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The purpose of this study was to advance the understanding of naphthalene (polycyclic aromatic hydrocarbon) 

adsorption on sand/bentonite mixtures in the context of their use in the lining of waste disposal facilities. Batch 

adsorption studies were carried out to estimate the adsorption capacities of sand/bentonite mixtures. Different 

percentages of the bentonite (0% to 12%) in sand/bentonite mixtures were tested. These mixtures were characterized by 

X-ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR). It 

was found that the mixture with 2% of bentonite adsorbs the highest amount of naphthalene over the whole range of 

initial naphthalene concentrations studied (Co: 2.522 mg L1); this optimal fraction was therefore selected. The effect 

of the initial naphthalene concentration, percentage of the bentonite in the sand/bentonite mixture and temperature on 

the adsorption was investigated. The adsorption isotherms, established for every percentage of bentonite, revealed that 

the naphthalene adsorption follows a linear Freundlich isotherm for the optimal fraction of bentonite (2%). The kinetic 

study showed that the process obeys a pseudo-second-order equation model. The thermodynamic parameters (∆G°, 

∆H°, and ∆S°) indicated an endothermic and spontaneous nature of the naphthalene adsorption. The adsorption of 

naphthalene is more favorable at high temperatures and activation energy (8.263 kJ mol1) suggests a physical 

adsorption. 
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INTRODUCTION 

As the world population grows, the 

industrialization increases, thus generating more 

wastes and pollutants. Polycyclic aromatic 

hydrocarbons (PAHs), such as naphthalene, are 

among the most widespread organic pollutants and 

occur both naturally (in volcanic eruptions and 

forest fires) and by anthropogenic activities. Most 

PAHs emissions result from incomplete combustion 

of fossil fuels, and vehicle exhaust [1, 2]. The 

sources of naphthalene discarded in aquatic 

environment include industrial and domestic 

wastewaters, leakage of PAHs-containing 

materials, like petroleum fractions, creosote and 

pharmaceutical waste [3]. The US Environmental 

Protection Agency (U.S.E.P.A) has classified 

naphthalene as a hazardous pollutant for its 

carcinogenic and mutagenic effects for humans [4]. 

Hence, various methods for removing naphthalene 

from aqueous solutions including photocatalytic 

oxidation [5], biodegradation using surfactants [6], 

electron beam irradiation [7], ozonation [8], 

adsorption using zeolites [9] and activated carbon 

[1012] have been reported. The adsorption process 

is known for its simplicity, low-cost and 

insensitivity to toxic substances [11]; it is also 

applied in active barriers in the soil remediation. 

The most common forms of groundwater 

remediation are physical containment and pump-

and-treat methods and both methods are expensive 

[13]. The natural materials widely used in liner 

applications are clays and sand/bentonite mixtures. 

Soil liners are preferred because of their low cost, 

large leachate attenuation capacity and resistance to 

damage and perforations [15]. The use of clays as 

liner materials has been applied over the last few 

decades [16, 17]. Recently Lamichhane et al. [18] 

published a review gathering several adsorbents 

such as modified clay minerals used to remove 

PAHs from aqueous solutions and documented in ~ 

150 papers. 

Bentonite (mainly montmorillonite) is the most 

preferable clay mineral for barrier applications due 

to its high surface area, cation-exchange capacity, 

large swelling potential, and low hydraulic 

conductivity to water [19]. Bentonite is 2:1 mineral 

with one alumina octahedral sheet and two silica 

sheets, which form layers held together by Van der 

Waals forces [20]. Most studies have shown that 

natural or modified bentonite is an effective 

adsorbent for heavy metals [21, 22] and toxic 

compounds such as phenol and related compounds 

[23, 24], as well as naphthalene [25, 26]. 
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Sand/bentonite mixtures represent efficient 

barriers for removing contaminants. It is possible to 

vary their proportions in order to combine the 

advantages of both materials: the waterproofing 

capacity of bentonite associated with the relatively 

high shear strength typical of sand [27]. 

Kenney et al. [28] proposed the sand/bentonite 

mixture as an alternative material to the clay liners. 

