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a b s t r a c t

2,4-Dichlorophenol (DCP) is a chlorinated derivative of phenol that causes harmful effects on 
human health even at low its concentrations. The aim of this study was to investigate the adsorp-
tion of the compound from synthetic wastewater by magnetic ZSM-5 (ZSM-5/M) composite in 
a laboratory scale, in a batch system. The SEM, XRD and EDX analyses were used to evaluate 
the quality characteristics of ZSM-5/M composite. The variables effect of pH, contact time (min), 
dose of ZSM-5/M (g/L) and pollutant concentration (mg/L) was investigated on the adsorption 
process under surface response method (RSM) at 5 levels during 30 experiments. In order to mea-
sure the DCP concentration, Perkin Elmer LAMBDA 25 UV/Vis spectrophotometer was used at 
580 nm wavelength. Isotherm, kinetic and thermodynamic studies of adsorption process were 
also performed in the optimal conditions of the variables. Diagnostic analyses showed the ZSM-
5/M was successfully synthesized. At the optimum level of pH, contact time, ZSM-5/M dose, and 
DCP concentration to be 6.3, 120 min, 1 g/L and 10 mg/L respectively, the maximum efficiency 
was obtained about 96%. The adsorption process followed Freundlich isotherm (R2 = 0.9967) and 
pseudo-first-order kinetic (R2 = 0.9996), and the adsorption capacity was determined to be nearly 
87.7 mg/g. Thermodynamic study illustrates that adsorption process has a spontaneous and exo-
thermic nature. Owning to high efficiency, appropriate adsorption capacity, low cost, and the easy 
separation,regeneration, and reuse of the adsorbent after the adsorption process, ZSM-5/M can be 
potentially suggested to be applied as a promising adsorbent in the adsorption of DCP and similar 
compounds from aquatic environments.
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1. Introduction

Phenolic compounds like Chlorophenols, Nitrophenols, 
and Aminophenols are among chemical materials used 
extensively in oil refineries and various industries such 
as the plastics, paper, and pesticides industries [1]. Toxic-
ity of the industrial wastewaters containing the phenolic 
compounds was evaluated extensively by biological tests 
[2–4]. Chlorophenols are toxic compounds with high COD 
values and low biodegradability rates that even at low con-
centrations, have harmful effects on living organisms and 
human beings [5,6]. The most common chlorophenols with 
a great application in industrial scale include 4-chloro-
phenol, 2,4-dichlorophenol, and 2,4,6-trichlorophenol [7]. 
2,4-dichlorophenol (DCP), one of the very toxic chlorophe-
nols, is characterized by solid form, colorless crystals and 
high solubility in alcohols, at room temperature [8]. DCP is 
mostly used in producing insecticides and pesticides and 
is employed as very important compounds in manufac-
turing products, such as antiseptics and disinfectants [9]. 
The EPA recommends that DCP concentrations in drink-
ing water should not exceed 0.03 mg/l [10]. The World 
Health Organization (WHO) recommends 1 μg/L concen-
tration as maximum permissible level of DCP in drinking 
water and 1 mg/L in wastewaters discharged into surface 
water resources [11]. Various removal methods like biolog-
ical processes, chemical oxidation, extraction by solvents, 
reverse osmosis, electrochemical and irradiation techniques 
have been employed for removal of phenols and phenolic 
compounds from aquatic environments [12–15]. Most of 
these methods have shortcomings such as high costs, low 
efficiency, need to pre-treatment before the main treatment 
process, and production of by-products [16,17]. Adsorption 
processes are superior to other treatment methods in ini-
tial costs, wastewater reuse, design simplicity and flexibil-
ity, easy operation, insensitivity to contaminants, and toxic 
compounds. Adsorption has the added advantage of pro-
ducing high-quality wastewater, without need to hazardous 
materials such as ozone and free radicals [18–26]. Nowa-
days, researchers are searching for natural adsorbents like 
rice bran, coconut husk, ash, sawdust, clay, etc. for adsorp-
tion processes, being cost-effective and high adsorption 
efficiency [27–29]. Al-Qodah et al. [29] reported that acid 
treated oil shale ash can achieve the adsorption capacity of 
11.4 mg/g of pesticide deltamethrin in aqueous solutions. 
Qodah et al. [30] found diatomaceous silica with the maxi-
mum loading capacity of 126.6 mg/g for methylene blue in 
aqueous environments. As low-cost molecular sieve, mem-
brane, and ion exchanger with catalytic properties, zeolites 
are promising adsorbents with widespread applications in 
the treatment of industrial wastewaters [31]. Yousef et al. 
[32] reported that natural zeolites removed phenols, with 
adsorption capacity of 23.3, 23.8, 24.9, and 35.5 mg/l at var-
ious temperatures of 25, 35, 45, and 55˚C, respectively, and 
the adsorption process followed the Freundlich isotherm. In 
the study by Wang et al. [33], the adsorption capacity of the 
natural zeolite for removal of rhodamine B and methylene 
blue was obtained as 0.0079 and 0.0228 mmol/g, respec-
tively. Due to the suitable features of zeolites in the adsorp-
tion process, the ZSM-5 as synthesized zeolite was used as 
an adsorbent in the present research. One of the main prob-
lems of the adsorption process is the separation of an adsor-
bent from reaction solution at the end of any experiment. 

