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Abstract
Soil contaminated by organic pollutants such as dichlorodiphenyltrichloroethane (DDT) is an environmental concern due 
to the strong sorption of organochlorine pesticide onto the soil matrix and persistence in the environment. The remediation 
of contaminated soils with organochlorine pesticide using nanotechnology is an innovative technology for speeding up this 
process. This work presents a study of adsorption of DDT onto the zeolite surface. Experiments were conducted using batch 
adsorption procedures at different DDT concentrations, from 5 to 50 mg/L, and the amount of the zeolite used was 0.1, 0.5, 0.8, 
and 1.2 g. Results show that the zeolite has a moderate adsorption capacity for the DDT, and the highest adsorption capacity 
obtained from this study was about 30%. However, the percentage of adsorption can be increased significantly with the increase 
in the amount of the zeolite in samples. Also, adsorption kinetics and adsorption isotherms were applied. Five different kinetic 
models, i.e., pseudo-first-order kinetic model, the pseudo-second-order kinetic model, intraparticle diffusion model, Elovich 
kinetic model, and Bangham kinetic model were used to fit the kinetic data. The result shows that the pseudo-second-order 
model represented the best fits to the experiments. The adsorption isotherms were determined using three different models as 
well, i.e., Freundlich, Langmuir, and Temkin. The best-fitted adsorption isotherm models were found to be in both Langmuir 
and Freundlich. Moreover, results show that the effectiveness of treatment process is highly affected by pH. Increasing the pH 
has a negative effect on the adsorption process, and best uptake of DDT was noted in acidic media at pH 3.
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Introduction

Soil contamination is the accumulation in soils of persis-
tent toxic compounds, chemicals, solid or liquid hazardous 
substances, radioactive materials, salts, or disease-causing 
agents, which have adverse effects on human health, plant 

growth, and animal health. However, soil can be polluted 
by seepage from a landfill, discharge of industrial waste 
into the soil, and percolation of contaminated water into 
the soil [1–3]. Soil pollution includes the pollution of soils 
with materials, mostly due to chemicals that are present 
at concentrations higher than normal which may cause 
harm to the environment. The most common chemicals 
involved in causing soil pollution are petroleum hydro-
carbons, heavy metals, pesticides, and solvents [4]. Soil 
pollution also can cause severe impact on agriculture and 
thus affect the quality and quantity of agricultural yields 
[5, 6]. Contamination of soil from the use of pesticides is 
one of the most pollution source threats to the environ-
ment. The use of pesticides in agriculture is still one of 
the most important problems of soil pollution [7]. Also, 
it affects the fertility of the soil and eventually leads to 
the contamination, to harm humans and animals through 
eating contaminated plants [8]. The chlorinated pesti-
cides such as dichlorodiphenyltrichloroethane (DDT) do 
not degrade quickly and remain for an extended period 
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[9]. Soil contaminated with persistent organic pollutants 
(POPs), especially chlorinated aromatic compounds such 
as DDT, is an environmental issue because of the high 
sorption of organochlorine pesticides onto the soil matrix 
and persistence in the environment [10].

The most problems of soil contamination by DDT are an 
entry into the food chain where they can affect human and 
animal adversely and exposure by workers to chlorinated 
organic pesticides (OCPs) when pesticides sprayed [11]. 
Soils are also considered the main sinks of persistent organic 
pollutants (POPs) and play a fundamental role in the global 
cycling [12, 13].

Dichlorodiphenyltrichloroethane (DDT) or [1,1,1-trichloro-
2,2-bis(4-chlorophenyl) ethane] is a chlorohydrocarbon, which 
is an organochlorine pesticide (OCP), is a typical persistent 
organic pollutant (POP). Because of its persistence, low volatil-
ity, bioaccumulation potential, and high toxicity, it is a major 
environmental issue, receiving considerable attention by scien-
tists and the public [14]. DDT is insoluble in water and soluble 
in most organic solvents. It is semi-volatile and can be expected 
to split into the atmosphere consequently. It is existed every-
where in the environment, and residues found in inaccessible 
regions such as the Arctic [15]. DDT has been widely used as 
an insecticide to control mosquito-borne malaria and typhus 
[16]. DDT offered after Second World War as the simplest and 
the best solution to pest problems [17]. It was among the first 
chemicals used widely as an insecticide to control diseases that 
spread by mosquito such as malaria and typhus [16]. Accord-
ing to Sharma [1], dichlorodiphenyltrichloroethane (DDT) 
beside polychlorinated biphenyls (PCBs) is the most danger-
ous pollutants in soil, which comes from industrial wastes [1]. 
The presence of chlorine atoms in DDT and its metabolites 
makes them highly toxic to higher organisms [18]. As a result 
of its lipophilic properties, DDT has a high bioaccumulation 
potential, especially in birds of prey. It magnifies in animals 
through the food chain. It is also quite resistant the metabolic 
processes to a large degree [19]. DDT and its metabolites can be 
adsorbed on the surface of the soil or particulates in the water 
and become sediment in the end. DDT is very persistent in the 
environment, and thus, as much as 50% DDT can stay in the 
soil after 10–15 years of use [20, 21]. This persistence, along 
with high solubility in lipids, provides the necessary conditions 
for DDT to concentrate in organisms. DDT and its metabolites 
have been detected in all compartments (air, water, soil, and 
living organisms) in remote areas [15]. However, the half-life 
of DDT is estimated to be around 15 years in soil [22] and can 
be changed depending on the soil conditions [23]. It is found 
that the DDT concentration in the contaminated soil exceeds the 
limit set by national soil quality standards in some regions (i.e., 
in Tianjin area, the concentration of DDT was 7.5 ng/g) [24].

Over the years, the field of remediation has grown and 
evolved, continually developing and adopting modern tech-
nologies in an attempt to improve the remediation process. 

