion (cf.
equation 49) is satisfied then one of the three roots

is negative and consequently the model will be
unstable with respect to one of the three modes.

We conclude that the Jeans’s self-gravitating
restriction of a streaming medium is not affected by
the combined influence of the electromagnetic and
rotational forces.

If G=0,Q9=0,H,=0and 7#0, equation
(42) degenerates to a somewhat complicated
relation. The purpose of the present part is to
determine the effect of the viscosity of fluid. So in
order to carry out and to facilate the present

situation we may choose k, =0and k, =0 so

equation (42), at once, yields
(o+kn) (oK +k'oC2)=0 (63)
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Equation (63) indicates that resistivity has a
destabilizing influence under certain restrictions.

CONCLUSION

The gravitational Jeans instability criterion is
not influenced by the electromagnetic force or the
rotation forces or even by the combined effect of
them whether the fluid medium is streaming or not
and whether the rotation in one dimension or more.
The resistivity has destabilizing influence under
certain restrictions.
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Appendix I

The elements
a. (i =1,2,.....,8 and ] =l,2,....,8) of the
matrix [aij ] in equation (41) of the linear algebraic
equations (30)-(38) are being
a, = (npo ) >
a, = (zpon ) ,
a; =(p,0U,-2p,Q,)

y oy TK;
a; = ikX,uHOy ,

a =1k, uH_,,

a, =ik, C?,

ay =—ipk,
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a, =(2p,9,),

a,, =0

a, =ip(2k,H,, +k,H,, ),
&y :ikyﬂHoz >

a; =0,

a, =—(n+i(k; +k;)),
a,s =ikkK,,

a,, =DU, +ikk,,
a; =0,

=0

a;, =-ik,H_,

a, =ik,H,,,

a,;; =-ik, Hoy ,
a;, =ikk,,

a =—(n+i(k; +k’)),

a;, =1k kK, ,
a;=0,85,=0
a, =—ik,H,
a, =-ik H,,
a, =—ik H, ,
a, =1kk,,

a,, =ik K,

a,, =—(n+i(k:+k})),
ag, =0,

A =0
a, =ipk,,
a72:ip0ky’
a, =ipk,,
a, =0,
a,; =0,
a, =0,
a; =N,
a,, =0
a, =0,
a, =0,
a; =0,
a84=0’
3y =0,
a, =0,
&, = 471G,
a88:k2
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MATHUTOXUAPOAMHAMMUYHA CTABUJIHOCT HA CAMOI'PABUTHUPAIIIA,
CBUBAEMA, PESUCTUBHA, BLPTALLIA CE IIOTOYHA CPEJA

A.A. Xacan

Kameopa "bazosu u npunoscnu nayku", Koaeoic no unocenepcmso u mexnonozuu, Apabcka akademusi 3a HayKa,
mexnonozuu u mopcku mparucnopm (AASTMT), Cadam poyo - I1. K. 11, Acyan, Ecunem

Ilomydena na 27 aBrycr 2015 r .; IIpuera Ha 2 maif 2017 r.
(Pesrome)

W3cnenBana ¢ MarHUTOXHIPOANHAMUYHATA CTAOMITHOCT HA TPABUTAIIIOHHA Cpe/ia ¢ TIOTOLH C MPOMEHIUBO CKOPOCTHO
pasmpezesneHre 3a 00O pa3lpoCTpaHeHNEe Ha BBIHHUTE B MPUCHCTBHE HAa POTAIMOHHM CWIA. MarHUTHOTO TOJe nMa
CHJTHO CTaOWIM3HMpamio BIUSHHE, HO CTPUHMHHIBT € JAecTabmim3upan]. PoTalmMoOHHHWTE CHIM MMaT CTaOWMIN3UPAIIO
BIIMSTHHE TIPW OIIpEJeNieHH oTpaHWYeHus. Jloka3Ba ce, 4e rpaBUTAMOHHUAT KpUTepHil 3a HecTaOWIHOCT Ha Jean He e
MOBIUSIH OT €JIEKTPOMAarHWTHATa CHJIa WM OT BBPTAIIATA CHJIA WIH JOPH OT KOMOMHHPAHOTO BB3ICHCTBHE Ha TOBA
JTAJTA TE€YHATa Cpefia Teue Wi He U Jalld BBPTEHETO € B €HO WJIH [TOBEYE H3MEPCHHUS.
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Turnip (Brassica rapa) is considered to be one of the oldest cultivated vegetable since prehistoric times. Antioxidant
activity of methanolic extracts from turnip’s peel (TP) at variable concentrations (250 ppm, 500 ppm, 1000 ppm) was
determined by total phenolic contents, total flavonoid contents, ferric reducing antioxidant power assay, 2,2'-azinobis-3-
ethylbenzothiazoline-6-sulphonic acid (ABTS) radical cation scavenging activity and -carotene linoleic acid emulsion
system. The highest antioxidant activity of turnip’s peel was observed at 1000 ppm. Stabilization of two edible oils i.e.
sunflower and soybean using these extracts was evaluated under ambient conditions. Butyl-hydroxyanisole (BHA) and
butyl-hydroxytoluene (BHT) at 200 ppm were used as synthetic reference antioxidants. Parameters like peroxide values
(PV), free fatty acid values (FFA) and iodine values (IV) demonstrated that antioxidant potential of turnip’s peel extract

is relatively more than BHA and slightly less than BHT.

Keywords: Brassica rapa, Antioxidant activity, Sunflower oil, Soybean oil.

INTRODUCTION

Antioxidants are the substances that terminate
oxidation, the absence of which -effectuates
membrane lipids, deoxyribonucleic acid (DNA),
proteins and carbohydrates damage and in some
cases even lead to cell death. In order to cope this,
synthetic antioxidants such as butyl-hydroxyanisole
(BHA) and butyl-hydroxytoluene (BHT) are widely
utilized as food additives to stop such oxidative
deterioration. However, they are quite toxic as well
expensive. In this context, there is a rapid need to

replace synthetic antioxidants with natural
antioxidants  for  safety concerns. Natural
antioxidants have opened a floor of great

applications in nutraceuticals for disease prevention
[1]. Tt is well established in the literature that
several fruits, vegetables, plants, nuts, oilseeds and
many other materials containing natural
antioxidants have scavenging abilities [2] and can
hence be employed for stabilization of vegetable
oils.

Turnip (Brassica rapa) belongs to family
Cruciferae or Brassicaceae and usually cultivated
in different regions particularly possessing
temperate climates [3]. It contains vitamin C, E,
phenolic compounds, p-carotene and flavonoids
and therefore can scavenge free radicals production
and oxidative reactions. Search through accessible
literature reveal that not so much work with
reference to antioxidant potential of turnip has been
reported except; chemical and antioxidative

* To whom all correspondence should be sent:
E-mail: imran_inorganic@yahoo.com; ktm7ro@yahoo.com

assessment of dietary turnip [4], phenolic
compounds in brassica vegetables [5], growth and
antioxidant response of Brassica rapa (turnip)
irrigated with different compositions of paper and
board mill (PBM) effluent [6], nutritional facts and
antioxidant activity of turnip by 2,2-Diphenyl-1-
picrylhydrazyl radical (DPPH) method [7]. These
studies demonstrated that turnip have good
antioxidant properties. However, it was surprising
to be noted in the accessible literature that no work
describing the stabilization of sunflower and
soybean oil with natural antioxidants extracted
from turnip’s peel has been yet reported. Therefore
in this paper we describe antioxidant potential of
turnip’s peel extract (turnip collected from local
market) as well as its efficiency to stabilize the
sunflower and soybean oil.

EXPERIMENTAL
Materials

Refined, bleached and deodorized (RBD)
sunflower and soybean oil were obtained from local
refinery located in Layyah, Pakistan. Turnips were
purchased from local market of Lahore, Pakistan.
All the chemicals and reagents were of analytical
grade and were used as received. Synthetic
antioxidants  butyl-hydroxytoluene (BHT) and
butyl-hydroxyanisole (BHA) were procured from
Fluka.

Preparation of extract

Turnip (Brassica rapa) was peeled off,
thoroughly washed with deionized water and finally
dried at room temperature for one week. The dried

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 493
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peel was then pulverized to fine powder. 5 g of peel
was soaked in 150 mL of methanol and then stirred
well on shaker at room temperature and then
filtered. Methanol has been recommended to be
best solvent for extraction of antioxidants [8]. The
resulting filtrate was evaporated at room
temperature to yield semi solid extract which was
used for further analysis.

Evaluation of antioxidant activity of extract

Following different assays were performed to
determine the antioxidant activity of turnip’s peel.

Determination of total phenolic content

The total phenolic content of turnip’s peel
extract were determined by an already reported
method [9]. Absorbance at 765 nm was measured
and the total phenolic contents in turnip’s peel were
calculated from the standard curve of gallic acid.
The results are reported in GAE (mg/100 g) of dry
weight.

Determination of total flavonoids

Total flavonoids were measured
spectrophotometrically using the method described
by [10]. Absorbance of the mixture was determined
at 510 nm and calibration curve was prepared by
using catechin at concentrations of 0.2 to 1 mg/mL
in methanol. The results were reported as catechin
equivalent (CE) as mg/100g of dry extract.

Ferric-reducing antioxidant power assay (FRAP)

FRAP assay was performed according to well
documented reported method [10]. 10 pl of extract,
300 ul of FRAP reagent was added in 30 ul of
distilled water and its absorbance was measured at
593 nm. FeSO4.7H,O at different concentrations
(0.2 mM/L to 1 mM/L) was used to develop the
standard curve and the antioxidant activity was
expressed as concentration of antioxidants having
ferric reducing ability equivalent to mM/L of
FCSO4.7H20.

Determination of ABTS radical cation scavenging
activity

The ABTS (2,2'-azinobis-3-ethylbenzo-
thiazoline-6-sulphonic acid) radical cation assay
was carried out by the procedure reported in the
literature [11]. The absorbance of sample at 734 nm
was measured against control and the results were
expressed by the following formula.

ABTS™ radical scavenging (%)=((Ac-At)/Ac) x
100 where, Ac is the absorbance of only ABTS™
solution and At is the absorbance of the sample
which reacted with ABTS™ solution.
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p-carotene linoleic acid emulsion system

Antioxidant activity of extract was determined
by the B-carotene linoleic acid emulsion system by
an already reported method [12]. Absorbance was
recorded at 470 nm after every 15 minutes for 1
hour.

STABILIZATION STUDIES
Sample preparation

Methanolic extracts of turnip’s peel (250, 500 and
1000 ppm concentrations) were added to RBD
sunflower and soybean oil. Synthetic antioxidants,
BHT and BHA (200 ppm) were also added in both
oils for comparative study [13]. Parallel control
sample of both oils i.e. without any antioxidants
were also prepared. All the samples were stored at
room temperature for 45 days. On first day, after 15
days, 30 days, 45 days analysis was carried out to
check the stabilization of oils by antioxidants.

Determination of free fatty acid value (FFA),
peroxide value (PV) and iodine
value (1V)

Antioxidant potential of turnip’s peel extract for
stabilization of sunflower and soybean oil was
evaluated for free fatty acid, peroxide and iodine
values. Each prepared oil sample was tested for
antioxidant activity after regular interval of 15 days
till 45 days by following the AOAC official
methods [14].

Statistical analysis

All the samples were set in triplicate and results
were reported as mean + standard deviation.
Significant differences of data (P < 0.05) were
tested by using one way ANOVA.

RESULTS AND DISCUSSION
Measurement of antioxidant activity of extract

Total phenolic and total flavonoid contents of
methanolic extract of turnip’s peel are 54.6 and
25.4 mg/100g, respectively.

The presence of such phenolic and flavanoid
compounds in turnip’s peel may impart antioxidant
potential to it. It is reported that antioxidant activity
of phenolic compounds is mainly due to redox
properties, hydrogen donors, singlet oxygen
quenches and metal chelators [15].

In FRAP assay, the reduction of methanolic
extract of turnip’s peel was measured. The FRAP
assay showed the reducing ability of extract 0.359 +
0.01 mM/L of FeSO4 which indicates that there is a
presence of antioxidative potential in turnip’s peel.
ABTS™" method shows free radical scavenging
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activity of turnip’s peel methanolic extract with the
decolorization of its blue color. Literature reveals
that reactions of phenols with ABTS radical cations
are rapid, hence more will be the presence of
phenolic content in extract more will be the free
radical scavenging ability of extract [16].
Antioxidant activity of turnip’s peel extract
determined by this method was compared with
synthetic antioxidants (BHA and BHT) at different
concentration such as 0.2, 0.4 and 0.6 mg/mL Fig.1.
This figure depicts that by increasing concentration
of turnip’s peel extract (0.6 mg/mL), radical
scavenging activity increases and becomes almost
equal to that of BHA. However it is still lower than
BHT.
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Fig. 1. Comparison of antioxidant activity (%) of
turnip’s peel extract with BHA and BHT.

-Carotene linoleic acid emulsion system is also
a useful method to assay the antioxidant potential
[17]. It is observed and reported that the presence
of antioxidants increases with the reduction of
decolorization rate of B-carotene. Fig. 2 show the
graph plotted between absorbance of samples at
470 nm and time required by the sample to

decolorize B-carotene.
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Fig. 2. Graph between absorbance of samples at 470
nm and time (minutes) required by the sample to
decolorize B-carotene.

It can be concluded from these results that with
increase of time, turnip’s peel extract has maximum
antioxidants as observed by the reduction of
decolorization rate of B-carotene (absorbance 0.184
to 0.169). Similar trend for synthetic antioxidants
was found to be BHA (0.191 to 0.179) and BHT
(0.187 to 0.172). Least reduction was observed in

control sample i.e. only linoleic acid (0.192 to
0.184). Thus p-carotene linoleic acid emulsion
system proved that the turnip’s peel extract have
enough potential to be used as natural antioxidant.
Stabilization of sunflower oil (SFO) and soybean
oil (SBO)

RBD sunflower and soybean oil were used as
oxidative substrates. Stabilization of these oils was
done using turnip’s peel extracts. Comparison was
made with synthetic antioxidants (BHA and BHT).

Peroxide value (PV)

PV determines the initial oxidation of fats and
oils which occurred due to the formation of
peroxides [8]. Fig .3 and Fig. 4 exhibit the gradual
increase in PV during storage period at room
temperature of treated sunflower and soybean oil
samples. On 45" day, maximum enhancement in
peroxide value was observed for all samples in both
oils. Initially, PV of control sunflower oil sample
was 9.85 + 0.21 meqO2/kg which reaches to 43.6 £
0.28 meqO./kg of oil on 45" day, whereas PV of
control soybean sample was observed as 2.1 + 0.14
meqO./kg of oil which reaches to maximum value
of 7.03 £ 0.23 meqOxkg on 45" day. Control
sample showed maximum oil deterioration with
increase of storage period as it was without
antioxidants. Turnip’s peel extract (1000 ppm)
showed minimum PV value in both oils; initially in
sunflower oil sample it was 9.85 = 0.21 meqO»/kg
which raised to 19.9 + 0.42 meqOu/kg of oil on 45%
day. Similarly in soybean sample it was 2.1 + 0.14
meqOy/kg on 0 day and 2.99 + 0.01 meqO./kg of
oil on 45" day which shows the antioxidant
presence in methanolic turnip’s peel extract
preventing oil from deterioration. Our results are
consistent with the findings of other workers who
reported that lipid peroxides were significantly
reduced by the addition of natural antioxidants in
oils [18, 19]. PV for other concentrations of
turnip’s peel extract (250 ppm and 500 ppm) and
BHA, BHT (200 ppm) were also measured and has
been graphically represented in Fig. 3 and Fig. 4 for
sunflower and soybean oil respectively. From these
figures following trend has been concluded; for
sunflower oil, the trend is: TP 1000 ppm > BHT
200 ppm > TP 500 ppm > TP 250 ppm > BHA 200
ppm > Control; For soybean oil, the trend is as
follow: TP 1000 ppm > BHT 200 ppm > BHA 200
ppm > TP 500 ppm > TP 250 ppm > Control.
Comparable results of TP extract at 1000 ppm with
synthetic antioxidants BHA and BHT were
observed in both oils.
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Fig. 3. Increase in PV (meqO-/kg) during storage
period of treated sunflower oil samples.
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Fig. 4. Increase in PV (meqO./kg) during storage
period of treated soybean oil samples.

Free fatty acid value (FFA)

When oils come in contact with moisture,
hydrolysis of triglycerides may lead to the
formation of free fatty acids [20]. Fig. 5 and Fig. 6
shows that FFA value goes on increasing during
storage period at room temperature of treated
sunflower and soybean oil samples respectively.
Control exhibits highest FFA value in both oils. For
instance; FFA of control sunflower oil sample from
zero to 45" day was; 1.91 + 0.08 % to 4.60 + 0.07
%, whereas FFA of control soybean sample was
1.42 £ 0.01 % to 4.42 = 0.07 %. Turnip’s peel
extract (1000 ppm) in sunflower oil exhibited FFA
value 2.57 + 0.05 % and in soybean it was 2.14 +
0.05 %. Similar pattern of increase in FFA value
during storage period due to decomposition
products of hydroperoxides was reported by [21].
The FFA value for other concentrations of turnip’s
peel extract (250 ppm and 500 ppm) and for BHA,
BHT (200 ppm) were also determined and are
graphically represented in Fig. 5 and Fig. 6 for
sunflower and soybean oil samples respectively.
The comparison revealed following trend in
sunflower oil samples: TP 1000 ppm > BHT 200
ppm > TP 500 ppm > TP 250 ppm > BHA 200 ppm
> Control. In case of soybean oil samples, the trend
is as follow: TP 1000 ppm > BHT 200 ppm > TP
500 ppm > TP 250 ppm > BHA 200 ppm > Control.
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Fig. 6. Increase in FFA (%) value of treated soybean
oil samples during storage period.

lodine value (1V)

Degree of unsaturation of given oil can be
determined by iodine value. Greater iodine value
gives information about better quality of oil [22].
Fig. 7 and Fig. 8 show the relative decrease of
iodine value in sunflower and soybean oil
respectively as storage period increases. IV
(gl/100g of oil) for TP extract (1000 ppm) in
sunflower oil was 153.17 £ 1.26 gl,/100g to 64.73
+ 1.81 gl»/100g which is higher than BHT (153.17
+ 1.26 gl,/100g to 56.38 + 1.02 gI»/100g) and BHA
(153.17 £ 1.26 gl»/100g to 53.02 + 1.40 gl»/100g);
while IV of TP 1000 ppm in soybean oil was
169.82 + 1.48 gl»/100g to 88.34 + 1.11 gl,/100g
which is also higher than BHT (169.82 + 1.48
gl,/100g to 79.83 + 1.64 gl,/100g) and BHA
(169.82 + 1.48 gl»/100g to 61.63 £ 1.02 gl,/100g),
respectively. Generally, control exhibited the
lowest content of IV followed by TP 250 ppm, TP
500 ppm, BHA 200 ppm, BHT 200 ppm and TP
1000 ppm in sunflower oil while samples in
soybean oil followed this pattern: control < TP 250
ppm < BHA 200 ppm < TP 500 ppm < BHT 200
ppm < TP 1000 ppm, respectively. lodine value of
all stabilized samples is higher than control of both
oils indicating good antioxidant potential of
turnip’s peel extract under investigation.



S. Rehman et al.: Sunflower and soybean oil stabilized with natural extracts of turnip’s peel

=4=TP 2350 ppm
==TP 300 ppm
=e=TP 1000 ppm
==BEHA 200 ppm
=#=BHT 200 ppm
=@—=Control

IV (glzf100g)

0 13 30 45
Storage period (Days)

Fig. 7. Decrease in IV (gl»/100g) of treated sunflower
oil samples during storage period.
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Fig. 8. Decrease in IV (gl/100g) of treated soybean
oil samples during storage period.