Despite problems like energy loss, labor requirement, and 
costs, filtration and centrifugation methods are employed 
as common separation techniques. In the present study, 
the zeolite was magnetized, and separation was carried 
out using a magnet to simplify the separation process and 
diminish costs. Azari et al. [34] studied 2, 4-DCP removal 
from aqueous solutions using magnetized graphene oxide 
nanoparticles, which isolated easily and conveniently using 
a magnet. The first purpose of this work was to synthesize 
and characterize magnetic zeolite composite (ZSM-5/M). 
Performance of ZSM-5/M in the adsorption of DCP from 
synthetic wastewater was chosen as the second aim in the 
present study. The effect of pH, contact time, adsorbent 
dose, and DCP concentration parameters on adsorption 
performance was investigated, modeled, and optimized by 
using response surface methodology (RSM) based on cen-
tral composite design (CCD). Use of the RSM approach has 
advantages like simplicity, minimizing the number of sam-
ples used in the experiment, and reducing required time, 
labor, and costs [35–37]. Finally, kinetic, isotherm and ther-
modynamic studies were also carried out at the optimum 
conditions of the input variables.

2. Materials and methods

2.1. Materials

The used materials in the present research, including 
hydrochloric acid (1 N HCl), sodium hydroxide (1 N NaOH), 
aluminum silicate, silica, tetrapropylammonium hydrox-
ide (TPAOH 40% solution in H2O), tetraethyl orthotitanate 
(TEOT) (97% purity), isopropanol (70% in H2O), ferric chlo-
ride (FeCl3·6H2O, 97% ), ferrous chloride (FeCl2·4H2O, 99%), 
and DCP (99% purity), were of laboratory grade and was 
supplied from Sigma-Aldrich.

2.2. ZSM-5 synthesis

To synthesize ZSM-5, the procedure that was clearly 
explained in the study of Wan and et al. was applied in the 
present study [38].

2.3. Synthesis and characterization of ZSM-5/M

In this stage, the synthesized zeolite was dissolved in 
400 ml of a solution containing FeCl3 (28 mmol) and FeSO4 
(14mmol) at 70°C to be magnetized. Then 100 ml of the 
NaOH solution (5 mol/L) was added slowly and drop-
wise to the solution for precipitation of the magnetic com-
posite. The zeolite contribution was adjusted to obtain the 
zeolite/iron oxide weight ratio of 3:1 in order to prevent 
reduction of adsorption capacity. The obtained material 
was dried for three hours in an oven at 100°C. Physical and 
chemical features of the synthesized composite were char-
acterized using scanning electron microscopy equipped 
with energy-dispersive X-ray spectroscopy (SEM/EDX, 
Cam Scan, MV2300 model). BET surface area based on N2 
adsorption/desorption method was done by a Micromer-
itics/Gemini-2372 surface area analyzer. The crystalline 
phases of ZSM-5/M were evaluated by X-ray diffraction 
(XRD, Rigaku miniFlex diffractometer device). The mag-
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netization intensity of the magnetic ZSM-5/M was charac-
terized using vibrating sample magnetometer (VSM 7400 
Model Lake-Shore).

2.4. Adsorption experiments

All experiments were conducted in a laboratory scale in 
a 200 ml reactor with a batch system. A stock solution 0.1% 
(100 mg/L) was used to prepare the required concentra-
tions. The variables of contact time, pH, DCP concentration, 
and ZSM-5/M dose variables are examined in the adsorp-
tion process at the levels as presented in Table 1. All the 
samples were exterminated in the volume of 100 ml. A 1.2 
Tesla magnet was used to separate the ZSM-5/M and the 
remaining DCP was evaluated using a spectrophotometer 
(Perkin Elmer LAMBDA 25 UV/Vis) at 580 nm. A pH meter 
(Kent EIL 7020) was employed to adjust pH value. 

2.5. Design of the experiments

RSM method based on CCD technique was used to 
design the experiments with a minimal number, which 
reduces costs and utilized materials and determines the 
effect of each input variable on the adsorption performance 
(the experiments were designed using Design-Expert ver-
sion 7). Based on CCD technique, the 4 variables at 5 lev-
els were entered into the design, as shown in Table 1, and 
finally, 30 experiments were provided as given in Table 3, in 
which 16 experiments were related to factorial points (α ± 
1), 8 to axial points, and 6 to repetitions of the experiments 
in the center point (α = 0).