Nano-materials are introduced in different studies area such 
as electric, chemical and environmental [25, 26]. Due to the 
reacting ability of nanoparticles coming from the high sur-
face area of the nanoparticles, nano-materials can produce 
extremely high improvement performance. In a recent study 
by Varanasi et al. [27], the results showed that nanoparticles 
help in the process of removal of chlorine and high PCB 
destruction efficiencies. The destruction efficiency can be 
increased during the preliminary treatment (mixing of soil 
and iron nanoparticles in water) by increasing the tempera-
ture of the water. Ultimate thermal destruction of soil-bound 
PCBs takes place at 300 °C in air. A minimum destruction 
of PCBs accomplished by this method is 95%. The zeolites 
have been extensively studied over the last 10 years because 
of attractive properties such as molecular sieving, the high 
cation exchange capacity, and affinity for heavy metals [28]. 
Natural zeolites were used in the field of the protection of 
the environment against radioactive contamination as buffer 
materials for the pollution [29]. Insulating properties of natu-
ral zeolites led to use it as lining for landfills. With the use of 
natural zeolites as a substitute for the clay liner would reduce 
the thickness of the lining and reduce the risk of leachate into 
the groundwater. Zeolite, an inorganic ion exchanger, may be 
used as a suitable technical–economical solution for water 
treatment [30]. According to Tahir, Uddin [31], the zeolite-3A 
could be utilized as a potential source for the removal of lead 
from metal electroplating industries waste before discharg-
ing into hydrosphere. The results obtained show that the lead 
can be removed quantitatively (99.9%) by using zeolite-3A. 
In the field of treatment and control of heavy metal in the 
environment, zeolite has been used extensively for the reme-
diation of hazardous heavy metal polluted soils [32]. Zeolite 
is considered as important remediation agent for restriction 
and prevents mobilization of heavy metals in soils, which 
can decrease the bioavailability of heavy metals in soils [33]. 
Moreover, zeolite has been used to clean up Zn, V, Cd, and Hg 
ions from textile fabric waste waters [34]. Also, zeolites can 
remove both hydrophilic and hydrophobic organics depending 
on their Si/Al ratio [35, 36].

This research deals with the use of zeolite to clean up a 
Malaysian residual soil. The main objective of this study is 
to evaluate the performance of zeolite for removal of DDT 
from contaminated soil.

Adsorption mechanism

Adsorption kinetics

Adsorption is one of the most widely applied technologies 
for removing pollutants from contaminated environments. 
Its kinetics is of great importance to assess the performance 
of a specific adsorbent and to understand the underlying 
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mechanisms [37]. The kinetics of adsorption describes the 
adsorbate rate of uptake on the adsorbent and it controls the 
equilibrium time [38]. Also, the kinetics describes the sol-
ute uptake rate which in turn controls the residence time of 
sorbet uptake at the solid–solution interface [39]. The kinetic 
parameters are helpful for the prediction of adsorption rate, 
which gives valuable information for designing and modeling 
the processes. Previously, several mathematical models have 
been proposed to describe adsorption data. They are applied 
to describe the kinetic process of adsorption [37, 40]. Most of 
the sorption/desorption transformation processes of various 
solid phases are time dependent. To understand the dynamic 
interactions of pollutants with solid phases and to predict their 
fate with time, knowledge of the kinetics of these processes 
is important [41]. To identify the key process controlling the 
adsorption rate, several models must check for suitability and 
consistency over a broad range of the system parameters. In 
this study, the kinetics of the adsorption data was analyzed 
using five different kinetic models: pseudo-first- and pseudo-
second-order models, intraparticle diffusion model, and 
Elovich kinetic model and Bangham equations, which are all 
extensively used in kinetic studies.

Pseudo‑first‑order model

The pseudo-first-order kinetic model is a simple kinetic 
analysis of adsorption which has been widely used to predict 
adsorption kinetics. The adsorption kinetics using pseudo-first-
order model is given in Eq. 1 [37, 42–44].

It can be rewritten as:

where qe and qt (mg/kg) are the amounts of adsorbate 
adsorbed at equilibrium time and at any time t (h), respec-
tively. The constant k1 (1/h) is the adsorption rate constant 
of pseudo-first-order reaction.

Pseudo‑second‑order kinetic model

A pseudo-second-order equation was derived based on equi-
librium adsorption capacity [45]. The adsorption kinetics 
described by the pseudo-second-order kinetic model is given 
in Eq. 3 [37, 39, 44, 46].

which can rearrange as follows:
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where qe and qt (mg/kg) were previously defined and the 
constant k2 (kg/mg h) is the adsorption rate constant of 
pseudo-second-order adsorption.

Intraparticle diffusion model

The intraparticle diffusion model refers to the theory pro-
posed by Weber and Morris [47]. According to Weber and 
Morris [47], many adsorption cases vary almost proportion-
ally with t

1

2 rather than with the contact time t. The intrapar-
ticle diffusion model proposed by Weber and Morris [47] 
provided the rate for intraparticle diffusion by a relationship 
between qt and square root of time, t

1

2 , as shown in Eq. 5 [37, 
44, 45, 48].

where k3 (mg/kg h0.5) is the intraparticle diffusion rate con-
stant and Ci is associated with the boundary layer thickness. 
If intraparticle diffusion occurs, then qt versus t

1

2 will be lin-
ear, and if the plot passes through the origin, then the rate 
limiting process is only due to the intraparticle diffusion. 
Otherwise, some other mechanism along with intraparticle 
diffusion is also involved. Previous studies showed that the 
curves following intraparticle diffusion have three various 
stages, i.e., initial very fast surface adsorption (external mass 
transfer) followed by gradual adsorption stage where the 
intraparticle diffusion is rate-controlled. Finally, a plateau 
shows equilibrium sorption where intraparticle diffusion is 
very slow due to low solute concentrations in the solution 
[39, 45].

