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a b s t r a c t
The organophilic clay used as adsorbent in this work was obtained from the modification of the 
commercial Fluidgel clay with the hexadecyltrimethylammonium bromide salt by the chemical syn-
thesis process. The commercial and modified adsorbent materials were characterized by N2 physics, 
scanning electron microscopy (SEM), thermal analysis (TGA/DTA), X-ray diffraction (XRD), energy 
dispersive system (EDX), and Fourier-transform infrared spectroscopy (FTIR), aiming to determine 
possible structural, morphological, structural, and chemical changes promoted by the organo-
philization stage. The kinetic, equilibrium, and thermodynamic aspects of the atrazine adsorption 
process were investigated by using the synthesized material. In the optimization of the parameters, 
it was verified that the pH did not influence significantly the adsorption. The kinetic model that 
best represented the data was that proposed by Elovich and through the equilibrium isotherms and 
thermodynamic analysis, it was verified that the material has heterogeneous active sites and that the 
process is favorable, reaching maximum values of adsorption capacity of up to 3.492 mg g–1, thus 
highlighting the good performance of the material when compared with other alternative adsorbents 
in the removal of atrazine in contaminated water.
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1. Introduction

The contamination of aquatic matrices is a widespread 
problem. The quality of the water in the world has been 
suffering due to the significant increase in the presence of 
micropollutants of anthropic origin in the water matrices, 
among them stand out substances such as human and veter-
inary pharmaceuticals, personal care, surfactants, pesticides, 
dyestuffs from the food and textile industries, disinfectants, 
and other chemical additives that are used in large quantities 
every year all over the world [1–6].

Of the aforementioned categories, pesticides have a 
prominent character as a contaminant. In the United States, 
for example, the national water quality assessment pro-
gram Geological Survey mentions that 95% of surface water 
and 50% of groundwater contain at least one pesticide in 
its composition. In the European Union, 700 synthetic sub-
stances were detected in water for human consumption, of 
which 300 were pesticides [7,8].

Since 2008, Brazil has been the largest consumer of agro-
chemicals in the world [9]. Its major applications are divided 
between soya, maize, sugarcane, and cotton crops. In the 2011 
harvest, about 71 million hectares of temporary and perma-
nent crops were planted, equivalent to a value of 853 million 
liters of pesticides used in these plantations, mainly herbi-
cides, fungicides, and insecticides, representing an average 
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use of 12 L ha–1 and an average environmental/occupational/
food exposure of 4.5 L of pesticides per inhabitant [10].

In Brazil from 2009 to 2012, the most consumed agro-
chemicals were glyphosate, 2,4-d, atrazine, carbendazim, and 
diuron [11]. The presence of atrazine, simazine, imidacloprid, 
chlorpyrifos, and clomazone in surface water from three 
basins of Rio Grande do Sul in areas of tobacco culture was 
evaluated. Glyphosate was found in several points of the 
Pirapó River in the city of Maringá, state of Paraná – near 
soybean plantations and there was also evidence of atrazine 
and endosulfan in 16 samples of water in streams of Campo 
Verde, state of Mato Grosso [12–14].

With between 70,000 and 90,000 tonnes being applied 
per year, atrazine (1-chloro-3-ethylamino-5-isopropyl-
amino-2,4,6-triazine) is one of the main herbicides in the 
triazine class, widely used against pests, especially in sug-
arcane, soybean, maize, and sorghum [15]. This herbicide is 
extremely toxic; it is a carcinogenic agent and an endocrine 
disruptor. Exposure to it may increase the appearance of 
cancer, cause neuroendocrine effects in vertebrates that lead 
to irregular ovary functioning, and cause various genomic 
changes [16–18]. Maximum concentration limits in water 
for human consumption are determined because of its high 
toxicity. In Europe, for instance, this limit is 0.1 µg L–1; in 
Brazil, 2 µg L–1; and in the United States, it is as high as 
3 µg L–1 [19,20].

Conventional water treatment techniques are used for 
the removal of atrazine and other pesticides from water for 
human consumption. Among those, the most common are 
coagulation, flocculation, clarification, and chlorination, but 
unfortunately, these are incapable of eliminating these organic 
compounds effectively [8]. Recent studies have looked at eval-
uating the effectiveness of advanced treatment techniques, 
such as chemical oxidation, biodegradation, and photodeg-
radation, aiming at eliminating pesticides as well as other 
natural organic pollutants. Despite these qualities, several of 
these procedures have high costs and operational complexity, 
compromising their applicability in water treatment plants.