Staninska et al. [29] have studied the sorption of 

phenanthrene onto sand/bentonite mixtures. The 

amount of bentonite is varied in the range 

(1.25%5%). The authors have demonstrated that 

the increase in sorption efficiency is less 

pronounced at high bentonite percentages. Also, the 

compacted bentonite (3%) could achieve a 

hydraulic conductivity of 107cm s1 which is a 

regular recommended value for the construction of 

hydraulic barriers [19]. Large clay deposits exist in 

the Northwest of Algeria (Mostaganem and 

Maghnia) with significant recoverable reserves of 

bentonite. The choice of the bentonite percentage 

range (012%) is based on previous works [30] 

since lower percentages do not have real 

applications in the construction of barriers.  

The effects of bentonite fractions and initial 

concentration of naphthalene on the adsorption were 

analyzed to optimize the percentage of bentonite 

which better removes naphthalene. The Langmuir 

and Freundlich isotherms, kinetic models (pseudo-

first-order, pseudo-second-order, Elovich and 

intraparticle diffusion models) were adopted to 

investigate the mechanism of naphthalene 

adsorption on the mixture sand/bentonite (2%); the 

thermodynamic parameters were also calculated. 

MATERIALS AND METHODS 

Preparation of naphthalene solution 

Due to the low water solubility (26.54 mg L1 at 

20 ± 2°C) of naphthalene (Sigma Aldrich, USA, 

99% purity), a water-methanol (Sigma Aldrich, 

99.7% purity) solution was used. Methanol is a 

good solvent to enhance the adsorption of non-polar 

compounds, such as naphthalene. A stock solution 

(30 mg L-1) was prepared by dissolving 30 mg of 

naphthalene in 20 mL of methanol, diluted to 1 L 

with distilled water and stored in airtight glass 

bottles in the dark at room temperature. The various 

solutions of naphthalene (2.522 mg L1) were 

prepared by diluting the stock solution with water-

methanol solution (2% vol. methanol). Low 

amounts of methanol (up to 5% vol.) do not modify 

the sorption properties of both naphthalene and 

phenanthrene [31]. 

Preparation of the adsorbent 

The adsorbent used in this study was the mixture 

sand/bentonite. Sand comes from a petroleum 

region (Hassi Messaoud, Southern Algeria) (Table 

1); while bentonite comes from Western Algeria 

(Maghnia). It is natural clay marketed by the 

National Company of Non-Ferrous Mineral 

Products BENTAL Factory, located in Maghnia 

(Table 2). The sand was previously washed to 

eliminate all impurities, and then dried at 105˚C for 

24 h. 

The bentonite was dried at 50˚C for 48 h and 

used at ratios of 0%, 2%, 6%, 8% and 12%.  

Experimental characterization techniques 

The sand/bentonite mixtures were characterized 

by various techniques. X-ray diffraction (XRD) was 

performed to confirm the phases obtained after 

mixing. A PANalytical diffractometer equipped 

with a Cu anticathode (λ Kα = 1.541874 Å) at a 

working voltage of 40 kV and a current intensity of 

30 mA was used. The interaction between sand and 

bentonite was investigated by scanning electron 

microscope (SEM) using the JEOL JSM 6830 

system equipped with an energy-dispersive 

spectrometer (EDS). The FTIR spectra of 

sand/bentonite mixtures were determined on a 

JASCO FT/IR-4600 model. All standards and 

various sand/bentonite mixture samples were 

prepared using KBr technique. 

Batch sorption experiments 

Batch experiments were carried out in 250 mL 

Erlenmeyer flasks, 1 g of adsorbent (sand/bentonite 

mixture) was immersed in 100 mL of naphthalene 

solutions (2.522 mg L1). The flasks were shaken 

at 500 rpm, allowing sufficient time (30 min) for 

the adsorption equilibrium. The effect of 

temperature was studied at 10, 20 and 30°C at 

natural pH. The residual naphthalene concentration 

was determined by UV–visible spectrophotometry 

(Shimadzu, UV 1800) at the maximum wavelength 

(max= 277 nm). The amount of adsorbed 

naphthalene qt (mg g1) at a given time t, was 

calculated as follows: 

0 t
t

(C -C )
q = V (1)

W  
where Co and Ct are the initial and residual 

concentrations of naphthalene (mg L1) in solution, 

respectively; V the volume of solution (L) and W 

the mass of dry adsorbent (g). 