CONCLUSIONS

The study for stabilization of sunflower and
soybean oil revealed that turnip’s peel extract
having antioxidative potential can be safely
employed as a better natural antioxidant when
compared with synthetic antioxidants (BHT and
BHA). Generally it was observed that turnip’s peel
extract has better stabilized oil samples than BHA,
however its stabilization efficiency was slightly
lower than BHT. It inhibits oxidative deterioration
of both oils thus play role in preventing against
diseases and can be utilized as food additive.
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CJI'BHYOIJTIEAOBU N1 COEBU MACIJIA, CTABMJIM3NPAHN C ECTECTBEHM EKCTPAKTHU
OT KOPU HA PAITA

C. Pexman!, C. Pammiin', M. Umpan'”, A. Kanyan', ®. Kanyan', U. Beryn!, JI. Mury?*

YUnemumym no xumus, Ynusepcumem 6 ITynooica6, Jlaxop -54890, Haxucman
2 Uncmumym no xumus, Yuusepcumem & ITumewy, [Tumew-110040, Pymvrus

Iocrenuna Ha 15 mait,2016 r.; kopurupana Ha 17 Hoemspu, 2016 T.
(Pesrome)

Psmata (Brassica rapa) ce cMsTa 3a eIWH OT Hal-paHHUTE KYJITHBHPAHH 3€ICHUYYIHM OIIE OT MPa-UCTOPHUCCKH
BpeMeHa. AHTHOKCUJIAHTHUTE CBOWCTBA Ha METAHOJIOBHTE €KCTpakTH oT koparta (TP) mpu pasnudHu KOHIEHTpaIuu
(250 ppm, 500 ppm, 1000 ppm) ca ompezneneHn KaTo 00O ChIBbpPXKAHNE HAa (PEHONN, Ha (IIABOHOMIN, pPEAYyKIMOHHA
crocoOHOCT Ha TPUBAJICHTHO JKEJISI30, paguKano-oTcTpansaBama crocodonoct (ABTS) u f-xkapoTun/muHONIOBa KHCennHA
emyncusa. Haif-BuCOoka aHTHOKCHIAHTHAa aKTUBHOCT Ha kopute oT psma mpu 1000 ppm. Crabunm3upaHero Ha IBe
eanuBH Macna (T.e. CIBHYOTICIOBO M COCBO MAacioO), C ITOMOIITAa HA TE3M EKCTPAKTH € OICHEHO NpH OOMKHOBEHU
ycnosus. BHA u BHT (200 ppm) ca u3mon3BaHu KaTo CHHTETHYHHU pedepeHTHH aHTHOKcHaaHTH. [lapameTpu, Kato
nepokcupHo uuciao (PV), cBobomnu wmactHu kucenuHu (FFA) wu iiomno wuwmcno (IV) pemoHctpupar, ue
AHTUOKCUJIAHTHUSAT MOTCHIUAT HA EKCTPAKTUTE OT KOPU OT psArla € OTHOCUTCIIHO MO-BUCOK OTKOJIKOTO Ha BHA u manko
no-Manko or To3u Ha BHT.
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The reactions between acrylamide and food aroma mercaptans including 1,2-ehanedithiol, butyl mercaptan,
2-methyl-1-butyl mercaptan and 2-methyl-3-furanthiol under both high temperature and high humidity(HTHH) and
high temperature and low humidity(HTLH) were determined in the present study. The results showed that the
acrylamide elimination capability of 2-methyl-3-furanthiol was stronger, compared with butyl mercaptan and
2-methyl-1-butyl mercaptan, in the HTHH system, while that was the lowest in the HTLH system. Besides, pH could
significantly affect the acrylamide content in HTHH system, but the effection of pH was not so obvious in HTLH
system. With the addition of antioxidants, the elimination of acrylamide was decreased significantly. In conclusion, the
reaction experienced different mechanisms under the high temperature.The nucleophilic addition and radical addition
take the dominant role in HTHH system and HTLH system, respectively.

Key words: food, acrylamide, mercaptans, antioxidants.

INTRODUCTION

The acrylamide is a kind of hazardous substance
appearing during the food heat processing in
starch-based food[1]. Considering the toxicity
damage of acrylamide in liver, neuro and
reproduction confirmed by the previous researches,
the acrylamide has been denominated as a
“potential cancerogen” by the IARC in 1994[2].
Besides, the acrylamide might react with some food
substances due to its active C=C[3, 4].

Mercaptan is a kind of flavor compound widely
spread in the plant kingdom, such as the garlic,
onion, coffee and food undergoing the heat
processing. The mercaptan could attach admirable
smell, such as sesame oil, green onion, garlic and
barbecue smells, to food with a trace amount.
Moreover, over 100 mercaptans are already
enrolled as a safe food additives. Recently, the
FEMA(Flavour Extact Manufacturers’s
Association) has newly published a list of
GRAS(Generally Recognized as Safe) additives,
which contains lots of mercaptans[5].

Compared with amino and hydroxyl groups,
sulphur owns superior alkene nucleophilic addition
ability. The “click” reaction between sulphur and
alkene has drawn numerous attention[6]. Thus, the

* To whom all correspondence should be sent:
E-mail: bli@scut.edu.cn, felinli@scut.edu.cn

reaction between acrylamide and mercaptan might
occur theoretically and some previous study had
been done aiming to figure out the reaction
kinetics[7, 8]. As far as we know, due to the
supreme polarizability of thiol sulfur atoms, both
nucleophilic addition and free radical type reaction
might be triggered when the sulphur is enrolled
with alkene. The complexity of food heat
processing procedure results in the complexity of
reaction of acrylamide and mercaptan. Therefore,
the present study is carried out to illuminate the
transformation of acrylamide and mercaptan under
different heat process including high temperature
and high humidity(HTHH) and high temperature
and low humidity(HTLH).

EXPERIMENTAL
Materials and methods
Materials

Acrylamide(>99.9%), butyl mercaptan (>98%)
and DMSO0(>99.9%) were all purchased form
Sigma-Aldrich company; [1,2,3,-3C3] Acrylamide
isotope internal standard was obtained from the
Cambridge Isotope Laboratories Inc;
2-methyl-3-furanthiol(>98%)and dithioglycol were
acquired from Shanghai Aladdin Inc. Ultrapure
water was purchased from Watsons. All other
reagent were of analytic purity.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 499
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Methods

The establishment of high temperature high
humidity model

The HTHH model was established according to
Cai[9] with slight modification. The acrylamide
(0.1 umol), different concentration of
mercaptan(0~10umol) and buffer(0.2 mol/L, 2 mL,
sodium citrate pH 3-6, phosphate pH 7-8)were
added into 20 mL custom-made stainless steel
reaction tube which was lined with teflon. Then,
screw the stainless steel cap tightly to ensure the air
impermeability and totally mixed on vortex mixture
for 5 min. Next, stainless tubes were exposed to the
oil bath pan (DF-101S, HengYan, Zhengzhou,
China) with temperature ranging from 80~180 °C
for 0~30 min. After that, the tubes were cooled
immediately in 0 °C water for 20 min. Then 10uL
[1,2,3,-3C3]  acrylamide  isotope  internal
standard(1mg/mL) was introduced into the tube and
the ultrapure water was added to the reaction
system to a content volume 10 mL.

The establishment of high temperature low
humidity model

The HTLH model was built following the
experiment of Francisco[10] and Cai[9] with minor
modification. The acrylamide (0.1 pumol), different
concentrations of mercaptan(0~10pmol)and 300 mg
of silica gel were added into 20 mL custom-made
stainless steel reaction tube which was lined with
teflon. Next, 50 uL buffer(0.2 mol/L, 2 mL, sodium
citrate pH 3-6, phosphate pH 7-8) to assure Aw
0.95 and screw the stainless steel cap tightly to
ensure the air impermeability and totally mixed on
vortex for 5 min. Then, stainless tubes were
exposed to the oil bath pan with temperature
ranging from 80~180 °C for 0~30 min. After that,
the tubes were cooled immediately in 0 °C water
for 20 min. Then 10 pL [1,2,3,-1*C3] acrylamide
isotope internal standard(l mg/mL)was introduced
into the tube and the 10 mL ultrapure water water
was added to the reaction system. Then the system
was votexed for 5 min. After standing, remove the
supernatant as sample.

GC-MS determination of acrylamide

The pretreatment and analysis of samples were
carried out by Francisco[7] and Zhang[11],
respectively, with slight modification.
300uL10%(v/v)H2SO4, 400 mL 0.1 mol/LKBrO;
and 0.5 g KBr was introduced to 2 mL sample in
sequence. Then, the system was mixed on the
vortex for 3 min and stood for 1 h in 4 °C. After
that, 0.1 mLO.1 mol/L sodium thiosulfate was
added to terminate the derivatization reaction.
Then, the mixture was introduced to 2 ml ethyl

500

acetate/hexane (4:1, v:v) for three times and the
extract liquor was exposed to anhydrous sodium
sulfate for 30 min. Then the pre-dried mixture was
totally dried by blowing nitrogen. The dried sample
was dissolved in 50 mu L ethyl acetate solution,
then 10 mL triethylamine was added into the
solution, which was then transferred to 100 uL gas
sampling bottle.

GC-MS conditions are as follows: Agilent HP
6890 gas chromatography-HP 5975 UPLC-MS-MS
(J and W Scientific, Agilent, Santa Clara, CA,
USA); HP5-MS polysiloxane capillary column
(polysiloxane polymers, 30 m x @ 0.25 mm, 0.25
m, J and W Scientific, Agilent, Santa Clara, CA,
USA) , injection volume: 1 pL splitless. The
nitrogen gas flow was 1 mL/min. The temperature
of injection port and inspection port were 250 °C
and 280 ° C, respectively. Mass spectrometer
conditions: EI ionization; Ion source temperature
was 230 °C and electron energy was 70 ev under
the SIM mode. Ion determined:
2-propanamide([CsHsNO]'=70,
[C3H470BrNO]"'=149, [C3H43:BrNO]'=151, m/z 149
was considered as quantitative ion)and 2- bromine
(3C3)propionamide(["*C,H351Br]" = 110,
['3C3H45:BrNO]" =154, m/z 154 was considered as

quantitative ion).
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Fig. 1. The different concentrations of mercaptans in
acrylamide elimination in (A)HTHH system and
(B)HTLH system(acrylamide 0.1pumol, 160 ° C, pH7,
reaction time 30 min)
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RESULTS
Mercaptan contents in reaction

The elimination of acrylamide exhibited a
positive  correlation  with  the  increasing
concentration of mercaptan in both HTHH and
HTLH system. The reaction achieved a balance
with 5 umol mercaptan enrolled in the system. As
shown in Fig.1, the 1,2-dithioglycol presented the
best eliminating acrylamide capability(91%) in
HTHH system. The eliminating ability of
mercaptan was superior in HTHH system to in
HTLH system, which maybe result from the fully
reaction between the substrates. Whereas, the
reaction was hindered due to the solid substrate
adsorption  of reactants.  Besides, the
2-methyl-3-furanthiol presented the best
eliminating ability in HTHH system, while the
lowest in HTLH system.
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Fig. 2. The different reaction times in the eliminating
of acrylamide in (A)HTHH system and (B)HTLH
system (acrylamide 0.1 pmol, mercaptan 4 umol, 160 °
C, pH7)

Reaction time in the acrylamide elimination
As shown in Fig. 2, the elimination of
acrylamide was increased with the lengthening of

reaction time. The elimination of acrylamide
reached the mount (90%) after 25 min reaction. The

acrylamide content decreased with a linear
correlation during the first 10 min. The slope of the
simulated line could imply the reaction activities
between acrylamide and mercaptans. The
eliminating ability of 3-methyl-2-furan mercaptan
was superior than butyl mercaptan in HTHH system
and the result reversed when the reaction was
carried out in HTLH system.

Temperature on the eliminating of acrylamide

The eliminating of acrylamide increased with
the increasing of heating temperature from 80~160
°C. The elimination achieved a balance in 160 °C.
The temperature under 100 ° C shows no significant
effect in the HTLH system due to the different
matrix which hindered the fully contact between the
substrates. The temperature over 100 °© C shows
good inhibition ability on acrylamide.
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Fig. 3. Different temperatures in eliminating of
acrylamide in (A)HTHH system and (B)HTLH system
(acrylamide 0.1 pmol, mercaptan 4 umol, pH7, reaction
time 30 min)

pH in eliminating of acrylamide

The effect of pH in elimination reaction of
acrylamide varies in different system. Considering
the HTHH system, low pH under value pH 6
resulted in the low elimination ability, while under
higher pH the eliminations were promoted
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dramatically. There was a trace amount of
acrylamide left with pH 8. However, compared
with HTHH system, the elimination was less
sensitive to the pH in HTLH system in which the
pH shows less effective in removing the
acrylamide(Fig. 4).
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Fig. 4. Different pH in eliminating of acrylamide in
(A)HTHH system and (B)HTLH system (acrylamide
0.1pumol, mercaptan 4 pmol, 160 ° C, reaction time 30
min)

Oxygen and antioxidants in elimination of
acrylamide

Exposed to different antioxidants including V¢
and gallic acid, the elimination capabilities of
different mercaptans are presented in Fig. 5. The air
and nitrogen atmosphere showed no significant
effect in HTHH system and when the antioxidants
were applied the acrylamide slightly reduced.
Whereas, a nitrogen atmosphere showed its
negative effect in HTLH system acrylamide
elimination. Furthermore, addition of Vc and gallic
acid both turned out better elimination and less
acrylamide remaining.

The mercaptans which own outstanding
reducibility could be oversensitive to the oxygen
exposed to alkali. In the present study, the LC-MS
was applied to determine the transformation of
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mercaptans. The result confirmed the formation of
disulphide, which could not be considered as an
effective factor related to the elimination reaction
because no significant influence between air and
nitrogen atmosphere was observed in HTHH
system.

Wasrogen R Andoxidant Air B Amticxidan+iirogen |

Bty i e dmppearares %

B:cpriGa

- AepFFe  AcpiGa EBeprt¥i

Fig. 5. Oxygen and antioxidants in the eliminating of
acrylamide in (A)HTHH system and (B)HTLH system

(acrylamide 0.1pumol, mercaptan 4 pumol, antioxidants 2
pumol, 160 °C, reaction time 30 min)

DISCUSSION

Up to now, there is no significant evidence
about acrylamide could lead to cancer[12], while its
wide spread in foods, especially fried food which
contains high acrylamide, has aroused the public
concern and numerous researches focused on its
carcinogenic potency. The acrylamide could react
with some nucleophiles. The mercaptan is a kind of
nucleophilic aromas which usually coexist with
acrylamide in food[7]. In the present study, the
mercaptans, temperature, time, pH, oxygen and
antioxidants in the elimination of acrylamide were
measured. 3-methyl-2-furan mercaptan shows
superior eliminating ability than butyl mercaptan
2-methyl-1-butyl mercaptan in HTHH system,
whereas in the HTLH 3-methyl-2-furan mercaptan
turned out the lowest, which implied the different
mechanism took place between acrylamide and
mercaptans. In the HTHH system, the nucleophilic
addition might take place and the sulfur might loss
the hydrogen and turn into sulfion. Compared with
sulfion of the butyl mercaptan, that of the
3-methyl-2-furan mercaptan is more steady, which
could lead to higher eliminating activity. However,
it is hard for mercaptans to loss the hydrogen in
HTLH system. Thus, the radical addition is the
dominant reaction in HTLH, which could explain
the better activity of butyl mercaptan due to its less
steady radical.
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The pH assay shows similar results. The
increase in pH could favor the formation of sulfur
anion which could improve its nucleophilic ability,
thus the elimination was promoted in HTHH
system. Whereas in HTLH system, the elimination
has not been improved, which could also hint the
radical reaction occurred.

In conclusion, the reaction between acrylamide
and mercaptans follows different mechanisms. The
nucleophilic addition and radical addition take the
dominant role in HTHH system and HTLH system,
respectively.
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(Pesrome)

B HacrosmoTo u3cnenBaHe ca M3CIEIBAHU PEAKIMUTE MEXIY aKpWIaMHJ M XpaHWTEIHH apoOMaTHH MEpKalTaHH,
BKITIOYBAITH |,2-eHaHANUTHON, OyTHI MepKanTaH, 2-MeTwI-1-0yTiia MepKanTaH U 2-MeTHI-3-QypaHTHO MPHU BHCOKA
Temnepatypa u Bucoka BiaxkHocT (HTHH) m mpu Bucoka temmepaTtypa m Hucka Biaxsaoct (HTLH). PesymraTture
MOKa3BaT, 4e CIIOCOOHOCTTA 3a eMMMHUHUpPaHEe Ha aKpWIaMHUI Ha 2-MeTHI-3-pypaHTHON € TO-CHIHA B CPAaBHEHHE C Ta3u
Ha OyTHI MepkanTaHa u 2-MeTi-1-0ytun mepkanrana B HTHH cucremara, nokaro B cuctemara HTLH e Haii-Hucka.
OcgeH ToBa, pH MOXe 3HAYNTEIHO [1a TMOBNWsE Ha ChIbpkaHueTo Ha akpmwiamug B HTHH cuctemara, HO edekra Ha
pH He e TonkoBa oueBunen B cucremara HTLH. C nobaBsiHeTO Ha aHTHOKCHIAHTH €IMMHUHUPAHETO Ha aKpHIaMuaa €
3HAUMTEJIHO HaMajeHo. B 3akiroueHue, peakuusaTa ce XapakTepU3upa C pazIMYHM MEXaHWU3MH IIPU BHCOKA
temrepatypa. HykineopuaHOTO NpHUChEAMHSABAHE M PaJAMKAIHOTO NPUCHEIUHSBAHE 3aeMar JOMUHMpAIlaTa poJis

crotrBeTHO B HTHH nt HTLH cucremure.
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Algae proved that are very good oil resource in recent years. Southern coast of Caspian Sea has good potential for reservoir
of filamentous Macro-algae bearing oils such as, Cladophora glomerata. Among various auto thermal conversion routines
for production of energy from biomass, fast pyrolysis (conversion of a solid/liquid carbon-based fuel into a large number
of energetic components (gaseous component and small quantities of liquid) and solid residue (char and ash) in the
absence of a fluidizing medium) is one of the methods that are receiving more attention from researchers. In this work,
several experiments were carried out to evaluate the qualities of product yields especially bio-oil in Cladophora glomerata
by a fluidized bed reactor. The data obtained showed that an increase in the Reaction time (RT) leads to significant
increases in the gas yield and a considerable decrease in both bio-oil and char yield. The experimental runs also showed
that the reaction temperature (Tp) has an effective role in the quality of the product yields; higher temperature is favorable

for higher gas yield and lower char yield production from Cladophora glomerata.

Keywords: Algae, Cladophora glomerata, Fast pyrolysis, Bio-oil, Char, Fluidized bed, Farahabad Region, Iran

INTRODUCTION

In recent years Algae showed third generation of
biodiesel and biofuel reservoir that economically has
more yields than crops. For example proved that
lipid content in algae (% of lipid content by dry
weight), is as good as in other oil crops. In recent
years, interest is growing in the production of bio-oil
and bio-gas from autothermal conversion of biomass
because it is renewable, CO; neutral, and abundantly
available. Another reason is the present energy crisis
due to dependency on fossil fuels and economic
problems. Algae biofuels are important sources of
renewable energy for production clean energy
through auto thermal or biological conversion [1].

Among various autothermal conversion routines
for production of energy from biomass, fast
pyrolysis (conversion of a solid/liquid carbon-based
fuel into a large number of energetic components
(gaseous component and small quantities of liquid)
and solid residue (char and ash) in the absence of a
fluidizing medium) is one of the methods that are
receiving more attention from researchers. The main
purpose of fast pyrolysis is to convert solid
feedstocks into a liquid fuel which contains water,
organic acids, non-polar hydrocarbons and other
oxygenated components [2]. In this process,
feedstock rapidly heated to high temperature in the
range of 500-700 °C to yield: solid residue, 10-15%;

* To whom all correspondence should be sent:
E-mail: dr_ebadi2000@mail.ru
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liquids, 70-80%; and light gaseous components, 10-
15% [3].

The advantages of fast pyrolysis of biomass
materials include availability and simplicity, and it
has been studied by numerous authors using various
kinds of reactors like bubbling fluidized beds
(BFBs), circulating fluidized beds (CFBs), and fixed
beds (FBs). For instance, Ali et al. [4] investigated
the influence of working conditions (particle size,
1.0-2.0 mm and reaction temperature, 360-540 °C)
on the yield of bio-oil from fast pyrolysis of biomass
and concluded that the maximum yield of bio-oil
obtains with a carrier gas flow rate of 11.0 m’/h.
Pattiya and Suttibak studied the effects of reaction
temperatures and hot vapor filter on pyrolysis
product yields and concluded that the optimum
pyrolysis temperature for production of maximum
bio-oil is about 475 °C [5]. The use of hot vapor also
led to a decrease of 6.0-7.0 wt% of bio-oil yield. An
experimental study for enhancing the yield of
produced bio-oil from fast pyrolysis of microalgae
biomass was carried out by Miao and Wu. The
authors found that the yield of bio-oil produced from
Chorella protothecoides is much higher than from
autotrophic cells during the process [6].

Most of the studies reported above have been
focused on biomass gasification at different working
conditions and have not considered the influence of
fuel particle size and reaction time, both having a
major influence in the in kinetics of the fast pyrolysis
process and thus on the yield of bio-oil. Thus, this
work aims to study the effects of hydrodynamic
characteristics on the yield of bio-oil. Given the
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relatively low emphasis on hydrodynamic
parameters, the purposes are to achieve a better
understanding of the fast pyrolysis under different
hydrodynamic conditions, as well as to help
establish the maximum yield of bio-oil from
Cladophora glomerata grown in southern coast of
Caspian Sea.

EXPERIMENTAL
Experiments

The experimental runs have been performed at
the pyrolysis equipment shown in Figure 1. The pilot
plant consists of a feeding system (K-Tron) which
enables to control the algal biomass feeding ratio, a
fluidized bed system (equipped with 150 pm gas
distributor), and a hot gas filtering system. The
reactor was indirectly heated by two electric heaters
which enable to keep the pyrolysis temperature
constant. Two K-type thermocouples have been
installed at the outer wall to measure and control the
process temperature.