Due to its high-efficiency, low-cost operation with no 
relevant byproducts, since a great part of adsorbents can 
be regenerated; adsorption has become a frequently sought 
alternative for removing organic and inorganic pollutants. 
It is also easily implementable in water treatment plants 
after the conventional treatment methods. Nevertheless, the 
cost of the adsorbent may sometimes make the procedure 
unviable, so studying alternative efficient adsorbents is an 
important step for the optimization and enabling of this 
technique [2,21].

Clays are materials with a high capacity for cation 
exchange and low cost because of its high environmental 
abundance [22]. In their natural form, clays are hydrophilic, 
thus not showing efficient organic compound adsorption. 
However, when exposed to chemical treatments, such as 
with cationic surfactants, their surface is modified and they 
begin to show hydrophobic and organophilic characteristics, 
acquiring high affinity for organic molecules [23].

Promising results can be found in scientific literature 
regarding clay usage in water treatment, with clays having 
shown excellent performance in the removal of petrochem-
ical organic compounds, such as toluene, and also in the 
treatment of water polluted with Paraquat herbicide [24,25].

Therefore, this paper aimed at synthesizing and char-
acterizing organophilic clay, evaluating its textural, mor-
phological, structural, and chemical characteristics, and in 
regards to the resulting adsorbent, investigating its kinetic, 
equilibrium, and thermodynamic aspects in the adsorption 
of atrazine.

2. Material and methods

2.1. Organophilic clays preparation

The organophilic clay was prepared from sodium ben-
tonite clay, coming from the city of Boa Vista, state of Paraíba, 
Brazil, commercialized as Fluidgel and processed by Dolomil 
Ltda Company. The chemical synthesis stage was carried out 
according to the methodology proposed by Barbosa et al. [26]. 
A beaker containing 1,600 mL of deionized water was put on 
a heater with a controlled temperature between 80°C ± 5°C. 
Afterward, 32 g of clay and 20 g of quaternary ammonium salt 
hexadecyltrimethylammonium bromide – HDTMA (Merck) 
were slowly added with continuous mechanical agitation 
and were kept in this way for 20 min. The HDTMA mass was 
calculated from the cation-exchange capacity of the commer-
cial clay, which amounts to 171.74 meq/100 g of clay. After 
this period, the recipient was closed and kept in room tem-
perature for 24 h. The synthesized adsorbent drying was 
made in an oven between 60°C ± 5°C for 48 h, soon after, it 
was ground in a mortar and sifted in order to obtain medi-
um-sized diameter particles of 0.855 mm. 

2.2. Commercial and organophilic clay characterization

The clays were characterized by X-ray diffraction (XRD), 
N2 physisorption, Fourier-transform infrared spectroscopy 
(FTIR), scanning electron microscopy (SEM), thermal gravi-
metric analysis (TGA), and differential thermal analysis (DTA). 

The X-ray diffractometers were obtained in a Bruker 
Diffractometer, D8 advance series within the 2q = 2–30 range, 
with copper Ka radiation, 40 kV tension, 30 mA current, and 
2° min–1 scanning speed [26].

The identification of functional groups was made in 
a PerkinElmer Spectrophotometer, spectrum 100 series 
through the self-supported wafer method in KBr with a spec-
tral span of 4,000–400 cm–1 [27].

The textural characteristics of the adsorbents were 
found through isotherms of adsorption and desorption of 
nitrogen on the surface of 77 K (–196°C) clays, being held 
in the Quantachrome measurer NOVA 1,000 series with the 
activation of the material being done at 373 K (100°C). The 
specific area of each sample was calculated by using the BET 
method, proposed Brunauer, Emmett, and Teller [28], and 
the average volume of the pores was found based on the BJH 
calculations [29].

The SEM images were acquired in the FEI Company 
equipment, Quanta-250 series with an acceleration voltage of 
20 kV. The samples were prepared in an aluminum structure 
above a carbon tape with a thin layer of gold coating through 
a metalizer.

