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1. Introduction 
The use of pesticides (insecticides, herbicides, fungicides, etc.), has been necessary to improve the yields of 

cultivated land to meet the nutritional demand due of the increasing in world population. However, the vast use of 

these substances causes indirect and adverse effects on the environment. The studies indicated the presence of 

pesticide residues in food and the contamination of surface and groundwater [1-3].  
Various techniques have been used for the removal of this type of soluble pollutants in water or soil, such as 

adsorption [4], electrolysis [5], electro sorption [6], precipitation [7], ion exchange [8], photocatalysis [9], 

membrane filtration [10,11] etc. The adsorption on natural, abundant and widely available materials such as clays 

and bentonites greatly increases the power of pollutant removal and the treatment of contaminated water rates. Acid 

activation of clay minerals is one of the most effective methods that have been used to produce active materials for 

adsorption and catalysis proposes. This consists of the treatment of clay with a mineral acid solution, usually 

hydrochloric or sulphuric acids. The main goal of this process is to obtain partly dissolved material of high specific 

surface area, porosity and surface acidity [12,13].  
Bentonite consists predominately of montmorillonite, a 2:1 clay mineral containing an octahedral sheet between 

two tetrahedral sheets. Activation proceeds with partial dissolution of montmorillonite and includes an initial 

replacement of the interlayer cations by H
+
, which is followed by dissolution of the octahedral and tetrahedral 

sheets, with subsequent release of structural cations. This attack alters the structure, chemical composition and 

physical properties of the clay while enhancing the adsorption capacity [14,15]. The chemical activated bentonite 

has been widely studied [16-18]. The bentonite chemically modified has been widely applied as sorbents for toxic 

substances such as Pb (II) [19], dye [20, 21], picoline [22], phosphates [23] and for catalytic alkylation of benzene 

[24]. However no sorption study has yet been published on the removal of chlorothalonil as a commercial 

compound used in agriculture by local bentonite. The chlorothalonil is an inhibitor of spore germination, which acts 

on various enzymes and on the metabolism of fungi. It can seep into the aquatic environment by means of spray 

and runoff. However it is possible that the chlorothalonil affect human health through exposure to food and water 

contaminated by this substance [25].  
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Abstract 

The adsorption of Chlorothalonil fungicide from aqueous solution onto raw and 

activated bentonite samples was investigated as a function of parameters such as pH, 

contact time, and temperature. The acid activation of natural bentonite was 

performed by treatment with hydrochloric solution of different concentrations. The 

high adsorption capacity of chlorothalonil was obtained by activated bentonite at 

323 K in the range of pH 3-4 for 60 min of contact time. It was be 32.01 and 42.88 

mg/g for raw and bentonite activated by 1N hydrochloric acid, respectively. The 

Langmuir and Freundlich adsorption models were applied to describe the related 

isotherms. Freundlich equation has shown the best fitting with the experimental 

data. The pseudo-first order and pseudo-second order kinetic models were used to 

describe the kinetic data. The changes of enthalpy, entropy and Gibbs free energy of 

adsorption process were determined. The results indicated that the adsorption of 

chlorothalonil occurs spontaneously as an endothermic process. 
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The present work deals with the acid activation of an Algerian bentonite (M’zila deposit) and testing of his capacity 

to remove the chlorothalonil fungicide in aqueous solution by adsorption. The hydrochloric acid solutions were 

used in the concentration range of 0.1-6N. The physicochemical parameters of raw and activated materials were 

also determined using the data obtained from the adsorption experiments. 
 

2. Materials and methods 
2.1. Materials 

Bentonite used in this study comes from M’zila deposit in Mostaganem (western Algeria). This material is 

commercialized without additives by BENTAL society. Before the experiments, the samples were purified and 

sieved at 80 µm. Cation exchange capacity (CEC) of natural bentonite was determined to be 48 meg/100g by 

applying the conductimetric titration method [26]. The point of zero charge (PZC) of purified bentonite was found 

as ca. 6.8 by the solid addition method [27].  

The product chlorothalonil (Chl) fungicide was obtained by Syngenta Protection of Plants S.A, Bale, Switzerland. 