(8)
i5) (7]

(4)

(3)

Fig. 1. A schematic diagram of fluidized bed; (1) bio-
oil storage tank; (2) Nitrogen gas feeding system; (3) solid
hopper; (4) fluidized bed reactor; (5) filtering system (6)
pressure transducer; (7) gas meter; (8) nitrogen flow
meter system (9) valve (10) feedstock feeding system (11)
thermocouple (12) electric heater.

An solid hopper located at the bottom of the
fluidized bed allows to collect the solid residues of
the pyrolysis process including ash and char. The
nitrogen (inert gas) and biomass feeding rates were
about 20 L/min and 300 kg/h, respectively. The gas

and liquid products were analyzed by a gas
chromatograph (Model Agilent 428A) and a Py-
GC/MS (Model TH-411), respectively.

Raw material

The feedstock used in this work is Cladophora
glomerata which collected from Farahabad Region
(Sari city of Mazandaran, 2016) located in Caspian
Sea, Iran, according to standard method [7-8]. The
Cladophora glomerata belong to filamentous
Ulvophyceae (Chlorophyta-green algae) is the main
and dominant macro algae in the southern coast of
Caspian Sea that has extensive distribution in all
seasons in this region (Figure 2). It mainly grown on
the big stones (usually near to 80-90% covering) and
near sea coast walls. Its appearance is tolerating
permanent change so that it will depend directly on
age, habitat and also environmental conditions. Prior
to the pyrolysis experimental tests, the algae biomass
has been dried under atmospheric conditions for 36
h and then crushed to a particle size below 7.0 mm.
The properties of the algae biomass, such as the
proximate and elemental analysis, and also feedstock
caloric value are listed in Table 1.

Table 1.
glomerata.

Detailed Properties of Cladophora

Proximate analysis (wt %)

Moisture 05.01
Volatile matter 77.71
Fixed carbon 16.94
Ash 0.34
HHV (MJ/kg) 19.97
Ultimate analysis (wt %),
daf?
C 50.26
H 06.72
o 42.66
N 00.16
S 00.20
 Dry and free ash
RESULTS AND DISCUSSION

In the first test series, the influence of process
temperature (T,) on product yields and higher
heating value (HHV) was analyzed, where the
particle size (PS) and reaction time (RT) were kept
constant. Metrics can be expressed as follows [9]:

HHV (MJ/kg) = 0.3491C+1.1783H+ (1
0.1005S—0.10340 — 0.015IN —0.0211A )
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Fig. 2. Cladophora glomerata obtained from Farahabad region of Caspian Sea (November 2016).

Y (%) = Mass of f.'ractlonl <100 )
Total massin the feed

Here Y is the product yield (gas, solid, and oil) in
%.C,H, S, O, N, and A also are the mass of carbon,
hydrogen, sulfur, oxygen, nitrogen, and ash in the
dry biomass. Summarized in Table 2 are the results
of the experimental tests based on various working
conditions during the fast pyrolysis of Cladophora
glomerata. Major changes in the results occurred
with changes made in the reaction temperature. The
highest and lowest bio-oil yields were around 45.5
and 24.2 % which achieved at T, of 360 and 520 °C.
For the gas yield, the highest (24%) and lowest
(7.0%) value are obtained at around 520 °C and 380
°C, respectively (Table 2).

Table 2. Effect of Tp on product yields (PS= 7.0 mm,
RT =10 min)

Yields (%)
Run Ty Bigoil Char  Gas HHV
(MJ/kg)

1 360 26 65.0 9.0 15.28

2 380 59.2 52.2 7.0 14.73

3 400 57.0 47.5 9.5 14.07

4 420 47.5 39.8 12.7 13.52

5 440 545 30.1 154 12.88

6 460 55.0 26.7 18.3 12.16

7 480 59.1 20.8 20.1 11.72

8 500 62.1 154 22.5 11.24

9 520 65.5 10.5 24.0 10.87

Finally, process temperatures of 360 and 520 °C
correspondingly attained the highest (65%) and
lowest (10.5%) char yield. Although the yield of bio-
oil obtained in this work is found to be slightly lower
than those derived from agricultural residue (60-
78%), the result is still higher than those of other
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works (26-43%) which used algae biomass as fuel
for bio-oil production [10]. The results show that the
present process is a promising method as a
sustainable and clean way for the production of bio-
oil; however, there is a relatively high quantities of
char residue which leads to a reduction in the total
efficiency. With increase of reaction temperature
from 360 to 520 °C, the bio-oil production decreased
due to the endothermic reactions occurring along the
fluidized bed.

Table 3. Effect of PS on product yields (Tp = 520 °C,
RT = 10 min)

Yields (%)
Run Ty PS Bio-oil ~ Char  Gas
(C)  (mm)
1 520 7.0 65.5 10.5 24.0
2 520 6.5 65.4 10.3 24.3
3 520 6.0 65.5 10.1 24.4
4 520 5.5 65.5 10.0 24.5
5 520 5.0 65.8 09.5 24.7
6 520 4.5 66.0 08.9 25.1
7 520 4.0 66.3 08.4 253
8 520 35 66.8 07.6 25.6
9 520 3.0 67.0 07.2 25.8

Table 3 shows the product yields as a function of
PS. As far as the PS is concerned, this hydrodynamic
parameter has influence upon the product yields and
emissions of the process. As can be seen, PS has a
slight influence on the product yields (which is
associated with a slight decrease in the heat and mass
transfer restrictions); however, the use of small size
particles as a feedstock entails environmental and
socioeconomic benefits. Clearly, between 5.0 and
7.0 mm, the char yield (and thus the char conversion
ratio) suffers a significant decrease, which shows
that for fuel particles above 5.0 mm not only are
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thermal decomposition enhanced, but also are the
char conversion ones, hence increasing gas
production. Note that the effect of PS on the yield of
bio-o0il depends on the heating rate of the process;
higher heating rates (smaller particles) favorable
more bio-oil and gas production [11]. Among the
different methods for improving economic aspects
of the process, a reduction in the PS is more
economical than those of other methods because it
allows the reduction of reactor length.

In fact, a reduction in the particle size leads to an
increase in the produced gas quality and a decrease
in the residence time of particles to achieve a higher
conversion of char. Wei et al [12] investigated the
influence of the PS in the pyrolysis process in a free
fall reactor, and they found that pyrolysis of smaller
particles leads to a decrease in the solid residues and
an increase in the yield of product gas.

Table 4. Effect of RT on product yields (PS = 3.0 mm,
RT = 10 min)

Yields (%)
Run T, RT Bio-oil  Char  Gas
(°C)  (min)
1 520 10 67.0 07.2 25.8
2 520 12 68.8 05.1 26.1
3 520 14 69.5 03.2 27.3
4 520 16 67.5 03.0 29.5
5 520 18 66.8 02.8 304
6 520 20 66.4 02.7 30.9
7 520 22 64.8 02.5 32.7
8 520 24 64.6 02.3 33.1
9 520 26 64.5 02.0 33.5
10 520 28 64.0 01.8 34.2
11 520 30 63.7 01.5 34.8

Table 4 shows the product yields as a function of
reaction time in the range of 10-30 min. Reaction
time is another important variable which affects the
gas composition, bio-oil quality and quantity, and
char yield. As observed, with increasing the reaction
time (RT), the yield of bio-oil increases and then
decreases while the syngas yield continuously
increases due to a significant improvement in the
rate of endothermic reactions with increasing RT.
Another reason is the expansion of char conversion
and tar cracking reactions, as the RT improves. In
this sense, Fonts et al. [13] suggested that biomass
pyrolysis rates strongly depend on the reaction time,
and that reactivity of a biomass fuel was related to
the long of reaction time and heating rates.

CONCLUSION

The production of bio-oil from Cladophora
glomerata biomass using fast pyrolysis in a fluidized
bed reactor was studied. Effects of some important
variables such as reaction temperature (T,), Algae
particle size (PS) and reaction time (RT) on product
yields were evaluated by experimental and analyses.
The data obtained show that an increase in the RT
leads to a significant increases in the gas yield and a
considerable decrease in both bio-oil and char yield.
The experimental runs also showed that the PS has a
slight influence on the product yields; however, it
plays a major role in the economic aspects of the
process.
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IMPOM3BO/ICTBO HA BMO-MACJIO YPE3 BbP3A ITMPOJIN3A HA Cladophora Glomerata
B PEAKTOP C KUIIAILL CJION
A.T. Ebamu *, X. Xucopues

Hucmumym no 6omanuxa, pumonozus u 2enemuxa ha pacmenusma, Tadocuxcka akademus na naykume, I1. K.
734017, ynuya Kapamos No27, [[ywanbe-17, Penyoauxa Tadaxcukucman

Tomyuena nHa 15 despyapu 2017 r .; npuera Ha 15 1oun 2017 1.
(Pesrome)

TTpe3 nocieaHKUTe FOAMHN BOJAOPACIMTE Ca IOKa3aIlH, Y€ Ca MHOTO I0Opbp U3TOYHUK Ha Macia. IOkHOTO Kpaitbpexue
Ha Kacniicko Mope uMa J00bp MOTEHIUA KaTO Pe3epBoap Ha (hMIaMEHTO3HU MAKPO-BOJIOPACIH, ChABbPKAIIU MAC/a
karo Cladophora glomerata. Cpes pasiuuHiTE HAYMHU 32 ABTOTEPMHUYHA ITPEPAOOTKA 3a MPOM3BOACTBO HA €HEPIHSA OT
Ouomaca, Obp3ara THpoim3a (IMpeobpasyBaHe Ha TBBPAO/TEYHO BBIJIEPOJHO TOPHBO B TOJAM Opoil eHepruiiHu
KOMITOHEHTH (ra3000pa3eH KOMIIOHEHT M MajKH KOJHYECTBA TEYHOCT M TBBPAM OCTATHIM (BLIJIEH M IENEN) B
OTCHCTBHETO Ha (PIyMIM3UpAlIa CPENa) € EAUH OT METOMTE, KOUTO MOJydaBar MoBeYe BHUMAHKUE OT U3CIEI0BATEINTE.
B Ta3u paGora 6sixa IPOBEIEHU HAKOIKO CKCIIEPUMEHTA 3a OIICHKA HA KauecTBaTa Ha IPOJYKTa, 0cO0EHO OHO-MAcio B
Cladophora glomerata upe3s peakTop ¢ kursi ciioi. I[TonydeHnTe JaHHK MOKA3BaT, Y€ YBEINYABAHETO HA PEAKIIMOHHOTO
speme (RT) Boau 110 3HAUMTENIHO yBEIMYEHHE Ha JOOWBA Ha ra3 M J0 3HAYMTEINICH Claj KakTo B J0OKMBa Ha GHO-MACIIO,
TaKa ¥ Ha BbIVIEH. EKCIIEPMMEHTAIHUTE TECTOBE ChHIIIO NMOKA3BaT, Y& peakironHara temneparypa (T,) uMa edekrrBHa
poJisi B KaueCcTBOTO Ha NpoaykTa; I[lo-BUcOKaTa TeMmreparypa € 0JaronpusTHa 3a [0-BUCOK JOOMB Ha ra3 U HO-HUCKA
[IPOM3BOAUTEIHOCT Ha 100uB Ha BerieH or Cladophora glomerata
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CO; adsorption isotherms on coals are important for estimating the CO» sequestration potential of coal beds
and enhanced coalbed methane recovery using CO, injection into coal seams. This paper provides the
characteristic of CO, compressibility factor and density change of CO; based CO, Equation of State. The paper
investigates the effect of experimental pressure and its error, adsorption/desorption hysteresis, and coal
swelling on measurements of supercritical CO; adsorption isotherms on coals with manometric equipment at
high pressure. The results show that the characteristic density-change of CO, in proper pressure range
determines great influence of experimental parameters, coal swelling and adsorption/desorption hysteresis on
CO; adsorption on coal at high pressure. The effect of the hysteresis on sorption at high-pressure may leads to
negative observed-adsorption. And coal swelling at high pressure has obvious effect on the precision and
reproducibility of CO, adsorption. There are potential pitfalls of measurements of supercritical CO; adsorption

isotherms on coals with manometric equipment at high pressure.

Keywords: Adsorption, CO», coal, uncertainty, CO» sequestration.

INTRODUCTION

CO; injection into coal bed has received
increased attention as a potential option to reduce
greenhouse gas CO, emissions to the atmosphere and
to enhance the coalbed methane recovery (ECBM)
[1]. Accurate measurements of CO, sorption
isotherms on coals are vital for the optimum
techniques of CO; sequestration and ECBM. For a
given coal seam, sorption isotherm measurements
provide information about the storage capacity, the
overall economics of the process, and the types of
operating conditions [2].

Much work has been carried out on the sorption
capacity of coal with respect to CO, at low- and
moderate pressure with manometric, volumetric, or
gravimetric apparatus [3-10]. However, there have
been very few high-pressure studies of CO»-coal
sorption isotherms under in-seams conditions [11-
20].

Unusual adsorption isotherms of CO, on coals at
high pressure have been reported in the available
literatures. Krooss et al. [11] performed CO»-
sorption experiments on coals with manometric
apparatus between 40 and 80 °C and pressures up to
20 MPa. The results of Kross et al. [11] showed that
all high-pressure CO; adsorption isotherms for moist
samples were bimodal with distinct minima and even
negative excess sorption values in the 8-10 MPa

* To whom all correspondence should be sent:
E-mail: yuhongguan65@]163.com

range and beyond this range CO, adsorption capacity
increased with increasing pressure. The strong
bimodal character of the CO, excess isotherms on
moist coals is interpreted as the result of a swelling
effect caused by supercritical CO, and enhanced by
water. Fitzgerald et al. [12] performed pure CO»
adsorption on wet Tiffany mixed coal sample with
volumetric apparatus at 327.6 K and pressures up to
14 MPa. The result of Fitzgerald et al. [12] showed
that at high pressure (>7 MPa) the CO, Gibbs
sorption capacity decreases with increasing pressure.

Coal swelling due to gas adsorption is a well-
known phenomenon, and is wused to correct
adsorption isotherms for coal swelling [20-23].
Many researchers investigated the coal swelling with
various ranks and experimental technique, and gave
different conclusions. Reucroft et al. [24, 25]
measured the swelling of various ranks of Kentucky
coal by directly observing directional changes and
found that the volume increase was between 0.36
and 4.18% at pressure from 0 to 1.5 MPa. Walker et
al. [26] measured the expansion of powered coals
and macerals induced by CO, and found that
expansion to an equilibrium value was fast and
concluded that most of the CO, uptake was in open
and closed (to He) micropores. Chikatamarla et al.
[27, 28] measured CO; induced swelling on four coal
samples with pressures up to 5.0 MPa and found that
the volumetric strain at 0.6 MPa was from 0.26% to
0.66% for CO, and the volumetric strain and
pressure can be described using a Langmuir like
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equation and the volumetric strain was
approximately linearly proportional to the amount of
gas adsorbed. St. George and Barakat [29] measured
volumetric strains for adsorption at 4.0 MPa for CO,
on a coal sample from New Zealand and found that
the volumetric strain was 2.1% for CO,.

Pan and Connell [30] presented a theoretical
model to describe adsorption-induced coal swelling.
The developed model combines the two processes
affecting coal volumetric changes, namely, swelling
due to gas adsorption and matrix compression due to
gas pressure. They found that the model was able to
describe coal swelling behavior for the whole
pressure range, including at very high gas pressure,
where the coal swelling ratio may decrease after
reaching a swelling maximum.

In order to better understand the variation in
measured Gibbs-sorption of CO, with manometric
technique at high pressure, this paper investigates
the effect of the experimental parameters (including
pressure and  volume of two  cells),
adsorption/desorption hystersis and volume swelling
of coal on CO; adsorption. This main purpose of this
paper is only to provide the general interpretations
which the low repeatability and inter-laboratory
reproducibility of CO, adsorption isotherm
measurements, negative adsorption, unimodal
isotherm is unavoidable due to the limitation of
manometric  measurement caused by the
characteristic change of CO, compressibility factor
or density at high pressure.

MATERIALS AND METHODS

Mass balance equation for co, adsorption isotherm
measurement

The increased Gibbs-sorption at equilibrium step
i is calculated with mass balance of the amount of
CO, transferred from the reference cell to the sample
cell and the equilibrium amount of CO; in the sample
cell. The increased Gibbs-adsorption ( An®™ in

mmol/g) at the end of i step is calculated by the real
gas law shown in Eq. (1)

An = (L)[\/R [PL:I_PI_{I] -V, ($_L§]} (1)
RTm ZR,] ZR,}-‘ ZS,Hq ZS,E(]

where the subscripts, “I”,”F” and “Eq”, refer to
the conditions in the cell before, final the gas
expansion and adsorption equilibrium, the
subscripts, “R” and “S” represent the reference and
sample cell, the superscripts, i and (i-1) represent the
i™ and (i-1)™ step, respectively, P is the pressure, Z
is the compressibility factor of CO,, T is the
temperature, R is the molar gas constant, m is the
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mass of the coal sample, Vr and V) is the volume of
sample cell and the void volume in the sample cell,
respectively.

The total Gibbs sorption in the sample cell at step
j is the total amount exchanged with the reference
cell for step 1 to j. The estimate of the total amount
of excess adsorption (n{*) at the end of the j" step is

determined from Eq. (2)
n?" = Anle" J,.Anze" 4 TANSE et

So, the Eq. (2) can be written from Eq. (3)

1 L(P, P PJ
(TR Uy | VA o P TR i) PV B
: (Rij{ “;[z;{,l z, J 'z J )

RF S,Eq

The bulk density of CO; is a function of pressure
and temperature, the amount of CO; exchanged is
calculated from the difference in density in the
reference cell between the charging and equilibrium

V V ) Pi Pi
hase. IfV, =-R V. =20 Api =| tL_TRF | /pT
P m ™ m P (ZII{,I J/

2,
o= T o -
ZR,I ZR,F RTZS,Eq

and (3) can be written as shown in Eq.s (4) and (5),
AN =V Ap Vo, Ay (4)

j . .
= :VM(ZA,); —ngj. (5)

, the Eq.s (1)

i=1

where Verm and Vom is specific volume of
reference cell and void volume of sample cell,
respectively, Apr is density change of CO, in
reference cell, ps and A\ ps is density of CO; and its
change in sample cell.

The equilibrium amount of CO; in the sample cell
is the density at the equilibrium pressure and
temperature multiplied by X, a volume ratio of void
of sample cell and reference cell (Vo/Vr). The Egs.
(4) and (5) can be written as the following,

Aniex :VRm (ApR - XAIOS) > (6)

i ) )
N =V (ZAP.E —Xp¢ j . (7

i=1
The compressibility factor and density

The change of compressibility factor and density
with pressure. The independent variables for the
excess adsorption are the initial and finial pressure
in the reference and sample cell, the empty and void
volume of the reference and sample cell, the sample
weight, and temperature. Also, the compressibility
factor is another variable, whose value is dependent
on the temperature and pressure. Although there is
so many variables affecting the measured value of
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CO; Gibbs adsorption, the compressibility factor (Z)
or density of CO; is the root of the effect at high
pressure. The change of Z-factor and density of CO;
are used to explain the limitation of measurements
of supercritical CO, sorption with manometric
apparatus at high pressure, the effect of other factors
is investigated based on the change.

because the limit of error for calculated Z-factor
based on the Span and Wagner Equation of State is
0.0001. The Zuin and its corresponding pressure (Pmin
or Pmax) increase with the increase of temperature.
Table 1 gives the minimum Z-factor and its

corresponding pressure range at from 31 to 65 C.
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Fig. 1. The compressibility factor of CO- (Z) and
density of CO,, obtained from the Span and Wagner-
EOS [31

The compressibility factor (Z) and the density (p)
of CO, were calculated at temperature from 31 C to
65 °C and pressure up to 100 MPa based on the Span
and Wagner Equation of State [31]. The Z- and P/Z-
value at 55 “C and pressure up to 100 MPa (A) and
the Z- and p-value at temperature of 31, 46, 65 C
and up to 40 MPa (B) is shown in Fig. (1).

Just as shown in Fig. (1A), the Z-values decrease
to 0.3647 from 1 at a pressure of 13.62 MPa, and
increase from 0.3647 to 1.504 at 100 MPa and 55 C.
It is known that CO; at pressures up to 100 MPa have
increasing P/Z-value with the pressure increase (Fig.
1A).

It can be seen from Fig. (1B) that all Z-factors of
CO, are unimodal with distinct minima in the 8-16
MPa range, which is dependent on the temperature.
There is the range of a pressure (Pmin-Pmax)
corresponding the minimum of Z-factor (Zmin)
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Fig. 2. The CO2 compressibility factor and
density change at 328 K and pressure up to 100 MPa
(A) and comparison of density change at 304, 319
and 338 K and pressure up to 40 MPa (B), with
pressure change of 1.0 MPa.