To express the empirical relationship between the input 
variables and removal efficiency, the experimental removal 
efficacy was fitted to a second order polynomial equation:

Y a a x a x a x xi i ii i ij i j= + ∑ + ∑ + ∑ +0
2 ε  (1)

where Y represents the predicted removal percentage, a0, 
ai, aii and aij are devoted to constant, linear, quadratic, and 
interactive values of regression coefficients, respectively. 
Also, ε and x term are related to the residual term and 
coded variables, respectively, and subscript i specifies the 
kind of variables. Eqs. (2) and (3) were used to determine 
adsorption efficiency and adsorption efficiency, respec-
tively, where q is the adsorption capacity (mg/g), M is the 
adsorbent mass (g), V is the sample volume (L), C0 is the ini-
tial DCP concentration (mg/L), Ce is the DCP concentration 
at equilibrium(mg/L), and E is the removal efficiency (%).

q C C
V
Me e= −( ) ×0   (2) 

E
C C

C
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−
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2.6. Adsorption isotherm, kinetics, and thermodynamic studies 

After determining the optimum conditions for the 
studied variables, isotherm studies were carried out to 
investigate how the pollutant was adsorbed on the adsor-
bent and the adsorption capacity of the adsorbent. Iso-
therm studies were performed using the mathematical 
equations of Freundlich, Langmuir, and Temkin isotherms 
under optimum conditions of contact time, pH, and adsor-
bent dose and various phenol concentrations. Kinetic 
studies were carried out to determine adsorption rate 
constant and adsorption type by using pseudo-first-or-
der, pseudo-second order, and inter-particle penetration 
models under optimum conditions of phenol concentra-
tion, adsorbent dose, and pH and different contact times. 
Finally, thermodinal study was performed to reveal the 
effect of solution temperature in the process efficiency and 
to specify the adsorption nature in the term of being exo-
thermic or endothermic 

3. Results

3.1. SEM and BET analyses for ZSM-5 and ZSM-5/M

SEM analysis was used to study morphological and 
surface features ZSM5/M. at 10 kV under 50KX magni-
fication. As depicted in Fig. 1, ZSM-5/M particles had a 
cubic crystal structure that provided a good adsorption 
surface. Also, ZSM-5/M structure did not change as a 
result of magnetization, but the accumulation of ZSM5 
particles increased in the magnetic state. This can be due 
to synthesis of the ZSM5in the presence of Fe2O3 nanopar-
ticles. As confirmed by the BET analysis, this accumu-
lation very probably results in a decrease in specific 
surface area [39]. The BET analysis was performed at 77K 
to determine the specific surface area and pore volume of 
ZSM-5 and ZSM-5/M, as related results are presented in 
Table 2. This table indicates that the specific surface area 
of ZSM-5 declined from 521.5 to 462.3 m2/g after magne-
tization.  

3.2. XRD analysis for ZSM-5 and ZSM-5/M

An XRD analyzer with Cu anode, operating at 40 keV 
and 35 mA, was used to perform XRD analysis in order to 
identify the crystal structure of the synthesized adsorbent 

Table 1
Independent variables and the levels of each variable

Variable Symbol –2 –1 0 1 2

pH X1 3 5 7 9 11
Contact time (min) X2 10 37.5 65 92.5 120
Adsorbent dose X3 0.2 0.4 0.6 0.8 1
2,4 Dichlorophenol concentration (mg/L) X4 10 32.5 55 77.5 100
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at 2θ = 30–80 degrees. Results of the XRD analysis in Fig. 2 
indicate that the crystal structure of ZSM-5 did not change 
substantially after magnetization and was stable. Only the 
peaks at the 2θ of 35.36, 59.40, 61.78, and 74.34, are related to 
the Fe3O4 nanoparticles in the ZSM-5/M composite, belong-
ing to the 311, 511, 44, and 662 crystal planes of the Fe3O4 
nanocrystals, respectively [40,41]. 

The Debye-Scherrs formula given in Eq. (4) was used 
to determine the average crystallite size of the ZSM-5/M 
particles. 

D
K

=
γ

β θCos
 (4)

where D demons the average crystallite size, K is devoted to 
the shape factor (0.9), γ presents the wavelength of Cok radi-
ation, θ is the angle of reflection and β indicates full width at 
the half maximum height of the peak. The average crystallite 
size of the ZSM-5/M was calculated to be 26.8 nm.

3.3. EDX analysis for ZSM-5 and ZSM-5/M

Fig. 3 shows the percentage of elements present in the 
structure of ZSM-5/M, which was determined in the EDX 
analysis. As shown in the figure, the elements of carbon, 
oxygen, sodium, aluminum, silicon, and iron are present in 
the structure of this composite, and oxygen composites the 
largest contribution in the structure. Presence of iron in the 
structure indicates that the ZSM-5/M composite was desir-
ably synthesized. 

3.4. VSM analysis for ZSM-5/M

VSM analysis was done in magnetic fields within ±10 
KOe, as displayed in Fig. 4. The results indicate that the 
maximum saturation magnetization for ZSM-5/M is about 
up to 24 emu/g. In addition, the separation of magnetic chi-
tosan from the reaction sample was successfully achieved 
after holding the sample near 1.2 tesla magnetic for 25 s.

3.5. Statistical analysis and model fitting

Experimental and predicted values for DCP adsorp-
tion by ZSM-5/M are listed in Table 3. As shown in this 
table, the predicted values were obtained from a second 
order model fitted to the experimental removal efficiency 
over ANOVA analysis. The F-value and p-value for this 
model were observed to be 619.4 and p < 0.001, respectively 
(Table 4). Moreover, most terms included to model were 
statistically significant. As seen in Table 4, the R2 value was 

Fig. 1. SEM analysis for ZSM-5/M.