It contains 400 g/L of chlorothalonil in the form of concentrated suspension with some impurities. The chemical 

formula of Chl is C8Cl4N2, and its molecular weight is 265.93 g/mol. The IUPAC name of Chl is 2, 4, 5, 6-

tetrachloro-1, 3-benzenedicarbonitrile.  The solubility of chlorothalonil in water is 0.6 mg/L at 293 K. The chemical 

structure of chlorothalonil molecule is shown in Table 1. 
 

Table 1: The chemical composition of raw bentonite and chemical structure of chlorothalonil. 
 

Sample   Percentage % Structure of Chl 

SiO2 64.22 

 

Al2O3 11.62 

CaO 09.33 

MgO 03.47 

Fe2O3 04.88 

TiO2 01.06 

Na2O 03.38 

SO3 0.46 

P2O5 0.03 

L.I. 1.55 

L.I.: loss on Ignition 

2.2. Materials characterization  

The chemical analysis of natural bentonite was performed with X-fluorescence XRF 9900, Thermo instrument. The 

specific surface area was determined by adsorption of nitrogen at 77 K by BET method via a Quantachrome 

instruments. X-ray analyses were performed using INEL CPS 120 diffractometer employing cobalt K radiation 

(= 0.178 nm) operating at 40 kV and 25 mA with a fixed slit. The absorbance measurements of chlorothalonil 

were made with a spectrophotometer (VIS 7220 G, Biotech Engineering Management) at the λmax= 360 nm. 
 

2.3. Acid activation of bentonite 

Raw bentonite was treated by hydrochloric acid (HCl) (37% purity, Merck) at different concentrations (0.1, 1 and 6 

N) at 343 K. The amounts of 4g of each treated sample were added to 400 mL of acid solution [16]. The contact 

time of the samples with the acid solution was fixed as 4 and 24 h. At the end of treatment, the bentonite was 

washed several times with distilled water and dried over night at 353 K [28,29]. 
 

2.4. Adsorption experiment  

The Chlorothalonil was prepared in the range of initial concentrations 100–500 mg/L, in order to know the 

maximum amount of fungicide that clay can adsorb. For each experiment, 20 mL of pesticide solution was added to 

0.1 g of the raw clay. The suspension was shaken at room temperature (296 ± 0.5 K) for 3 h. The pH was adjusted 

at 3–4 by the addition of 1 N NaOH or 1 N HCl solutions. When adsorption procedure completed, the mixture was 

centrifuged at 4000 rpm to get supernatant liquid. The amount of Chl retained by the adsorbent was calculated 

using the following equation: 

 
m

V
CCq ee  0

                                                                                                                                                (1) 

where, qe is the equilibrium adsorption capacity (mg/g), C0 and Ce are the initial and equilibrium pesticide 

concentrations (mg/L), respectively, V is the volume of solution (L) and m is the mass of the adsorbent (g). 

 



Boudouara et al., J. Mater. Environ. Sci., 2017, 8 (12), pp. 4523-4531                                                                 4525 
 

2.5. Adsorption Isotherms  

The Langmuir sorption isotherm which is valid for monolayer adsorption onto a surface containing a finite number 

of identical sites has been widely used to characterise the adsorption phenomena from solution. The Langmuir 

isotherm can be represented by the following equation [30, 31]: 

eL

eL
e

CK

CK
Qq




1
.0                                                                                                                                                (2) 

Equation (2) can also be represented by the linear form below: 

00

1

QKQ

C

q

C

L

e

e

e                                                                                                                                                 (3) 

where Q0 is the maximum adsorption capacity (mg/g), and KL (L/mg) is a constant that relates to the heat of 

adsorption.  

Freundlich isotherm represents satisfactorily the sorption data at low and intermediate concentrations on 

heterogeneous surfaces [32]. The Freundlich model may be expressed in the form below:  

n
eFe CKq

1

                                                                                                                                                          (4) 

Equation (4) can also be expressed in linear form below: 

eFe C
n

Kq log
1

loglog                                                                                                                                   (5) 

where KF ((L/mg)
1/n

) and n are the Freundlich constants, indicating the capacity and intensity of adsorption, 

respectively.  
 