The unimodality and minimum of CO, Z-factor
determine the shape of CO: density isotherms as
shown in Fig. (1B). The density-values increase
sharply with the increasing pressure and decreasing
Z-factor as pressure below “valley” pressure (Pmin)
corresponding minimum Z-factor (Zmin), and
increase smoothly with the increasing Z-factor and
pressure at pressure of more than the Pmin. For
example, the density of CO, increases sharply at
pressure of less than 13.62 MPa and 55 °C, and
increases smoothly at pressure of more than 13.62
MPa. Table 1 gives also the density range of CO;
corresponding Pmin and Pmax at the temperature of
from 31 to 65 C.

The density change with pressure at a constant
temperature. The change of bulk density of CO; is
used to calculate the Gibbs sorption based Eq. (5) or
(7). The Fig. (2) shows the change of density of CO»,
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Ap, with pressure-change (AP), of which Fig. (2A)
gives the Ap with AP of 1.0 MPa at 55 ‘C and
pressure of up to 100 MPa, Fig. (2B) gives it with
AP of 1.0 MPa at temperature of 31, 46 and 65 ‘C
and up to 40 MPa. The A\p with AP of 0.5, 1.0, 1.5
and 2.0 MPa at temperature of 31 'C (A) and 55 C
(B) is shown in Fig. (3).

It can be seen from Fig. (2) that the density
changes exhibit a three-stage tendency with the
pressure increase. Although the change increases at
low pressure and decreases at high pressure with the
pressure increases, the change is comparatively
small compared with that at medium pressure. The
density change (A\p) increase first and then decrease
with pressure increase at medium pressure, and the
maximum Ap is achieved at a pressure. The
maximum /A\p and its corresponding pressure is
expressed as Apmax and Pmay, respectively. The Apmax
decreases and Pmax increases with the temperature
increase.

The change of bulk density of CO, is used to
calculate the Gibbs sorption based Eq. (5) or (7). The
Fig. (3) shows the change of density of CO,, Ap,
with various pressure-change (AP=0.5, 1.0, 1.5 and
2.0 MPa) at temperature of 31 ‘C (A) and 55 C (B).

The density-change curve can be divided into
three regions (i.e. A, B and C) based on its value and
corresponding final-pressure as seen in Fig. (3).
Because of py; > pps Pop, > Piry » it should be noted

that the final pressure (Pr) in Fig (3) means the initial
pressure of reference cell ( P, ) or equilibrium
pressure of sample cell (P, ). The region A at
relatively low pressure and region C at relatively
high pressure are of small A\p values with the
pressure change, and the region B at high pressure
are great A\p-values. The pressure ranges of region
B increase with increase of temperature and AP, as
shown in Fig. (3). The highest /\p-value and its
corresponding pressure in region B at temperature of
from 31 C to 65 ‘C is given in Table 1.
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Fig. 3. The change density of CO; and dividing
region with change of pressure 0.5, 1.0, 1.5 and 2.0
MPa at temperature of 304 K (A) and 328 K (B).

The density change with temperature at a
constant pressure: A CO; Excess-sorption isotherm
describes the CO, amount on coal at the equilibrium
pressure at constant temperature. So, the CO, density
change with temperature at a constant pressure

([6p/oT], ) is expressed with that the pressure as the

x-axis and the density-change as the y-axis under
different temperatures, as shown in Fig. (4).

It can be seen from Fig. (4) that the density
changes still exhibits a three-stage tendency with the
pressure increase, and CO» density decreases with
temperature increase. The effect of temperature on
density-change decreases with temperature increase.
Although the change increases at low pressure and
decreases at high pressure with the pressure
increases, the decrease of density change is
comparatively small compared with that at medium
pressure. The decrease of density change increases
first and then decreases with pressure increase at
medium pressure, and the maximum - [6p/dT |, is

achieved at a pressure.
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Table 1. The minimum Z-factor (Zmin) and its corresponding pressure (Pmin, Pmax) and density range (pmin, Pmax),
and maximum change of CO, density (/A\pmax) with different pressure change (AP) and its corresponding final-
pressure (P¥) at temperature of from 31 “C to 65 C.

Z-factor minimum, its pressure and Density change and its final pressure with different

density pressure change
T Pressure . _ _
(C) range Den51tyran3ge AP=0.5 AP=10 AP=1.5 MPa AP=2.0 MPa
Zin (mmol/cm’) MPa MPa
(MPa)
Pmin ~ Prmax Pmin Pmax A,Dmax PF/ A,Dmax PF/ Apmax PF/ A,Dmax PF/
31 0.2047 7.9 795 15269 15365 8.357 7.60 9.864 7.81 10.880 8.01 11.668 8.18

32 0.2120 8.14 8.25 15.141 15.346
33 0.2192 841 851 15.080 15.259
34 0.2264 8.65 8.80 14.968 15.228
35 0.2335 891 9.05 14.901 15.135

7.649 7.77 9.333 9.97 10.430 820 11.271 8.39
6.921 796 8.795 8.18 9.980 837 10.871 8.56
6.207 8.12 8.252 8.33 9.523 8&.55 10.464 8.79
5.523 829 7.713 8.51 9.061 8.74 10.060 8.91

36 0.2405 9.21 9.26 14.906 14.987 4.887 8.46 7.181 8.68 8.607 8.88 9.654 9.11
37 0.2476 9.40 9.58 14.729 15.011 4.323 8.62 6.671 8.84 8.157 9.06 9.250 9.26
38 0.2545 9.69 9.79 14.724 14.876  3.832 8.79 6.181 9.00 7.717 9.22 8.849 9.47
39 0.2614 9.95 10.03 14.673 14.791 3.410 8.94 5.719 9.19 7.289 9.38 8.455 9.58
40 0.2683 10.17 10.31 14.565 14.766  3.057 9.10 5293 932 6.877 9.56 8.073 9.79
41 0.2751 10.42 10.55 14.508 14.689  2.758 9.24 4902 9.49 6482 9.72 7.700 9.94
42 0.2819 10.63 10.82 14.398 14.655 2.503 9.41 4.546 9.66 6.114 9.88 7.338 10.10
43 0.2886 10.87 11.06 14.335 14.586  2.289 9.56 4.225 9.81 5.764 10.04 6.991 10.26
44 0.2952 11.15 11.26 14.331 14472  2.102 9.81 3.935 9.95 5.439 10.17 6.662 10.40

45 0.3018 11.38 11.51 14.261 14.424
46 0.3084 11.56 11.79 14.132 14.414
47 0.3148 11.87 11.95 14.172 14.267
48 0.3213 12.02 12.25 14.017 14.285
49 0.3276 12.32 12.41 14.047 14.149
50 0.3340 12.46 12.72 13.891 14.181
51 0.3402 12.73 12.89 13.890 14.065
52 0.3464 12.96 13.10 13.845 13.995
53 0.3526 13.13 13.37 13.738 13.989
54 0.3587 13.35 13.58 13.689 13.925
55 0.3647 13.62 13.73 13.694 13.805
56 0.3707 13.83 13.94 13.639 13.747
57 0.3767 13.97 14.22 13.516 13.758
58 0.3826 14.18 14.43 13.467 13.704
59 0.3884 14.45 14.56 13.478 13.580
60 0.3942 14.66 14.76 13.432 13.523
61 0.4000 14.78 15.04 13.306 13.540
62 0.4057 14.98 15.24 13.256 13.486
63 0.4113 15.30 15.31 13.315 13.324
64 0.4170 15.33 15.67 13.120 13.411
65 0.4225 15.58 15.79 13.122 13.298

1.942 9.85 3.675 10.11 5.136 10.33 6.349 10.55
1.805 10.00 3.442 10.25 4.856 10.49 6.050 10.69
1.684 10.16 3.233 10.40 4.596 10.65 5.770 10.84
1.576 10.27 3.045 10.55 4.359 10.76 5.507 10.99
1.481 10.45 2.875 10.66 4.139 10.93 5.259 11.17
1.396 10.55 2.721 10.80 3.937 11.05 5.029 11.27
1.321 10.73 2.582 10.97 3.750 11.22 4.812 11.44
1.252 10.86 2.454 11.10 3.579 11.35 4.609 11.60
1.190 10.01 2.339 11.22 3.421 11.50 4.420 11.75
1.133 11.23 2.233 11.35 3.275 11.62 4.245 11.85
1.082 11.26 2.135 11.53 3.138 11.76 4.081 11.98
1.034 11.44 2.044 11.64 3.013 11.88 3.926 12.14
0.991 11.56 1.961 11.74 2.895 12.03 3.781 12.27
0.952 11.66 1.884 11.84 2.786 12.17 3.646 12.38
0.915 11.80 1.813 12.06 2.684 12.30 3.519 12.51
0.881 11.84 1.747 12.22 2.590 12.39 3.400 12.62
0.849 11.99 1.685 12.33 2.501 12.49 3.288 12.77
0.819 12.19 1.629 12.40 2.418 12.63 3.182 12.90
0.792 12.33 1.574 12.53 2.340 12.72 3.082 13.06
0.766 12.47 1.523 12.69 2.267 12.87 2.988 13.18
0.742 12.58 1.476 12.79 2.197 13.40 2.900 13.30

at this point, P,, > P, . In case of positive adsorption,

DISCUSSION P, > P and B/, >P/ do hold. Consequently, the

In order to construct an adsorption isotherm of
CO; on coal, the increasing pressure is repeated for
incrementally increasing the pressure of CO; in

sample cell, P, >P7! . A portion of CO, is
transferred from the reference cell to the sample cell,

CO; p-values in two cells increase with equilibrium
pressure increasing in the sample cell, just as shown
in Fig. (1), pr; > PrpsPisy > Piry - We regard the

initial pressure in reference cell ( P, ) and
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equilibrium pressure in sample cell (PSi,Hq) as the

final pressure (Pr) of pressure change (AP). The Pr
is used for the pressures of two cells in the regions
(A, B and C), as shown in Fig. (3).

Theoretically, the excess sorption of CO, can be
calculated from Egs. (1) and (2). The incremental
Gibbs-adsorption ( An™) is zero or positive if no
adsorbed CO; is desorbed during CO. expansion
from reference cell into sample cell. However, the
change characteristic of CO, density as shown in
Fig. (2), may be result in the negative incremental
Gibbs-adsorption, just discussed in the following
text.

From Eq. (4), the relation between the CO;
density change ratio in the two cells (Ap!/Ap;, ) and
the void volume ratio of two cells (Vr/Vs), involves
three case, ie. (1) Apl/Ap} =V, N, for zero
adsorption increment (An™), (2) Apl/Apy <V, Ny
for positive An™ and (3) Apl/Ap} >V, N, for
negative An,™ . The Vr/Vs value is constant for a
manometric setup, known coal and its mass, and the
changed volume caused by coal swelling. The Vr/Vs
values are between 0.2 and 2 from the published
references. A smaller volume of reference cell or
lower Vr/Vs value is not favorable to raise the
pressure in the sample cell.

[.=|-.-|'..-)":|,--[||u||-.-l-:|||I k. I:I
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Fig. 4. The comparison of CO; density change
with temperature at constant pressure

Effect of pressure on CO, Gibbs sorption isotherm

(1) In case that both the final pressures of two
cells are in region A as shown in Fig. (3), R, and

P!, are obviously less than the final pressure (P¥)

with the maximum density-change (Apmax) as
shown in Table 1. In this case, the adsorption
isotherm of CO, can be obtained at low and
moderate pressure, which is dependent on the
temperature. We must take into account two cases in
case of region A. ( I ) The adsorption of CO; on coal
in sample cell at low pressure determine
Ve Apr>VomAps from Eq. (4), and is described
with Langmuir. The small Apg and Aps in region A
decide hold of VrmApr>VomAps in case of
Vrw>Vom. The adsorption of CO; on coal lead to
APr>APs and Apr>Aps in case of Vrm<Vom,
which make Vem/Apr>Vom/Aps hold. (1) As CO»
adsorption reaches approximately —maximum
(saturation), the APg-value is not obvious greater
than APg as the CO; adsorption increment is smaller.
Although there is P/ >P!, in this case, the

adsorption is constant with the pressure as
Ve rAV om Aps.

Currently, most investigators carried out studies
of CO; sorption on coal adsorption, which focused
on the experimental pressure in region A. This also
explains why the sorption isotherm reported by
Goodman et al. [32] had good reproducibility for
different independent laboratories at temperatures
of either 22 °C or 55 °C and pressures up to 7 MP.

(2) In case P, is in region B and P, is in
region A, in which the adsorption isotherm of CO,
can be obtained at moderate and high pressure. In
this case, the density change in reference cell is
obviously higher than that in sample cell, i.e.
Lor>Lps. The measured COz-adsorption like the
saturation sorption in the case of (1), but the
measuring error of CO, sorption caused by
measurement error of volume and pressure in
reference cell is great. The reproducibility of CO;
Gibbs sorption is mainly dependent on the
measurement error of pressure and volume as the
great density change in this case. As there is a
saturation-adsorption, the expansion CO; from
reference cell mainly increases the density of bulk
CO; in sample cell, and the equilibrium pressure of



R. Jiang et al.: Limitations of measurements of supercritical CO2 sorption isotherms on coals with manometric equipment...

sample cell should increase to the pressure in region
B.

(3) In case that both the final pressure of
reference and sample cell are in region B, in which
the sorption isotherm of CO; can be obtained at high
pressure. The measured adsorption like that of case
(2) except that the measurement error of adsorption
is great with the pressure errors of two cells. The
negative sorption increment and bad reproducibility
of CO, Gibbs sorption may be obtained with the
pressure and volume errors of two cells as the greater
Ly and Lps with the same AP in this case.

(4) In case that the final pressure of reference cell
is in region C and the final pressure of sample cell is
in region B, in which the adsorption isotherm of CO,
can be obtained at high pressure. The obvious
negative sorption increment may be obtained with
the pressure and volume errors of sample cell and
great Nps with the same AP in this case.

(5) In case both the final pressure of reference
and sample cell is in region C, in which the
adsorption isotherm of CO, can be obtained at high
pressure. In this case, the increased-adsorption is not
distinct as Apr~\ps with the same AP.

No distinct difference in density change of CO»
with pressure at low and moderate pressure
determine better repeatability and small error for
CO; sorption isotherms with manometric equipment.
The distinct CO, density change in sample or
reference cell with pressure at high pressure
determine that it is difficult to measure CO, sorption
isotherms with better repeatability and small error,
which will discussed in the following text.

To minimize the effect of the measurement error
of pressure on CO» adsorption, the pressure range in
reference cell should be controlled in region A or C,
rather than B region. The initial pressure in the
reference cell is controlled by the charged amount
with syringe pump, and the finial pressure is
controlled by the transferred portion of CO,. That is,
the experimental procedures involve the cases (1),
(4) or (5) described above, which is used to construct
the adsorption in low, moderate and high pressure,
respectively.

Effect of the measurement error of pressure

The estimation of the error with respect to each
independent variable about CO, adsorption
measurement is not the scope of this paper. The
adsorption error caused by measurement error of
pressure in region B is investigated as the density
change is greater than that in region A and C with
the same AP. This main purpose of the analysis
about the measurement error of pressure is only to

provide an explanation for the negative incremental
Gibbs-adsorption and less repeatability, which may
be caused by the error of pressure at appropriate
pressure range.

Although the pressure transducers have accuracy
from £0.001 to £ 0.01 MPa, the reading is generally
accurate to = 0.01 MPa. The reading error of 0.01
MPa and 0.02 MPa are employed to estimate its
effect on CO; density.

The Fig. (4) shows the density change of CO,
(Ap) for the pressure change (AP) 0of 0.01 and 0.02
MPa at temperature 31, 32 and 55 °C. The
temperature obviously affect on A\p for the same
AP at proper pressure, in which the changed-density
maximum is 1.21, 0.63 and 0.045 mmol/cm? for 0.02
MPa increased-pressure at 31, 32 and 55 C,
respectively, and it is 0.63, 0.53 and 0.02 mmol/cm’
for AP of 0.01 MPa at 31, 32 and 55 T,
respectively. The maximum error caused by the

pressure error mainly takes place in region B.
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Fig. 5. The change density of CO; with change of
pressure 0.01 MPa and 0.02 MPa at 31, 32 °C (A)
and 55 °C (B) obtained from the Span and Wagner-
EOS. Positions on the curves are identified as (a, b)
where a and b are the pressure and its density change
with the pressure change

The density change due to the error of pressure
reading causes the bad accuracy of excess adsorption
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and exceptional Gibbs sorption of CO, at proper
pressure, such as negative adsorption. As a portion
of CO,, Ang mmol, is transferred from the reference
cell to the sample cell and both cells are allowed to
equilibrate. The density error is 1.21 mmol/cm? and
0.63 mmol/cm® for the error of pressure reading of
0.02 and 0.01 MPa at equilibrium pressure of 7.5
MPa and 31 “C. If the specific volume of sample cell
or void volume of sample cell is 1 cm*/g-coal, the
negative adsorption of 1.21 mmol/cm*® and 0.63
mmol/cm? at 31 ‘C will be obtained due to pressure
reading-error of 0.02 and 0.01 MPa in reference cell
at B, of 7.5 MPa or in -0.02 and -0.01 MPa in

sample cell at B, of 7.5 MPa. However, when the

P, or B, is 7.21 MPa at 31 C, the pressure error

0f 0.02 MPa in sample cell or -0.02 MPa in reference
cell will result in negative adsorption of 0.11

mmol/g. When the P!, or B, increases from 7.5

MPa to 7.54 MPa at 31 ‘C, the negative adsorption
error caused by pressure error of 0.02 MPa decreases
from 1.21 mmol/g to 0.10 mmol/g. So, the influence
range of the pressure error on adsorption is narrow.
The effect of pressure error on adsorption decrease
with temperature increase, and the influence range of
the error get wide.

Adsorption/desorption hysteresis

The clear negative effect of temperature on the
adsorption capacity [11] made the CO, desorption
from coal as increase of temperature. The
adsorption/desorption hysteresis isotherm was
observed for pure CO; [7, 8, 19, 21, 33-37]. The
desorption isotherm generally lies to the upside of
the adsorption one, which mean at the same
equilibrium pressure the CO, adsorption obtained in
the process of pressure increase is lower than it
obtained in the course of pressure decrease.

Construction of the adsorption isotherms of CO»
on coal requires the expansion of gas from reference
cell into sample cell. During the gas expansion
procedure, the temperature was increased or
decreased in the two cells as a result of the Joule-
Thompson effect [31]. During the gas expansion, the
temperature was decreased in the reference cell as
CO; is expanded in this cell, while it was increased
in sample cell as CO, is compressed in this cell.
However, at equilibrium, both temperatures were
reached the temperature of the water bath. 5 minutes
was satisfactory for reaching the thermal equilibrium
[9].

The portion CO;-adsorption on coal may
desorbed from coal as the temperature of sample cell
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increase in the course of CO, expansion from the
reference  cell  to sample  cell. The
Adsorption/desorption hysteresis determines the
portion of desorbed CO; can not be adsorbed when
the temperature of sample cell decrease with
reaching the thermal equilibrium. The CO;
adsorption is so great that the desorbed CO; caused
by the adsorption/desorption hysteresis can not be
observed at low and moderate pressure, however, the
hysteresis may result in the negative adsorption
because of no or less sorption increment at high
pressure.

Coal Volume Swelling

According to Ozdemir et al. [21], the
uncertainties in volume estimations include nascent
volume created by the swelling or shrinkage of solid
adsorbent (AV(), the over- or underestimation of the
void volume due to adsorption of He and/or the extra
volume due to the sieving effect (AVy), the volume
change due to the dissolution of the adsorbing gas
(AVy), and so forth. So, the change in the void
volume in the sample cell (AVy) is
AV, =AV,FTAV, FAV,.

In case of the void volume correction term in step
i (AV, ), the realistic adsorption increment (An

can be obtained from Eq.s (8) and (9) based on Eq.s
(1) and (4),

Vv (PRi,I _ PRi,F J_
o | ==

Z,, Z
ARS :( 1 j R RE

. RTm i PSi,Eq PSI;] ’ (8)
(vo —AV) ) —f Sk
zZl 7!

S,Eq S,Eq

A =V Aoy = (Vi = AV, ) A ©)

The measured adsorption increment (AV) is
lower than the realistic adsorption increment ( An

based on Eq.s (4) and (9). If a volume ratio of void
of sample cell and reference cell in case of volume
correction ( X/ :(V0 ~ AV} ) /VR ), the Eq. (6) can be
written to
Anie,); :VRm (APR - Xi/Aps) . (10)
Coal swelling of 2-3% has been observed at
CO; pressures of 1 MPa [25]. Although the degree
of coal swelling was measured in low pressure, coal
swelling is dependent on CO, pressure. At moderate
to high pressure, coal swelling may result in
significant errors in measurements of CO;
adsorption on coals using gas adsorption techniques
that work well with rigid solids. With a manometric

apparatus, the coal swelling will change the ratio of
container volume to sample volume [20]. St. George
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and Barakat [29] had been observed that an initial
contraction occurred due to the hydrostatic pressure
before expansion due to CO; adsorption.