Fig. 3. EDX analysis for ZSM-5/M.

Fig. 2. XRD analysis for ZSM-5,ZSM-5/M.

Table 2
BET analysis for ZSM-5,ZSM-5/M

Parameter ZSM-5 ZSM-5/M

Specific surface area (m2/g) 521.5 462.3
Total pore volume (cm3/g) 0.3654 0.3148
Diameter average porosity (nm) 2.563 2.122
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equal to 0.9983, which suggests the high predictive abil-
ity of the model, because 99.83% of the variation in DCP 
removal could be predicted by this model. Furthermore, the 

value of Adj-R2 was obtained as 0.9967, which is very close 
to R-squared, illustrating the high goodness of the model 
to fit. “Lack of fit” statistic displayed a p-value > 0.9714, 
so no statistically significant was obtained for it. Therefore, 
the first condition of lack of fitness of the model is rejected, 
which suggests that the model shows a good fit. 

The adequacy of the fitted model was also tested through 
diagrams of the distribution of the residuals. Fig. 4a shows 
the distribution of the residuals on a straight line against 
the percentages. As shown in this figure, the residuals lie 
on this line and/or close to it, and as we get closer to the 
central part of the line, residuals percentage increase. This 
type of distribution suggests a normal distribution of resid-
uals. Fig. 4b presents the residuals against the predicted 
values. About half of the residuals lie above the line and 
the other half below it. This distribution demonstrates that 
the mean of these values is close to zero and changes in the 
residuals do not follow a certain pattern and confirm model 
adequacy [42]. Fig. 4. VSM curve of ZSM-5/M.

Table 3
Design of the experiments and experimental and predicted efficiencies of DCP adsorption by ZSM-5/M

Exam No. pH Time (min) Adsorbent dose 
(g/L)

Contaminant 
concentration (mg/L)

Actual efficiency 
(%)

Predicted 
efficiency (%)

1 9 37.5 0.4 77.5 50 50.33
2 9 37.5 0.4 32.5 62 61.79
3 5 37.5 0.4 32.5 59 59.67
4 5 37.5 0.4 77.5 46 45.46
5 11 65 0.6 55 58 58.21
6 7 65 1 55 80 78.88
7 5 37.5 0.8 32.5 68 68.46
8 9 92.5 0.4 32.5 70 70.67
9 5 92.5 0.4 32.5 69 68.79
10 3 65 0.6 55 56 54.71
11 9 37.5 0.8 32.5 67 67.33
12 7 65 0.6 55 69 68.83
13 5 92.5 0.4 77.5 54 55.33
14 9 92.5 0.8 77.5 72 73.00
15 9 92.5 0.4 77.5 61 59.96
16 7 10 0.6 55 51 50.71
17 7 65 0.2 55 57 57.04
18 9 37.5 0.8 77.5 60 59.63
19 5 92.5 0.8 32.5 80 81.33
20 7 65 0.6 10 83 82.04
21 7 65 0.6 55 67 68.83
22 7 65 0.6 55 71 68.83
23 7 65 0.6 55 72 68.83
24 9 92.5 0.8 32.5 80 79.96
25 7 65 0.6 55 68 68.83
26 5 92.5 0.8 77.5 72 71.63
27 7 65 0.6 100 61 60.88
28 7 120 0.6 55 74 73.21
29 5 37.5 0.8 77.5 57 58.00
30 7 65 0.6 55 66 68.83



M. Darvishmotevalli et al. / Desalination and Water Treatment 164 (2019) 249–262254

Based on obtained results and on the regression 
between the independent variables and removal efficiency 
of DCP, an empirical model [Eq. (5)] was obtained to specify 
the relationship between the independent variables and the 
response. As seen in the above equation, only the terms that 
show a significant relationship with the response changes at 
p-value < 0.05 were included in this predictive model

R X X X

X X

% . . . .

. .
( ) = + + +

− +
14 9271 11 7179 0 3890 25 5350

0 6294 0 1704
1 2 3

4 22 3 3 4

1
2

2
2

0 2083

0 7734 0 0023

X X X

X X

+

− −

.

. .

 (4)

Moreover, Fig. 5 shows the Pareto effect for comparing 
the effect size of the studied variables on the response. The 
Pareto effect of each factor on the response was calculated 
using Eq. (5).

P
b

b
i

i

i
=

∑













×
( )2

2 100  (5)

where b is the regression coefficient of each term based on 
the coded values of the independent variables. 

As shown in Fig. 5, the largest effects on response are 
assigned to pH2, contact time, adsorbent and adsorbate con-
centration with values approximately 24.8, 20.5, 19.25, and 
18.2%, respectively. 