The TGA was collected in a Shimadzu thermogravimetric 
analyzer, TGA-50 series with a programmed temperature 
increase, from room temperature to 1,000°C with nitrogen 
flow of 50 mL min–1 and heating speed of 10°C min–1 [30].
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2.3. Analytical determination of atrazine concentration

Atrazine was analyzed by using an UV-vis Shimadzu 
spectrophotometer UV-1,800 series. The preparation of the 
calibration curve was made from a stock standard solution 
from 250 mg L–1 (Sigma-Aldrich, Brazil) in methanol pattern 
HPLC (JTBaker, Brazil) with a variation from 1 to 10 mg L–1. 
Reading was carried out in a 222 nm absorbance, value 
referring to the peak of maximum absorption [31].

3. Adsorption experiments

3.1. Adsorbent dosage and pH effect

The effect of pH was monitored with a fixed amount of 
organophilic clay of 4 g L–1 in a 125 mL Erlenmeyer flask 
containing 25 mL of atrazine solution with pH in the range of 
2–12 adjusted with NaOH solution (0.1 M) and HCl (0.1 M), 
both analytical standards (Synth), fixed herbicide concentra-
tion at 5 mg L–1, invariable temperature (25.0°C ± 0.5°C) and 
continuous movement using a Dubnoff type reciprocating 
stirrer in a 24 h period. After the samples were collected, 
filtered on 0.22 µm cellulose nitrate membranes and then 
analyzed. As a response variable the percentage removal 
[Eq. (1)] was considered as follows:

%Removal =
−( )

×
C C
C

e0

0

100  (1) 

where C0 its initial concentration of atrazine (mg L–1) and 
Ce its equilibrium concentration (mg L–1).

The dosage of adsorbent as well as the pH can exert 
influence during the process of micropollutants removal 
from contaminated water. The adsorbent concentration 
(4, 8, 12, 16, and 20 g L–1) was investigated by using the same 
experimental conditions described earlier. The pH was kept 
constant (7 ± 1).

3.2. Kinetic assays

The kinetic experiments were conducted in a 125 mL 
Erlenmeyer flask in discontinuous ways (batch type), invari-
able ambient temperature (25.0°C ± 0.5°C), neutral pH (7 ± 1), 
adsorbent concentration of 20 g L–1, and fixed atrazine solu-
tion (5, 10, and 15 mg L–1). The time intervals established for 
aliquot withdrawal were 1, 5, 10, 20, 30, 40, 60, 90, 120, 150, 
180, and 240 min.

The adsorption capability qt (mg adsorbate g–1 de 
adsorbent) at each moment was found by Eq. (2) as follows:

q
C C t V

mt =
− ( )( )×0  (2)

where C0 is the initial concentration of atrazine used in the 
test (mg L–1), C(t) is the equilibrium concentration at each 
determined moment t (mg L–1), V represents the volume of 
solution (mL), and m is the mass of adsorbent used (g).

The pseudo-first-order [32], pseudo-second-order [33], 
and Elovich [34] mathematical models were fitted to the 
kinetic data in order to understand the types of mechanisms 

involved in the adsorption process. These models are shown 
in Eqs. (3), (4), and (5) as follows:
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where qe and qt are the adsorption capabilities of atra-
zine (mg g–1) at equilibrium and at moment t, k1 is the 
pseudo-first-order rate of constant speed (min–1), k2 is 
the pseudo-second-rate of constant speed (g mg–1 min–1), a 
is the initial adsorption rate (mg g–1 min–1), and b represents 
the desorption constant (g mg–1).

The intraparticle diffusion [35] [Eq. (6)] and Boyd [36] 
[Eq. (7)] models were applied to evaluate the process steps 
that limit the adsorption as follows:

q k t Ct = +dif
1/ 2  (6)

F e Bt= − ( )× −1 6 2π  (7)

F
q
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e
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where ki is the diffusion rate constant between particles 
(mg g–1 min–1/2), C represents the boundary layer thickness 
(mg g–1), and Bt is the Boyd constant.

The value of Bt is determined from Eqs. (9) to (10) as a 
function of the F value [37]:

F B Ft> = − − −( )0 85 0 4977. . ln 1  (9)
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Using the coefficient obtained by the graph of Bt × t, we 
can calculate the effective diffusivity coefficient Di (cm2 min–1) 
described by Eq. (11) as follows:

B
D
rt

i=
π2

2
 (11)

where r is the radius of the adsorbent particle (cm).