  



S. Rennane et al.: Comparative removal of naphthalene by adsorption on different sand/bentonite mixtures 

317 

RESULTS AND DISCUSSION 

Characterization of the adsorbent 

The properties of sand and bentonite are 

reported in Tables 1 and 2. The results show that 

the Hassi Messaoud sand contains a low percentage 

of organic carbon and a high percentage of sand, 

indicating that it is very clean and hence can be 

used as reference (Table 1). 

The SiO2/Al2O3 ratio is 4.04 and the percentage 

of sodium is higher than that of calcium. It reveals 

that Maghnia bentonite is sodic montmorillonite 

[32]. The high value of the specific surface area of 

Maghnia bentonite (Table 2) indicates that the 

naphthalene adsorption on sand/bentonite mixtures 

is mainly controlled by bentonite. Details 

concerning the characteristics of bentonite were 

reported by Debieche and Kaoua [30]. 

Table 1. Hassi Messaoud sand properties. 

Particles 

<80 μm 

   (%) 

Sand particles  

(10.2 mm) 

(%) 

Sand particles 

 (0.20.8 mm) 

(%) 

Specific  

density 

(g L-1) 

Total 

organic 

C  (%) 

Equivalent   

of sand  

(%) 

pH 

1.72 94 4.28 2640  0.014 93 7.64 

Table 2. Maghnia bentonite properties [30]. 

XRD results 

As expected, the powder XRD patterns of the 

sand/bentonite mixtures (Fig. 1) show the presence 

of silica SiO2 as the main phase  of the sand and 

alumina Al2O3 as a minor phase coming from the 

bentonite present at low percentages (< 12%). All 

peaks are indexed according to the JCPDS Cards 

N° 46-1045and N°17-3014. Such result agrees with 

the nominal composition of the system 

sand/bentonite.  

 

Fig. 1. XRD diffraction pattern of the various 

sand/bentonite mixtures.  

SEM/EDS results 

Firstly, we noted that the grain sizes of the sand 

in the range (50200 µm) are not homogeneous 

(Fig. 2a) and the bentonite content increases in the 

mechanical mixture (sand/bentonite). The sand 

grains are covered with the bentonite whose size 

averages 1 µm. However, a part of the bentonite 

with a large diameter (50 µm) is also present in 

the intergranular space of the sand (Fig. 2b, c). The 

bentonite located both on the sand grains and in the 

interstitial space is identified via EDS analysis (Fig. 

3 and Table 3). 

In summary, the structural analysis reveals a 

large covering of sand grains with a high 

percentage of bentonite. This could lead to a 

decrease in the adsorption efficiency due to the 

agglomeration of bentonite grains, thus reducing 

the accessibility to the adsorption sites. 

FITR results 

The spectral analysis for the sand/bentonite 

mixtures (0%, 2%, 6%, and 12%), illustrated in 

Figure 4 and Table 4, permits to distinguish three 

main regions: the elongation bands of OH groups of 

water are visible in the region (38003300 cm1) 

while the deformation bands related to O-H 

elongation of water absorbed onto the bentonite are 

in the region (17301340 cm1). However, the 

intensity of bands is very low due to negligible 

absorption of humidity by the various 

sand/bentonite mixtures, attributed to the high 

content of sand in these mixtures. 

The region (1340840 cm1) corresponds to the 

Si-O valence vibration in a tetrahedral site while 

the region (840610 cm1) is assigned to the 

deformation vibration of Al-OH bond groups. The 

bands (610400 cm1) are attributed to the angular 

deformation of the Si-O-Al unit. 

Parti- 

 cles 

<80μm 

(%) 

Parti- 

cles 

< 2μm 

(%) 

Speci- 

fic area 

(m2g1) 

Water 

content  

(%) 

 pH 
SiO2 

(%) 

Al2O3 

(%) 

CaO 

(%) 

Na2O 

(%) 

Fe2O3 

(%) 

K2O 

(%) 

TiO2 

(%) 

MgO 

(%) 

100    42.5      394    8.5 10.5 64.98 16.08 0.61   3.88 2.93 2.02 0.20 3.51 
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Fig. 2.  SEM micrographs showing the dispersion of the bentonite in the mixture sand/bentonite. 
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Fig. 3. EDS results and SEM micrographies for sand and bentonite. 

