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a b s t r a c t
The adsorption of phenol (Ph), bisphenol A (BPA), 2,4-dichlorophenoxyacetic acid (2,4-D) and 
ibuprofen (IBU) from aqueous solutions on two raw bentonites was investigated. The adsorption 
was strongly pH-dependent—the removal of all the adsorbates decreased significantly with an 
increase in the initial pH of the solution. The kinetics was fitted with the pseudo-first-order, pseu-
do-second-order, Elovich, and intra-particle diffusion models and the adsorption kinetics was bet-
ter represented by the pseudo-second-order equation. The adsorption rate increased in the order: 
Ph < 2,4-D < BPA < IBU on both the adsorbents. The equilibrium adsorption data were modeled 
with Langmuir, Freundlich, and Langmuir-Freundlich equations and results showed that it was 
better described by the Langmuir-Freundlich equation. Adsorption of the selected contaminants on 
both the adsorbents increased in the order Ph < 2,4-D < BPA < IBU, which correlates well with the 
respective decrease in solubility of the adsorbates. Adsorption of the Ph, BPA, 2,4-D, and IBU on the 
bentonites is more or less comparable with other low-cost sorbents.
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1. Introduction

The global increase in agricultural and industrial activ-
ities has led to the production of environmental pollution. 
This is a serious environmental problem because many 
organic contaminants are toxic and excessive use of them 
creates negative impacts on the environment and living 
organisms. Therefore, more efficient water purification tech-
nologies are necessary. Among various methods commonly 
used for removal of organic contaminants from water, 
including adsorption, biodegradation, photodegradation, 
and oxidation, adsorption is a widely used effective tech-
nology, due to the relatively low cost, high efficiency, advan-
tages of easy operation as well as no residual risk of highly 
toxic by- products [1].

Undoubtedly, the most popular adsorbents are acti-
vated carbons, mainly due to their unique physico-chemical 
properties, including high porosity, high surface reactivity, 
superior mechanical strength, and in consequence, strong 
adsorption capacity. However, the high cost of their use (the 
relatively high price of activated carbons and the need for 
regeneration) has prompted the search for alternative adsor-
bents [2]. In recent years, a number of low-cost adsorbents 
have been used for the removal of organic compounds from 
water what was the subject of discussion in number of review 
papers [1–5]. According to the classification proposed by De 
Gisi et al. [3], they can be assigned into five main groups: 
(1) household and agricultural wastes, (2) industrial by- 
products, (3) sea materials, (4) sludge as well as (5) soil and 
ore materials.
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Among such adsorbents, natural clays, including mont-
morillonite and bentonite, have gained significant interest 
due to high availability, low price, and relatively high spe-
cific surface area. In addition, these materials can be easily 
modified, which generally improves their adsorption capac-
ity. The adsorptive removal of a number of organic and inor-
ganic pollutants by clay-based materials has been described 
[6–9]. One of the promising clay-based adsorbents seems to 
be bentonite. In most of the works, it was used to remove 
only one impurity or several compounds belonging to the 
same group of pollutants. In addition, the Authors used 
various bentonites with different physico-chemical prop-
erties. All this makes it difficult to assess the suitability of 
bentonite as a universal adsorbent. Therefore, the aim of this 
work is the comparative study for adsorption of common 
water contaminants from aqueous solutions on two various 
bentonites.

The adsorption of a number of pollutants was evalu-
ated, namely, phenol (Ph), bisphenol A (BPA), 2,4-dichlo-
rophenoxyacetic acid (2,4-D), and ibuprofen (IBU). These 
compounds belong to the most important groups of organic 
contaminants found in the aquatic environment: Phs, herbi-
cides, and pharmaceuticals.

Adsorption of these compounds on various adsorbents 
has been the subject of many works [10–39]. Numerous 
papers have described adsorption of Ph on raw and mod-
ified bentonites [10–21]. Adsorption capacity varied in a 
very wide range from 0.842 mg/g on raw bentonite [11] to 
175.8 mg/g onto cationic surfactant (hexadecyltrimethylam-
monium bromide, HTAB) modified organobentonite [17]. 
Ortiz-Martínez et al. [23] described the adsorption of BPA 
from aqueous solutions on transition metal modified inor-
ganic-bentonite composites. Li et al. [24] studied the adsorp-
tion of BPA onto raw bentonite and bentonite modified 
with HTAB. The adsorption affinity for BPA was 3.413 mg/g 
of raw bentonite and 10.449 mg/g of HTAB-bentonite, 
respectively. Adsorptive removal of herbicide 2,4-D was 
investigated using bentonites prepared by co-adsorption 