Elovich kinetic model

Elovich kinetic model was proposed by Zeldowitsch [49]. 
This model assumes heterogeneous active sites of adsor-
bent and different activation energies for sorption of organics 
such as dye molecules. It is given by Eq. 6 as follows [37]:

Integrating Eq. 6 with boundary condition of qt = 0 at 
t = 0 and qt = t at t = t, the above equation becomes:

where α is the initial rate of adsorption (mg kg−1 min−1) and 
β is desorption rate constant for this adsorption. The values 
of α and β are obtained from the slope and intercept of linear 
trend lines of qt against ln t.

Bangham kinetic model

This kinetic equation is given by

(5)qt = k3t + Ci

(6)
dqt

dt
= �e−�qt

(7)qt =
1

�
ln (�⋅�) +

1

�
ln t
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The linear form of this model is given by

where kt is rate constant for sorption and 1
m

 measures the 
intensity of sorption. The nonlinear fitting of qt against t 
using Eq. 8 or linear plot of ln(qt) against ln(t) gives the 
values of rate constant kt and m. If the experimental data are 
represented by this equation, then the adsorption kinetics are 
limited by the pore diffusion [50].

Adsorption isotherms

Adsorption isotherms are mathematical models that describe 
the distribution of the adsorbate species among liquid and 
solid phases, based on a set of assumptions that are related 
to the heterogeneity/homogeneity of the solid surface, the 
type of coverage, and the possibility of interaction between 
the adsorbate species [41]. The equilibrium isotherms are 
important for understanding the adsorption systems. Adsorp-
tion isotherm reflects the relationship between the amount 
of a solute adsorbed at constant temperature and its con-
centration in the equilibrium solution. It provides essential 
physicochemical data for assessing the applicability of the 
adsorption process as a complete unit operation [51].

There are several isotherm equations available for analyz-
ing experimental adsorption equilibrium data. In this work, 
three adsorption isotherms, Langmuir, Freundlich, and Tem-
kin, were applied to fit the equilibrium data of adsorption of 
DDT onto zeolite.

Langmuir isotherm

Langmuir model assumes that the absorption occurs on the 
surface of a homogeneous by monolayer adsorption without 
any interaction between adsorbed ions [41]. The nonlinear 
and linear form of this isotherm is given by Eqs. 10 and 11, 
respectively.

where kl is the Langmuir constant and qmax is maximum 
adsorption capacity.
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Freundlich isotherm

The Freundlich equation is an empirical equation based on 
adsorption on a heterogeneous surface [41]. The nonlinear 
and linear form of this equation is given by:

where Ce (mg/L) is the equilibrium concentration and qe 
(mg/g) is the amount adsorbed per unit mass of the adsor-
bent. kf (L/g) is the Freundlich constant indicative of the 
relative adsorption capacity of the adsorbent. The constant 
n is the Freundlich equation exponent that represents the 
parameter characterizing quasi-Gaussian energetic hetero-
geneity of the adsorption surface. For linear adsorption, n is 
unity. When the adsorption is dominated by chemical sorp-
tion, the value of n becomes less than unity. A value of n > 1 
indicates physical sorption [52].

Temkin isotherm

In this model, it is assumed that heat of sorption of the 
molecules on the adsorbent surface reduces linearly due 
to adsorbate–adsorbate interaction. The Temkin isotherm 
equation assumes that the heat of adsorption of all the mol-
ecules in layer decreases linearly with coverage due to adsor-
bent–adsorbate interactions and that the adsorption is char-
acterized by a uniform distribution of the bonding energies, 
up to some maximum binding energy [53]. The nonlinear 
form of this model is given by

where a (L/mg) is equilibrium binding constant correspond-
ing to the maximum binding energy and b is related to the 
heat of adsorption. The isotherm constants a and b are deter-
mined from slope and intercept of straight-line plot of qe 
against log

(

Ce

)

.

Materials and methods

Materials

Soil

The soil selected for this study is residual soil in the cam-
pus University Kebangsaan Malaysia, Bangi, Selangor, 
Malaysia. The soil was cut from 0.3 to 0.6 m below the 
ground surface. In the laboratory, the soil was air-dried 
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for 20 days, then crashed using rubber pestle and sieved to 
remove roots and large particles to a particle size ≤ 2 mm, 
and then stored in polyethylene bags at room temperature.

Zeolite

The zeolite used in this study is a ferrierite zeolite with large 
particle basically. However, it has nano-pores in its physical 
structure. Thus, it can be classified as nanoparticles. In gen-
eral, the average particle size of zeolite particles is 500 nm, 
and the specific surface area is 12 m2/g. The basic zeolite 
properties are described in Table 1. The SEM image and the 
XRF result of the zeolite particle are shown in Fig. 1.

Dichlorodiphenyltrichloroethane (DDT)

DDT used in this research was 4,4′-DDT supplied 
by Sigma-Aldrich: Supelco (USA). Its formula is 
(ClC6H4)2CHCCl3. Other synonyms for 4,4′-DDT are 

1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane and 1,1-bis(4-
chlorophenyl)-2,2,2-trichloroethane. Some chemical proper-
ties of 4,4’-DDT are given in Table 2.

Solutions or reagents

n‑Hexane  n-Hexane used in this study was also pur-
chased from Sigma-Aldrich. Its molecular formula is 
CH3(CH2)4CH3. Some chemical properties of n-hexane are 
shown in Table 3.