 

 

 

 

 

 

 

 

 

Fig. 3. EDS results and SEM micrographs for sand and bentonite. 

Table 3. EDS analysis results obtained for the three positions depicted in Figure 3. 

  

Zone 

Wt.% 

O Mg Al Si K Ca 

1 59.44 - - 40.56 - - 

2 54.36 01.82 08.45 29.14 02.07 4.16 

3 44.54 08.95 12.78 32.48 00.99 00.26 

(a) (b) (c) 

Sand 

(1) 

Bentonite aggregate 

(2) 

(3) 

Upholstering sand grains by bentonite 
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Fig. 4. FITR spectra of the sand/bentonite mixtures. 

 

Fig. 5. Optimal fraction of bentonite at different initial concentrations of naphthalene. 

Table 4. FTIR analysis results obtained for the various sand/bentonite mixtures. 

Frequency OH Si-O-Si Al-OH Si-O-Al 

Sand 3625/1617-1420 1082 782-690 458 

2% 3627/1612-1425 1081 775-687 452 

6% 3631/1622-1427 1078 777-692 461 

8% 3630/1613-1429 1080 778-694 460 

12% 3650/1630-1425 1073 780-696 463 

Optimal fraction of bentonite 

To evaluate the optimal fraction of the bentonite 

(0%, 2%, 6%, 8% and 12%) in the sand, 

experiments were carried out under the above 

conditions. The adsorption efficiency of 

naphthalene (E) on the sand/bentonite mixtures was 

calculated as follows: 

0 e

0

C -C
×10E= 0 (2)

C
 

where: Co (mg L1) and Ce (mg L1) are the 

initial and equilibrium liquid-phase concentrations 

of naphthalene, respectively.  

Figure 5 shows that the naphthalene removal 

efficiency on pure sand (0% of bentonite) is 

negligible (maximum value 3.84%). The optimal 

naphthalene adsorption (71%) is obtained at low 

initial naphthalene concentration Co (2.5 mg L1) 

for all bentonite percentages. This result can be 

attributed to the mobility of the reaction medium, 

which is amplified at low concentrations, thereby 

promoting the adsorption. At 2% bentonite, the 

optimum adsorption efficiency is conserved 

independently of the concentration Co. This is due 

to the good dispersion of the bentonite particles on 

the external sand surface, allowing a great 

accessibility to active sites. By contrast, at 6%, 8% 

and 12% of bentonite, the adsorption efficiency 

decreases with increasing the concentrations Co. 

This is due to the increase in resistance to the 

transfer of solute molecules from the solution 

toward the external surface of the adsorbent, 

generated by the large concentrations of 

naphthalene Co. On the other hand, the reduction of 

active sites is caused by the agglomeration of 

bentonite particles related to the texture of the 
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latter. Ge et al. [33] have studied the adsorption of 

naphthalene on activated carbon modified with 

nitric acid using microwave radiation and obtained 

a removal efficiency of 92% while Agarry et al. [3] 

found that the removal efficiency of naphthalene 

onto spent tea leaves reached 96%.  

Effect of initial concentration and percentage of 

bentonite on the sand/bentonite mixtures 

The initial concentration of the adsorbate Co is 

an important factor which significantly affects the 

adsorption. The adsorbed amount of naphthalene 

onto the sand/bentonite mixtures at different 

concentrations Co (222 mg L1) is shown in Figure 

6. The sorption is rapid in the initial stage and 

gradually decreases with the progress of sorption 

until equilibrium is reached. At 2% and 6% of 

bentonite, the equilibrium is very fast (6 min) for 

concentrations above 10 mg L1, while above and 

below this concentration, the equilibrium time lies 

between 12 and 20 min. At 8 and 12% of bentonite, 

the equilibrium is rapidly reached (3 to 6 min) over 

the whole concentrations range. The longer 

equilibrium time obtained with 2% bentonite 

(optimal fraction) revealed that the adsorption 

process is long due to the probable existence of an 

intraparticle transfer of naphthalene molecules. 