3.3. Equilibrium adsorption assays

The equilibrium isotherms were carried out at dif-
ferent temperatures (25°C, 35°C, and 45°C) and initial 
concentrations (2–60 mg L–1), pH 7 ± 1, and fixed adsor-
bent concentration (20 g L–1) in 125 mL Erlenmeyer flask. 
The equilibrium adsorption capacity was determined by 
Eq. (12) as follows:

q
C C V

me
e=

−( )×0  (12)
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The equilibrium isotherms models of Langmuir, 
Freundlich, Dubinin–Radushkevich, and Polanyi–Manes 
(Table 1) were fitted to experimental data.

3.4. Thermodynamic study

For neutral or weakly charged adsorbates such as atra-
zine, the Langmuir’s constant can be reasonably approxi-
mated to the equilibrium constant and thus be used to obtain 
the thermodynamic variables of the adsorbent process [42]. 

As discussed earlier, due to its dependence on the 
Langmuir’s constant temperature KL was then applied to 
estimate the changes of the thermodynamic state functions 
in this study. The parameters evaluated were enthalpy (ΔH), 
entropy (ΔS), and Gibbs energy (ΔG) and their values were 
obtained from Eqs. (20) and (21) as follows:

ln K G
RTC( ) =

−∆  (20)

ln K S
R

H
RTC( ) =

∆
−

∆  (21)

where R is the universal gas constant (J mol–1 K–1) and T is the 
absolute temperature of the system (K).

The equilibrium constant in its nondimensional form, 
using the constant obtained by fitting the Langmuir model, is 
represented by Eq. (22) [43]:

K KC L= × × ×MM 55 5 1 000. ,  (22)

where MM is a molecular weight of the adsorbate used 
(mol g–1); 55.5 is the quantity of moles of pure water in one 

Table 1
Isotherm’s models applied on atrazine adsorption 

Model Equation Reference

Langmuir q
q K C
K Ce
L e

L e

=
+
max

1
 (13)

R
K CL
L

=
+

1
1 �

 (14)

qmax = Maximum adsorption capacity (mg g–1);
Ce = Equilibrium concentration (mg L–1);
KL = Lagmuir’s Constant (L mg–1);
C0 = Initial concentration (mg L–1);
RL = Langmuir’s separation factor;
qe = Equilibrium adsorption capacity (mg g–1).

[38]

Freundlich q K Ce F e
n= 1/   (15)

KF = Freundlich’s Constant (mg g–1);
n = Freundlich’s exponent.

[39]

Dubinin–Radushkevich ln lnq X ke m( ) = ( ) − ε2  (16)

ε = × +








RT

Ce
ln 1

1  (17)

E
k

=
1  (18)

Xm = Maximum adsorption capacity (mg g–1);
k = Constant of sorption energy (mol2 J–2);
E = Energy of adsorption (J mol–1)
ε = Polanyi’s potential;
T = Temperature (K);
R = Universal gas constant (8.314 J mol–1 K–1).

[40]

Polanyi–Manes
q q a RT

S
Ce
w

e

b
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max exp ln  (19)

a and b = Polanyi’s constant;
Sw = Solubility of atrazine in water at 298 K (33 mg L–1).

[41]
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liter of solution; 1,000 is the density of pure water, and KL is 
the Langmuir’s constant (L mg–1).

3.5. Data analysis

The nonlinear regression of the data, as well as the graphs 
shown here, was made and modeled using Origin Pro soft-
ware version 8.0.

4. Results and discussions

4.1. Description

The clay minerals have the characteristic of being 
expandable, therefore, when adding a host molecule in its 
structure, we can observe the variation of the basal reflection 
d001 [44]. Given this, XRD becomes an important technique 
for the evaluation of the structural changes undergone in the 
preparation stage (chemical synthesis) of the compounds. 

Fig. 1 shows the XRD curves obtained for the commer-
cial and organophilic clays. Nondefined peaks are observed, 

characterizing that the samples do not have a highly crys-
talline structure. The peaks detected before 2q = 10° have a 
typical wide argilluminous shape [23], with the first reflec-
tion at 2q = 7.01° corresponding to an interlamellar distance 
of 1,260 pm and, as expected, this distance is increased to 
1,828 pm when the HDTMA is interleaved, anticipating the 
angle to 2q = 4.83°.