Test procedure

Characterization tests of soil (chemical composition of soil, 
soil pH, specific gravity, liquid and plastic limits, sieve 
analysis, organic carbon content, cation exchange capacity, 
and surface area) were conducted. Sieve and hydrometer 
tests were carried out following ASTM D421 and ASTM 
D422, respectively. The pH of soil has been investigated 
according to British standard BS 1377: 1990. Moisture 
content test achieved in this study followed ASTM D2216. 
The liquid limit (LL) and plastic limit (PL) tests were car-
ried out according to British standard BS 1377: 1990 using 
cone penetrometer. The specific gravity of soil solids was 
tested according to ASTM D854 by water pycnometer. The 
soil is classified as clayey sand (SC) according to unified 

Table 1   Some typical properties of zeolite used in this study

Property Data

Average particle size (nm) 500
Surface area (m2/g) 12
Specific gravity 2.25
Cation change capacity (meq/100 g) 1.7
pH 7.88
Chemical contents (%)
SiO2 66
Al2O3 12.3
Fe2O3 5.9
CaO 3.17
Na2O 1.8
MgO 1.72
K2O 2.02

Fig. 1   Ferrierite zeolite particles: a SEM microscope photograph (plate-shaped appearance), b XRF results

Table 2   Some typical properties of 4,4′-DDT used in this study

Property Value

Purity 98.2%
Form Powder
Molecular weight 354.49
Melting point 107–110 °C(L)
Flash point 72 °C
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soil classification system (USCS). Also, organic content by 
loss on ignition was done following ASTM D2974. Table 4 
shows some properties of the soil. The cation exchange 
capacity (CEC) test had been accomplished following 
USEPA SW-846 method 9081. The method 9081 applies 
to most soils. Ten grams (10 g) of soil sample was mixed 
with an amount of sodium acetate solution, resulting in an 
exchange of the added sodium cations for the matrix cati-
ons. Subsequently, the sample was washed with isopropyl 
alcohol. An ammonium acetate solution was then added, 
which replaces the adsorbed sodium with ammonium. The 
process accomplished through series processes of shaking 
and centrifugation at the end ICP-MS then determines the 
concentration of displaced sodium.

Then, adsorption study of DDT on zeolite was conducted 
using batch adsorption test at different concentrations of 
DDT 5, 15, 30, and 50 ppm (mg/L). The quantity of zeo-
lite used was 0.1, 0.5, 0.8, and 1.2 g in percentage around 

0.833, 4.16, 6.66, and 10%, respectively. In batch adsorption 
test, a known volume of a solution of the test substance at 
a known concentrations and weight of zeolite was added to 
soil samples of known dry weight. The mixture was agi-
tated for an appropriate time. Centrifugation and filtration 
then separated the soil suspensions, and the aqueous phase 
is analyzed using gas chromatography (GC). Results then 
analyzed using five adsorption kinetic models (pseudo-first-
order kinetic model, pseudo-second-order kinetic model, 
intraparticle diffusion model, Elovich kinetic model, and 
Bangham kinetic model) and three equilibrium isotherm 
models (Freundlich, Langmuir, and Temkin). The effect of 
pH on the interaction of adsorption also investigated in this 
work at four different values of pH (3, 5, 7, and 9).

Batch adsorption test

DDT standard stock solution preparation  Initially, stock 
solutions of 100 mg/L were prepared by dissolving 100 mg 
of DDT powder in 1 L (1000 mL) n-hexane (because DDT 
does not dissolve readily in water) in 1000-mL volumetric 
flask. Then standard solutions were prepared by diluting the 
stock to 5, 15, 30, and 50 mg/L with n-hexane. These stand-
ard solutions were then analyzed using gas chromatography 
(GC) to obtain the peak area for detection of the DDT and to 
calibrate GC before analyzing samples. Stock solutions were 
used to save preparation time, conserve materials, reduce 
storage space, and improve the accuracy of lower concentra-
tion solutions. Preferably, the stock solution was prepared 
directly before the application to soil samples. The solution 
must remain closed in the dark at 4 degrees Celsius (4 °C). 
Both the stability of the test substance and its concentration 
in the solution affect the storage time of the solution.

Adsorption equilibrium time determination  All experi-
ments were done at laboratory ambient temperature. Batch 
adsorption test was carried out following the OECD Guide-
line 106 (2000). The experiment was carried out using glass 
bottles, which can fit directly in the shaking or agitating 
device, to minimize handling and transfer errors. These 
bottles were capped to avoid volatility and losses. PTFE 
(Teflon)-lined screw caps were used to minimize adsorption 
on them. Soil/solution ratio selected was 1/5. Twelve grams 
(12  g) of soil were placed in each bottle and mixed with 
various amounts of nano-zeolite. Sixty milliliters (60 mL) 
of DDT solution was added to the soil and nano-zeolite mix-
ture. Samples were shaken sequentially at 200 rpm (to keep 
the soil in suspension during shaking), over a 48-h period 
of mixing (1, 4, 10, 16, 24, 36, and 48 h). The mixture was 
shaken at constant temperature (28  °C) until adsorption 
equilibrium time was reached. After shaking, the samples 
were centrifuged in 50-mL centrifuge vials at 3000  rpm 
for 30 min. Centrifugation conditions should be capable to 

Table 3   Properties of n-hexane

Property Value

Molecular weight 86.18
Assay (%) 99.0
Density 0.66
Melting point (°) − 94.3
Boiling point (°C) 69 °C
Vapor pressure at 20 °C (hPa) 160
Explosion limits (%) lower 1 vol.–

upper 8.1 
vol.

Residue on evaporation (%) 0.001 max.
Acidity (mEq./g.) 0.0005 max.
Water (%) 0.02 max.
Flash point (°C) − 22
Sulfur compounds (%) 0.001 max.