This result will be verified subsequently in the 

kinetic study of the adsorption process. 

The adsorbed amount of naphthalene on the 

sand/bentonite mixtures increases with increasing 

the concentration Co (Fig. 6) and decreases with the 

bentonite percentage. The maximum adsorbed 

amounts of naphthalene, at Co of 22 mg L1, are 

1.57, 0.97, 0.58, and 0.43 mg g1 for bentonite 

percentages of 2%, 6%, 8% and 12%, respectively. 

The positive effect of the concentration Co on 

the adsorbed amount by using other adsorbents has 

been reported in the literature. Agarry et al. [3] 

indicated an increase in the naphthalene adsorption 

onto spent tea leaves with raising the initial 

concentrations while Sener and Ozyılmaz [34] 

found the same trend for the adsorption of 

naphthalene on sonicated talc. 

 
Fig. 6. Effect of the initial concentration on naphthalene adsorption onto sand/bentonite mixtures. 
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Table 5. Isotherm model parameters for adsorption of naphthalene onto sand/bentonite mixtures. 

 

Model isotherm 

Bentonite percentages onto sand/bentonite mixtures 

0% 2 % 6% 8% 12% 

Langmuir 

qm(mg g1) 

b (L mg1) 

R2 

ERRSQ 

 

-5.7×103 

-0.067 

0.970 

0.117 

 

38.462 

6.5×103 

0.998 

5.52×103 

 

1.164 

0.245 

0.989 

2.09×10-2 

 

0.628 

0.510 

0.996 

1.60×10-3 

 

0.482 

0.766 

0.970 

2.37×10-3 

Freundlich 

1/n 

KF(mg g1/(mg L1)1/n) 

R2 

ERRSQ 

 

2.050 

1.64×104 

0.998 

2.98×106 

 

1.009 

0.247 

0.998 

8.54×104 

 

0.623 

0.224 

0.989 

1.56 ×102 

 

0.376 

0.218 

0.949 

5.33 ×103 

 

0.266 

0.223 

0.844 

7.17 ×103 

Adsorption isotherms 

The adsorption isotherms were obtained by 

considering the same conditions as above. The 

concentration Co was in the range of (2.522 mg 

L1) while the bentonite ratios in the sand/bentonite 

mixtures were 2%, 6%, 8% and 12%. The adsorbed 

amount at equilibrium qe (mg g1) was calculated 

from the following equation: 

(C C )-
q =

e0
e

V
(3)

W

  

where: Ce is the equilibrium concentration of 

naphthalene (mg L1). 

The isotherm results were analyzed using the 

Langmuir and Freundlich models [35, 36] 

mathematically expressed as:   

 e

e
m eq bC

(4)
1+bC

q =  

1/n

F ee Cq K= (5)  

The Langmuir constants qm(mg g1) and b (L 

mg1), are the maximum amount of adsorbed 

naphthalene and the sorption equilibrium constant, 

respectively. KF (mg g1/ (mg L1)1/n) and n are the 

constants of Freundlich related to the adsorption 

capacity and adsorption intensity, respectively. The 

linearized forms of both equations are: 

m e me

1 1
+ (6)

q bC q

1
=

q  

   e F e

1
ln K + ln C (7)

n
ln(q )=

 
 
   

The correlation coefficient (R2) and the sum of 

square errors (ERRSQ) were used for testing the 

isotherm models. ERRSQ is represented by the 

following equation [37]: 

2PERRSQ= (q -q )
i=1 (e,m) (e,meas) i

(8)
 

where: P is the number of experimental data points, 

qe,m and qe,meas the equilibrium amounts of 

adsorption obtained from isotherm model and 

experiments data, respectively. 

 
Fig. 7. Adsorption isotherms of naphthalene onto 

sand/bentonite mixtures. 

The Langmuir and Freundlich coefficients are 

summarized in Table 5. The obtained isotherms at 

different percentages of bentonite in the 

sand/bentonite mixtures are illustrated in Fig. 7. 