of cetyltrimethylammonium (CTMA) ions onto benton-
ites intercalated by poly(hydroxo aluminum) or poly 
(hydroxo iron) cations [26], N-cetylpyridinium modified 
bentonite [27] and bentonite treated with ammonium salts 
[28]. Jacobo-Azuara et al. [21] described the adsorption of 
2,4-D and Ph from aqueous solutions onto raw and HTAB-
modified bentonite. After surfactant modification, the sur-
face area of the bentonite was reduced from 50 to 2 m2/g. 
2,4-D was adsorbed on organobentonite (qm = 47.2 mg/g), 
but not on bentonite. The adsorption capacity of Ph on raw 
and modified bentonite was 13.6 and 191 mg/g, respectively. 
Salihi and Mahramanlıoğlu [29] reported the adsorption of 
IBU and other drugs onto raw bentonite (SBET = 23 m2/g). The 
adsorption capacity values found for the adsorption of IBU 
at 18°C, 25°C, and 37°C were 53.76, 16.41, and 7.69 mg/g, 
respectively. Recently, Ghemit et al. [30] described adsorp-
tion of IBU from aqueous solution on organobentonites 
modified with CTMA bromide.

The present study compared the adsorption kinetics and 
adsorption capacity of four compounds –Ph, BPA, 2,4-D, and 
IBU from aqueous solution onto two raw bentonites.

2. Experimental

2.1. Materials and methods

In the experiments the following adsorbates were 
used: >99% Ph, >99% BPA, 99% 2,4-D, and >99% IBU. The 
chemicals were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). The molecular structures and physicochemical 
properties of the selected compounds are given in Table 1.  
The HPLC-grade acetonitrile and reagent grade acetic 
acid were obtained from Avantor Performance Materials 
(Gliwice, Poland).

Two bentonites [Wyoming (B-WY) and Clair T (B-CT)] 
were chosen as adsorbents. The materials used in the exper-
iments were obtained from Source Clay Repository of the 

Table 1
Physicochemical properties of Ph, BPA, 2,4-D, and IBU

Compound Chemical structure CAS number Molecular 
weight

Solubility in 
water at 20°C 
(g/L)

logKow pKa

Ph OH 108-95-2 94.11 83 1.64 10.0

BPA
CH 3

CH 3

HO OH 80-05-7 228.29 0.2 3.32 9.6

2,4-D
O

Cl Cl

OH

O

94-75-7 220.04 0.89 2.81 3.0

IBU
H3

CH3

CH3

COOH

C

15687-27-1 206.29 0.021 3.50 4.9
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Clay Mineral Society, and EURO-WIN for B-WY and B-CT, 
respectively.

Prior to use, the materials were dried in an oven at 110°C 
to a constant mass and stored in a desiccator until use in 
adsorption experiments without any further treatment.

The materials were characterized by means of nitrogen 
adsorption–desorption isotherms at at 77.4 K (Micromeritics 
ASAP 2010, Norcross, USA) as well as water and benzene 
vapor adsorption isotherms at 298 K using dynamic vapor 
sorption apparatus of the type DVS Advantage (Surface 
Measurement Systems Ltd., London, UK).

2.2. Adsorption experiments

The batch adsorption method was used for the removal 
of Ph, BPA, 2,4-D, and IBU from aqueous solutions. The 
adsorption experiments were carried out at room tempera-
ture and the native initial pH values of adsorbate solutions. 
A series of 0.01 L solutions containing different initial con-
centrations of the adsorbates (from 10 to 100 µmol/L) were 
prepared in 0.05 L Erlenmeyer flasks, then a fixed amount 
of the bentonites (0.1 g) were added into the solutions. The 
samples were shaken under constant conditions [31], then 
after the completion of pre-set time intervals (adsorption 
kinetics) or after reaching equilibrium (adsorption equilib-
rium), the solutions were centrifuged for 5 min at 2,500 rpm 
to collect the supernatant. The amount of adsorbate adsorbed 
at the time t, qt (µmol/g), as well as the adsorption capacity 
qe (µmol/g) were calculated by the following Eq. (1) and (2):

q =
C V
mt

0 −( )Ct  (1)

q =
C C V
me

e0 −( )
 (2)

where C0 is the initial adsorbate concentration (µmol/L), 
Ct is the concentration after the time t (µmol/L), Ce is the final 
(equilibrium) adsorbate concentration in the liquid phase, 
V is the volume of the solution (L), and m is the mass of the 
adsorbent (g).

To investigate the effect of pH on the adsorption, exper-
iments were conducted at different pH values from 2 to 11 
for initial adsorbates concentrations of 50 µmol/L. The initial 
solution pH was controlled using 0.1 mol/L HCl or 0.1 mol/L 
NaOH.