Table 4   Some properties of soil used in this study

Property Value

Moisture content (%) 20.7
pH at 20 °C 5.14
Organic carbon content (%) 5
Cation exchange capacity (meq/100 g) 10.9
Present clay fraction (< 2 μm) 29.6
Percent of gravel (%) 0.28
Percent of sand (%) 57.92
Percent of silt (%) 12.2
Liquid limit (%) 42.3
Plastic limit (%) 24.96
Plasticity index (%) 17.34
Specific gravity 2.7
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remove particles with a diameter greater than 0.2 µm from 
aqueous solution. If the centrifugation facilities cannot guar-
antee the removal of particles larger than 0.2 μm, filtration 
with 0.2 μm filters could be used. Nylon syringe filters of 
0.2 µm porosity, sole use was used for this purpose. Special 
attention should be taken to the selection of the filter mate-
rial, to avoid losses of the test substance on it. Moreover, 
good care should be taken while filtering the samples. In all 
cases, it must be proved that no losses of the test substance 
occur during filtration.

The last step, filtered samples transferred to 1.5-mL glass 
vials (Fig. 2). Then all samples were analyzed by gas chro-
matography–electron capture detector (GC–ECD) analy-
sis. The GC used was from Agilent model 7890A. All the 
experiments were performed in triplicate. All test tubes used 
in experiments were cleaned with distilled water and rinsed 
with acetone before use.

Determination the  amount of  adsorption  The amount of 
DDT adsorbed onto zeolite surface was determined from the 
difference between the initial concentration of DDT present 
in solution and the amount remaining in the aqueous solu-
tion at the end of the experiment. The amount of adsorption 
of DDT at equilibrium (qe) or at any time (qt) was calculated 
in mg/kg from Eqs. 15 and 16 as follows:

where qt and qe are the amounts of DDT adsorbed onto zeo-
lite surface at time t and at equilibrium. Co (mg/L) is the ini-
tial concentration of DDT solution, while Ct and Ce (mg/L) 
represent the final liquid phase concentration of DDT at time 
t and at equilibrium, v is the solution volume in mL, and m 
is the soil mass in g.

Effects of testing procedures on adsorption of DDT

For checking whether there is effect for the testing proce-
dures on the adsorption process and considerably reduce 

(15)qt =
(

C0 − Ct

) v

m

(16)qe =
(

C0 − Ce

) v

m

the concentration of DDT in the solution, blank samples 
were prepared. These blank samples contained only the DDT 
solution subjected to all steps of the testing that applied to 
the study samples. It is found there is no DDT lost during 
the procedure.

Effect of pH on Adsorption of DDT

The influence of pH on the adsorption of DDT was also stud-
ied. For this purpose, A 60 mL of DDT solution with dif-
ferent concentrations (5, 15, 30, and 50 mg/L) was added to 
test vials which contain 12 g of soil, and various amounts of 
zeolite were used. The pH value of the solution was adjusted 
using ammonia solutions (NH3) with purity of 25% and ace-
tic acid (CH3COOH). Values of pH used in this study were 
3, 5, 7, and 9. The content of vials was shaken (200 rpm) for 
24 h at a constant temperature of 28 °C. The solution was 
then centrifuged and filtered to separate the zeolite and soil 
particles. The residual concentration of DDT in the solution 
was measured by gas chromatography (GC). The amount of 
DDT adsorbed onto zeolite surface was determined by the 
difference between the initial and final concentration of DDT 
in the solution using Eqs. 15 and 16.

Result and discussion

The results of the experimental study of the adsorption of 
DDT onto different zeolite at various initial concentrations 
as a function of contact time were considered for deter-
mining the necessary equilibrium time. As the adsorption 
efficiency dominated by adsorption kinetics, the kinetic 
models such as pseudo-first-order kinetic model, pseudo-
second-order kinetic model, intraparticle diffusion model, 
Elovich kinetic model, and Bangham kinetic model are com-
monly used for analysis of reaction process and mechanisms. 
These five models are widely used, assuming that maximum 
adsorption capacity occurs at equilibrium time when adsorb-
ate covers the surface. The equilibrium isotherms are also 
very important for understanding the adsorption systems. 
Adsorption isotherm reflects the relationship between the 
amount of a solute adsorbed at constant temperature and its 
concentration in the equilibrium solution. There are several 
isotherm equations available for analyzing experimental 
adsorption equilibrium data. In this work, three adsorption 
isotherms Langmuir, Freundlich, and Temkin were applied 
to fit the equilibrium data of adsorption of DDT onto zeo-
lite. Also, the effect of the pH value of the media on the 
adsorption of DDT onto zeolite at equilibrium time was also 
studied.

Fig. 2   Filtered samples in 1.5-mL glass vials before GC analysis
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Adsorption of DDT onto zeolite surface

In this study, batch adsorption test was used to evaluate the 
application of zeolite to contaminated soil to remove DDT. 
The adsorption of DDT was studied in ambient conditions, 
and the initial pH value of (DDT+ soil) solutions recorded 
was 5.0. The initial concentrations of DDT solutions were 0, 

5, 15, 30, and 50 ppm. The effect of the contact time on the 
removal of DDT is presented in Fig. 3a–e. All the experi-
ments were conducted at room temperature. The adsorption 
uptake was found to increase with an increase in contact 
time and reaching equilibrium after about 24 h shaking time. 
This considered the appropriate time for maximum adsorp-
tion of DDT from the solution where after that time no more 
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noticeable adsorption took place. At the equilibrium point, 
the amount of DDT desorbed from the liquid was in a state 
of dynamic equilibrium with the amount of DDT adsorbed 
on the zeolite. The amount of DDT adsorbed at the equilib-
rium time reflected the maximum adsorption uptake (overall 
adsorption < 30%) of the adsorbent.

Adsorption tests on the residual soil–DDT mixture are 
shown in Fig. 3a. A small limited adsorption was noted at 
all the initial concentrations of DDT, especially at 5 ppm. 
However, from Fig. 3b, for the addition of 0.1 g zeolite, 
the plot shows that the adsorption increases as shaking time 
increases up to 24 h and then no further increase in the 
adsorption amount. During this time, the adsorption uptake 
for 5, 15, 30, and 50 mg/L DDT was 3.478, 5.491, 12.48, and 
27.55 mg/kg, respectively. It was reported that the remain-
ing vacant surface sites are difficult to be occupied due to 
the formation of repulsion among DDT molecules (on the 
surface and in the bulk phase) [54]. These lead to a decrease 
in adsorption rate and exhibited by straight line after 24-h 
adsorption, reaching the steady-state condition [55].