2.6. Adsorption kinetics  

The data obtained from adsorption experiments of chlorothalonil onto activated bentonite were evaluated by 

pseudo-first and pseudo-second order models. The linear form of pseudo-first order rate equation is given by 

[33,34]: 

  tkqqq ete 1lnln                                                                                                                                         (6) 

where qt is the amount adsorbed (mg/g) at time t, k1 is the rate constant (min
-1

). The value of k1 was calculated by 

plots ln (qe– qt) versus t drawn at different concentrations.  

The pseudo-second-order kinetic model equation may be expressed by the following equation [35,36]: 

eet q

t

qkq

t


2

2

1
                                                                                                                                                   (7) 

where k2 is the rate constant of the adsorption process (min
-1

). Plots of t/qt against t for the adsorption of Chl onto 

bentonite are drawn to obtain the rate parameters. 
 

2.7. Thermodynamic study 

Thermodynamic parameters of the adsorption of Chl onto treated bentonite at 303, 313 and 323 K were calculated 

using the following equation [37,38]:  

TR

H

R

S
Kd

00

ln





                                                                                                                                           (8) 

The distribution coefficient Kd (L/g) is calculated from the following equation:  

 
m

V

C

CC
K

e

e

d .0                                                                                                                                                   (9) 

where H°, S°, and T are the adsorption enthalpy (kJ/mol), entropy (J/mol.K) and temperature in Kelvin, 

respectively, and R is the gas constant (8.31 J/mol.K). The slope and intercept of the plot of ln Kd versus 1/T 

correspond to H°/R and S°/R, respectively. 

The Gibbs free energy, ΔG° (kJ/mol), of specific adsorption is represented by the following equation [39]:  
000 STHG                                                                                                                                          (10) 

 

3. Results and discussion  
3.1. Characterization of the adsorbent 

The chemical composition of natural bentonite showed in Table 1 is presents as follows: the silica, alumina and 

lime are the major oxides of the sample and the trace elements such as iron, magnesium, sodium, titanium, sulphate 

and phosphor oxides exist as impurities. 
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The specific surface area of natural bentonite (BN), bentonite treated by 1N (BA1N) and 6N (BA 6N) hydrochloric 

acid were determined as 59, 82.22 and 80.55 m
2
/g, respectively. We see that the specific surface areas of both 

activated bentonites are almost identical, which are much higher than that of the raw bentonite. The specific surface 

area greatly increases at the acid concentration of 1N, but slightly decreases at the concentrations higher than this 

value and then does not change much. Similar result were found by activating bentonite with sulphuric acid, where 

the surface area decreases were observed by treating clay up to 3M H2SO4 [40] and 6M H2SO4 [13], respectively. 

The XRD patterns of raw and activated bentonites at various concentrations (0.1, 1 and 6 N) were shown in Fig. 1. 

The untreated sample contains some mineral phases concerning montmorillonite (M), kaolinite (K), illite (I), quartz 

(Q), calcite (C) and dolomite (D).  
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We note that there is no difference between the spectra of BN and BA (0.1). The concentration of 0.1 N seems not 

be sufficient to make significant changes in the structure of bentonite. This means that it is a cation exchange 

causing the substitution of the exchangeable cations of interlayer space by protons H
+
. In contrast to the sample 

treated with 0.1 N, the samples BA.1N and BA. 6N undergo a significant structural modification according to the 

XRD spectra, where we notice that the peaks of montmorillonite and the kaolinite almost disappeared, while that of 

the illite is reduced in intensity. So from 1N concentration of HCl, the clay minerals of bentonite are exposed to the 

direct effect of acid leading to the destruction of the basic clay sheets. Treatment of clay with high concentration of 

acid solution can often results in the replacement of the exchangeable cations with H
+
 and Al

3+
 ions and the release 

of the other cations from tetrahedral and octahedral sites, leaving SiO4 groups largely intact [41]. This process 

generally increases the surface area and the acidity of the clay minerals [42]. 