All the experiments were performed at room tempera-
ture in duplicate and the average values were used for 
further calculations. The experimental error is around 5% 
(mean value).

The concentrations of Ph, BPA, 2,4-D, and IBU in the 
samples were determined by high-performance liquid chro-
matography (HPLC; Shimadzu LC-20 series liquid chro-
matograph, Kioto, Japan). Separations were achieved on 
the analytical Phenomenex Luna C18 column (4.6 × 150 mm, 
3 µm, Torrance, CA, USA) at a mobile phase flow rate of 
0.25 mL/min under isocratic conditions. The mobile phase 
consisted of acetonitrile and water adjusted to pH 3.0 with 
CH3COOH (50/50, v/v). The detection wavelengths were 

269, 274, 278, and 220 nm for the Ph, BPA, 2,4-D, and IBU, 
respectively.

3. Results and discussion

3.1. Adsorbents characterization

The adsorption-desorption isotherms of N2 on the benton-
ites are presented in Fig. 1a, while the adsorption isotherms 
of benzene vapors are shown in Fig. 1b. The specific surface 
areas (SBET), as well as the micropore (Vmi) and mesopore (Vme) 
volumes were calculated from both the adsorption isotherms 
and results are listed in Table 2. The (SBET) was calculated by 
the BET method, while the Vmi and Vme volumes were calcu-
lated using the t-plot method.

In the case of B-CT bentonite, one can observe about 8 
times greater values of SBET or Vmi in comparison with these 
parameters for B-WY bentonite. This observation takes place 
for N2 as adsorbate as well as for benzene.

The water vapor adsorption isotherms of the bentonites 
are presented in Fig. 2. The shape of the isotherms indicates 
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Fig. 1. Adsorption isotherms for bentonites using (a) nitrogen 
and (b) benzene.
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comparable and a relatively good wettability of the tested 
adsorbents. According to the IUPAC classification, the 
isotherms of both the adsorbents are of Type II.

3.2. Adsorption kinetics

The kinetic studies were conducted for an initial adsor-
bates concentrations of 50 µmol/L and the mass of the 
adsorbent 0.1 g (10 g/L). Fig. 3 shows the effect of contact 
time on the adsorption of the Ph, BPA, 2,4-D, and IBU from 
aqueous solutions onto the bentonites as a function of qt. 
The presented results show that while the adsorption of the 
adsorbates was quite rapid initially, the rate of adsorption 
became slower with the time and reached a constant value 
(equilibrium) after ~60–90 min.

To investigate the adsorption kinetics of the selected 
compounds, three reaction-based kinetic equations, namely, 
pseudo-first-order, pseudo-second-order, and Elovich mod-
els were analyzed [32].

The pseudo-first-order equation, in the linear form, is 
expressed by the Eq. (3):

log log
2.303

1q q = q
k

te t e−( ) −  (3)

where k1 is the pseudo-first-order adsorption rate constant 
(min–1).

The linearized form of the pseudo-second-order model 
is as follows:

t
q
=
k q

+
q
t

t
e

e

1 1

2 2

 (4)

where k2 is the pseudo-second-order rate constant 
(g/µmol min).

The linear form of Elovich Eq. (5) is as follows:

q te =
1 ln( ) + 1 ln
β

αβ
β

 (5)

where β is the desorption constant (g/µmol) and α is the 
initial adsorption rate (µmol/g min).

Table 2
Physical properties of the bentonites

Adsorbent
Nitrogen isotherm Benzene isotherm

SBET (m2/g) Vmi (cm3/g) Vme (cm3/g) SBET (m2/g) Vmi (cm3/g) Vme (cm3/g)

B-WY 10.2 0.0041 0.0443 12.0 0.0038 0.0179
B-CT 79.3 0.0332 0.0645 89.1 0.0325 0.0738
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 Fig. 2. Isotherms of water adsorption on the B-WY and B-CT 
bentonites.
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The validity of the adsorption kinetic model was based 
on the regression coefficients (R2). The calculated parameters 
for all of the kinetic models are listed in Table 3.

The correlation coefficients for the pseudo-second- order 
kinetic model are close to the unit in all cases. This indi-
cates that the adsorption system belongs to the second- 
order kinetic model. The best fit of the pseudo-second-order 
model shows that the rate-limiting step is chemisorption 
involving forces caused by sharing or exchange of elec-
trons between adsorbent and adsorbate. All of the adsor-
bates were adsorbed faster on the B-WY than on the B-CT 
bentonite. The adsorption rate increased in the order: 
Ph < 2,4-D < BPA < IBU.

In order to investigate the mechanism of the adsorption 
the Weber and Morris intraparticle diffusion model was used:

q = k t +Ct i
0.5

i  (6)

where ki is the intra-particle diffusion rate constant 
(mg/g min–0.5) and Ci is the thickness of the boundary layer.