Similar adsorption trends were observed at 0.5, 0.8, and 
1.2 g zeolite content as shown in Fig. 3c–e, respectively. 
However, the amount of adsorption increased as zeolite 
content increased. For 0.5 g zeolite content, the amount of 
adsorption was 5.491, 9.622, 18.288, and 36.526 mg/kg for 
5, 15, 30, and 50 mg/L initial concentration of DDT, respec-
tively. Further increase in zeolite content to 0.8 g increased 
the adsorption to 5.62, 15.71, 25.32, and 39.105 mg/kg 
for 5, 15, 30, and 50 mg/L initial concentration of DDT, 
respectively. Maximum adsorption occurred at 1.2 g zeolite 
content, which was 7.045, 36.526, 20.55, and 43.875 mg/
kg for 5, 15, 30, and 50 mg/L initial concentration of DDT, 
respectively.

All the results show that the percentage of absorption 
increases with the increase in zeolite dosage. Therefore, the 
maximum adsorption was observed to be at the highest level 
of zeolite due to the maximum capacity of adsorption sites. 
The maximum percentage of adsorption for the parameters 
obtained from this study is 28.20%. The study of the influ-
ence of adsorbent dose on the removal of DDT from soil 
solution has significant importance in economic terms. The 
results also show that the rate of the adsorption decreased 
with time. This is because at the beginning of the tests all 
adsorption sites are empty, and adsorbed substance is eas-
ily replaced in the empty sites. With the passage of time, 
the empty zeolite sites decreased, and the rate of adsorp-
tion decreased also. About 30% of the total adsorption hap-
pened during the first hour, and more than 50% happened 
in less than 10 h, and after 24 h, the rate of the adsorption 
was almost insignificant. Figure 3 shows that after 24 h, the 
experimental line was nearly horizontal, indicating that no 
further adsorption took place.

Accordingly, all the adsorption kinetic models and equi-
librium isotherm models in “Data fitting to model equations” 
section were studied at a contact time of 24 h to ensure equi-
librium adsorption.

Data fitting to model equations

Adsorption mechanism and kinetics

Pseudo‑first‑order model  To identify the key process con-
trolling the adsorption rate, several models were checked for 
suitability and consistency over a broad range of the system 
parameters. Figure 4 shows data fitting to pseudo-first-order 
kinetic model. The plots of ln

(

qe − qt
)

 against t at 0.1, 0.5, 
0.8, and 1.2 g zeolite content are shown in Fig. 4a–d, respec-
tively. The values of ln

(

qe − qt
)

 at 0.1, 0.5, 0.8, and 1.2 g 
zeolite content are calculated from the experimental data. 
Fitting kinetic parameters of adsorption of DDT on zeolite 
according to pseudo-first-order model (Eq.  2) at 0.1, 0.5, 
0.8, and 1.2 g zeolite content are tabulated in Table 5. From 
Fig. 4, the results show that the values of ln

(

qe − qt
)

 with 
adsorption time are far apart and the values were nonlinear. 
As noted by the results, the values in the axis of time were 
limited to 16 h; the reason is that the values of ln

(

qe − qt
)

 is 
equal to zero at time 24 h; therefore, the result will be infin-
ity or undefined.

Acceptable R2 values were noted, but there are some 
notable variances between the experimental and theoretical 
uptakes as shown in Table 5. However, pseudo-first-order 
model shows accepted data fitting. Thus, the pseudo-first-
order model can be applicable for the adsorption of DDT 
on zeolite, and the adsorption of DDT on zeolite is not first-
order reaction.

Pseudo‑second‑order kinetic model  The values of t

qt
 are 

plotted against t as shown in Fig. 5. Kinetic parameters of 
adsorption of DDT onto zeolite according to pseudo-sec-
ond-order model (Eq. 4) at 0.1, 0.5, 0.8, and 1.2 g zeolite 
content are tabulated in Table 6. Figure 5 shows that the 
experimental data are well simulated and the plots for the 
values of t

qt
 with adsorption time are linear, especially for 

high concentrations of DDT (30 and 50 ppm). The results 
show that pseudo-second-order model fits the experimen-
tal data quite well and the R2 values reached the unity 
indicating experimental and theoretical uptakes are in 
good agreement. This indicates the applicability of the 
second-order kinetic model to describe the adsorption 
process of DDT onto zeolite.

Intraparticle diffusion model  The curve-fitting plots of the 
intraparticle diffusion model of adsorption of DDT onto 
zeolite at 0.1, 0.5, 0.8, and 1.2 g zeolite content are demon-
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strated in Fig. 6. However, if intraparticle diffusion occurs, 
then qt versus t

1

2 will be linear and if the plot passes through 
the origin, then the rate limiting process is only due to the 
intraparticle diffusion. Otherwise, some other mechanism 
along with intraparticle diffusion is also involved.

The values of k3 and Ci obtained from the plots at 0.1, 
0.5, 0.8, and 1.2 g (Table 7) indicate that the intraparticle 
diffusion model is not applicable. Since the plots of qt ver-
sus t

1

2 (Fig. 6) do not pass through zero and most of values 
of the coefficient correlation (R2) are less 0.9 (Table 7), 
the intraparticle diffusion is not the rate-controlling step 
of the adsorption mechanism for the adsorption of DDT 
onto zeolite surface.

Elovich kinetic model  Figure  7 shows the curve-fitting 
plots of the Elovich kinetic model of adsorption of DDT 
onto zeolite at 0.1, 0.5, 0.8, and 1.2 g zeolite content. The 
values of � and � obtained from the plots at 0.1, 0.5, 0.8, 
and 1.2 g are demonstrated in Table 8.