3.6. Effects of pH and contact time on process efficiency

One of the important factors in the adsorption process 
is the pH variable. The effect of pH on DCP adsorption was 
studied in the pH range of 3–11. Fig. 6 presents the effects 

of pH and contact time on adsorption efficiency when DCP 
concentration was 55 mg/L and ZSM-5/M dose 0.6 g/L. 
Results show that removal efficiencies were 61.5 and 62.3%, 
at solution pHs of 3 and 11, respectively, in the 120 min con-
tact time. However, adsorption efficiency rose to 73.2% at 
solution pH of 7. The largest adsorption took place at pH 
close to neutral, and adsorption efficiency declined with 
increases and decreases in pH value. The reported pKa for 
DCP is 4.09; therefore, half of the DCP surface charge is neg-
ative and the other half neutral at pH values equal to pKa, 
and the negative charge of the adsorbent increases at higher 
pH values. Moreover, the surface charge of DCP at pH val-
ues lower than pKa is neutral [43]. In the experiments, the 
obtained pHzpc of the adsorbent was about 8.5 (Fig. 7). 
Therefore, the adsorbent had a negative charge at pH val-
ues higher than pHzpc, a positive charge at pH values 
lower than pHzpc, and a neutral charge at pH value equal 
to pHzpc. Therefore, it can be concluded that adsorption 
increases at pH values 4.09–8.5, at which the adsorbent and 
contaminant have mainly opposite charge. Consequently, 
increased adsorption in the neutral pH range can result 
from differences in the surface charge of the adsorbent and 
adsorbate. Furthermore, reduced efficiencies at acidic and 
basic pH values could result from the considerably higher 
H production level at very acidic pH values because H com-
petes with DCP for occupying the adsorbent surface. This is 
also true in the case of basic pH values because OH– com-
petes with DCP in occupying the adsorbent surface. In the 
study by Hammed et al., [39] the best pH for adsorption 
of methylene blue by ZSM-5 was about 7.Moreover, Pham 
et al. [44] observed that the nanozeolite synthesized at pH 
6 had the highest efficiency in adsorbing the nitrophenyl 
compound.

Table 4
Results of ANOVA analysis for the second-order predicted model od DCP adsorption by ZSM-5/M

Parameter Sum of squares Average of squares F Value p-value

Model 2566.6 183.3 68.6 <0.0001
pH- (A) 18.4 18.4 6.9 0.0192
Contact time- (B) 759.4 759.4 284.2 <0.0001
Adsorbent dose- (C) 715.0 715.0 267.6 <0.0001
DCP concentration- (D) 672.0 672.0 251.5 <0.0001
A×B 0.1 0.1 03.02 0.8805
A×C 10.6 10.6 0.4 0.0654
A×D 7.6 7.6 2.8 0.1132
B×C 14.1 14.1 5.3 0.0366
B×D 0.6 0.6 0.2 0.6530
C×D 14.1 14.1 5.3 0.0366
A2 262.5 262.5 98.2 <0.0001
B2 81.0 81.0 30.3 <0.0001
C2 1.3 1.3 0.5 0.4941
D2 11.8 11.8 4.4 0.0528
Residual 40.1 2.7
Lack of Fit 13.3 1.3 0.2 0.9714
R2 Predictive R2 Justified R2

0.984 0.97 0.955
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In the result, it was moreover observed that adsorp-
tion efficiencies were 50.7 and 73.2%, respectively, at pH 
7 and contact times of 10 and 120 min, respectively. As a 
result, adsorption efficiency displayed a direct relationship 
with contact time, and the highest adsorption efficiency 
was achieved at a contact time of 120 min. However, the 
adsorption rate declined and changed intangibly at contact 
times longer than 60 min. The rate of adsorption is high 
at the beginning of the process because there are unoccu-
pied adsorption sites that can trap contaminant molecules, 
whereas the unoccupied sites become saturated with the 
passage of time, leading to lower adsorption rate [33]. 
Moreover, reduced contaminant concentration, and there-
fore lower probability for the collision between it and the 
adsorbent, during longer contact can be considered another 
case that reduces adsorption rate at longer contact times. 
Pham et al. [44] showed that the nanozeolite adsorbed the 

Fig. 5. The normal plot of residuals and plot of residuals vs. predicted values for the developed model.

Fig. 6. Pareto chart for DCP adsorption by ZSM-5/M.

Fig. 7. The effect of contact time and pH on efficiency of DCP 
adsorption by ZSM-5/M (DCP concentration = 55 mg/L, ZSM-
5/M dose = 0.6 g/L).
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nitrophenyl compound at higher rate for up to 150 min, and 
adsorption became almost completed at that time. There-
fore, they reported it as the equilibrium time.

3.7. Effect of adsorbent dose and DCP concentration on 
 adsorption efficiency

Fig. 8 shows the effect of adsorbent dose and DCP con-
centration on adsorption efficiency when pH was 7 and 
contact time 65 min. Results indicated that removal effi-
ciency improved from about 74 to 88.3% when adsorbent 
dose increased from 0.2 to 1 g/L at DCP concentration of 10 
mg/L. Moreover, adsorption efficiency declined from 88.3 
to 74.7% when DCP concentration increased from 10 to 100 
mg/L. 