The isotherms of adsorption and desorption of nitrogen 
on the surface of the commercial (a) and organophilic (b) clay 
are shown in Fig. 2. For commercial Fluidgel clay (Fig. 2(a)), 
the isotherm found is type IV-b with H4 hysteresis. Type IV 
isotherms are attributed to mesoporous adsorbents often 
found in mesoporous oxides, industrial adsorbents, and mes-
oporous molecular sieves. H4 hysteresis is related to meso-
porous adsorbents as well. Examples are compounds such 
as aggregated crystals of zeolites, mesoporous zeolites, and 
micromesoporous carbons [45].

After the chemical modification, the organophilic clay 
(Fig. 2(b)) started to present type II isotherm, which char-
acterizes an adsorbent with a macroporous or nonporous 
compounds [45].

Table 2 presents the values of specific area and aver-
age pore volume of the clays found by N2 fisistion analy-
sis. The organophilic clay has a smaller area and volume of 
pores when compared with the commercial. This decrease is 
related to the fact that the surfactant prevents the adsorption 
of the nitrogen molecules on the surface of the material, thus 
reducing their respective values of pore area and volume, 
confirming the insertion of the cationic salt in the interplanar 
spaces of the clayey [44]. 

Through the identification of the chemical compounds 
(Fig. 3), we observed the presence of the groups OH, which 
correspond to the stretches 3,629 and 1,623 cm–1, character-
istic deformities of the groups SiO in the regions of 793 and 
1,036 cm–1, of the groups Si2O and AlOSi, detected in 467 and 
530 cm–1 [30], and we also noted H2O in the band of 3,449 cm–1 
[30], in both of the samples. However, the pair of bands in the 
range of 2,848 and 2,942 cm–1 that appears only for the mod-
ified clay is due to the vibrations of the asymmetrical and 
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Fig. 2. N2 adsorption and desorption isotherms for (a) commercial Fluidgel clay and (b) organophilic clay.
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symmetrical stretches from the group CH2 from the organic 
component in the chemical synthesis stage [26].

The DTA curve (Fig. 4(a)) for the commercial clay shows 
an endothermic peak at 100°C, which corresponds to the loss 
of water intercalated and adsorbed in its structure [30]. It 
is also noted the presence of two other endothermic peaks, 
one at 530°C caused by the loss of structural hydroxyls and 
another at 690°C refereeing to the destruction of the crystal-
line reticulum [46]. The decline of the curve at around 800°C 
indicates the fusion of the material [47].

On the other hand, from the TGA (Fig. 3(a)), it is possi-
ble to perceive two regions of mass loss; the first one until 
approximately 130°C assigned to free water and the second 
one to 700°C, referring to the structural loss, thus obtaining a 
total of 15.87% mass loss for the commercial clay [46].

After the chemical modification (Fig. 4(b)), the clay shows 
an exothermic peak in the temperature region between 250°C 
and 480°C, which is attributed to the decomposition of the 
HDTMA, after the phase of release of the water that was 
adsorbed physically [46]. In the region between 650°C and 
900°C, there are two endothermic peaks; the first one due to 
the decomposition of the residual salt and the second one to 
the combustion of carbonaceous residues [46].

The TGA for the clay Fluidgel organophilic (Fig. 3(b)) 
shows three regions of mass loss, the first inflection occurs 
until approximately 100°C, which corresponds to the 
adsorbed free water, the second one up to 420°C, related to 
the initial decomposition of the organic salt, and the third one 
until 730°C for the final salt decomposition [46].

Thus, the total mass loss, from room temperature to 
1,000°C, was of approximately 35.2% for the chemically 
modified compound.

From the images obtained by SEM (Fig. 5), it was not pos-
sible to observe, in the analyzed magnification (increase of 
5,000 times), the presence of pores in both the commercially 
(Fig. 4(a)) and chemically modified clay (Fig. 5(b)). However, 
we can see the heterogeneity of the surface of the materi-
als, according to studies by Cantuaria et al. [30], which uses 
Verde–Lodo clay in the adsorption of silver.

The semiquantitative chemical analyzes determined by 
EDX for the commercial and organophilic Fluidgel clays are 
shown in Table 3. It is noted that the commercial Fluidgel 
clay consists basically of silicon, oxygen, iron, and alumi-
num. These compounds are the main chemical constituents 
of the clay minerals belonging to the group of smectites [26].

After the organophilization stage, the absence of sodium 
and the appearance of carbon in the chemical composition of 
the mineral are verified (Table 3). Due to the cation exchange 
from the chemical synthesis, the sodium cation previously 
present in the sample was replaced by the alkyl ammonium 
cations of the quaternary salt. This fact also points out that 
the organophilization stage of the clay was actually success-
fully performed via the chemical synthesis process. 