The result shows that although a linear relationship 
existed, the overall line was not straight. Despite the almost 
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Fig. 4   Plots of ln(qe − qt) versus time (h) for adsorption of DDT onto 
zeolite. The solid points belong to experimental data, while the line is 
calculated from nonlinear least square regression of the data accord-

ing to pseudo-first-order rate expression (Eq.  2), a 0.1  g zeolite, b 
0.5 g zeolite, c 0.8 g zeolite, and d 1.2 g zeolite

Table 5   Fitting kinetic parameters of adsorption of DDT onto zeo-
lite according to pseudo-first-order model (Eq. 2) at 0.1, 0.5, 0.8, and 
1.2 g zeolite content

Zeolite 
content (g)

C0 (mg/L) qe,exp (mg/kg) qe,cal (mg/kg) k1 (1/h) R2

0.1 05 ppm 3.4666 2.93997 0.1151 0.9969
15 ppm 5.490925 3.94520 0.0704 0.9965
30 ppm 12.438 9.58979 0.1166 0.9608
50 ppm 27.3275 10.22974 0.1259 0.988

0.5 05 ppm 5.0041 2.98679 0.0968 0.9321
15 ppm 9.6220 6.95040 0.0926 0.9992
30 ppm 18.2875 11.45928 0.1166 0.9401
50 ppm 36.5260 15.59733 0.1336 0.9183

0.8 05 ppm 5.6200 2.45027 0.1061 0.9558
15 ppm 15.7088 11.61503 0.1073 0.9822
30 ppm 25.3200 10.69739 0.1176 0.9734
50 ppm 39.1050 11.08729 0.1042 0.9842

1.2 05 ppm 7.0450 3.51626 0.1964 0.8459
15 ppm 20.5500 13.34444 0.1562 0.9025
30 ppm 31.3560 13.77423 0.1421 0.9714
50 ppm 43.8750 10.64403 0.1106 0.981
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Fig. 5   Plots of t
qt

 versus time (h) for adsorption of DDT onto zeolite. 

The solid points belong to experimental data, while the line is calcu-
lated from nonlinear least square regression of the data according to 

pseudo-second-order rate expression (Eq. 4), a 0.1 g zeolite, b 0.5 g 
zeolite, c 0.8 g zeolite, and d 1.2 g zeolite

Table 6   Fitting kinetic 
parameters of adsorption of 
DDT onto zeolite according to 
pseudo-second-order kinetic 
model (Eq. 4) at 0.1, 0.5, 0.8, 
and 1.2 g zeolite content

Zeolite content 
(g)

C0 (mg/L) qe,exp (mg/kg) qe,cal (mg/kg) k2 (kg/mg h) R2

0.1 05 ppm 3.4666 3.82409 0.0601638 0.9946
15 ppm 5.490925 6.07533 0.0338453 0.9873
30 ppm 12.438 13.64256 0.0198922 0.9942
50 ppm 27.3275 27.93296 0.0357003 0.9992

0.5 05 ppm 5.0041 5.192108 0.0766896 0.9946
15 ppm 9.6220 10.4712042 0.024911909 0.9945
30 ppm 18.2875 18.4501845 0.027326883 0.9956
50 ppm 36.5260 37.45318352 0.022776038 0.9988

0.8 05 ppm 5.6200 5.61482313 0.15671744 0.9987
15 ppm 15.7088 17.0940171 0.016620932 0.9946
30 ppm 25.3200 25.8397933 0.032629411 0.9988
50 ppm 39.1050 39.68253968 0.029130275 0.9995

1.2 05 ppm 7.0450 7.097232079 0.155221344 0.9986
15 ppm 20.5500 21.45922747 0.024482074 0.9973
30 ppm 31.3560 31.84713376 0.030244171 0.9993
50 ppm 43.8750 44.05286344 0.037612408 0.9997
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good values of correlation coefficients (R2, Table 8), it is 
clear that a simple Elovich equation is not the best model to 
express adsorption of DDT onto the surface of the zeolite. 
Thus, the Elovich kinetic model cannot describe the kinet-
ics of adsorption of DDT onto zeolite surface.

Bangham kinetic model  Figure  8 presents the results of 
fitting experimental data to the Bangham kinetic model of 
adsorption of DDT onto zeolite at 0.1, 0.5, 0.8, and 1.2 g 
zeolite content. Table 9 lists the kinetic constants obtained 
from the Bangham equation for the plots at 0.1, 0.5, 0.8, and 
1.2 g zeolite content. If Bangham equation represents the 
experimental data, then the adsorption kinetics is limited by 
the pore diffusion [50].

The result in Table 9 shows that the value of rate con-
stant for adsorption (kt) increases with the increase in the 
initial concentration of DDT. At 1.2 g zeolite content, kt 
values were 4.88955 and 34.16152 for 5 and 50 mg/L of 
DDT initial concentration, respectively. In addition, results 
show relatively high values of correlation coefficients (R2, 
Table 9). The values of the correlation coefficients for the 
pseudo-second-order kinetic model are higher than those 
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Fig. 6   Intraparticle diffusion plots for the adsorption of DDT (Eq. 5) onto zeolite at a 0.1 g zeolite, b 0.5 g zeolite, c 0.8 g zeolite, and d 1.2 g 
zeolite

Table 7   Fitting kinetic parameters of adsorption of DDT onto zeolite 
according to intraparticle diffusion model (Eq. 5) at 0.1, 0.5, 0.8, and 
1.2 g zeolite content

Zeolite 
content (g)

C0 (mg/L) Ci k3 (kg/mg h0.5) R2

0.1 05 ppm 0.829 0.4481 0.8658
15 ppm 1.3233 0.6873 0.9143
30 ppm 4.0399 1.4319 0.8916
50 ppm 18.55 1.5046 0.8409