According to R2 and ERRSQ values (Table 5), it 

appears that the most appropriate isotherm depends 

on the bentonite ratio. For the pure sand, 1/n>1 

indicates an unfavorable adsorption. The aberrant 

values of the Langmuir parameters (qm=−5.7×103 

mg g1 and b=−0.067 L mg1) clearly show that 

these data cannot be described by the Langmuir 

equation. 

As illustrated in Fig. 7 and Table 5, the addition 

of 2% of bentonite (optimal fraction) in the 

sand/bentonite mixture greatly increases the 
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naphthalene adsorption. Both the Freundlich and 

Langmuir models show high coefficients R2. The 

lower ERRSQ value obtained by the Freundlich 

model (linear isotherm n≈1), reveals a slight 

predominance of this model with a distribution 

coefficient (Kd). The results obtained for 6% of 

bentonite (Table 5), indicate that the adsorption 

data fit well the Freundlich model. For 2% and 6% 

bentonite, the distribution coefficients practically 

indicate that the adsorption phenomenon is 

governed by the adsorption intensity. The 

maximum amounts of adsorbed naphthalene 

obtained from Eq. 7 are 1.58 mg g-1 (2% bentonite) 

and 1.07 mg g1 (6%). 

The Langmuir monolayer model (Fig. 7) appears 

to be the most appropriate for the highest 

percentages of bentonite (8% to 12%). This is due 

to the rapid formation of the boundary layer which 

stops the transfer of adsorbate molecules to the 

solid surface and consequently prevents multilayer 

formation (characteristic of Freundlich model). 

Table 5 shows that the maximum amount of 

naphthalene decreases with increasing the 

percentage of bentonite (0.628 mg g1 for 8% and 

0.428 mg g1 for 12%). Several works on the 

naphthalene adsorption onto different clays and 

adsorbents, involved linear and non-linear models 

such as: linear model [3840], Freundlich model 

[21, 34, 41] and Langmuir model [42, 43]. 

Adsorption kinetics 

The adsorption kinetics is useful for elucidating 

the adsorption mechanism. In this study, four 

kinetic models, including pseudo-first order, 

pseudo-second order, Elovich and intraparticle 

diffusion were used to investigate the adsorption of 

naphthalene on sand/bentonite mixture. 

The pseudo-first-order equation is given by 

Lagergren [44]: 

e t e 1ln(q -q )=ln(q )-k t (9)
 

where qe and qt. (mg g1) are the amounts of 

naphthalene adsorbed onto the mixture 

sand/bentonite at equilibrium and at time t, 

respectively and k1 the rate constant (min1). 

The pseudo-second-order model is expressed by 

the following equation [45]: 

2

t 2 e e

t 1 1
= + t (10)

q k q q
 

where k2 is the rate constant (g mg1min1). 

The Elovich equation is generally expressed as 

follows [46, 47]: 

t
t

dq
=αexp(-βq ) (11)

dt  

To simplify the Elovich equation, Chien and 

Clayton [48] assumed αβt>> 1. By applying the 

boundary conditions (qt = 0 at t = 0 and qt = qt at t = 

t), equation (11) becomes [49]: 

   t

1 1
ln αβ + ln t

β
q

β
= (12)  

where α is the initial adsorption rate (mg g1 

min1) and β the desorption constant (g mg1) for 

the Elovich model.  

The straight-lines ln(qe - qt) vs. t for the pseudo-

first-order model, t/qt vs. t for the pseudo-second-

order model, and the plots qt vs. ln(t) for the 

Elovich model were plotted to obtain the kinetic 

parameters of the naphthalene adsorption onto 

sand/bentonite mixtures. 

According to the high R2 values [0.9771] 

(Table 6), the kinetics of naphthalene adsorption 

onto the sand/bentonite mixtures are well described 

by the pseudo-second-order model. Similar results 

of the retention of naphthalene have been reported 

using other adsorbents, namely the bentonite clay 

mineral [26], organo-sepiolite [50], natural and 

chemically modified bentonite [51] and activated 

carbons modified by microwave [12]. 

To determine the diffusibility of naphthalene 

molecules into the adsorbent pores, the Weber-

Morris intraparticle diffusion model was used (Eq. 