The Weber-Morris intra-particle diffusion model plots 
(qt vs. t0.5) are presented in Fig. 4. When the intercept Ci 
equals zero (the straight line passes through the origin), then 
the intra-particle diffusion is the only controlling step. The 
plots of qt = f(t0.5) can form only one straight line or can form 
two or more straight lines. If only one plot is obtained and 

the intercept Ci equals zero then the adsorption is controlled 
only by intra-particle diffusion, but if has two or more plots 
and the straight line does not pass through the origin that 
many processes have occurred. As shown in Fig. 4, the plots 
have two-stage. The multi-linearity indicates that several 
steps are involved. The first stages are the boundary layer 
diffusion and the second stage is the intraparticle diffusion 
process. Moreover, none of the lines passed through the ori-
gin. This indicates that the adsorption processes occur in 
two kinetic steps, and the intra-particle diffusion is not the 
rate-determining step.

3.3. Adsorption isotherms

The adsorption isotherms of Ph, BPA, 2,4-D, and IBU 
from aqueous solutions are presented in Fig. 5. The obtained 
adsorption data were determined and modeled with the 
Freundlich, Langmuir, and Langmuir-Freundlich isotherm 
equations [33,34]. The Eqs. (6)–(8) of the isotherms can be 
represented as follows:

Table 3
Kinetic model parameters for adsorption of Ph, BPA, 2,4-D, and 
IBU on the B-WY and B-CT bentonites

Kinetic model
Ph BPA 2,4-D IBU

B-WY

Pseudo-first-order model

k1, min–1 0.0215 0.0278 0.0235 0.0289
R2 0.968 0.961 0.971 0.932
Pseudo-second-order model

k2, g/µmol min 0.0182 0.0225 0.0210 0.0255
R2 0.996 0.998 0.999 0.999
Elovich model

α, µmol/g∙min 0.747 1.529 1.009 3.181
β, g/µmol 2.734 2.424 1.682 1.803
R2 0.959 0.952 0.927 0.943

B-CT
Pseudo-first order model
k1, min–1 0.0202 0.0246 0.0231 0.0266
R2 0.929 0.946 0.963 0.970
Pseudo-second-order model
k2, g/µmol∙min 0.0111 0.0153 0.0120 0.0162
R2 0.997 0.999 0.998 0.999
Elovich model
α, µmol/g∙min 0.323 1.165 0.745 2.466
β, g/µmol 1.222 1.194 1.489 1.207
R2 0.921 0.925 0.948 0.949
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Fig. 4. Intra-particle diffusion model plots for the adsorption of 
Ph, BPA, 2,4-D, and IBU on (a) B-WY and (b) B-CT bentonites.
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Langmuir model

q =
q K C

+ K Ce

mL L e

L e1
 (7)

Freundlich model

q = K Ce F e
n1/  (8)

Langmuir-Freundlich model

q =
q K C

+ K C
e

m e

m

e

m
LF LF

LF1

( )
( )

 (9)

where qmL (µmol/g) is the Langmuir maximum adsorption 
capacity, KL (L/µmol) is the Langmuir constant, KF [(µmol/g) 
(L/µmol)1/n], and n are the Freundlich equation constants, 
qmLF (µmol/g) and KLF (L/µmol) are the Langmuir-Freundlich 

constants representing the monolayer adsorption capac-
ity and the energy of adsorption, respectively, m is the L-F 
empirical constant.

All of the model parameters were evaluated by non-lin-
ear regression analysis using the OriginPro 7.5 software. 
The estimated constants of the isotherm equations and 
related correlation coefficients are listed in Table 4.

The correlation coefficients of adsorption are quite high for 
all the models, however, the best fitting results were obtained 
with the Langmuir-Freundlich isotherm model (R2 ≥ 0.997). 
The Langmuir isotherm is valid for monolayer adsorption 
on a surface containing a finite number of identical sites and 
assumes uniform adsorption on the surface and no transmi-
gration in the plane of the surface. The Freundlich isotherm 
is valid for the description of the non-ideal and reversible 
adsorption and can be applied to multilayer adsorption, on 
the basis of an assumption concerning the energetic surface 
heterogeneity. The Langmuir-Freundlich equation is a ver-
satile isotherm expression that can simulate both Langmuir 
and Freundlich; at high adsorbate concentration, it becomes 
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Fig. 5. Adsorption isotherms of Ph, BPA, 2,4-D, and IBU from 
aqueous solution on (a) B-WY and (b) B-CT bentonites.