We do not investigate the effect of coal
swelling on CO; adsorption at low pressure. Volume
change due to coal swelling is only investigated at
moderate and high pressure in this paper. As the
equilibrium pressure of sample is in region B as
shown in Fig. (3), the density change is much large
that the effect of coal swelling on measured-
adsorption is great and the adsorption obvious
decrease. The negative CO;-adsorption will be
obtained in this case.

Based on Eq. (9), the realistic CO,-sorption
increment is dependent on the correction volume (
AV,), specific volume of two cells (Vr, Vo) and the

density change of bulk CO; in two cells (Lpr, Lps).
The effect of volume change (AVy) will get small in
case of AV <AV, based on Eq. (9), which means

great volume of sample cell in comparison with coal
volume (i.e. small mass of coal sample). AV < AV,

Om

can be obtained with control the experimental
parameters. The coal swelling of 2-3% and small
Lps at low and moderate pressure (in region A)
slightly affect the CO, adsorption in case of
AV} < AV, , but the great Aps in region B still make
great error of CO, adsorption, especially negative
adsorption.

Sorption ncwmn e chingy: nmoke

Fig. 6. Gibbs adsorption change of CO, for
specific void-volume decrease of 0.015 cm?/g-coal
(open symbols) and 0.05 cm®/g-coal (closed
symbols) and the pressure-change of 0.5 MPa (<
9), 1.0 MPa (A A), 1.5 MPa (o, @) and 2.0 MPa
(o, m) at a pressure corresponding the maximum
density-change and temperature from 31 to 65 °C

The coal swelling of 0.25-10% is equivalent to
the volume increase of 1.67x1073-6.67x1072 cm®/g-

coal in case of the coal density of 1.5 g/cm’. The
specific void-volume increase of 0.015 and 0.05
cm?/g-coal (the coal swelling of 2.25 and 7.75%) and
the pressure change (AP) of 0.5, 1.0, 1.5 and 2.0
MPa in sample cell are used to investigate the effect
of coal swelling on adsorption change maximum.
LpsAVy is calculated with AVy of 0.015 and 0.05
cm?/g-coal and Ayps-value at temperature from 31 to
65 °C and AP 0of 0.5, 1.0, 1.5 and 2.0 MPa as shown
in Table 1, which expresses the maximum of CO,
adsorption increase caused by coal swelling of 2.25
and 7.75%. Fig. (6) shows the maximum of CO»
adsorption increase as a function of temperature and
coal swelling of 2.25 and 7.75%.

The effect of coal swell on sorption increment
reduces with experimental temperature increase. As
the coal swelling of 2.25%, the sorption-increment
change is 0.01-0.05 mmol/g-coal at equilibrium-
pressure increment of 2.0 MPa, and 0.003-0.04
mmol/g-coal at the increment of 0.5 MPa at the
temperature from 31 to 65 °C. As the coal swelling
of 7.75%, the change is 0.01-0.13 and 0.04-0.18
mmol/g-coal at pressure increment from 0.5-2.0
MPa and the temperature from 31 to 65 °C. Although
the decreasing value of sorption increment due to
coal swell of 2-3% is small, the effort of this on
sorption isotherm is noticeable as error propagation
of each step of sorption.

In case of without regard to coal swelling, which
is adopted with rigid solid, the CO, adsorption on
coal get small in comparison with realistic value and
the decrease is dependent on temperature, pressure,
swelling amount and specific void-volume of sample
cell. The decrease of CO, adsorption may lead to the
negative adsorption under proper conditions, such as
equilibrium pressure in region B and small specific
void-volume in sample cell. As shown in Fig. (6), the
coal swelling effect on the adsorption decrease with
the increase of experimental temperature.

The Gibbs adsorption change of CO, on coal is
the function of temperature, the coal swelling
amount, the pressure change amount in sample and
equilibrium pressure of CO,. It is noted that with the
coal swelling amount obtained at low pressure, the
large correction is underestimated at the high
pressures because the coal swelling decrease as the
CO, pressure dropped [20]. The effect of coal
swelling on adsorption mainly takes place in the
larger density change, which is dependent on
temperature and equilibrium pressure of CO,.

CONCLUSIONS
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This study provides the idea about limitation of
measurements of supercritical CO, adsorption
isotherms on coals with manometric equipment at
high pressure. The characteristic density-change of
CO; in proper pressure range determines great
influence of experimental parameters on measured
adsorption of CO; on coal at high pressure. Unusual
adsorption isotherms of CO, on coals may be
obtained with manometric technique at proper
pressure range (high pressure), which is from 8§ to 16
MPa and is dependent on the temperature. The
experimental parameters include volume of two
cells, coal mass, error of pressure and volume and
coal swelling. The error of pressure and volume in
two cells may result in the less reproducibility and
repeatability of CO, adsorption on coals at high
pressure because of great change of CO, density.
The experimental parameters and their errors may
result in negative sorption increment and even
negative adsorption. The coal swelling may result in
negative adsorption. Without consideration of
measurement error of pressure and volume, the
influence of experimental parameters and coal
swelling, the adsorption isotherm of CO, on coal
obtained with manometric equipment at high
pressure can not express accurately the CO, sorption
capacity on coal.
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OI'PAHUYEHMA HA UBSMEPBAHUATA HA CBPEXKPUTUYHUTE M30TEPMU 3A COPBLIMA
HA CO; BbPXY BBI'JIMITA C MAHOMETPHUYHO OGOPY/IBAHE - TEOPETUYHO
OITMCAHUE

P Jzsm, X. 1O *, JI. Yau
Yyunuwe no xumuuecxo u exonoeuuno unsxicenepcmeo, Yuusepcumem sa nayka u mextonozuu [llanoone
Tomyuena nHa 15 despyapu 2017 r .; npuera Ha 6 roru 2017 1.
(Pesrome)

W3orepmure Ha anacopbums Ha CO, BpXy BBIJIMINATA Ca BAXHM 3a OIEHKAaTa Ha MOTEHNHWaja 3a ynassHe Ha CO; Ha
BBIVIMIIHUTE IUIACTOBE M MOJ00pEeHaTa pereHepaius Ha MeTaH OT BbIUMINa 4pe3 BrpbckBaHe Ha CO, BbB BHIJIMIIHUTE
racroBeoBe. Ta3u craTusi MpeacTaBsi XapakTepucThkaTa Ha Koeduiuenta Ha cBuBaeMocT Ha CO; U H3MEHEHHETO Ha
wibTHOCTTa HA CO,, 6a3zupano Ha CO, ypaBHEHHETO Ha ChCTOsiHUETO. CTaThATa M3CieiBa epeKTa Ha CKCIIePUMEHTAITHOTO
HAJIATaHE ¥ HEroBaTa IPeIiKa, XUCTepe3uC Ha ajcopouus / mecopOiust 1 HaObOBaHe Ha BBIJIMIIATA BBPXY H3MEPBAHUSITA HA
u3zorepmure Ha cynepkpurudna CO, agcopOuus BbPXY BBIVIUINA ¢ MAHOMETPHUYHO OOOPYIBAHE IPU BHCOKO HAJSITAHE.
Pesynrarure nmokasear, 4e xapakTepHaTa poMsiHa Ha IrbTHOCTTA Ha CO» B MOAXOISIIUS JUATIA30H HA HAIIATAHETO OTPEACIIs
rOJISIMO BJIMSIHAC HA CKCIICPUMCHTAIHUTE ITapaMeTpH, HaOb0BaHE Ha BHIJIUINATA M XUCTEPE3UC HA ancopOus / qecopOrus
BBpPXY ancopouusata Ha CO, BpXy BBIUIMIIA IIPH BUCOKO HaJsraHe. EQEeKThT Ha XucTepesnca BbPXyY COPOLUATa IPH BHCOKO
HaJIsITaHe MOXe Ja JIOBEJe 0 OTpHIlaTeIHa HabmogaBaHa ajacopouus. Habr0BaHeTo Ha BBIVIMINATA TIPH BUCOKO HAJISTAHE
nMa OYeBHICH e(PeKT BbPXy TOYHOCTTa M BB3MPOM3BOAMMOCTTA Ha aacopbumsata Ha CO,. CrhiecTByBaT MOTEHIIHATHI
KJIOTIKH 3a M3MEpBaHe Ha M30TepMUTe Ha CBPBbXKpuTHIHA CO, amcopOIus BbpXY BBIJIHUINA ¢ MAHOMETPHYHO 000pyaBaHE
[PU BHCOKO HAJIsITaHe.
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In order to study rules of property variation of modified asphalt with rock asphalt and its mixture, Binzhou 90* base
bitumen and Maoming 707 base bitumen are modified respectively with Xinjiang rock asphalt of 5, 10, 15 and 20%.
Property variation of modified asphalt is studied through conventional indexes of grading index penetration system and
DSR, BBR as well as quantities of experiments on modified asphalt graded as AC-13 in properties of high temperature,
water stability, low-temperature crack resistance and fatigue. The results show that the modifier of rock asphalt is
helpful to improve the performance of asphalt at high temperature, but it may also affect the performance at low
temperature. The optimum content range of rock asphalt should be controlled in 5 ~ 15%. The improvement in
performance of modified asphalt is helpful to the high -temperature performance, water stability and fatigue property of

its mixture, but the low-temperature performance may get worse in a small range.

Key words: rock asphalt; modified asphalt; asphalt mixture; test and evaluation

INTRODUCTION

With the rapid development of transportation
industry, the road performance of asphalt pavement
should meet higher requirements for heavy and
canalized traffic. The wide use of modified asphalt
in high-grade pavement greatly improves asphalt
mixture’s road performance. Currently, effective
and widely used modifiers are mainly SBS, PE,
SBR, etc. However, with the rise in prices of SBS
and other modifiers, it is becoming a hotspot in
transportation domain to find a modifier of low
price and good effect.

Rock asphalt is a stable kind of natural asphalt
and Overseas studies have shown that the modifier
of rock asphalt will improve mixture’s road
performance, especially in its high-temperature
stability, water stability and fatigue resistance.
However, the engineering application of rock
asphalt, especially the natural storage in
Kalamayiwuerhe,  Xinjiang and  Qingchuan,
Sichuan, etc, is limited for a lack of detailed and
clear methods and standards but principle technical
requirements by the current specification. The
objective of this study is evaluating rules of
property variation of modified asphalt with rock
asphalt of Kalamayi, Xinjiang and its mixture
through experiments, providing reference to our
country’s rock asphalt’s engineering application.
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MATERIALS AND METHODS
Materials
Bitumen

Considering effects of different base bitumen to
experiments, Binzhou 90* and Maoming 70* base
bitumen were used respectively.

Rock asphalt used in this study is Xinjiang
Wuerhe rock asphalt.

Aggregate

As for the modified asphalt mixture’s tests, if
without special explanations, the coarse aggregate
was Chengde, Hebei graded basalt material, the fine
aggregate was limestone sand and the filler was
limestone filler.

Gradation

The use of AC-13 as asphalt mixture’s gradation
is given by stipulation in the current specification to
insure that testing results are stable and reliable.

Material Preparation
Base bitumen and rock asphalt

According to related experiment stipulation,
Binzhou 90* and Maoming 70*base bitumen have
been tested with conventional indexes and testing
results meet requirements, which is listed in Table.1
and those of Wuerherock asphalt are indicated in
Table.2



K. Zhong et al.: The performance test and evaluation of rock asphalt modified asphalt and mixture

Table 1. Technical index of base bitumen

Pilot projects

Types of base bitumen
Binzhou AH-90 Maoming AH-70

Penetration(100g, 5s, 25°C) 0.1mm

Ductility(5¢cm/min, 15°C) cm
Softening point(ring and ball method)°C
Lossof mass %
penetration ratio %
Ductility (25°C) cm
Ductility (15°C) cm

RTFOT (160°C
5h)

87 67
>150 >100
453 48.3
0.29 0.41
58.6 59.7
>150 >100
>150 54

Table 2. Technical index of rock asphalt

Pilot projects Unit Test results
Asphalt content % 99.4
Ash content % 0.54
Specific gravity g/cms3 1.06

Flash point °C >230°C
Loss of mass % 0.632
Moisture content % 0.1%
Maximum particle size of
m?neral mm 4.75
Gradation preparation method, the modified asphalt was

To ensure the accuracy of grading, the target
gradation of AC-13 is compounded by aggregates
of single size sieving from qualified coarse
aggregates by standard sifter, blended with fine
aggregates.

Modified asphalt and asphalt mixture

Binzhou 90* and maoming 70* base bitumen
were preheated to 150°C and rock asphalt was
blended in with predetermined proportion of 5, 10,
15 and 20%. Heat and stir them to disperse rock
asphalt gradually in base bitumen, then continue at
175°C for 30 min and preserve it in an oven for 1h
and then blend it at 175°C for 15 min for later use
of pouring an asphalt model. In addition, the
method of high-speed shearing can also be used to
prepare samples.

The match ratio design of asphalt mixture was
determined by Marshall mix design method
according to the current specification. In the
experiment, the heating temperature of the asphalt
mixture was 185°C, the mixing temperature was
175°C, and the compaction temperature was 160°C,
according to the viscosity curve of the rock
asphalt.The match ratio design of asphalt mixture
was determined by Marshall mix design method
according to the current specification. In the
experiment, asphalt mixture’s testing temperature
of aggregate, mixing and compaction were at
185,175 and 160°C according to the modified
viscosity temperature curve. According to the

prepared in advance, and then the rock bitumen
modified asphalt was added into the mineralizer for
90s to obtain the rock asphalt modified mixture.
Finally, the mineral powder was added and then
mixed for 90s.

According to the tests, the results of the match
ratio design of Binzhou 90 base bitumen were
shown in fig.3 to fig.8 and its OAC was 4.9%. Note
that the optimum amount of asphalt with different
content of rock asphalt may change as a result of
blending modifier and changes in viscosity and
other indexes of itself. In this paper, the same
optimum amount of asphalt is taken with different
content of modifier, which emphasizes the
comparison of how different quality of asphalt may
affect the properties of mixtures.

Tests of bitumen
Penetration, ductility and softening point tests

Penetration reflects asphalt’s deformation
capacity under loading. Ductility reflects asphalt’s
ability to resist cracks. As for the softening point, it
can reflect asphalt’s high-temperature performance
and is closely connected with asphalt mixture’s rut
resistance. This study modifies Binzhou 90% or
Maoming 70* base bitumen with Xinjiang rock
asphalt of 5, 10, 15 and 20% respectively for
penetration test at 5, 15, 25 °C, for ductility,
softening point and toughness test at 5, 15°C before
and after aging according to the test procedure.
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Tests of asphalt mixture
Marshall tests, rutting tests and water stability tests

The Marshall Test method is used for the HMA
proportion design, according to the current
technical specification. This study modified
Binzhou 90* base bitumen and Maoming 70* base
bitumen with rock asphalt of 5, 10, 15 and 20%
graded as AC-13. The test specimen adopts the
same asphalt-aggregate ration according to relevant
test procedures. The number of a single group of
specimen is not less than 4 to test asphalt mixture’s
stability and flow value. The residual stability of
immersion Marshall test and freeze thawing split
test’s residual strength are two main indexes to
evaluate asphalt mixture’s resistance to water
damage.

Tests of low-temperature performance

According to current specification,
low-temperature bending test is used to evaluate
asphalt mixture’s low-temperature crack resistance.
Binzhou 90* base bitumen and Maoming 70* base
bitumen were modified with rock asphalt of 5, 10,
15 and 20% respectively by wheel roller. The track
board was compacted by wheel grinding and was
cut into beams of 250x30%25mm at -10°C and the
loading rate was 50mm/min. Asphalt mixture’s

100

low-temperature crack resistance is evaluated by
failure strain at low temperature.

ANALYSIS
Asphalt
Ductility test results

Penetration test results As is shown in Fig.1 and
Fig.2, modified Binzhou 90* and Maoming 70* base
bitumen show similar rules:

@O At the same temperature, modified
asphalt’s penetration is obviously lower than that of
base bitumen and the penetration reduces with the
increase of the proportion of rock asphalt. This
means that modified asphalt is stiffer and stronger
in deformation resistance.

@  Equivalent softening point T800 is
significantly lower after modification. With the
increase of the proportion of rock asphalt, there is
an increasing trend in the equivalent softening point,
which means rock asphalt can improve asphalt’s
high-temperature stability.

3@  Alimited increase in the equivalent brittle
point is observed with rock asphalt’s modification,
which means the addition of rock asphalt will
slightly worsen asphalt’s low-temperature stability.
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Fig. 1. Penetration variation of Binzhou 90* modified with rock asphalt
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Fig. 2. Penetration variation of Maoming 70* modified by rock asphalt
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From Fig.3~Fig.5, It can be seen from fig.14
to 17 that rock asphalt can remarkably reduce
base bitumen’s ductility before and after aging,
and with the increase of rock asphalt, the
asphalt’s ductility reduced remarkably.

Softening point

As can be seen in Fig.6 and Fig.7:

(O  Rock asphalt can obviously elevate
asphalt’s softening point, so it’s helpful to asphalt
mixture’s high-temperature stability and rut
resistance.

@  Asphalt’s softening point elevates with
the increase of rock asphalt content, but the

increasing range reduces gradually. As 5% rock
asphalt was added to Binzhou 90* bitumen
asphalt for three times constantly, the increasing
ranges of softening point were 5, 3 and 2°C.

Before and after asphalt’s aging, the variation
rule of the softening point changes with the rock
asphalt’s proportion as follows:

Tees = 45.5+0.924p-0.0160p” R? =0.995

Tres =50.4+0.893p —0.0114p? R? =0.996
where p means the amount of rock asphalt (%).
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Fig. 7. Maoming 70 with different proportion of
rock asphalt’s variation of softening point before and
after aging.

Asphalt mixture
Analysis of Marshall test results

As can be seen in Fig.8 and Fig.9:

(O  The modified asphalt mixture’s stability is
higher than that of base bitumen mixture and its
Marshall Stability increased gradually with the
increase of rock asphalt’s proportion.

@  The stability of Binzhou 907 asphalt
mixture modified with 20% rock asphalt is the
highest, but the stability’s change doesn’t show a
linear relationship with the change of rock asphalt’s
blending ratio. The stability increased to the
maximum amplitude, 13.4% when 5% Xinjiang
rock asphalt was blended.

(3  Respect to rock asphalt’s changing content,
the change rule of flow value is not obvious.

14
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= —=— Binzhou90s
E —— Maoming7(
=
8
[%p]

o N B O

bitumen with different proportion of rock stability.
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Fig. 9. Flow value of Maoming 70% base bitumen
with different proportion of rock asphalt.

Rutting tests

As can be seen from fig.10:

@ Modified with rock asphalt, Binzhou 90*
base  bitumen’s  dynamic  stability  and
high-temperature rut resistance were improved
obviously. For the maximum amount of rock
asphalt (20%), asphalt’s dynamic stability was
increased t05.8 times the previous value and for the
minimum (5%),to 2.1 times.

(@ Modified with rock asphalt, Maoming 70#
and Binzhou 90% asphalt show the same rules, but
with the increase of rock asphalt’s content, the later
increasing rangeof dynamic stability degree of
Maoming 70* asphalt has reduces gradually.
Thereforeit is not sure that Maoming 70% base
bitumen’s dynamic stability is higher than that of
Binzhou 90* base bitumen when they are modified
with the same amount of rock asphalt.
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Fig. 10. Dynamic Stability of Asphalt Mixtures with
Different Rock Asphalt Content.
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Fig. 12. Residual stability and freeze - thaw splitting
intensity ratio of MaoMing 70% mixed with different
contents of rock asphalt.

Water stability

From Fig.11 and Fig.12, it can be seen that
Binzhou 90* and Maoming 70* base bitumen show
similar rules when they are mixed with different
proportions of rock asphalt:

(D  The residual stability and tensile strength
ratio TSR of Binzhou 90* modified asphalt mixture
are apparently higher than those of base bitumen,
and the mixture’s water stability increases with rock
asphalt’s addition. Modified with 5% Xinjiang rock
asphalt, the residual stability of the mixture
increased 3.9%, the tensile strength ratio increased
8.3%, and the increase extent can be bigger with
more rock asphalt.

@ After the water damage occurs, the residual
strength of the Binzhou 90% asphalt modified with
rock asphalt is significantly improved compared to
that of base bitumen. For example, after
freeze-thaw cycle, the residual tensile strength of
base bitumen was 0.9MPa, while modified with10%
rock asphalt, it could reachl.4MPa. It’s the same
with Maoming 70% asphalt modified with rock
asphalt but with a certain fluctuation.