4.2. Effect of pH and dosage of adsorbent on the removal of 
atrazine

To analyze the influence of pH on the removal of atrazine 
by the organoclay, experiments were performed varying the 

Table 2
Specific area and pore volume of commercial and organophilic 
clays

Clay Sg (m2 g–1) Vp (cm3 g–1)

Commercial 91.3 0.09645
Organophilic 5.3 0.00933
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initial pH of the solution in values of 2–12 (Fig. 6(a)). It is 
observed that the removal of the contaminant is little depen-
dent on the pH in this range. Removal decreases slightly at 
pH = 2 and pH = 12, which may indicate a desorption pro-
cess at these values. Although pH is an important variable 
in adsorption, it has not been shown to be as significant in 
the removal of atrazine. These results are similar to those 
obtained by Santos et al. [48], who investigated the adsorp-
tion capacity of synthetic orange dye using organophilic clay. 
The low pH influence on atrazine adsorption is also justified 
by its pKa value (1.7). The atrazine has a basic character and 
at pH values higher than the value of its pKa the molecule has 

a neutral charge. The ionization of possible oxygen groups 
on the clay surface will not contribute to the adsorption of 
adsorbate and adsorbate in this pH range (2–12).

However, according to Fig. 6(b), we verified that the 
removal rate increases as the amount of adsorbent expands in 
the system. This fact can probably be correlated to the larger 
area available to the adsorption of the herbicide in the mate-
rial solid surface [49]. Coldebella et al. [2] found the same 
behavior on biosorption of atrazine in the oleander moringa 
Lam bark, where the best removal was achieved with higher 
dosages of adsorbent. We obtained in the optimized condi-
tions of this study a removal of 61.37% of atrazine. In fact, 
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Fig. 5. SEM for commercial (a) and (b) organophilic clay.
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Fluidgel commercial 44.2 24.5 9.3 8.8 7.0 2.9 1.6 1.6 0
Fluidgel organophilic 28.3 13.0 11.0 3.9 6.9 1.0 0 1.0 35.0
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 Fig. 6. Study of the effect of (a) pH and (b) dosage of adsorbent on atrazine adsorption.
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results between 56% and 63% were found in the removal of 
atrazine by using vermiculite organophilic clay as well as by 
using the diatomaceous dirty (up to 55%) [50,51].

4.3. Time of contact

Fig. 7 shows the kinetic data, where Elovich’s equa-
tion was the model that better represented the profiles of 
concentration (see Table 4). 

Elovich assumes that the materials that have surfaces 
composed of energetically heterogeneous sites, which the 
process of desorption as well as the species involved in the 
system do not influence in a significant way in the Kinect 
adsorption [52].

However, as much as Elovich’s equation has better fitted 
the experimental values, it does not allow clarifying informa-
tion concerning adsorption mechanisms. Several processes 
can influence the kinetic rate, among them we can point the 
external diffusion, in the boundary layer and intraparticle [2]. 
In this case, the intraparticle diffusion model was used to bet-
ter understand the kinetic steps in the process.

It is possible to observe in Fig. 8 three stages of adsorption, 
each one involving a different step in the adsorbent process: 

the first region (0 < t1/2 <1) of rapid onset and linear charac-
teristic which corresponds to a step controlled by external 
transport. This step is related to the time spent by the organic 
molecule as it diffuses from the sinus of the fluid phase to 
the surface of the adsorbent particle. The second region 
(1 < t1/2 <8) concerns intraparticle diffusion effects. Generally, 
high porosity solids have a considerable amount of microp-
ores, which may hinder the mobility of high-molecular-mass 
adsorbates within the adsorbent material. These intrapore 
diffusion effects may be intricately linked to a reduction in 
adsorption velocity and consequently an increase in pro-
cess time. The third region (8 < t1/2 <16) is the final stage, in 
which one can perceive the decrease of intraparticle diffusion 
effects due to the reach of the dynamic equilibrium in the 
system [53].

Fig. 9 shows the adjustments of the three concentration 
profiles for Boyd’s model. The coefficient of effective diffusiv-
ity Di (cm2 min–1) for each concentration was determined with 
the angular coefficient obtained from the linear regression.