Table 4
Isotherm parameters of Ph, BPA, 2,4-D, and IBU adsorption on 
the B-WY and B-CT bentonites

Isotherm equation
Ph BPA 2,4-D IBU

B-WY

Langmuir
qmL, µmol/g 3.965 7.013 5.397 12.03
KL, L/µmol 0.0013 0.0028 0.0015 0.0019
R2 0.982 0.980 0.973 0.990

Freundlich
KF, (µmol/g) (L/µmol)1/n 0.111 0.412 0.157 0.471
n 1.508 1.802 1.466 1.565
R2 0.996 0.993 0.998 0.992

Langmuir-Freundlich
qmLF, µmol/g 6.326 12.95 11.50 15.07
KLF, L/µmol 0.0050 0.016 0.0080 0.0050
m 0.854 0.957 0.868 0.702
R2 0.999 0.997 0.998 0.997

B-CT
Langmuir

qmL, µmol/g 7.922 15.90 8.117 28.02
KL, L/µmol 0.016 0.024 0.023 0.016
R2 0.982 0.981 0.979 0.971

Freundlich
KF, (µmol/g) (L/µmol)1/n 0.212 0.698 0.429 0.757
n 1.406 1.595 1.709 1.349
R2 0.995 0.996 0.988 0.996

Langmuir-Freundlich
qmLF, µmol/g 9.326 32.01 16.82 45.43
KLF, L/µmol 0.017 0.0080 0.0050 0.0070
m 0.921 0.801 0.702 0.902
R2 0.998 0.998 0.997 0.999
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the Langmuir isotherm while at low concentration this model 
becomes the Freundlich isotherm.

The adsorption efficiency was measured using separa-
tion factor (RL):

R =
+ K CL

L

1
1 0  (10)

where KL is Langmuir constant (L/µmol) and C0 is the initial 
concentration (µmol/L).

The value of RL indicates the nature of the adsorp-
tion process: unfavorable (RL > 1), linear (RL = 1), favorable 
(0 < RL < 1), or irreversible (RL = 0). The plots of RL = f(C0) are 
presented in Fig. 6. The calculated RL values varies from 0.246 
to 0.885 (0 < RL < 1) indicated the favorable adsorption of all 
of the adsorbates on both bentonites. This is also confirmed 
by the Freundlich n parameters >1 (Table 5).

The values of the Langmuir-Freundlich adsorption 
capacity (qmLF) were 6.326, 12.95, 11.50, and 15.07 µmol/g 
for adsorption of the Ph, BPA, 2,4-D, and IBU on the B-WY 
bentonite and 9.326, 32.01, 16.82, and 45.43 µmol/g for 
adsorption of the Ph, BPA, 2,4-D, and IBU on the B-CT 

bentonite, respectively. The Freundlich (KF), as well as 
the Langmuir (qmL) constants increase in the same order: 
Ph < 2,4-D < BPA < IBU. This suggests that the adsorption 
is correlated with a respective decrease in the solubility of 
the adsorbates (Table 1). All of the compounds were prefer-
ably adsorbed on the B-CT bentonite (SBET = 79.28 m2/g) than 
on the B-WY (SBET = 10.17 m2/g). Nevertheless, the adsorp-
tion does not depend only on the porous structure (specific 
surface area) of the materials used. The SBET of the B-CT is 
about 8 times higher than the B-WY bentonite. The adsorp-
tion capacity of B-CT bentonite, in comparison to B-WY, is 
only 2–3 times higher. This suggests that the adsorption 
also affects the chemical properties of the adsorbent sur-
face. Table 5 comparing the results for the adsorbents used 
in this study with the results of others, it can be concluded 
that the bentonites have adsorbed 2,4-D as effectively as the 
bituminous shale [35] or better than the rubber granules [36] 
or wood charcoal [36]. Adsorption of other test compounds 
(Ph, BPA, and IBU) on bentonite is also more or less com-
parable with other low-cost adsorbents.

3.4. Effect of solution pH

The solution pH is an important parameter in the 
adsorption process from aqueous phase because it deter-
mines the charge of both the adsorbent and adsorbate 
electrostatic interactions. Fig. 7 shows the results of the 
adsorption of all the four adsorbates on the bentonites 
according to the solution pH.

The adsorption of the Ph was almost constant at a pH 
range of 2–8 and decreased with the further increase in 
the pH (from pH 8 to 11). A very similar relationship was 
observed for BPA (which has a pKa value close to the Ph). 
Adsorption of IBU decreased continuously with increas-
ing pH, while the removal of 2,4-D decreased significantly 
with the increase in initial pH of the solution from 2 to 
about 7, and was almost constant at the basic pH range. The 
adsorption behavior of the adsorbates on B-WY and B-CT 
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Fig. 6. Effect of the initial concentration of Ph, BPA, 2,4-D, and 
IBU on the separation factor (RL) for (a) B-WY and (b) B-CT ben-
tonites.