Analysis of low-temperature performance

Low-temperature test results of failure strength,
failure strain and failure stiffness modulus of
Binzhou 90 and Maoming 70* base bitumen
mixture modified with Xinjiang rock asphaltare
shown in Fig.13~Fig15.
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Fig. 13. Change of low temperature failure strength
of modified asphalt
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Fig. 15. Change of low temperature failure stiffness
modulus of modified asphalt

(D  When the failure strain was used as the
evaluation index, that of Binzhou 90* and Maoming
70" asphalt mixture was the largest, but after the
modification of rock asphalt, it showed a decreasing
trend, indicating that asphalt  mixture’s
low-temperature performance became worse. With
the increase of the amount of rock asphalt, the
low-temperature damage strain decreased gradually.

@ In terms of failure strength index, after
rock asphalt’s addition, Binzhou 90 * asphalt
mixture’s ultimate bending strength at low
temperature became higher.

CONCLUSION

1.  After rock asphalt’s modifying, base
bitumen’s penetration decreases and its softening
point, rutting factor G'/sind and elastic
component increase , contributing to improving
asphalt’s high-temperature deformation resistance
and fatigue performance.

2. Modified with rock asphalt, asphalt’s
low-temperature ductility decreases. It is shown that
the addition of rock asphalt will improve the high
temperature performance, but at the same time will
reduce the low temperature crack resistance of
asphalt. The optimum amount of rock asphalt is 5%
to 15%.

3. Modified asphalt mixture with rock
asphalt has higher Marshall Stability, and the
greater the amount of rock asphalt content is, the
better asphalt’s high-temperature rut resistance
becomes.

4.  The residual stability and split strength
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ratio of modified asphalt mixture are both obviously
higher than those of base bitumen, and increases
with the addition of rock asphalt content, that is, the
modification can improve mixture’s water
resistance.

5. Rock asphalt’s modification can obviously
improve asphalt mixture’s mechanical strength and
fatigue resistance and those will increase with the
addition of rock asphalt content.

6. Modified asphalt’s softening point has
good correlations with modified mixture’s dynamic
stability, indicating that the improvement in asphalt
mixture performance comes from the modification
ock asphalt.

7. With addition of rock asphalt mixture’s
low-temperature damage strain may decrease
slightly.
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4 )Konznyaoke mazucmpannuu mexnonozuu CO OO/, Iexun 100088, Kumaii

Iomyuena na 23 deBpyapu 2017 r .; npuera Ha 7 ronu 2017 .

(Pesrome)

3a ;a ce W3ydar mpaBHiiaTa 3a M3MEHEHHE Ha CBOHMCTBara Ha MoaudumupaH achant ¢ muctoachanT U TEXHUTE
cmecu, Binzhou 907 acdanros 6utym u Maoming 70% acpantos 6urym ca Mogupuuupanu choTseTHO ¢ 5, 10, 15 1 20%
acantoBu muctu ot CuHiBsH. [IpomsHara Ha cBolicTBara Ha MomudumupaHus achanT ce u3cieaBa 4Ype3
KOHBEHI[MOHAJIHUTE T0Ka3arelld Ha cucTeMara 3a rpajayupaHe Ha wHiaekca 3a kinacudukanus u DSR, BBR, kakro u
EKCIIEPUMEHTH BbpXy Momubunupan acdant, kracubumupan kato AC-13, CBoiicTBa NpH BHCOKAa TEMIIEPATypa,
YCTOMYMBOCT HA BOJA, HUCKOTEMIICpaTypHAa YCTOWYMBOCT HA INyKHATHHH W yMmopa. Pe3ynarature moka3Bar, ue
MOTU(HKATOPHT Ha mucToacdanTa ¢ moje3eH 3a NojA00psBaHe Ha pabdoTara Ha acanTa mpu BHCOKA TeMIieparypa, HO
MOXKE Jla TIOBJIHsIC ¥ Ha paboTara mpu HUCKA Temmeparypa. ONTUMATHUAT 00XBaT Ha ChABPIKAHUETO HA MIMCTOAC(HANT
TpsiOBa aa ce KoHTpompa oT 5 ~ 15%. [TomoOpsiBaHETO HAa XaPAKTEPUCTUKUTE HA MOAUGUIPAHHS ac(alT ¢ MOJIC3HO 3a
BHUCOKOTEMIICPATypHUTE XapPaKTCPUCTUKU, YCTOWYMBOCTTa Ha BOJAa M yMopara Ha HEroBara CMEC, HO HHCKO
TEMIEPATypHUTE XapAKTEPUCTHUKU MOTAT J]a CE BIIOMIAT B TCCCH JUATA30H.
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Rheological properties of RHMOD-INVERT™—A Study on a novel oil-based
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Using conventional oil-based drilling fluids typically involves the disadvantages of low borehole cleaning efficiency,
easy cuttings bed formation and drill pipe sticking. In order to address these problems, we developed the gemini
surfactant SRHJ-1, after which we manufactured the oil-based drilling fluid RHMOD-INVERT™. This new drilling
fluid demonstrates excellent rheological properties, including low viscosity and high shear. The microscopic structure of
the drilling fluid was observed through freeze-fracture electron microscopy. Then, combining high-temperature,
high-pressure rheometry with optical microscopy, the RHMOD-INVERT™ drilling fluid was analyzed both
macroscopically and microscopically. The observation data showed strong van der Waals forces active between
emulsion droplets, organic clay, and other solid-phase particles, resulting in close interactions and the formation of
network-like aggregates. Due to these forces, the new drilling fluid exhibits a “cake batter” structure. Emulsion droplets,
organic clay, and other solid-phase particles, when at rest, form a complex, three-dimensional piling structure in space,
which has a higher suspending power. When flowing, the reticular formation can be destroyed even under extremely
low shear stress, facilitating the flow of the drilling fluid. This is manifested as low viscosity and high shear on the
microscopic level. The new drilling fluid was applied in field tests to several deep horizontal wells, including WS1-H2,
GS3, and XS1-H8, where it demonstrated stable performance. The rheological properties of low viscosity and high
shear make it easier to overcome challenges in the cuttings, carrying, and sticking phenomena in deep horizontal wells
in tight gas reservoirs, while simultaneously improving the drilling efficiency.

Keywords: Emulsion, high thixotropy, low viscosity and high shear, oil-based drilling fluid, rheology.

INTRODUCTION

Oil-based drilling fluids (OBDFs) possess excellent
capacities for inhibitive activity, lubrication, and

surfactants are extensively used in China. These
surfactants are low in both emulsification efficiency
and resistance to high temperature; therefore, they
are added in large amounts to OBDFs, leading to

pollution reduction. In drilling projects, these fluids
can be used to inhibit the hydration swelling of
shale, prevent the collapse of borehole walls, and
reduce hole shrinkage [1]. When applied to
high-temperature deep wells and wells with large
displacement or complex structures, OBDFs can
prevent borehole instability in complex strata,
thereby ensuring safe and rapid drilling
[2-3].OBDFs have undergone rapid changes
through research conducted in foreign countries. In
fact, the application rate of OBDFs has reached
over 80% in North America and Mexico. Baroid
and M-I  Corporation  have  developed
high-performance, OBDF systems such as
INNOVERT and INTOL™, based on FACTANT
and VETSAMUL, respectively [4-6].
High-performance emulsifiers are important for
developing desirable OBDFs; however, the
development of emulsifiers has fallen far behind in
China compared with other regions of the world. At
present, single-chain and single-functional-group

* To whom all correspondence should be sent:
E-mail: xuyongjun@hit.edu.cn

unstable performance, poor shear thinning ability,
high viscosity, and low shear. As a result, these
OBDFs may present problems of low borehole
cleaning efficiency and easy cuttings bed formation,
such that they are unsatisfactory for horizontal
wells and wells with complex structures [7-9].To
address these defects, we developed a high
thixotropy OBDF called RHMOD-INVERT™ that
incorporates the SRHJ-1 emulsifier. This new
drilling fluid achieves low viscosity and high shear,
and it was applied successfully to several horizontal
wells in deep tight gas reservoirs in the Daging
oilfield (horizontal wells WS1-H2 and XS1-H8).
RHMOD-INVERT™ also resolves the frequent
phenomena of low borehole cleaning efficiency,
cuttings bed formation, low drilling speed, and drill
pipe sticking in complex structure wells.

EXPERIMENTAL

Development of new emulsifier and high thixotropy
OBDF

Working mechanism of new emulsifier, SRHJ-1

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 527
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We prepared the new emulsifier using the
organic acids N-Vinylpyrrolidone and
epichlorohydrin as raw materials, in an attempt to
address the problems of instability and hydrolysis
under certain temperatures and in alkaline
environments. The gemini emulsifier SRHJ-1 was
synthesized through a three-step method. Fig. 1
shows the molecular structure of the SRHJ-1
emulsifier, which is a dimer with two head groups
introduced to enhance the adsorption capacity on
the oil-water interface. The two alkyl chains of the
emulsifier molecule display strong intramolecular
interactions, increasing the strength of the
interfacial film between oil and water and thereby
promoting the emulsification capacity. On the
oil-water interface, both intramolecular interaction
in the alkyl chains and intermolecular interaction
based on hydrogen bonding occur, greatly
improving the formation and stability of a
water-in-oil emulsion[10]. The bi-layer structure of
the gemini emulsifier SRHJ-1 enables a tighter
molecule arrangement on the oil-water interface. In
solutions, the emulsifier exists as a suspension of
micelles with low curvature. In low-concentration
liquids, the emulsifier exists as wormlike or linear
micelles, which intertwine to form a network
structure. This unique feature provides high
viscoelasticity [11-16] and the shear properties of
non-Newtonian fluids [17] to the solution into
which the emulsifier is added.

In rheological terms, a stress must act on the
fluid in order for the fluid to flow. Gel strength is
defined as the maximum elastic deformation of the
fluid before it is made to flow. When added to fluid,
SRHJ-1 can increase the elastic deformation and
gel strength of the emulsion. When left standing,
the emulsion will increase in elasticity as well as in
gel strength and suspending ability. Because the
SRHJ-1 emulsifier is easily dissolved in the
dispersed phase, it will not increase friction within
the continuous phase. While increasing the yield
point-plastic viscosity ratio, the SRHJ-1 emulsifier
does not increase plastic viscosity itself [18].

CHg CHj
] | @
Ryi—C—HN~CHz)3 — N*—CH,CHCH, NH CH,CHCH,—N* — (CH,);—NH—C—R,’
CHg OH R, OH CHs

5¥: Ry: CysHall Ci7H30H Ry (Ci7Has0(CeHgNO)M)N Ry: CigHpg, M= 101 0>
Fig. 1. Molecular structure of SRHJ-1 emulsifier
Performance evaluation of SRHJ-1

Using a DSX500 opto-digital microscope, we
evaluated the morphology of an emulsion formed
by adding SRHJ-1 emulsifier and assessed the
suspending performance of the emulsifier. We then
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determined the capacity of the organic
clay-containing emulsion to improve shear strength.
The base fluids used were inverse emulsions with
an oil-to-water ratio of 80:20.

Microscopy of emulsion formed by SRHJ-1

Under the microscope, we observed changes in
emulsion droplet size and morphology after hot
aging at a high temperature, and we compared these
results with an emulsion formed by Span-80. Figs.
2 and 3 show the differences in droplet size using
the two emulsifiers. Compared with Span-80,
SRJH-1 produced a smaller droplet size and a more
uniform size distribution after hot aging [19],
indicating its higher emulsification capacity.

Fig. 2. Emulsion droplets formed by Span-80

Fig. 3. Emulsion droplets formed by SRHJ-1

(Note on emulsion formulation: a) oil-to-water
ratio 80:20, CaCl, concentration 20%+4.0%
Span-80+3.0% oleic acid+3.0% naphthenamide; b)
oil-to-water ratio 80:20, CaCl, concentration
20%+3.0% SRHJ-1+1.0% naphthenamide;
conditions of hot aging at a high temperature
260°C/16 h in both a and b)

Suspending performance

Loss factors of emulsions formed with different
emulsifiers in static states were determined using
Rheolaser™ (Fig. 4). The loss factor is a


http://cn.bing.com/dict/search?q=alkyl&FORM=BDVSP6&mkt=zh-cn
http://cn.bing.com/dict/search?q=chain&FORM=BDVSP6&mkt=zh-cn
http://cn.bing.com/dict/search?q=Naphthenamide&FORM=BDVSP6&mkt=zh-cn
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measurement of suspending performance, defined
as the ratio of the loss modulus to the modulus of
elasticity. The smaller the value, the higher the
suspending performance, and the lower the
possibility of static settlement of the solid phase
under the action of weight [20]. As Fig. 4 shows,
the loss factor of the emulsion formed by SRHJ-1
decreased fastest compared with several other
emulsifiers developed by foreign researchers, and it
stabilized after about 7 min. In actual applications,
the new emulsifier’s macroscopic performance
corresponded  well with its  microscopic
performance. This emulsifier improved the
rheological properties, thixotropy, and suspending
performance of the OBDFs, thereby promoting
borehole cleaning efficiency.
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Fig. 4. Loss factors of emulsions formed with
different emulsifiers

Capacity of organic clay-containing emulsions to
improve shear strength

Separate water-in-oil emulsions were prepared
with Span-80 and SRHJ-1, with different amounts
of organic clay added. The corresponding changes
in yield point were then determined (Fig. 5). The
results indicate that SRHJ-1 demonstrated a better
capacity for improving shear strength. Even at a
small addition amount of 0.3%, SRHJ-1 worked
synergistically with the organic clay to improve
emulsification efficiency. The mixture of SRJH-1
and the organic clay enhanced the overall
performance of the OBDF.
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Fig. 5. Effect of SRHJ-1 on the yield point of organic
clay-containing emulsions

Establishment of high thixotropy OBDF system

Gemini emulsifiers, when used synergistically
with conventional emulsifiers, can greatly enhance
emulsification performance[21-22]. We combined
SRHJ-1 with naphthenamide, a conventional
emulsifier, as well as a filtrate reducer, organic clay,
and wetting agent. We then prepared a high
thixotropy OBDF system, RHMOD-INVERT™,
which demonstrated resistance to temperatures as
high as 260°C. Its performance properties are
shown in Table 1. The formula of the drilling fluid
system consists of biodiesel, 20% CaCl, water
solution (oil-to-water ratio 80:20), 3.0-3.5%
SRHJ-1, 1.0-1.2% naphthenamide, 4% organic clay,
1.5% calcium oxide, 3-5% filtrate reducer, 2-4%
wetting agent, 4% ultrafine calcium carbonate
(1250 mesh), and barite powder. The performance
of the new drilling fluid system was verified by
field tests in several deep horizontal wells
(WS1-H2, GS3, and XS1-H8). Its rheological
features of low viscosity and high shear are
effective in resolving common problems with
OBDFs, such as difficulty in cuttings carrying, pipe
sticking, and the instability of deep wells in tight
gas reservoirs. The horizontal completion length of
the WS1-H2 well was 1704.35 m, and the
mechanical drilling speed was as high as 1.8 m/h;
both of these values set new records in the field.

Table 1.
RHMOD-INVERT™

Performance parameters of

Experimental AV/ PV/ YP/ Gel/ YP/PV ES/ FLutre/
conditions mPa-smPa-s Pa Pa/ Pa V mL

8 3.5/5.0 0.44 1653 /
8 4.0/6.5 0.42 1644 8.2
9 4.0/6.5 0.45 1613 8.4
9 3.5/6.0 0.43 1548 8.4

Before aging 26 18
260°C/16h 27 19
260°C/48h 29 20
260°C/72h 30 21

RESULTS AND DISCUSSION

Hypothesis of the microscopic structure of high
thixotropy OBDF

The low viscosity and high shear properties of
RHMOD-INVERT™ can be explained on the basis
of microscopic factors. These rheological features
may be caused by the intertwining of wormlike or
linear micelles, which form a stereoscopic cake
batter structure through interactions with quaternary
ammonium clay. The hypothesized forms of
interactions between emulsion droplets and
solid-phase particles are illustrated in Fig. 6. When
left standing, the elasticity of the emulsion droplets
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formed by SRHJ-1 continues to increase, giving the
emulsion high gel strength and suspending
performance. Moreover, strong van der Waals
forces are created between the emulsion droplets
and the organic clay, forming a cake batter structure
that correlates to the interactions between emulsion
droplets, organic clay, and other solid-phase
particles. This system is associated with higher gel
strength and suspending performance. The drilling
fluid system’s shear stress Ty was only 2.71 Pa as
the fluid flowed. This suggests that the reticular
formation can easily be destroyed even under an
extremely small shear stress, facilitating the flow of
the drilling fluid.
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b. Planar view of the cake batter structure

Fig. 6. Hypothetical microscopic structure of the high
thixotropy OBDF

Verification of the rheological properties of high
thixotropy OBDF

In order to determine its rheological properties,
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samples of the drilling fluid were cryopreserved in
liquid nitrogen, which helped preserve its flow
characteristics. Then, Cryo-scanning electron
microscopy (Cryo-SEM) was used to investigate
the drilling fluid’s microstructure development.
Moreover, a HTHP rheometer was used to test the
new fluid’s unique rheological properties.

Microscopic analysis

We used a DSX500 opto-digital microscope
combined with Cryo-SEM to observe the
microscopic structure of RHMOD-INVERT™.
First, the moving fluid was flast frozen in -173°C
liquid nitrogen, and images were taken using a
transmission electron microscope with 100 KV
accelerating voltage. Figs. 7 and 8 are the
high-magnification images and Cryo-SEM images,
respectively. As indicated in Figs. 7 and 8, the
water-in-oil emulsion formed by SRHJ-1 enjoyed
high stability and was resistant to the breaking of
the emulsion. Moreover, there were more emulsion
droplets formed, with smaller droplet sizes and a
more uniform size distribution. Aggregates formed
between the emulsion droplets and organic clay
particles through hydrogen bonding. Based on these
factors, a cake batter structure was observed as the
form of interaction between emulsion droplets,
organic clay, and other solid-phase particles; this
structure provides higher gel strength and yield
point. The emulsion droplets, organic clay, and
other solid-phase particles interact by van der Waals
forces, which are easily broken by high shear rate,
leading to “shear thinning.”

Fig. 7. SEM images of high thixotropy OBDF
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Fig. 8. Freeze-fracture electron microscopy images
of high thixotropy OBDF

Macroscopic analysis

To characterize the macroscopic properties, a
DHR-2 rheometer was applied to both conventional
drilling fluid and RHMOD-INVERT™ at 50°C.
The rheological curves at high temperature and
high pressure were then plotted so as to compare
the rheological differences between the two. Figs. 9
and 10 show the changes to viscosity and shear
stress, respectively, with shear rate. According to
Fig. 9, the viscosities of both drilling fluids
declined sharply at a shear rate of 0-100s™, which is
typical of non-Newtonian fluids. With the shear rate
fixed, the viscosity of RHMOD-INVERT™ was
obviously lower than that of the conventional
drilling fluid, indicating a stronger shear thinning
effect. This is conducive not only to increasing the
drilling speed, but also to carrying cuttings in a
circular space.

However, neither the Bingham model nor the
power law model can accurately depict the
rheological properties of these OBDFs. As Fig. 10
illustrates, the conventional OBDF more closely
resembles a dilatant fluid at a shear rate of 0-1000
st As the shear rate increases, some particles
intertwine together to form a reticular structure,
which causes the flow resistance to increase,
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resulting in the rheological features of high
viscosity and low shear during the drilling
operation. This is not favorable for borehole
stability or the carrying of cuttings. In contrast,
RHMOD-INVERT™ conforms to the
Herschel-Bulkely equation[23], expressed as t=ty+
Ky", which provides a more accurate model. The
emulsion droplets formed by SRHJ-1 show a
constant increase in elasticity in a static state,
providing the emulsion with higher gel strength and
suspending performance, also known as high shear.
The initial shear stress ty of the flowing drilling
fluid is only 2.71 Pa, which means both that the
fluid can flow under minimal shear stress and that
the drilling fluid is superior in thixotropy.
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Fig.9. Viscosity-shear rate curves for different
OBDFs
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Fig.10. Shear stress-shear rate curves for different
OBDFs

CONCLUSIONS

We developed a gemini emulsifier, SRHJ-1, for
use in OBDFs. This emulsifier demonstrated
excellent performance and compatibility with
conventional emulsifiers. This emulsifier can
increase the yield point of emulsion droplets,
enhancing the strength of the interfacial film
between oil and water. When added to a high
thixotropy OBDF, SRHJ-1 can provide high
shearing force and suspending ability. Based on
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SRHJ-1, we then prepared a high thixotropy OBDF,
RHMOD-INVERT™, which can resist high
temperatures (260°C). Field tests proved the low
viscosity and high shear of RHMOD-INVERT™,
which has a unique cake batter structure. This
three-dimensional piling structure, which is helpful
in enhancing suspending performance, is formed by
the interactions between emulsion droplets, organic
clay, and other solid-phase particles.