Results demonstrated that DCP adsorption increased at 
higher adsorbent doses. This can be explained by increases 
in the surfaces and sites available to the adsorbent at higher 
adsorbent concentrations leading to higher contaminant 
adsorption efficiencies. However, adsorption sites are rap-
idly occupied by the contaminant at lower adsorbent doses, 
thereby lowering adsorption efficiency. Moreover, adsorp-
tion capacity declined with increases in adsorbent concen-
tration. This could be due to the reduced collision between 
adsorbent and contaminant molecules [40]. In agreement 
with the results of the present research, Mansourian et 
al. [19] reported that adsorption efficiency is significantly 
improved with increases in the adsorbent dose.

The effect of initial DCP concentration on adsorption 
efficiency was also studied. Results indicated that adsorp-
tion efficiencies declined with increases in initial DCP 
concentration. This can be explained as follows. Rapid satu-
ration of the adsorption sites on the surface of the adsorbent 
takes place with increases in the DCP concentration thereby 
decreasing adsorption efficiency at the constant adsorbent 
dosage. Adsorption capacity declined at low DCP concen-
trations because the collision between adsorbent and DCP 
molecules declined at low initial DCP concentrations [41]. 
Azari et al. [34] studied the removal of 2, 4-DCP by mag-
netic graphene oxide and observed an inverse relationship 

between adsorption efficiency and contaminant concen-
tration. Wu et al. [47] also found similar results in their 
research on 2, 4-DCP adsorption by Phanerochaetechrysospo-
rium fungal biomass with respect to the effect of the initial 
concentration of pollutant on adsorption efficiency.

3.8. Optimization of the studied factors

Response optimization was used to optimize the stud-
ied variables in DCP removal by ZSM-5/M. Since higher 
removal efficiencies were desired in the present research, 
the highest removal efficiency was defined as the desired 
goal. Under these conditions, the optimum variables for 
pH, contact time, adsorbent dose, and contaminant con-
centration for reaching the highest adsorption percentage 
(about 96.1%) were about 6.3, 120 min, 1 g/L, and 10 mg/L 
(Fig. 9). Three experiments conducted in the optimum lev-

Fig. 8. pHzpc of the ZSM-5/M adsorbent.

Fig. 9. The effect of DCP concentration and ZSM-5/M dose on 
the efficiency of DCP adsorption by ZSM-5/M (pH = 7, contact 
time = 65 min.)
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els of the variables were employed to determine the valid-
ity of the results predicted by the obtained model. The 
obtained experimental removals (95% ± 1.4) were so close 
to the value predicted by the model (96.1%) 

3.9. Isotherm studies

Adsorption is described by isotherm equations under 
normal conditions. These equations help determine con-
taminant adsorption on the adsorbent, adsorption capac-

ity, and adsorbent surface features. Moreover, adsorption 
isotherms indicate the relationship between the amount of 
contaminant adsorbed on the adsorbent and the contami-
nant concentration in the solution under equilibrium condi-
tions [11,48]. In this research, DCP adsorption on ZSM-5/M 
was investigated using Freundlich, Langmuir, and Temkin 
isotherms.

3.9.1. Freundlich isotherm

If the adsorption isotherm follows Freundlich isotherm, 
it means that adsorption takes place on a heterogeneous 
surface of a multilayer adsorbent and interactions take 
place between adsorbent molecules during the adsorption 
process. Moreover, this isotherm shows that the adsorption 
energy of the adsorbing centers declines during the adsorp-
tion process [19]. The linear form of Freundlich isotherm is 
presented in Eq. (6).

ln ln lnq K
n

Ce f e= +
1

 (6)

where qe is the amount of the contaminant adsorbed per 
gram of the adsorbent (mg/g) under equilibrium condi-
tions, Ce the contaminant concentration at equilibrium, Kf 
the Freundlich constant and a relative indicator of adsorp-
tion capacity (mg/g), and n indicates adsorption intensity. 
A large value for n shows desirability of the adsorption pro-
cess. Values of Ln (qe) were plotted against those of Ln (Ce) 
to determine the linear equation of this isotherm. Values of 
n greater than 1 indicate the suitability and favorability of 
the adsorption, equal to 1 show that the adsorption process 
is linear, and smaller than 1 demonstrate that adsorption is 
chemical. If values of n are greater than, they show that the 
adsorption process is a favorable physical one. 1/n shows 
the heterogeneity factor of the adsorption. If the value of 
this factor is in the 0–1 range, adsorption is heterogeneous, 
if it is less than zero adsorption is homogeneous, and if it 
is greater than 1 adsorption is a combination of homoge-
neous/heterogeneous conditions [8,49]. Results (Table 5) 
indicated that the R2 value for the Freundlich isotherm was 
higher compared to the other isotherms. Therefore, the 
adsorption process followed this isotherm.

3.9.2. Langmuir isotherm

This isotherm is used to study adsorption on a homoge-
neous surface. There is no interaction between the adsorbed 
molecules in the adsorption processes following this iso-
therm. It is assumed that adsorption energy is uniformly 

Fig. 10. Efficiency of DCP adsorption by ZSM-5/M under opti-
mum conditions of the studied variables.