The kinetic constants for intraparticle diffusion and 
Boyd’s models are shown in Table 5, and in both the cases, 
there was no interception of the two models in the system’s 
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Table 4
Data of the adjusted kinetic models

Model Parameters C0 (mg L–1) C0 (mg L–1) C0 (mg L–1)

5 10 15

Pseudo-first-order model k1 (min–1) 1.002 1 0.110
qe (mg g–1) 0.13 0.29 0.392
R2 0.858 0.772 0.8

Pseudo-second-order model k2 (g mg–1 min–1) 7.987 2.65 0.451
qe (mg g–1) 0.136 0.34 0.417
R2 0.923 0.862 0.895

Elovich’s model a (mg g–1 min–1) 14.47 6.8 0.83
b (g mg–1) 85.05 32.01 18.88
R2 0.986 0.984 0.986
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origin. This fact indicates that the process limit stage was 
not the interparticle diffusion but the film diffusion. When 
compared the values of ki and Di, both grow as the adsor-
bate initial concentration is increased, this is attributed to the 
fact that the solution is more concentrated, which enables the 
molecules access to the material actives sites.

In the literature, diffusion coefficient values are reported 
in the same order of objectives in the study by Freitas et al. 
[54] that obtained values in the order of 10–6 for an adsorption 
of the copper and silver ions in Verde-lodo bentonite clay. 
There are also values of kinetic studies with atrazine using 
organophilic modified clay with the cationic surfactant oct-
adecyl trimethyl ammonium bromide, in which values of 
adsorption capacity of 0.3 mg g–1 were reached at a concen-
tration of 10 mg L–1 [55]. With Fluidgel clay used in this study 
modified with HDTMA to the same concentration, it was 
obtained a very similar value of 0.34 mg of atrazine per gram 
of adsorbent.

4.4. Equilibrium

As observed from Fig. 10, we might notice that, with the 
increase of adsorbate concentration, the adsorption capacity 
growth was verified at the three temperatures used. This is 
explained due to the increased concentration gradient of the 
system. As the solution is richer in atrazine molecules, this 
phenomenon facilitates the transport of the contaminant that 
lies in the fluid region to the surface of the material, which 

contributes to the access of them to the active sites of the 
adsorbent.

In order to evaluate equilibrium and superficial char-
acteristics, several isothermal equations used in gas phase 
adsorption can be approximated to equilibrium in liquid 
phase for a single component [56]. Table 6 presents the results 
of the adjustments applied in this study. The Polanyi–Manes 
equation was the one that best represented the data in the 
three temperatures evaluated. This model assumes an ener-
getically heterogeneous surface in which when a molecule is 
inside an attractive field of a solid, there will be an adsorp-
tion potential between the molecule and the solid surface of 
the adsorbent [41]. This fact contributes with the analyses of 
contact time (adsorption kinetics) performed in this research, 
in which heterogeneous surface characteristics proposed by 
the Elovich’s model were verified, adjusted to the contact 
time test (better kinetic fit).

The dimensionless factor of Langmuir provides subsidies 
to understand the type of isotherm, favorable (RL < 1), linear 
(RL = 1), or unfavorable (RL < 1) obtained from experiments. 
The adsorption of atrazine was favorable in the three evalu-
ated temperatures and with considerably low values, report-
ing good affinity between the components.

Parameter values in Freundlich’s equation reinforce 
the analysis made by the Langmuir RL parameter. Values 
of n > 1 were obtained in the three experimental conditions 
investigated and that strengthened a favorable feature of the 
process [57].

The magnitude of E (kJ mol–1) estimated by the Dubinin–
Radushkevish’s model was used to understand the nature 
of the adsorption. If the process is physical, the average 
adsorption energy values are below 8 kJ mol–1 and in fact this 
is observed when analyzing Table 6 [58]. It is found values 
below the range of energy mentioned, confirming an adsorp-
tion of physical nature.

Although the Polanyi–Manes’s model was the best fit, the 
one proposed by Langmuir is still the most used in the liter-
ature to compare the adsorption capacity between materials. 
Table 7 shows other studies aimed at the removal of atrazine 
from contaminated water, and organophilic clay was the 
one that showed the best performance, indicating that it is 
a promising material in the removal of these contaminants 
from wastewater.