Table 5
The adsorption capacities of 2,4-D on various low-cost adsor-
bents

Adsorbent Adsorption 
capacity, qm 
(mg/g)

References

B-WY bentonite 1.19 This study
B-CT bentonite 1.79 This study
Rubber granules 0.40 [36]
Wood charcoal 0.70 [36]
Bituminous shale 1.19 [35]
Raw Na-bentonite 1.36 [27]
Fly ash 4.03 [37]
NCP-modified bentonite 37.6 [27]
Organobentonite 47.2 [21]
Organo-modified bentonite 50.4 [28]
Carbon black 68.6 [38]
Pristine biomass 88.0 [39]
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bentonites was similar from pH 2 to pH 11 due to the fact 
that, the points of zero charge (pHPZC) values of both of the 
materials are very similar. The pHPZC of the bentonites were 
measured according to the procedure described elsewhere 
[38] and were found to be 7.25 for B-WY and 6.95 for B-CT. 
This adsorption behavior can be explained by the net signs 
of the surface charge of the adsorbent and the adsorbate 
species at the different pH values. The nature of the adsor-
bent surface groups changes with pH; at a pH < pHPZC the 
surface of the adsorbents had a net positive charge, while 
at a pH > pHPZC, the surface had a net negative charge. The 
pKa of the Ph, BPA, 2,4-D, and IBU is 10.0, 9.6, 3.0, and 4.9, 
respectively. It means that at a pH greater than the pKa the 
adsorbates existed predominantly in anionic forms as neg-
atively charged ions. The decrease in the adsorption with 
increasing solution pH, observed in Fig. 7, is attributed to 
the increased electrostatic repulsion between the negative 
charge on the adsorbate molecule and the surface of the ben-
tonite that gradually becomes more negatively charged.

4. Conclusions

In this work, the potential of two raw bentonites as 
low-cost adsorbents for the removal of four compounds: 

Ph, BPA, 2,4-D, and IBU from aqueous solution was inves-
tigated. The adsorption was studied kinetically using dif-
ferent kinetic models, and the experimental data were best 
fitted using the pseudo-second-order kinetic model with 
high correlation coefficients. The adsorption occurs in two 
kinetic steps and the intra-particle diffusion was not only 
the rate-determining step. The adsorption rate on both the 
adsorbents increased in the order: Ph < 2,4-D < BPA < IBU. 
The adsorption equilibrium data were fitted with the 
Langmuir, Freundlich, and Langmuir-Freundlich isotherm 
models. The results showed that the experimental data 
followed Langmuir-Freundlich isotherm. The adsorption 
of the adsorbates on both the bentonites increased in the 
order: Ph < 2,4-D < BPA < IBU.

In summary, it can be said that bentonites are one of 
the known low-cost adsorbents. These materials characterize 
not high adsorption efficiency but are comparable to other 
low-cost adsorbents. On the other hand, they reveal quite 
good kinetic properties, adsorption equilibrium establishes 
after about one hour for all types used by us organic water 
contaminants. Other papers present the results dealing 
commonly only one type of organic pollutants.

Acknowledgment

The project was funded from the program of the Minister 
of Science and Higher Education entitled: “Regional 
Initiative of Excellence” in 2019–2022 project number 025/
RID/2018/19 financing amount PLN 12,000,000.

References
[1] N.B. Singh, G. Nagpal, S. Agrawal, Rachna, Water purification 

by using adsorbents: a review, Environ. Technol. Innovation, 
11 (2018) 187–240.

[2] Y. Dai, Q. Sun, W. Wang, L. Lu, M. Liu, J. Li, S. Yang, Y. Sun, 
K. Zhang, J. Xu, W. Zheng, Z. Hu, Y. Yang, Y. Gao, Y. Chen, 
X. Zhang, F. Gao, Y. Zhang, Utilizations of agricultural waste 
as adsorbent for the removal of contaminants: a review, 
Chemosphere, 211 (2018) 235–253.

[3] S. De Gisi, G. Lofrano, M. Grassi, M. Notarnicola, Characteristics 
and adsorption capacities of low-cost sorbents for waste water 
treatment: a review, Sustainable Mater. Technol., 9 (2016) 
10–40.

[4] Y. Zhou, L. Zhang, Z. Cheng, Removal of organic pollutants 
from aqueous solution using agricultural wastes: a review, 
J. Mol. Liq., 212 (2015) 739–762.

[5] H. Beatriz Quesada, A.T.A. Baptista, L.F. Cusioli, D. Seibert, 
C. de Oliveira Bezerra, R. Bergamasco, Surface water pollution 
by pharmaceuticals and an alternative of removal by low-cost 
adsorbents: a review, Chemosphere, 222 (2019) 766–780.