 

3.2. Effect of pH 

The pH is an important factor affecting the adsorption studies, through changing the surface charge of adsorbent. In 

our study we follow the change of pH with the adsorption of pesticide by the treated bentonite samples, for an 

initial concentration about 30 mg/L. Figure 2 shows that, the adsorption onto BN and BA 1N samples occurs 

weakly in basic medium. There is a significant increase in the adsorbed amount of Chl in acid solution. The 

maximum adsorption onto the natural bentonite took place between pH 2 and 3, whereas for activated bentonite it 

was reached between pH 3 and 4.  

Figure 1: XRD patterns of raw and activated bentonites 
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3.3. Effect of contact time 

To determine the optimum contact time and to study the adsorption kinetics, the adsorption of Chl on a series of 

samples in the time range 2-180 min was studied. The concentration of Chl was fixed at 60 mg/L in 20 ml volume 

of solution, into which 0.1 g of treated bentonite was added. Figure 3 shows that the Chl adsorption increased in 

parallel with the contact time, and over 80% of removal Chl was performed by modified bentonite in 50 min. The 

adsorption is facile in the early stage of the process and became slower over time to reach equilibrium eventually. 

The equilibrium time for the two adsorbents was determined to be 60 min. 

                     
Figure 3: Effect of contact time on adsorbed amount of Chl onto activated bentonites 

 

3.4. Adsorption isotherms 

The adsorption isotherms were obtained for different initial concentrations of chlorothalonil in solution for the 

duration of 3 hours at 296 K. To obtain the adsorption isotherms, amounts of Chl adsorbed by the samples were 

plotted versus equilibrium concentration values. The figures 4 and 5 show the adsorption of Chl by the activated 

bentonite for 4h and 24 h, respectively. 

These figures show that the adsorbed amount of Chl onto raw and activated bentonite increases in parallel with the 

equilibrium concentration. The experimental isotherm obtained here may be classified as type S referring to the 

classification of Giles et al. [43]. This type of isotherm originates from the cooperative isothermal adsorption, i.e. 

the adsorbed molecules promote higher adsorption of other molecules and tend to be adsorbed in groups [44]. 
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Figure 2: Effect of pH on adsorbed amount of Chl onto the bentonite  
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We note also that the activated bentonite adsorbs much better than the natural bentonite. When the activated 

samples were compared, it was found that the maximum amount of adsorption (42.88 mg/g) was observed for BA 

1N for 24h. Similar results were reported by Ma et al. [45] for the removal of anionic pollutants by activated 

bentonite. For the next experiments, we use only the BA 1N samples as adsorbents for 24h. 

 

 
 

 

 
 

 
 

The effects of temperature on the adsorption of chlorothalonil by BA 1N were examined at 303, 313 and 323 K, 

and the data obtained were plotted in Fig. 6. The adsorption capacities increase with increased temperature. The 

adsorbed amount of Chl by BA 1N at 323 K is 51.61 mg/g. This means that the adsorption of Chl onto the activated 

bentonite is favourable at high temperature. This can be confirmed later by thermodynamic study, which the 

process of adsorption was more spontaneous when increasing temperature. The enhancement in the adsorption 

capacity might be due to the chemical interaction between adsorbate and adsorbent, creation of some new 

adsorption sites, or the increased rate of intra-particle diffusion of adsorbate molecules into the pore structure of the 

acid-activated bentonite at higher temperatures [46].  Similar results have been reported by Rawajfih and Nsour 

which are found that the Picoline adsorption by acid activated bentonite increased with increasing solution 

temperature from 303 to 333 K [22]. 

0 

10 

20 

30 

40 

50 

0 25 50 75 100 125 150 

Ce (mg/L) 

q
e 

(m
g

/g
)   

BA 1N 

BN 

BA 6N 

BA 0.1N 

0 

10 

20 

30 

40 

0 25 50 75 100 150 

Ce (mg/L) 

q
e 

(m
g

/g
) 

(m
g

/g
) BA 1N 

BN 

BA 6N 

BA 0.1N 

125 

Figure 4: Adsorption isotherms of Chl onto activated bentonite for 4 h 

 

Figure 5: Adsorption isotherms of Chl onto activated bentonite for 24 h 
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We applied the Langmuir model for the data obtained at different temperatures and we found that the results which 

were not mathematically consistent with the Langmuir equation were considered to be insignificant in terms of 

adsorption. Therefore, they have not been presented here. However, the Freundlich model represented the 

adsorption data better than the Langmuir model, and the obtained parameters of Freundlich model were given in 

Table 2. The values of correlation coefficient R
2
, are close to unit value, proving good fitting of the data by this 

model. According to the Freundlich theory, the multilayer formation on the adsorbent surface is likely and the sites 

are heterogeneous with different fixation energies. 
 