Microscopic and macroscopic analyses of
RHMOD-INVERT™ indicate the formation of
reticular aggregates comprised of emulsion droplets,
organic clay, and other solid-phase particles. This
drilling  fluid system conforms to the
Herschel-Bulkely equation and shows a good
correspondence between its microscopic and
macroscopic features.
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PEOJIOTMYHU CBOVICTBA HA RHMOD-INVERT™ - 3CJIEJIBAHE HA HOBA
COHJIAXXKHA TEYHOCT HA OCHOBATA HA MACJIO C BUCOKA TUKCOTPOITH A

. T. JIny*?, W. Ixan?, 3. a2, U. JIx. Cro'*

! Texnuuecku uncmumym Xapoun, Xapbun, Xeiinonosxcuane, Kumaii 150001,
2 Unoicenepho-usciedosamencku uHCMumym 3a COHOANCHO unaicenepcmeo, Hedpmeno-condancna unoicernepha

xomnanus 6 Jayun, Jayun, Xeunonoscuane, Kumaii 163413

IMony4ena Ha 15 ¢espyapu 2017 r .; npuera ua 5 rouun 2017 .
(Pe3rome)

Wznon3BaHero Ha KOHBEHLUHOHAIHW COHJA&KHHM (UIyHOM Ha OCHOBAaTa HAa Maciio OOMKHOBEHO BKIIIOYBA
HEJOCTAaThLUTE Ha HHUCKa €(EKTUBHOCT Ha TOYMCTBAHE Ha COHJaXKa, JICCHO OOpa3yBaHE Ha KOPUTOTO H
CJIeTIBaHE Ha COHJAXHHUTE TpHOM. 3a Ja ce chmpaBuUM C Te3u ImpobieMu, Hue pa3zpaboTuxme
NOBBPXHOCTHO-akTHBHUS areHT SRHJ-1, cmegq koero mpou3BeAOXMe COHAaKHATA  TEYHOCT
RHMOD-INVERT™, 6asupana na Hedt. Tasu HOBa COHIaXHA TEYHOCT MOKA3Ba OTIMYHU PEONOTUYHH
CBOMCTBA, BKJIFOYUTEIHO HUCHK BUCKO3UTET U BUCOKA CTEIEH Ha cpsizBaHE. MUKPOCKOIICKaTa CTPYKTypa Ha
coHAaXXHHUA QYU ce HaOIIoAaBa ype3 eJIeKTPOHHO MUKPOCKOMUS ¢ (parMEHTHpaHe 4pe3 3aMpassiBaHe.
Cren ToBa, ChyeTaBallku BHCOKOTEMIIEpATypHA PEOMETPHs C BUCOKO HAJIATAHE C ONTHYHA MHKPOCKOIHS,
conpaxuuar Gpiuynn RHMOD-INVERT™ Geme ananmi3upan KakTo MaKpOCKOIICKH, TaKa ¥ MHKPOCKOIICKH.
Jannute oT HaOmoneHWsTa TOKa3BaT CWJIHHM CWJIM Ha BaH jaep Baajc, KOMTO ca aKkTUBHH MEXIY
EMYJICHOHHM KalluWI{, OpraHMYHA IIHMHA M JPYyrd 4YacTHLUM B TBbpHa ¢a3a, KOETO BOIU A0 ONM3KH
B3aMMOJICHCTBUS M 0Opa3yBaHe Ha MPEXOBHU arperard. [lopaay Te3W CHIIM HOBaTa TEYHOCT 3a MpoOMBaHE
MOKa3Ba CTPyKTypa Ha " Tecto 3a TopTa". EMyJICHOHHUTE KaImuuIy, OpraHnYHATa TIIMHA U JPYTUTE YACTUIU
B TBbpAa (pa3a, korato ca B IOKOH, 00pa3yBaT CIIO)KHA, TPUU3MEPHA POCTPAHCTBEHA CTPYKTypa Ha, KOSITO
MMa TI0-BUCOKa 3ambpiKaiia cuiaa. Korarto Tede, peTHKyIapHOTO 0oOpa3yBaHHE MOXE a Ob/e YHHIIOKEHO
JIOPH TIPU W3KIIFOYMTEITHO HHCKO Cpsi3BaHe, YJAECHSBAIIO MPOTHUYAHETO HA COHIaXKHaTa TeyHOCT. ToBa ce
NpOsIBABA Kar0 HUCHK BHCKO3UTET M BHCOKA CTENEH Ha CpsA3BaHE HA MHUKPOCKONUYHO HUBO. HoBuAT
npobuBeH (aynn Oemre MPUIOKEH MPH TOJIEBH TECTOBE B HIKOJIKO IBIOOKH XOPH30HTATHH KIIAJCHIIH,
BkitountenHo WS1-H2, GS3 u XS1-HS, kpaero mokasa craOWiIHA MPOU3BOAMTEIHOCT. PeoslornyHuTe
CBOWCTBa KaTro HHUCBHK BHCKO3HTET M BHCOKAa CTENEH Ha Cps3BaHE YJIECHSABAT NPEOAONISIBAHETO Ha
HEJOCTAThIUTE MPU COHIUPAHETO B IBJIOOKH XOPH30HTAIHH KIIAJCHIH, B TECHU T'a30BH Pe3epBOapH, KaTo
CBIIEBPEMEHHO ce Mo00psiBa €PEKTUBHOCTTA HA MMPOOHUBAHE.
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Sulfate reducing bacteria (SRB) are anaerobic microorganisms which are widely distributed in global oil reservoirs.
They have been reported to play an important role in enhancing oil recovery (EOR). In this study, a Desulfobacteriaceae
spp. isolated from Dagqing oilfield (China), was used as a candidate for microbial oil displacement in a core flooding
experiment that two important experimental parameters were optimized, including numbers of injection slugs and bio-
retention time. To find out the EOR mechanism, the produced liquid and recovered oil were analyzed. By the results,
SRB showed a best distribution in porous medium when they were injected as two slugs. The oil recovery efficiency was
proportional to bio-retention time. By optimizing these two parameters (injection slug and bio-retention time), the oil
recovery efficiency could be increased to 11.48%. The viscosity of recovered oil was significantly reduced based on bio-
degradation of NSO compounds. Therefore, SRB could be a good candidate in use of microbial enhanced oil recovery.

Keywords: SRB, EOR, TPH, injection slug, core-flooding experiment

INTRODUCTION

Sulfate-reducing bacteria (SRB) are genetically
anaerobic organisms that were firstly discovered by
Hamilton [1]. SRB could use a very wide spectrum
of different low molecular organic compounds for
growth, including lactate, acetate, proprionate,
succinate, pyruvate, ethanol, sugars, etc. Moreover,
SRB use Sulfate (SO4%) as electron receptor instead
of oxygen for their respiration with SO4* being
reduced to hydrogen sulfide (H»S) [2-4]. However,
SRB is well known as harmful bacteria in the
productive process of oilfields. They might cause
serious problems (e.g. corrosion of iron in anaerobic
conditions and reduction of the property of injection
of water injection wells by precipitation of
amorphous ferrous sulfide, etc.) in oilfield water
systems [5].

Some recent study indicated that SRB might play
an important role in microbial enhanced oil recovery
(MEOR) [6-7]. For example, SRB could diminish oil
viscosity, replenish the declining pressure of
reservoir, and change heavy oil to light oil through
yields of bio-generated acids, gas (H:.S) and
degradation of hydrocarbons (Aliphatic and
Aromatic). Also, different types of SRB are widely
distributed in global oil reservoirs. Therefore, SRB
could be a great target that used for enhancing oil
recovery (EOR).

This study were mainly focused on evaluating the
oil displacement efficiency by using SRB. To do this,

* To whom all correspondence should be sent:
E-mail: songwf@petrochina.com.cn
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the entire research was divided into two parts. In the
first part, the experimental parameters were
optimized, including injection slug (fresh SRB
culture) and retention periods (SRB cells interact
with crude oil inside of the experimental core after
injection). Injection slug is one of important factors
for diffusion of microbial cells in porous medium
(experimental cores), thus affecting EOR efficiency.
Single-slug injection will exhibit a highest local
concentration in porous medium, but may limit
further diffusion efficiency. In contrast, multi-slug
injection could obviously improve microbial
diffusion efficiency, whereas the local cell
concentration might lose remarkably (decrease in
bio-reaction intensity). In this research, the total
injection volume is chosen as 0.5 PV of pore volume
(experimental core) [8]. To optimize the injection
slug, three different injection slugs were tested based
on EOR efficiency, including single-slug (1x0.5 PV),
two-slugs (2x0.25 PV) and three-slugs (3x0.17 PV).

Once the microbes contact with residual oil, they
might use their natural carbon sources for
metabolism, including growth, reproduction and
respiration, etc. During the metabolic processes,
byproducts (bio-mass, bio-gases, organic acids,
alcohols and even functional enzymes) are released
to the environment [9], thereby resulting in the
physical and chemical changes in crude oil. All those
bio-physical and bio-chemical reactions require
sufficient time to take place. Therefore, three
different retention periods (3, 5 and 7 days) was
optimized in this study depending on their EOR
efficiency. These three experimental retention times
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were commonly used in other microbe-related
laboratory researches [10].

In the second part, the produced liquid and
recovered oil during subsequent water-flooding
(after SRB flooding) were analyzed. The produced
liquid were analyzed by cell count to compare the
diffusion efficiency among different injection slugs.
For recovered oil, its viscosity and composition
changes of total petroleum hydrocarbons were
evaluated in order to find out the EOR mechanism in
core experiment. This is the first time to use SRB for
evaluating oil displacement efficiency in
experimental core study.

MATERIALS AND METHODS

All reagents (media and buffers) used were
prepared gravimetrically using a Sartorius A200S
analytical balance, and made up to volume with
room temperature sterile distilled water (dH,O). All
chemicals used in this paper were reached the
analytical standard, and have been autoclaved at
121 °C for 20 min for sterilizing before use.

The SRB was isolated from pipe line of water
injection well in Daqing Oilfield, China. The
isolation was carried out in Postgate medium C
(sPGC) [11]. The medium consists of the following:
NaCl (0.12 M), MgCl,'6H,O (5.9x10° M),
KH>PO4 (3.6x10° M), NH4CI (0.019 M), Na>SO4
(0.032 M), CaCl,-:2H,O  (2.8x10* M),
MgSO4-7H,0 (1.2x10* M), FeSO4-7H,0 (1.4x10°
5 M), trisodium citrate (1.1x10° M), sodium lactate
(70% w/v, 0.077 M), yeast extract (1 g L") and agar
(20 g L"). The pH was finally adjusted to 7.2.

The plates were incubated at 45 °C for 20 days
under anaerobic conditions in a 3.5 L anaerobic jar
(Traditional system; Oxoid Company) filled with
carbon dioxide and hydrogen which was produced
by using anaerogen sachets according to the
instructions of the manufacturer. Preparation and
inoculation of plates were carried out inside an
environmental chamber which contained a mixture
of gases (Nitrogen 87%, carbon dioxide 10%, and
hydrogen 3%) in oxygen free environment. After

Tablel. Physical properties of experimental cores

incubating for a week, several colonies of SRB were
observed. The different bacteria were isolated and
allowed to grow on separate plates and were found
to be of the same type belonging to
Desulfobacteriaceae family.

The cell culture was carried out in ATCC
medium 1249 type III [12]. Cell culture was
prepared by inoculating a single colony from the
agar plate into 80 mL of broth in a 120 mL headspace
vial. The headspace vial was covered by septa, and
subsequently sealed with aluminum cap by capping
clamp. Preparation and inoculation were carried out
inside an environmental chamber which contained a
mixture of gases (Nitrogen 87%, carbon dioxide
10%, and hydrogen 3%) in oxygen free environment.
Headspace vials were then grown anaerobically on
an orbital shaker (150 rpm) at 45 °C for 20 days (The
cell concentration was grown to A600 nm to 1.5
(stationary phase) and stored at 4 °C until required,
but no longer than 8 hours.

The crude oil samples were collected from
Dagqing oilfield with density of 0.851 g cm™. The
permeability of target reservoir is 180.7x103 pum?.
Reservoir temperature is 45 °C and salinity of
formation water is 14,139 mg L. Synthetic cores
were chosen based on reservoir conditions (Table 1).

The oil displacement experiments were
conducted by using the standard core flooding
system [13] (Figure 1). Core flooding experiment is
composed of a series of steps including,
vacuumization of core followed by saturation with
formation  water,  water-phase  permeability
measurements, determination of crude oil saturation
level, aging interaction between crude oil and the
core (7 days), water flooding until 98% water cut,
chemical flooding slug injection, and subsequent
water flooding until 99% water cut. The experiment
was conducted at reservoir pressure (9.95 MPa) and
temperature (45 °C) with fluid injection rate of 0.2
mL min!. During the experiments, the pressure
differential, oil production, water production and
total fluid production were recorded timely to make
sure the oil recovery were calculated precisely.

Core ID Length Diameter Vg;)urrene Por(:;ity A1i<r pelrg_lfabilzity pergggli ty
[mm] [mm] [ml] ¢ [ 0] g [ pm ] Ky [10—3 l,ll’l’lz]
ZF-04 200 24.25 13.14 27.07 300 185.90
ZF-05 200 24.80 11.74 24.03 300 196.49
ZF-06 200 24.28 14.14 28.77 300 172.68
ZF-07 200 24.36 12.56 25.69 300 169.27
ZF-09 200 24.37 13.07 26.51 300 190.32
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Fig. 1. Schematic of the core flooding setup. 1. Brine;
2. Water; 3. Injection pump; 4. Pressure gauge; 5.
Microbial culture tank; 7. Oil tank; 8. Core holder; 9.
Confining pump; 10. Back-pressure pump; 11. Produced
liquid collector.

During the subsequent water flooding, the
produced liquid was collected every 0.1 PV. 100 pL
of produced water with appropriate dilutions were
pipet out and spread onto a Postgate medium C agar
plate. The plates were incubated at 30 °C for 14 days
under anaerobic conditions in a 3.5 L anaerobic jar
(Traditional system; Oxoid Company) filled with
carbon dioxide and hydrogen which was produced
by using anaerogen sachets according to the
instructions of the manufacturer. Preparation and
inoculation of plates were carried out inside an
environmental chamber which contained a mixture
of gases (Nitrogen 87%, carbon dioxide 10%, and
hydrogen 3%) in oxygen free environment. The
number of colony forming units (CFU) mL™"' were
then calculated.

Viscosity of recovered oil sample was measured
by using a NDJ-8S digital viscometer (Nirun
Intelligent Technology, China) at 45°C.

30 mg of recovered oil were consecutively
extracted with hexane, dichloromethane, and
chloroform (100 mL each). All three extracts were
pooled and dried at room temperature by evaporation
of solvents under a gentle nitrogen stream in a fume
hood. After solvent evaporation, the amount of
residual TPH was then determined gravimetrically.
After gravimetric quantification, the residual TPH
was fractionated into alkane, aromatic, asphaltene,
and NSO (nitrogen, sulfur, and oxygen-containing
compounds) on a silica gel column. To do this,
samples were dissolved in hexane and separated into
soluble and insoluble fractions (asphaltene). The
soluble fraction was located on a silica gel column
and eluted with different solvents. The alkane
fraction was eluted with 100 mL of toluene. Finally,
the NSO fraction was eluted with methanol and
chloroform (100 mL each) [14]. The alkane and
aromatic fractions were then analyzed by GC-MS.
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RESULTS AND DISCUSSION

To optimize the number of injection slugs, three
injection plans were designed, including sing-slug,
two-slug and three-slug injection. Three days bio-
reaction period was used as retention time in this
experiment.

Two-slug assay showed the best oil displacement
efficiency among the three assays, in which the EOR
was improved by 6.69% after subsequent water
flooding (Figure 3). In contrast, single-slug (Figure
2) and three-slug assays (Figure 4) only could
improve EOR by 4.71% and 4.05%, respectively. Of
the three, three-slug assay showed the lowest EOR
efficiency. The results indicated that the optimal
injection plan is two-slug injection.

T T T a0
100 g TUEER,  agRy EamaEm
- m= -
\. .....o-o"‘ 25
B0 ‘,0'
PR S

. B 4 o -]
£ e v SRB injection —
& o &
E = s
pid s
B ? w

= b 0

/ Water floodin Subsequent water
- 4 ¢ flooding
i E | 5
-
—m— Water cut I
—e—EOR
o T = T T T T T o
o 1 z 3 4 5 6 T a

PV {ml)
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with single-slug injection.

T T T T
100 -E-m m-E-amn » mgmm
- I -y Ll )
N A Y | a0
o L
/.,.
80 | -®®
EEE =TT
. P | 50
—_ >
2 e - —
= o’ =
o / o
bad SRB injection 2o &
@
5 0 i
=
. Subsequent water
2 Water flooding flooding L 10
—m— Water cut
/ —e—EOR
o u T T T T o
(1] 2 4 6 a 10 12
PV {ml)

Fig. 3. SRB EOR efficiencies of 3-day retention assay
with two-slug injection.

A
100 I--l-;\ - j—l\-,llllll\ -/I?II_II-IUI;\ f-\f-}-l—
EE]
'\- - w 'VE- | a5
wfl =
o e o L
__Jmejwsas
— = il
= P
5 6n- f' F
= [ od SRB injection . )
o ! [
bl o
= - [+3
& 40 o 15
= P F
Water flooding Subsequent water | 4py
20 flooding
&
—m— Water cut
—e—EOR |>
o T T T T T T T T -0
L] 1 2 3 4 L 6 7 a8 o

PV (ml)

Fig. 4. SRB EOR efficiencies of 3-day retention assay
with three-slug injection.



W. Song et al.: Core-flooding experimental study of oil displacement by using Sulfate-reducing bacteria

The reason that two-slug assay showed the best
EOR result is unclear. However, the highest EOR
efficiency might be caused by the best diffusion of
SRB cells inside of the core. There were four contact
areas between SRB culture and the residual oil in the
cross-section of the experimental core in two-slug
assay, whereas there was only two in single-slug
assay. In contrast, small multi-slugs might lose more
cell concentrations during they went through the
porous medium, even if they created more contact
areas (six contact areas in cross-section in three-slug
assay). Moreover, small slugs (low in total cell

numbers) might limit the diffusion of microbial cells.

To optimize the retention period, the other two
bio-reaction times (5 and 7 days) were tested by their
following EOR efficiency. Two-slug injection was
used in this experiment. As shown in results, SRB
could improve EOR by 9.34% and 11.48% after bio-
reacting with residual oil in 5 (Figure 5) and 7
(Figure 6) days, respectively. This might indicated
that the EOR efficiency was proportional to the bio-

reaction period.
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80
100 - T e )----- __ -)- \_,- -_.'.-..-'-7-
/ = Lome®ttt S Ly
. o
a0 \ o*ossssa® |- 60
./
2

= / oo

s e SRB iniecti =
_ injection

= v Lap &
o 1 [
but L s
§ a0 | 30

* ) Subsequent water | gy

Water flooding f
o0 | flooding
/I
o T T T
] 1 2 3 4 5 6
PV {ml)

Fig. 6. SRB EOR efficiency of 7-day bio-retention
assay with two-slug injection.

This results could be understand by the previous
studies. For example, microbial metabolites are
amphiphilic molecules which contain both
hydrophilic and hydrophobic groups [9]. These
metabolites are known as bio-surfactants (e.g. bio-
mass, organic acids, and organic alcohols, etc.),
which could bind both water and oil molecules,
thereby forming a stable emulsification system
between oil and liquid, and also decreasing oil/liquid

interfacial tension. This will result in a decrease in
oil viscosity, thus increasing oil fluidity [15].
Furthermore, SRB has been reported to degrade oil
compounds such as alkane and methylbenzene [16,
17]. Degradation of heavy hydrocarbons would also
increase oil fluidity. Therefore, the longer the
retention period is, the more functional metabolites
produced and the greater intense of bio-reaction took
place.

In a previous study, Pseudomonas spp. has been
reported to use for oil displacement experiment [18].
It could improve EOR efficiency by about 5% - 13%
with more than 3.5 PV of microbial injection. In
contrast, SRB could improve EOR by about 10%
with 0.5 PV of injection. This represents that SRB is
a good candidate for MEOR. Recently, most of
MEOR-related studies are focused on basic
mechanisms (e.g. microbial communities in target
reservoir, oil degradation mechanism, production of
bio-surfactants, and changes of wettability, etc.) [19-
22]. However, there is still require more core-
flooding studies to compare.