Table 5
Information of kinetic and isotherm models for the adsorption of DCP over ZSM-5/M adsorbent

Temkin isotherm Freundlich isotherm Langmuir isotherm

KT B1 R2 KF n R2 qmax KL R2

1.47 16.67 0.9631 5.52 1.53 0.9967 87.72 0.0474 0.9786

Pseudo-first order kinetic Pseudo-second order kinetic Inter-particle penetration kinetic

qe K1 R2 qe K2 R2 Kp R2 qexp

6.59 0.0265 0.9996 4.96 0.0217 0.4612 5.28 0.9793 12
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distributed on the adsorbent surface, adsorption takes place 
in a single layer, and most of the adsorption depends on the 
saturation level of the single adsorption layer [50]. Eq. (7) 
presents the linear form of Langmuir isotherm.

1 1 1 1
q q K q Ce m L m e

= +






 (7)

where Ce is the contaminant concentration at equilibrium 
(mg/L), qe the amount of contaminant adsorbed per gram of 
the adsorbent (mg/g), qm the maximum adsorption capacity 
of the single adsorption layer (mg/g), and KL the Langmuir 
constant (L/mg) [51]. Values of 1/qe were plotted against 
those of 1/Ce to draw the diagram and obtain the linear 
equation. Information of Langmuir isotherm is reported 
in Table 5. The maximum adsorption capacity obtained 
from Langmuir isotherm was calculated as 87.7 mg/g in 
the optimum values of pH = 6.3, contact time = 120 min, 
and adsorbent dose = 1 g/L. However, Langmuir isotherm 
corresponded to the experimental data, R2 of the isotherm 
was obtained lower values compared to that of Freundlich 
isotherm.

3.9.3. Temkin isotherm

Temkin isotherm, another model that reveals how 
adsorption takes place, was studied in this research. This 
model assumes that heat absorption of all molecules in the 
adsorption layer decreases when the adsorption layer is 
occupied due to the interactions between the adsorbent and 
the adsorbate and the heat reduction is linear. Adsorption in 
this isotherm is described as uniform distribution of bind-
ing energies [52]. The Temkin isotherm that is usually used 
in studies is in the linear form of Eq. (8).

q B K B Ce T e= +1 1ln ln  (8)

In the Temkin model, Ce is the contaminant concentra-
tion at equilibrium (mg/L), qe the amount of contaminant 
adsorbed per gram of adsorbent (mg/g), B1 is a constant 
related to the heat of adsorption, and KT is the equilibrium 
binding constant ( L/g). Values of 1/qe were plotted against 
those of 1/Ce to draw the diagram and determine the linear 
equation. As for the model fitting the experimental data, 
this model yielded poorer fitness or lower R2 value (Table 5) 
compared to Freundlich isotherm. 

3.10. Kinetic studies

Pseudo-first-order and pseudo-second order and 
inter-particle penetration kinetic equations were used to 
study mechanisms that control the adsorption process like 
mass transfer and chemical reactions and to determine 
adsorption rate.

3.10.1. Pseudo-first order kinetic model

This model, developed by Lagergren, is used for liquid/
solid adsorption systems [49]. It shows that penetration 
happens from inside a layer and is based on the capacity 
of the solid in which changes in adsorption rate with the 

passage of time are related to the number of unoccupied 
adsorptive sites on the adsorbent surface. The linear form 
of this model is presented in Eq. (9).

ln lnq q q K te t e−( ) = − 1  (9)

In this equation, qe and qt are the amount of contaminant 
adsorbed per gram of the adsorbent (mg/g) at equilibrium 
and at time t, respectively, and K1 the pseudo-first order 
kinetic model adsorption rate constant (min–1). The values 
of ln (qe – qt) were plotted against those of t to draw the 
diagram and determine the linear form of the pseudo-first 
order kinetic model. Results (Table 5) indicate that the value 
of the R2 coefficient in this method is higher than other 
kinetic models, and the differences between the experi-
mental q values and the q values obtained in this model 
are smaller compared to the pseudo-second-order kinetic 
model. These results indicate that this model is fitted the 
laboratory data better. 

3.10.2. Pseudo-second-order kinetic model

Adsorption kinetics was also studied using pseudo-sec-
ond-order kinetic model. The pseudo-second-order kinetic 
model assumes that the adsorption process follows a sec-
ond-order chemical adsorption. The chemical adsorption 
is limiting step of adsorption rate and controlling step of 
adsorption processes, and is the basis for the adsorption 
of the solid phase in which the rate of occupation of the 
adsorptive sites is proportional to the square of the number 
of unoccupied sites [49]. This model has a linear form pre-
sented in Eq. (10).

t
q k q q

t
t e e

= +
1 1

2
2

 (10)

where qe and qt are the amount of contaminant adsorbed 
per gram of the adsorbent (mg/g) at equilibrium and at 
time t, respectively, and K2 the pseudo-second-order kinetic 
model adsorption rate constant (g/mg·min). The values of 
t/qt were plotted against those of t to draw the diagram 
and determine the linear form of the pseudo-second-order 
kinetic model. Results indicate that the value of the R2 coef-
ficient in this method is smaller than other models, and this 
model is weaker than the pseudo-first-order kinetic model 
in fitting experimental data.