13) [52]: 

1/2

t pq =k t +C (13)
 

where  kp is the intraparticle diffusion rate (mg g 

min1/2) and C the intercept (mg g1) which is 

proportional to the boundary layer thickness. The 

intraparticle diffusion is the rate-controlling step if 

the plot of qt versus t1/2 gives a straight line passing 

by the origin. However, if the plot deviates from 

linearity, then the boundary layer diffusion (film 

diffusion) controls the sorption process. 

The intraparticle diffusion plot for the 

naphthalene adsorption onto sand/bentonite 

mixtures at different initial concentrations (Fig. 8a, 

b) can be divided into different stages. The first 

linear stage is attributed to the values of Kp and C 

are calculated from the slope and intercept of plots 

(qt versus t1/2) of the second linear stage (Table 6). 

Transfer of naphthalene molecules from the 

solution toward the external surface of adsorbent; 

the second portion is the gradual adsorption stage, 

where the intraparticle diffusion is the rate 

controlling step. The third stage is attributed to the 

establishment of adsorption equilibrium.  
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Table 6.  Kinetic model parameters for the adsorption of naphthalene onto sand/bentonite mixtures. 

  

2.5 mg L-1 

 

5 mg L-1 

 

10 mg L-1 

Kinetic model 2% 2% 6% 8% 12% 2% 

Pseudo- first-order 

k1(min--1) 

qe(mg g-1) 

R2 

 

0.125 

0.136 

0.957 

 

0.165 

0.267 

0.956 

 

0.328 

0.297 

0.986 

 

0.908 

0.261 

0.967 

 

0.976 

0.248 

0.952 

 

0.195 

0.594 

0.981 

Pseudo-second-order 

k2 (gmg-1min-1) 

qe (mgg-1) 

R2 

 

1.705 

0.194 

0.977 

 

1.094 

0.384 

0.979 

 

1.066 

0.387 

0996 

 

6.973 

0.338 

1 

 

9.443 

0.336 

1 

 

0.516 

0.792 

0.993 

Elovich 

α (mgg-1min-1) 

β (gmg-1) 

R2 

 

0.251 

30.303 

0.953 

 

0.601 

14.925 

0.945 

 

0.331 

11.628 

0.978 

 

9.115 

22.222 

0.973 

 

46.638 

27.777 

0.972 

 

1.187 

7.246 

0.972 

Intraparticle diffusion 

kp(mg g-1min-1/2) 

C (mg g-1) 

R2 

 

0.029 

0.047 

0.996 

 

0.064 

0.095 

0.991 

 

0.053 

0.141 

0.988 

 

0.054 

0.189 

0.919 

 

0.044 

0.216 

0.917 

 

0.130 

0.196 

0.992 

 

The values of Kp and C are calculated from the 

slope and intercept of plots (qt versus t1/2) of the 

second linear stage (Table 6). The values of C ( 0) 

can be attributed to the difference in the mass 

transfer rate between the initial and final stages of 

adsorption [53], demonstrating that the intraparticle 

diffusion is not the only rate-controlling step during 

the naphthalene adsorption; this result was 

supported by several authors [12, 41]. 

The time elapsed during the intraparticle 

diffusion decreases with increasing the bentonite 

amount (Fig. 8a). It is evaluated at 14 min for 2% 

and 9 min for 6% and decreases for 12% bentonite. 

These results indicate that the time required for 

intraparticle diffusion is large compared with the 

global time.  

The obtained values of Kp increase in the 

following order: kp (12%) <Kp (8%) <Kp (6%) 

<Kp (2%) for the effect of bentonite percentage 

(Table 6) and in the order of: Kp (2.5 mg L1) <Kp 

(5 mg L1) <Kp (10 mg L1) for the effect of 

naphthalene concentration Co. On the other hand, 

the intercept increases with both the percentage of 

bentonite and naphthalene concentration Co. The 

lowest values are obtained for 2% bentonite 

(optimal fraction) and low initial concentration of 

naphthalene (2.5 mg L1), indicating a small film 

resistance to the mass transfer surrounding the 

adsorbent particle. The R2 values indicate that the 

intraparticle diffusion model is more suitable for 

the low bentonite percentages (R2 (2%) = 0.999 and 

R2 (6%) = 0.988) in comparison with other 

percentages (R2 (8%) = 0.91 and R2 (12%) = 0.91). 