                   
 

 
Table 2: The constants of Freundlich model. 

Sample T (K) KF 

(mg/g (L/mg)
1/n

) 
1/n R

2
 

BA 0.1N 296 0.913 0.737 0.935 

BA 1N 

296 0.590 0.939 0.925 

303 2.064 0.725 0.950 

313 2.295 0.831 0.979 

323 2.087 0.736 0.970 

 
3.5. Adsorption kinetics 

To evaluate the adsorption rate, the adsorption kinetic was examined by pseudo-first order and pseudo-second order 

models. The results obtained were listed in Table 3. We see that the correlation coefficient for pseudo-second order 

is almost equal to unit value. This means that for the rate constants of the adsorption of Chl on all activated 

bentonite samples are better represented by pseudo-second order model.  
 

Table 3: Parameters of pseudo-first order and pseudo-second order kinetics models. 

 Pseudo-first order Pseudo-second order 

 qe (mg/g) k1(min
-1

) R
2
 qe (mg/g) k2(mg/g

 
min) R

2
 

BA 1N 1.51 0.106 0.917 11.52 0.28 0.999 

  

3.6. Adsorption heats   

In the case of adsorption of molecules on a solid surface, the Gibbs energy is composed of two functions, the 

enthalpy function (H), which is measure of the energy of interaction between the molecules and the adsorbent 

surface, and the entropy function (S), which reflects the change and the arrangement of molecules in the liquid 

phase and on the surface. It can be seen from Table 4 that the calculated G° values have negative signs, indicating 
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Figure 6: Adsorption isotherms of Chl onto BA 1N for 24 h at different temperatures 
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that the adsorption process is spontaneous in the experimental temperature range. All H° values are positive, 

showing that the adsorption process is endothermic, and higher temperature is in favour of the adsorption process. 

 
Table 4: Thermodynamic parameters of the adsorption of Chl onto activated bentonite. 

 C0(mg/L) ∆H° (kJ/mol) ∆S° (J/molK) 
∆G° (kJ/mol) 

303 K 313 K 323 K R
2
 

BA 1N 

30 68.894 234.292 - 2.096 - 4.439 - 6.782 0.930 

40 34.020 120.528 - 2.499 - 3.705 - 4.910 0.895 

50 29.726 107.381 - 2.810 - 3.883 - 4.957 0.927 

60 39.861 137.879 - 1.915 - 3.294 - 4.673 0.926 

80 40.422 141.319 - 2.397 - 3.810 - 5.223 0.910 

 

Conclusions 
The bentonite, a natural and local clay mineral, can be effectively used as an adsorbant for the removal of fungicide 

as chlorothalonil from the wastewater. The raw bentonite consisted of the fine particles of some minerals as 

montmonrillonite, kaolinite, illite, quartz, calcite and dolomite according to the XRD analyses. The raw bentonite 

was treated at various normalities of hydrochloric acid solution for 4 and 24 hours. The results of treatment 

indicated that the clay sheets were affected significantly up to the acid concentration of 1N, and the specific surface 

area increased in parallel with the acid concentration. The investigations showed there is no significant structural 

modification between the samples treated with 1N of hydrochloric acid and those treated with 6N. The specific 

surface areas of BA 1N and BA 6N were almost identical. 

The amounts adsorbed of chlorothalonil by activated bentonites were more that the raw bentonite and they 

increased with increasing temperature and decreasing pH. The Freundich model described the experimental data 

better comparing to the Langmuir model because after the chemically treatment of bentonite, the surfaces solids are 

not homogenous with existing of the different energy sites. The adsorption of chlorothalonil onto the activated 

bentonites followed the pseudo-second order kinetic model. The thermodynamic parameters showed that the 

adsorption of the fungicide is an endothermic and spontaneous process. 
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