4.5. Thermodynamics 

The values of enthalpy and adsorption entropy were cal-
culated stem from the graphic confection of Ln (Kc) × 1/T (K–1), 
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Table 5
Intraparticle and Boyd diffusion settings data

Model Parameter C0 (mg L–1) C0 (mg L–1) C0 (mg L–1)

5 10 15

Intraparticle diffusion model K (mg g–1 min–0,5) 0.032 0.077 0.108
C (mg g–1) 0.039 0.071 0.047
R2 0.813 0.889 0.963

Boyd’s model Di (cm2 min–1) 4.723 × 10–6 2.675 × 10–6 2.384 × 10–6

R2 0.885 0.949 0.967
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as exhibited in Fig. 11. The values of Gibbs energy for each 
temperature as well as the enthalpy and adsorption entropy 
are shown in Table 8. 

The negative enthalpy suggests exothermic nature in the 
process. In thermodynamics standpoint the heat involved in 
the physisorption generally is located in about 20 kJ mol–1, 
that is, of a condensation/vaporization order, whereas the 
chemisorption heat is of an order of reaction heat, approx-
imately 200 kJ mol–1 [64]. In this work, it was obtained the 
enthalpy value of –29.7 kJ mol–1, which is in the order of the 
values for physisorption confirming the physical nature of 
the process. In terms of entropy, it was observed positive 
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Fig. 10. Equilibrium isotherms for the adsorption of atrazine in organophilic clays at temperatures (a) 298 K, (b) 308 K, and (c) 318 K.

Table 6
Models adjusted for equilibrium isotherms

Model
 

Parameter Temperature

T = 25°C T = 35°C T = 45°C

 Langmuir qmax (mg g–1) 3.492 4.136 6.060
KL (L mg–1) 0.032 0.025 0.015
RL 0.342 0.397 0.526
R2 0.966 0.972 0.980

Freundlich KF (L mg–1) 0.146 0.132 0.107
n 1.350 1.278 1.171
R2 0.947 0.975 0.975

Dubinin–
Radushkevich 
(D–R)

Xm (mg g–1) 2.113 2.213 2.427
k (mol2 J–2) 0.003 0.003 0.004
E (kJ mol–1) 0.017 0.016 0.015
R2 0.969 0.965 0.959

Polanyi–Manes qmax(mg g–1) 1.610 1.694 1.836
a –0.002 –0.003 –0.008
B 1.671 1.540 1.341
R2 0.976 0.978 0.982

Table 7
Comparison of organophilic clay with other adsorbents

Adsorbent qmax (mg g–1) Reference
Organophilic clay 3.492 This study
Coal Ash 3.330 [59]
Zeolite X 4.779 [60]
Nanocomposite of Fe-Zr-Mn 0.300 [61]
Zeolite Organomodifies 0.431 [62]
Wood Charcoal 0.800 [63]
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values, which indicates that randomness is increased in the 
process.

Negative values of enthalpy are mentioned in litera-
ture, as well as in the usage of carbon nanotubes for atra-
zine adsorption, once it was found value of ∆H equal to 
–28.69 kJ mol–1, and also in silver and chrome adsorption in 
bentonite clay [65,66].

Negative values of ∆G indicate spontaneity in the process 
and its magnitude can be also used to verify whether the pro-
cess is controlled by physical (–20 to 0 kJ mol–1) or chemical 
adsorption (values around –400 to –80 kJ mol–1) [67]. For this 
study, we verified that when ΔG values are compared in the 
three temperatures, both are very close to the physisorption 
range. These values reinforce the considerations made by the 
nature of the process with the other thermodynamic param-
eters analyzed in this study such as enthalpy and adsorption 
energy (obtained by the Dubinin–Radushkevish equation).

5. Conclusion

The chemical treatment of the commercial Fluidgel clay 
with HDTMA was efficient in the organic clay production. 
The physisorption analyses of N2, TGA/DTA, XDR, FTIR, 
and EDX demonstrate that textural, thermic, structural, and 
chemical modifications occurred in the surface of the com-
pound after the chemical synthesis, validating the organo-
philization process of this material.

The organic clay presented a great performance when 
applied in water treatments containing atrazine, with 
removal of 61.37% and maximum adsorption capacity 

of 3.492 mg g–1. The kinetic model that best depicted the 
experimental values was the Elovich’s equation and it was 
verified by the mechanistic attitude of adsorption that the 
intraparticle step was not the bounding stage. From equi-
librium study, Polanyi–Manes isotherm was the one which 
presented the best correlation and the thermodynamics 
study indicated physisorption and process of exothermic 
nature.
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