 

 

 

Effect of temperature and thermodynamic study 

The effect of temperature on the naphthalene 

adsorption onto the sand/bentonite mixture at 

optimal fraction (2% of bentonite) was investigated 

at 10, 20 and 30 °C (Table 7). The thermodynamic 

parameters for the adsorption process; free energy 

change (∆G°), enthalpy change (∆H°), and entropy 

change (∆S°), were calculated using the following 

equations:  

dG° RTl 14nK ( )  

d

ΔS° ΔH°
lnK = - (15)

R RT  

Kd, R, and T are: the distribution coefficient of 

the adsorbate (qe/Ce), the universal gas constant 

(8.314 J K1mol1) and the absolute temperature 

(K), respectively. 

Table 7 shows that the amount of adsorbed 

naphthalene increases with increasing temperature. 

The ∆H° and ∆S° values were computed from the 

slope and intercept of the plot lnKd versus 1/T, 

while ∆G° was calculated at different temperatures 

and is shown in Table 7. The positive values of 

ΔH° and ΔS° suggest an endothermic reaction and 

increase in randomness at the solid–liquid interface 

during the adsorption. The negative value of ∆G° 

indicates a spontaneous nature of adsorption 

process. The decrease in ∆G° with increasing 

temperature (−28.72 to −30.751 kJ mol1) indicates 

that the adsorption of naphthalene on the 

sand/bentonite mixture is more favorable at higher 

temperature (30 °C).  

The activation energy (Ea, kJ mol1) of 

adsorption is determined from the Arrhenius law in 

the studied temperature range: 
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a
2

E
lnk =lnA- (16)

RT
 

    where A is the pre-exponential factor, and k2 the 

value of the pseudo-second-order. The activation 

energy (Ea) is deduced from the straight line lnk2 

against reciprocal temperature (Table 7). The low 

energy Ea is in the range (5-40 kJ mol1), indicating 

that naphthalene is physisorbed [54]. Therefore, the 

affinity of bentonite for naphthalene molecules may 

be ascribed to Van der Waals forces and 

electrostatic attractions with the clay surface. 

 
Fig. 8. Intraparticle diffusion plots for naphthalene adsorption: (a) at different bentonite ratios, (b) at different initial 

concentrations.

Table 7. Thermodynamic parameters for adsorption of naphthalene onto the sand/bentonite mixture. 

T 

(°C) 

qe 

(mg g1) 

Kd 

(L g1) 

k2 

(gmg1min1) 

∆H° 

(kJ mol-1) 

∆S° 

(J K1mol1) 

∆G° 

(kJ mol1) 

Ea 

(kJ mol1) 

10 

20 

30 

0.272 

0.350 

0.447 

0.165 

0.247 

0.482 

0.930 

1.094 

1.171 

- 

32.95 

- 

- 

101.597 

- 

-28.720 

-29.735 

-30.751 

- 

8.263 

- 

CONCLUSION 

Based on detailed studies carried on the 

naphthalene adsorption at different initial 

concentrations and on different sand/bentonite 

mixtures, it was found that the adsorbed amount of 

naphthalene increased with increasing the initial 

concentration and decreasing the bentonite 

percentage. The maximum yield of adsorption 

(71%) was found by adding 2% of bentonite to the 

sand/bentonite mixture. This result was 

consolidated by SEM analysis that showed the 

remarkable effect of the very low bentonite content 

on the sand structure. The isotherm model 

describing the naphthalene adsorption on bentonite 

mixtures was presented.  

The optimal ratio of bentonite (2%) was well 

fitted by the Freundlich model with a constant Kd  

of 0.247 L g1. The kinetic data were well 

represented by the pseudo-second-order model. The 

intraparticle diffusion plays an important role, but 

cannot be considered as the sole limiting step 

during the adsorption process. The thermodynamic 

parameters indicated a spontaneous and 

endothermic nature of the naphthalene adsorption. 

The low activation energy Ea is characteristic of a 

physical adsorption of naphthalene. All these 

results show that the sand/bentonite mixture can be 

a promising adsorbent for the removal of 

naphthalene from wastewaters. 
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