[6] S. Pandey, A comprehensive review on recent developments in 
bentonite-based materials used as adsorbents for wastewater 
treatment, J. Mol. Liq., 241 (2017) 1091–1113.

[7] V.B. Yadav, R. Gadi, S. Kalra, Clay based nanocomposites for 
removal of heavy metals from water: a review, J. Environ. 
Manage., 232 (2019) 803–817.

[8] R. Zhu, Q. Chen, Q. Zhou, Y. Xi, J. Zhu, H. He, Adsorbents 
based on montmorillonite for contaminant removal from water: 
a review, Appl. Clay Sci., 123 (2016) 239–258.

[9] C. Leodopoulos, D. Doulia, K. Gimouhopoulos, Adsorption of 
cationic dyes onto bentonite, Sep. Purif. Rev., 44 (2015) 74–107.

[10] T. Viraraghavan, F. de Maria Alfaro, Adsorption of phenol from 
wastewater by peat, fly ash and bentonite, J. Hazard. Mater., 
57 (1998) 59–70.

[11] F.A. Banat, B. Al-Bashir, S. Al-Asheh, O. Hayajneh, Adsorption 
of phenol by bentonite, Environ. Pollut., 107 (2000) 391–398.

0

1

2

3

4

5

0 2 4 6 8 10 12

pH

q
e 

( μ
m

ol
/L

)

Ph BPA
2,4-D IBU

0

1

2

3

4

5

6

7

0 2 4 6 8 10 12
pH

q
e 

( μ
m

ol
/L

)

Ph BPA
2,4-D IBU

(b)

(a)

Fig. 7. Effect of initial solution pH on the adsorption of Ph, BPA, 
2,4-D, and IBU on (a) B-WY and (b) B-CT bentonites.



381K. Kuśmierek et al. / Desalination and Water Treatment 186 (2020) 373–381

[12] S. Al-Asheh, F. Banat, L. Abu-Aitah, Adsorption of phenol using 
different types of activated bentonites, Sep. Purif. Technol., 
33 (2003) 1–10.

[13] S. Richards, A. Bouazza, Phenol adsorption in organo-modified 
basaltic clay and bentonite, Appl. Clay Sci., 37 (2007) 133–142.

[14] S. Froehner, R.F. Martins, W. Furukawa, M.R. Errera, Water 
remediation by adsorption of phenol onto hydrophobic 
modified clay, Water Air Soil Pollut., 199 (2009) 107–113.

[15] A.E. Navarro, J.C. Lazo, N.A. Cuizano, M.R. Sun-Kou, 
B.P. Llanos, Insights into removal of phenol from aqueous 
solutions by low cost adsorbents: clays versus algae, Sep. Sci. 
Technol., 44 (2009) 2491–2509.

[16] M.K. Annagiev, R.S. Safarov, K.M. Adygezalov, A.I. Yagubov, 
Studying of phenol adsorption on modified forms of bentonite, 
Russ. J. Appl. Chem., 83 (2010) 171–173.

[17] R. Ocampo-Perez, R. Leyva-Ramos, J. Mendoza-Barron, 
R.M. Guerrero-Coronado, Adsorption rate of phenol from 
aqueous solution onto organobentonite: surface diffusion and 
kinetic models, J. Colloid Interface Sci., 364 (2011) 195–204.

[18] M.C. Diaz-Nava, M.T. Olguin, M. Solache-Rios, Adsorption 
of phenol onto surfactants modified bentonite, J. Inclusion 
Phenom. Macrocyclic Chem., 74 (2012) 67–75.

[19] C.-Y. Cao, L.-K. Meng, Y.-H. Zhao, Adsorption of phenol 
from wastewater by organobentonite, Desalin. Water Treat., 
52 (2014) 3504–3509.

[20] D. Hank, Z. Azi, S. Ait Hocine, O. Chaalal, A. Hellal, Opti-
mization of phenol adsorption onto bentonite by factorial 
design methodology, J. Ind. Eng. Chem., 20 (2014) 2256–226.

[21] A. Jacobo-Azuara, R. Leyva-Ramos, E. Padilla-Ortega,  
A. Aragón-Piña, R.M. Guerrero-Coronado, J, Mendoza-
Barron, Removal of toxic pollutants from aqueous solutions 
by adsorption onto an organobentonite, Adsorpt. Sci. Technol., 
24 (2006) 687–699.

[22] A.H. Mahvi, A. Maleki, A. Eslami, Potential of rice husk and 
rice husk ash for phenol removal in aqueous systems, Am. 
J. Appl. Sci., 1 (2004) 321–326.