3.10.3. Inter-particle penetration model

The inter-particle penetration model is another com-
mon model for kinetic evaluation of adsorption pro-
cesses. This model is based on a phenomenon in which 
analyte adsorption on the adsorbent takes place in four 
stages: Migration of analyte molecules from the matrix of 
the solution to the adsorbent surface through mass pen-
etration, penetration of analyte molecules through the 
boundary layer to the adsorbent surface through layer 
penetration, transfer of analyte molecules from the sur-
face to the internal pores of the adsorbent through the 
inter-particle penetration mechanism or pore penetra-
tion, and adsorption of the species on adsorbent surface 
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by chemical reaction through ion exchange, complex-
ation, and chelation [53]. The linear form of this model is 
presented in Eq. (11).

q K t Ct p= +0 5.  (11)

where qt is the amount of contaminant adsorbed per gram 
of the adsorbent at time t, Kp the constant of inter-particle 
penetration rate (mg/g·min1/2), and C is the y-intercept. 
Values of qt were plotted against those of t0.5 to draw the 
diagram and determine the linear equation of inter-parti-
cle penetration kinetics. Results show that the R2 coefficient 
in this model is smaller compared to the pseudo-first order 
kinetic model and larger than that of the pseudo-second-or-
der kinetic model.

3.11. Thermodynamic study

Thermodynamic study for the adsorption process was 
performed at the optimum condition of the independent 
variable, at 20, 30 and 40°C temperatures of the samples. 
The thermodynamic study determined the parameters, 
including enthalpy change (∆H°, kJ/mol), entropy change 
(∆S°, J/mol/K), and the change of free Gibbs energy (∆G°, 
kJ/mol) [52,54]. 

Eq. (12) was applied to determine ∆G° parameter

∆G RT Kd
° = −  ln  (12)

where R is devoted to the gas constant (8.314J/mol·K), T 
denotes the solution temperature (K) and Kd is assigned to 
the distribution coefficient determined by the following 
equation:

K q Cd e e= /  (13)

Here qe (mg/g) and Ce (mg/L) present the adsorption 
capacity and adsorbate concentration in the equilibrium, 
respectively. Based on Eq. (14), the parameters of ∆H° 
and ∆S° were determined by plotting 1/T × 10–3 vs. ln Kd. 
The information related to the thermodynamic model has 
been summarized in Table 6. The negative values of ∆G° 
confirmed spontaneous adsorption to occur. On the other 
hand, the ∆G° value was observed to decline at the elevated 
temperatures, indicating spontaneous adsorption reduction 
and undesirability of the process with increasing tempera-
ture. The negative values of ∆H° specify the exothermic 
nature of the process adsorption, and the decrease of effi-

ciency at the higher temperatures. The negative values of 
∆S° demonstrate the randomness at the ZSM-5/M-solution 
interface during the adsorption.

ln K
S
R

H
RTd = −

° °∆ ∆
 (14)

3.12. Comparison of ZSM-5/M with various adsorbents

Table 5 compares the maximum adsorption capacity 
of the ZSM-5/M with that of some other adsorbents pre-
viously studied. It is clearly observed that the ZSM-5/M 
composite in the present study has a considerable adsorp-
tion capacity as compared with that of the other adsorbents. 

4. Conclusion

In recent years, several studies have done to develop 
and use new, efficient, and low-cost adsorbents instead 
of commercial adsorbents like activated carbon for the 
removal of pollutants from aqueous environments. In the 
present research, DCP adsorption by ZSM-5/M was inves-
tigated in aqueous solution. Among studied variables, the 
highest influence percentage on the adsorption process 
was assigned to the square-order effect of pH. Moreover, 
under optimum conditions of the variables, pH = 6.3, con-
tact time = 120 min, adsorbent dose = 1 g/L, and contam-
inant concentration = 10 mg/L, the highest adsorption 
efficiency, and adsorption capacity were achieved as about 
96.1% and 87.7 mg/g, respectively. It also observed that 
the adsorption process has a spontaneous and exothermic 
nature, and the experimental data were described better 
by Freundlich isotherm and pseudo-first order kinetic. 
ZSM-5/M as compared with other absorbents in other 
research indicates the considerable efficiency and good 
adsorption. Given the high efficiency, suitable adsorption 
capacity, low cost, and ease of adsorbent separation after 
the adsorption process, we can potentially suggest ZSM-
5/M as a suitable alternative for removal of DCP and other 
similar contaminants.
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Table 6
Thermodynamic information of DCP adsorption process using ZSM-5/M

R2

∆H kJ mol° −( ) 1∆S Jmol K° − −( )1 1∆G kJmol−( )1Pollutant (mg/L)

313°K303°K293 °K

0.9436–79.16–239.41–2956–3877–764215
0.9984–47.44–160.74–1730–2888–399030
0.9954–42.43–142.88–880–2215–323245
0.9933–37.86–131.65–228–1331–215660
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