To best understand the influence of microbial
injection slugs in porous medium, produced liquid
was collected every 0.1 PV to indirectly evaluate cell
diffusion efficiency by counting cell numbers. The
results were shown in Figure 7. In single-slug assay
(blue bars), SRB showed a “mountain-shape” graph.
The highest cell number occurred in the middle of
experimental cores with concentration of 107 cell
mL!. There was no SRB found in the first 0.1 PV of
produced liquid, which was similar with three slug
assay. Of the three, three-slug assay exhibited the
lowest diffusion efficiency in average (green bars).
In contrast to those two, SRB cells were found in
every collection of produced liquid (red bars). This
indicated that microbes were well distributed inside
of the entire core. The result might give the evidence
why tow-slug injection of SRB showed the highest

EOR efﬁc1ency
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Fig. 7. Cell number count of produced liquid with
different SRB slug-injection assays.
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To find out the SRB-EOR mechanism during
core-flooding experiment, the viscosity of recovered
oil was tested (7-day bio-retention). The viscosity of
crude oil was also analyzed as control. In
comparison with crude oil, the viscosity of recovered
oil was significantly reduced by 15% (Figure 8). The
reason of decrease in recovered oil viscosity need to
be further studied.
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Fig. 8. Viscosity comparison between crude and
recovered oil samples. *: significant difference from
crude oil assay. The number of stars (*) indicates the
significance level. *: P<(.05; **: P<0.01; ***: P<0.005;
*a%%: P<0.001.The significant difference was determined
in paired test. n=4, error bars are standard error.

To better understand the relationship between
oil composition changes and viscosity declination
during core-flooding experiment, the TPH ratios of
recovered oil were analyzed. The TPH composition
of crude oil was also studied as the control. After
SRB flooding, three fraction ratios of TPH were
slightly increased (alkane, aromatic and asphaltene)
compared to crude oil samples (Table 2). However,
those variations were remained in estimated errors.
Of the four fractions, only NSO was significantly
reduced when compared with their control
counterpart. The reason is unclear. It might be that
the compounds in NSO are more readily to be used
by SRB. This result indicated that an increase in
EOR efficiency was based on the reduction of oil
viscosity by bio-consumption of NSO compounds.

Table 2. Fraction changes of TPH between crude and
recovered oil samples

Fraction Contents (Mean + SD) (%)
Crude oil Recovered oil
Alkane 55.71+0.24 56.38+0.31
Aromatic 11.25+0.28 12.12+0.28
Asphaltene 1.96 +0.03 1.99 +0.02
NSO 30.97 £ 0.26 27.41 £0.18%

*: significant difference from crude oil assay. The number

of stars (*) indicates the significance level. *: P<0.05.
Both oil samples were then analyzed by GS-MS

to compare with the changes of alkanes and
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aromatics. However, no statistically significant
difference was found in both assays (data not shown).
It has been reported that SRB could degrade oil
hydrocarbons (e.g. alkane and methylbenzene, etc.)
[16, 17]. This might be caused that SRB bio-activity
could not be sufficiently exhibited in 7-day retention
period. It is believed that SRB flooding efficiency
could be further improved by extending retention
time.

CONCLUSION

In this study, SRB was the first time to be used as
a candidate in core experimental oil displacement.
By optimize the experimental factors (microbial
injection slugs and bio-retention time), SRB could
increase EOR by more than 11% after subsequent
water flooding. By analysis of produced liquid (cell
number count), two-slug injection showed the best
distribution efficiency of SRB cells in porous
medium. By analysis of recovered oil (evaluation of
oil viscosity and changes of TPH), the oil viscosity
was significantly reduced by bio-degradation of
NSO compounds. Therefore, SRB can be a good
candidate in use of MEOR.
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EKCITEPUMEHTAJIHO W3CJIEJBAHE HA U3BMECTBAHETO HA HE®T C TTOMOILTA HA
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SITTKA

VY. Cyn*, 1. Ma, K. ¥V, U. lIxy, Ix. VY, b. 1O

Hwvpoicasna nabopamopus 3a nosuuiasane na Heghmooobuea, Hzciedosamencku uncmumym 3a npoy4eane u pazeumue
na nempona, CNPC, Ilexun 100083, Kumaii

IMomnyuena Ha 15 despyapu 2017 r .; npuera Ha 5 ronu 2017 r.
(Pesrome)

Cyndar-penyuupaimure 6axrepun (SRB) ca anaepoOHM MUKpOOpPraHM3MH, KOMTO Ca LIMPOKO PaslpOCTPaHEHH B
IJI00AJTHNTE METPONIHU pe3epBoapu. Te urpast BaxkHa poJisi 3a mojoOpsiBaHneTo Ha jno6usa Ha nerpos (EOR). B Toa
npoyusaHe, mam Desulfobacteriaceae spp. uszonupan ot merponHoto Haxommiue Jauuu (Kurait), e u3mons3BaH Kato
KaHIUIaT 32 MUKPOOMOJIOTMYHO M3MECTBAHE Ha IETPOJI B CKCIIEPUMEHT 3a 3alMBaHEBaHE Ha SAPOTO, IMPU KOWTO ca
ONTHMHU3MPAHU JIBa BaKHM EKCIIEPUMEHTAIHH IapaMeTpH, BKIIOYMTEIHO Oposi Ha HWHXEKTHpaHe M BpeMe 3a
O6no3amppkaHe. 3a ga ce ycTaHOBH MexaHM3MbBT Ha EOR, 0sxa aHanmm3upaHu MONydeHUTE TEYHOCTH W MeTpoi. Upes
pesyntature SRB moka3a Hail-moOpoTO pasmpenesneHHe B IOpecTaTta cpefa, KOraTto ca JABYKPaTHO HHXKEKTHPAHH.
EdexTuBHOCTTa Ha OMOJ30TBOPSBAHETO Ha METpPOJia € MPONOpPLHOHANIHA Ha BpeMeTo 3a Ouosaabpxkane. Upes
ONTHMHU3MPAHETO HA TE3W JIBa NapaMeThbpa (MH)KEeKTUpaHe Ha Iulaka M BpeMe Ha Ouozanbpikane), eheKTHBHOCTTA Ha
nobuBa Ha meTponl Moxe jaa ce yBenudu Jo0 11,48%. Bucko3uTeThT Ha meTpoyia € 3HAYUTENTHO HamalieH upe3
ouopasrpaxnane Ha NSO cweaunenusita. CienoBarenno SRB morar ga 0baat moObp KaHIUIAT 332 HM3MOJI3BAaHE Ha
MHUKpOOHAITHO MoI00peHUe Ha TOOMBA HA METPOIL.
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Algae has many different applications such as food, agricultural (fertilizer making), pharmaceutical, and medical
industries. Cladophora glomerata is one the abundant filamentous green algae in the southern coast of Caspian. Algae
samples obtained from 4 sampling points in Farahabad region of Iran (late 2016-early 2017). Selection of stations was
for touristic importance, discharge of pollutions, and oil residues, hence study of some chemical and biochemical indexes
of Cladophora glomerata as indicator algae can be important in this region. In this paper, some chemical and biochemical
characterizations such as, dry weight, chlorophyll a, b, total Chlorophyll, Carotenoids, Total protein, Proline content, and
Antioxidant activity) measured based on standard methods. Results showed that station 3 had lowest amount of dry
weight, chlorophyll a, b, total Chlorophyll, Carotenoids, and Total protein (p <0.05) and there were significant different
between stations but proline content and Antioxidant activity were high amount in station 3 (p <0.05). Results showed

and proved high stress conditions in this point for higher content of heavy metals based on before studies.

Keywords: Cladophora glomerata, chemical and biochemical parameters, Farhabad region, Iran

INTRODUCTION

In recent years, algae from marine ecology
viewpoints, considered as first producers and supply
chain for receiving energy from the sun that can
guarantee the energy for aquatic life. In the global
division of plants, algae have about 1,800 genera and
21,000 species. Due to the extensive presence of
algae in the air and groundwater, occupied wider
area in comparison with other plants. An alga has
many applications and uses such as food industries,
making different fertilizers, pharmaceutical and
medical industries [1-3].

Cladophora glomerata L. is green filamentous
alga that has almost highly distribution in the
southern coast of Caspian Sea. It has mostly grown
on big stones, wood residues and also beside walls
in southern coast part of Caspian Sea as long
filaments such as Farahabad region. This region is
the pleasant location for local and international
tourists in Mazandaran Province, for enjoy from
seaside and monitoring of this place is very
important for human health. Some researchers
showed, Marine organisms such as Cladophora
glomerata, can be a useful biomarker or bio indicator
for highly absorbable heavy metals. Hence, it is very
more reliable than chemical analysis of water and
sediment for environmental researchers [4].

In former research by Ebadi and Hisoriev [4],
content of three heavy metals chromium (Cr), lead

* To whom all correspondence should be sent:
E-mail: dr_ebadi2000@mail.ru

(Pb), and cadmium (Cd) in four sampling sites,
measured for one year (2016) in Cladophora
glomerata samples. Results of this study showed that
the range of Cr, Pb and Cd in various algal samples
was 29-55, 2 to 8, and 1.5 to 8.2 ppm/g dry weight
respectively. Although amount of metals are not
very serious but can be environmental alarm for
human health and ecological risks. With increasing
of pollutions in the Caspian Sea that mostly related
to petroleum products, pesticides, agricultural
fertilizers, heavy metals and domestic sewage, can
effect on growth and physiology of this organism.
This finally leads to environmental problems such as
reducing oxygen to marine plants and animals and
death of them [1,4-5]. The goal of this study was to
examine some chemical and biochemical
characterizations mainly in Cladophora glomerata
for show effects of measured pollutions in different
studies on factors such as, Dry weight, Chlorophyll
a, b, Total Chlorophyll, Carotenoids, Total protein,
Proline content, and Antioxidant activity. This study
also shows the response of this alga to environmental
pollutions as an ecological stress.

EXPERIMENTAL
Algae sampling and preparation

Samples obtained from 4 sampling points of
Farahabad region (Mazandaran Province of Iran).
Sampling, Preparation and drying procedures
performed based on standard methods. All samples
collected in same conditions from weather in the late
of 2016 and early 2017 (Table 1 & Figure 1).
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Fig. 1. Cladophora glomerata obtained from Farahabad region of Caspian Sea (2016-2017).

Tablel. Coordinates of sampling points in Farahabad
region (2016-2017).

Farahal?ad Regmn Geographical characteristics
sampling points
Point 1 36°48'41.59" N ; 53°06'24.38" E
Point 2 36°48'48.40" N ; 53°06'55.33" E
Point 3 36°48'46.94" N ; 53°06'39.84" E
Point 4 36°48'37.70" N ; 53°06'09.86" E

Dry weight detection, Chlorophyll a, b, Total
Chlorophyll and Carotenoids

Dry weight measured based on standard method
[5]. Chlorophyll a, b, Total Chlorophyll and
Carotenoids measured based on below formula and
shown based on mg/g wet weight [6].

Chlorophyll a =(19.3*A663 - 0.86*A645) V/100W

1)
Chlorophyll b = (19.3*A645 - 3.6¥A663) V/100W
(2
Total Chlorophyll = Chlorophyll a + Chlorophyll b
3)

Carotenoids = 100(A470) - 3.27(mg chl. a) -
104(mg chl. b)/227
“)
Where, V: volume of supernatant liquid; A: light
absorbance in different wavelengths (663, 645, and
470 nm); W: sample wet weight based on gram.

Total protein, Proline content and Antioxidant
activity

Total protein, Proline content and antioxidant
activity measured based on standard methods [7-9].
Total protein shown based on mg/g wet weight.
Proline amount shown based on pmol/ g wet weight
based on below formula and in wavelength of 520
nm:

pmol in each gram = pgram Proline in each ml] *
amount of consumed Toluene (ml) / 115.17 pgram
in mol (5
Antioxidant activity measured in wavelength of
517 nm and based on capacity of damage of active
radicals [5] based on below formula:
% of damage of active radicals = [absorb in control
sample — absorb in test sample / absorb in control
sample] * 100 (6)

Statistical analysis

Statistical analysis performed by SPSS program
version 9. Mean comparison done based on Duncan
test in p < 0.05 level. All diagrams prepared with
excel program.

RESULTS AND DISCUSSION
Chlorophyll a content

Amount of Chlorophyll a in four sampling points
showed in Figure 2. Based on this figure, order of
Chl a was S1> S4> S2> S3. Highest amount was for
point 1 (8.65 mg/g wet weight) and lowest for point
3 with 6.5 mg/g wet weight.
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9 b a
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® .
=
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=
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=
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2
1
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|ICh|a 8.65 7 6.5 8.23

Fig. 2. Measurement of Chlorophyll a content in
Cladophora glomerata samples from stations in 2016-
2017 (Mean £ SE, p <0.05).
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Duncan test showed that treatment divided in three
groups and also significant different between sampling
points (p < 0.05).

Chlorophyll b content

Amount of Chlorophyll b in four sampling points
showed in Figure 3. Based on this figure, order of Chl b
was as S1> S4> S§2> S3. Highest amount was for point 1
(9.53 mg/g wet weight) and lowest for point 3 with 6.63
mg/g wet weight.
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Fig. 3. Measurement of Chlorophyll b content in
Cladophora glomerata samples from stations in 2016-
2017 (Mean + SE, p < 0.05).

Duncan test showed that treatment divided in
three groups and also different between points was
significant (p < 0.05).

Total Chlorophyll

Total Chlorophyll amount (a+b) in four sampling
points showed in Figure 4. Based on this figure,
order of total Chl is S1> S4> S2> S3. Highest
amount was for point 1 (9 mg/g wet weight) and
lowest for point 3 with 7.35 mg/g wet weight.
Duncan test also showed that treatment divided in
three groups and significant different between points

(p < 0.05).
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Fig. 4. Measurement of Total Chlorophyll (atb)
content in Cladophora glomerata samples from different
stations in 2016-2017 (Mean = SE, p < 0.05).

Carotenoids content

Carotenoids content in four sampling points
showed in Figure 5. Based on this figure, order of
Carotenoids content was S1> S4> S2> S3. Highest
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amount was for point 1 (1.41 mg/g wet weight) and

lowest for point 3 with 1 mg/g wet weight. Duncan

test also showed that treatment divided in three

groups and also significant different between points

(p <0.05).
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Fig. 5. Measurement of Carotenoids content in
Cladophora glomerata samples from different stations in
2016-2017 (Mean + SE, p < 0.05).

Total Proteins

Total protein content in four sampling points
showed in Figure 6. Based on this figure, order of
total protein is S1> S4> S2> S3. Highest amount was
for point 1 (3.7 mg/g wet weight) and lowest for
point 3 with 2 mg/g wet weight. Duncan test also
showed that treatment divided in two groups and
significant different between points (p < 0.05).
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Fig. 6. Measurement of Total Proteins in Cladophora
glomerata samples from different stations in 2016-2017
(Mean = SE, p < 0.05).

Proline content

Proline content in four sampling points showed
in Figure 7. Based on this figure, order of proline
content is S3> S2> S4> S1. Highest amount was for
point 3 (0.65 mg/g wet weight) and lowest for point
1 with 0.25 mg/g wet weight. Duncan test also
showed that treatment divided in three groups and
significant different between points (p < 0.05).

Antioxidant activity

Antioxidant activity in four sampling points
showed in Figure 8. Based on this figure, order of
activity is S3> S2> S4> S1. Highest amount was for
point 3 (67 umol/g wet weight) and lowest for point
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1 with 25 pmol/g wet weight. Duncan test also
showed that treatment divided in three groups and
significant different between points (p < 0.05).
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Fig. 7. Measurement of Proline content in Cladophora
glomerata samples from different stations in 2016-2017
(Mean £ SE, p < 0.05).
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Fig. 8. Measurement of Antioxidant activity in
Cladophora glomerata samples from different stations in
2016-2017 (Mean £ SE, p < 0.05).

Dry weight

Dry weight amount in four sampling points
showed in Figure 9. Based on this figure, order of
dry weight is S1> S4> S2> S3. Highest amount was
for point 1 (16%) and lowest for point 3 with 8.45%.
Duncan test also showed that treatment divided in
three groups and significant different between points
(p <0.09).
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Fig. 9. Measurement of Dry weight in Cladophora
glomerata samples from different stations in 2016-2017
(Mean £ SE, p <0.05).

Based on results and former researches of current
authors, accumulation of heavy metals and also
agricultural and industrial pollutants can make high
stress conditions specially in sampling point of 3.
Content of Chl a, b, total Chl and also Carotenoids
presented lower synthesis in stress point (point 3)
and also higher content was for points with lower
stress effects. Many studies proved this reality
means in stress condition, amount of Chl can be as a
physiologic assessment in Cladophora glomerata.
Chlorophyll content has direct relation with stress
condition for example, salty, drought, and also heavy
metal pollution. Some researchers proved that
decrease in Chl content under stress can increase
amount of Chlorophyllase activity [9-10].

Statistical analysis about proline content showed
that created stress due to heavy metal accumulation
based on former researches in this region and on this
algae [4], was significant in sampling point of 3.
Increase of proline can have many reasons for
increase of resistance against of stress such as
prevent of proline oxidation and prevent of its
contribution in protein synthesis [11].

Increase of Antioxidant activity based on results,
showed also direct relationship with increase of
stress. Entrance, absorption, and accumulation of
heavy metals in plants and algae can increase free
radicals in the cells hence antioxidant system
activates for decrease of destruction effects. Results
of this study proved that in sampling point of 3,
increase in antioxidant activity can exit oxygen free
radicals and more protection of cellular lipids,
proteins and even nucleic acids and finally increase
of algae tolerance [11]. Finally many studies proved
that stress can decrease dry weight and protein
synthesis. This relates to decrease in Chlorophyll
making for increase of plant economy for more
tolerance in stress condition. There is also balanced
division of photosynthetic materials in Algae [12].

CONCLUSION

The southern shores of the Caspian Sea,
especially Farahabad region, host many tourists from
inside and outside of Iran every year. Unfortunately,
due to poor management about control on
agricultural-industrial and human pollutants, it has
become a potential environment for the growth of
harmful algae. Since Cladophora glomerata is the
dominant algae in this region, this study showed a
relative cognition of chemical and biochemical
properties. Antioxidant activity and also proline
content showed higher amount in Station of 3. This
resulted in higher stress conditions in this point. This
increase can be for heavy metal accumulation and
also oil residues in this region. The results of this
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study are crucial for solving some environmental and
economic problems, and finally introduction of an
industrial method for the use of these algae and its
application for remediation researches are highly
necessary.
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N3MEPBAHE HA HAKOU XUMWYHU U BUOXUMNYHU [TAPAMETPU B Cladophora
glomerata L. OT PETMOHA HA ®APAXABA/I B UIPAH

A.T. Ebamm *, X. Xucopues, K. Anves

Hnemumym no 6omanuxa, pumonoaus u cenemuxa na pacmenuama, Taoxcukcka akademus na naykume, I1. K.
734017, yruya Kapamos Ne27, [ywanbe-17, Penyonuxa Tadxcuxucman

[MTony4ena Ha 15 ¢epyapu 2017 r .; npueta Ha 15 roun 2017 r.
(Pesrome)

BojopacinTe vMaT MHOTO pasiIHYHU MPUIOKEHNS KaTO XPaHH, B CEJICKOCTONAHCKaTa (Topose), (hapMalieBTHIHaTa |
MmeauuuHckarta npomuiienoct. Cladophora glomerata e ot u306uIHNTE QUIAMEHTO3HH 3€JE€HU BOAOPACIU B IOXKHUS
Opsr wa Kacmmiicko mope. IIpo6Gu oT Bomopaciu, 6sxa Moiyd4eHH OT 4 MyHKTa 3a B3eMaHe Ha mpoOu B paifoHa Ha
®apaxaban B Upan (kpag #Ha 2016 1. - Haganoto Ha 2017 r.). M300phT Ha CTaHIMHM € OT 3HAYEHHUE 3a TYpHU3MA,
M3XBBPISIHETO HA 3aMBPCSBAHUSA W OCTATHYHU Maclia, MOpajn KOETO MPOYIBAHETO HA HAKOW XHMHIHU M OHOXUMHYHH
nokaszarenu Ha Cladophora glomerata karo nHaMKaTOpHHM BOJOpacin MOKe aa ObIe BaKHO 3a TO3H PETHOH. B Tazm
CTaTHs ca ONpEIE/ICHH HAKOW XMMHYHH W OMOXMMHYHH XapaKTePHCTHKU KATO CyXO Terio, xjaopodwt a u b, obm
XIOpOdHII, KAPOTEHOMIH, OO TIPOTEHH, ChABPKAHNE Ha MPOJMH W aHTHOKCHIAHTHA aKTHBHOCT, M3MEPEHH Ha Gaszarta
Ha CTaHJapTHU MeToau. Pe3ysraTiure Mokasgar, 4e CTaHIMA 3 UMa Hali-MaJIKo KOJHYECTBO CYXO0 TErJIo, XJIopodmi a u b,
00111 XJ10pod I, KapoTeHOU U U 00111 6enThK (p <0,05) 1 MMa 3HAYUTEITHU PA3ITUKU MEXK/TY CTAHIIUUTE, HO ChIbPIKAHUCTO
Ha TPOJIMH M aHTUOKCUJIAHTHA aKTUBHOCT ca BUCOKH B ctaHius 3 (p <0.05). Pesyntarure nmokazaxa u joka3axa BUCOKH
CTPECOBH YCJIOBUS OT IVIeJJHA TOYKA HA TEKKU METaIH B Ta3d TOUKa (OCHOBAHH Ha MPEAUIIHU IIPOYUBAHUS).
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