[23] K. Ortiz-Martínez, P. Reddy, W.A. Cabrera-Lafaurie, F.R. Román, 
A.J. Hernández-Maldonado, Single and multi-component 
adsorptive removal of bisphenol A and 2,4-dichloro phenol from 
aqueous solutions with transition metal modified inorganic-
organic pillared clay composites: effect of pH and presence of 
humic acid, J. Hazard. Mater., 312 (2016) 262–271.

[24] Y. Li, F. Jin, C. Wang, Y. Chen, Q. Wang, W. Zhang, D. Wang, 
Modification of bentonite with cationic surfactant for the 
enhanced retention of bisphenol A from landfill leachate, 
Environ. Sci. Pollut. Res., 22 (2015) 8618–8628.

[25] M.H. Dehghani, A.H. Mahvi, N. Rastkari, R. Saeedi, S. Nazmara, 
E. Iravani, Adsorption of bisphenol A (BPA) from aqueous 
solutions by carbon nanotubes: kinetic and equilibrium studies, 
Desalin. Water Treat., 54 (2015) 84–92.

[26] J. Li, Y. Li, J. Lu, Adsorption of herbicides 2,4-D and acetochlor 
on inorganic–organic bentonites, Appl. Clay Sci., 46 (2009) 
314–318.

[27] S. Bakhtiary, M. Shirvani, H. Shariatmadari, Adsorption–
desorption behavior of 2,4-D on NCP-modified bentonite and 
zeolite: implications for slow-release herbicide formulations, 
Chemosphere, 90 (2013) 699–705.

[28] F.M. de Souza, O.A.A. dos Santos, M.G.A. Vieira, Adsorption 
of herbicide 2,4-D from aqueous solution using organo-
modified bentonite clay, Environ. Sci. Pollut. Res., 26 (2019) 
18329–18342.

[29] E.Ç. Salihi, M. Mahramanlıoğlu, Equilibrium and kinetic 
adsorption of drugs on bentonite: presence of surface active 
agents effect, Appl. Clay Sci., 101 (2014) 381–389.

[30] R. Ghemit, A. Makhloufi, N. Djebri, F. Abdenacer, Z. Larbi, 
M. Boutahala, Adsorptive removal of diclofenac and ibuprofen 
from aqueous solution by organobentonites: study in single 
and binary systems, Groundwater Sustainable Develop., 
8 (2019) 520–529.

[31] K. Kuśmierek, A. Świątkowski, The influence of different 
agitation techniques on the adsorption kinetics of 4-chloro-
phenol on granular activated carbon, React. Kinet. Mech. Catal., 
116 (2015) 261–271.

[32] K.L. Tan, B.H. Hameed, Insight into the adsorption kinetics 
models for the removal of contaminants from aqueous 
solutions, J. Taiwan Inst. Chem. Eng., 74 (2017) 25–48.

[33] O. Hamdaoui, E. Naffrechoux, Modeling of adsorption 
isotherms of phenol and chlorophenols onto granular activated 
carbon Part I. Two-parameter models and equations allowing 
determination of thermodynamic parameters, J. Hazard. Mater., 
147 (2007) 381–394.

[34] O. Hamdaoui, E. Naffrechoux, Modeling of adsorption 
isotherms of phenol and chlorophenols onto granular activated 
carbon Part II. Models with more than two parameters, 
J. Hazard. Mater., 147 (2007) 401–411.

[35] J.B. Alam, A.K. Dikshit, M. Bandyopadhyay, Efficacy of 
adsorbents for 2,4-D and atrazine removal from water 
environment, Global NEST J., 2 (2000) 139–148.

[36] N. Ayar, B. Bilgin, G. Atun, Kinetics and equilibrium studies 
of the herbicide 2,4-dichlorophenoxyacetic acid adsorption on 
bituminous shale, Chem. Eng. J., 138 (2008) 239–248.

[37] K. Kuśmierek, A. Świątkowski, Adsorption of 2,4-dichloro-
phenoxyacetic acid from aqueous solution on fly ash, Water 
Environ. Res., 88 (2016) 231–238.

[38] K. Kuśmierek, M. Szala, A. Świątkowski, Adsorption of 
2,4-dichlorophenol and 2,4-dichlorophenoxyacetic acid from 
aqueous solution on carbonaceous materials obtained by 
combustion synthesis, J. Taiwan Inst. Chem. Eng., 63 (2016) 
371–378.

[39] S. Deng, R. Ma, Q. Yu, J. Huang, G. Yu, Enhanced removal of 
pentachlorophenol and 2,4-D from aqueous solution by an 
aminated biosorbent, J. Hazard. Mater., 165 (2009) 408–414.