0.5 05 ppm 2.267 0.4438 0.8694
15 ppm 2.874 1.1327 0.901
30 ppm 8.7129 1.529 0.8272
50 ppm 23.771 2.1698 0.8588

0.8 05 ppm 3.3591 0.3681 0.8071
15 ppm 5.1125 1.8001 0.8932
30 ppm 15.964 1.5761 0.8558
50 ppm 29.001 1.6812 0.8825

1.2 05 ppm 4.8568 0.3617 0.7989
15 ppm 10.678 1.6811 0.8457
30 ppm 20.422 1.8481 0.835
50 ppm 34.2 1.6093 0.8358
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Fig. 7   Plots of qt versus ln(t) for adsorption of DDT onto zeolite. 
The solid points belong to experimental data, while the line is calcu-
lated from nonlinear least square regression of the data according to 

Elovich kinetic model (Eq. 7), a 0.1 g zeolite, b 0.5 g zeolite, c 0.8 g 
zeolite, and d 1.2 g zeolite

Table 8   Fitting kinetic 
parameters of adsorption of 
DDT onto zeolite according to 
Elovich kinetic model (Eq. 7) at 
0.1, 0.5, 0.8, and 1.2 g zeolite 
content

Zeolite 
content (g)

C0 (mg/L) β α (mg kg−1 min−15) qe,exp (mg/kg) qe,cal (mg/kg) R2

0.1 05 ppm 1.3618 2.2658 3.4666 3.1611 0.9525
15 ppm 0.9181 3.9810 5.4909 4.8732 0.9405
30 ppm 0.4364 14.136 12.438 11.4523 0.9353
50 ppm 0.4061 4612.8 27.328 26.379 0.9224

0.5 05 ppm 1.4263 19.441 5.0041 4.5575 0.8888
15 ppm 0.5472 9.1338 9.6220 8.7484 0.9606
30 ppm 0.4031 85.015 18.288 16.6524 0.8921
50 ppm 0.2814 2851.5 36.526 35.0634 0.9438

0.8 05 ppm 1.6197 134.33 5.6200 5.2853 0.93
15 ppm 0.34446 17.528 15.7088 14.446 0.9517
30 ppm 0.384 1169.5 25.3200 24.1832 0.9573
50 ppm 0.3698 128628 39.1050 37.713 0.9351

1.2 05 ppm 1.673 1973.1 7.0450 6.7432 0.8937
15 ppm 0.3690 144.93 20.5500 19.3946 0.9
30 ppm 0.3254 2276.6 31.3560 30.073 0.9457
50 ppm 0.37056 812,736 43.8750 42.6203 0.9627
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Fig. 8   Plots of ln(qt) versus ln(t) for adsorption of DDT onto zeolite. 
The solid points belong to experimental data, while the line is cal-
culated from nonlinear least square regression of the data according 

to Bangham kinetic model (Eq. 9), a 0.1 g zeolite, b 0.5 g zeolite, c 
0.8 g zeolite, and d 1.2 g zeolite

Table 9   Fitting kinetic 
parameters of adsorption of 
DDT onto zeolite according to 
Bangham kinetic model (Eq. 9) 
at 0.1, 0.5, 0.8, and 1.2 g zeolite 
content

Zeolite con-
tent (g)

C0 (mg/L) kt m qe,exp (mg/kg) qe,cal (mg/kg) R2

0.1 05 ppm 0.98137 2.745 3.4666 3.12364 0.9536
15 ppm 1.706 3.076 5.4909 4.79314 0.9751
30 ppm 4.6974 3.6206 12.438 11.3 0.9525
50 ppm 18.771 9.3985 27.328 26.323 0.9252

0.5 05 ppm 2.465 5.2576 5.0041 4.512 0.9094
15 ppm 3.34076 3.3389 9.6220 8.6540 0.9738
30 ppm 9.155 5.3792 18.288 16.5287 0.9119
50 ppm 24.11 8.5324 36.526 34.9902 0.9525

0.8 05 ppm 3.3754 7.1225 5.6200 5.2735 0.9332
15 ppm 5.848 3.5574 15.7088 14.2884 0.9676
30 ppm 16.14645 7.9114 25.3200 24.1288 0.962
50 ppm 29.3355 12.723 39.1050 37.6599 0.9411

1.2 05 ppm 4.88955 9.9502 7.0450 6.7294 0.9083
15 ppm 11.1920 5.8514 20.5500 19.2658 0.9113
30 ppm 20.5632 8.40336 31.3560 30.015 0.9498
50 ppm 34.16152 14.3885 43.8750 42.6051 0.9614
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obtained for Bangham model. This result still confirmed that 
the pore diffusion is not the only rate-controlling step.

Adsorption isotherms

The equilibrium isotherms are very important for under-
standing the adsorption systems. As shown in Fig. 9, the 
adsorption isotherms at various concentrations of DDT 
are nonlinear. Figure 9 illustrates that adsorption of DDT 
increase when the amount of zeolite increased. In addition, 
the results show that at Ce higher than 10 mg/L and for 
higher zeolite content (0.8 and 1.2), the plot can be approxi-
mated by a linear or a straight-line graph. This means that 
adsorption is directly proportional to the amount of DDT 
available at high concentrations of DDT and zeolite content.

Langmuir isotherm  Figure 10 shows experimental data fit-
ted for DDT on zeolite in linearized Langmuir model. Val-

ues of kl and qmax are 0.04432 and 20.79 at 0.1 g of zeolite, 
while kl and qmax become 0.02127 and 100 at 1.2 g of zeolite, 
respectively. kl is the Langmuir constant and qmax is maxi-
mum adsorption capacity, which is related to the amount of 
adsorbate adsorbed at monolayer coverage. Determination 
coefficient (R2) of values between 0.8764 and 0.9969 given 
in Table 10 indicates almost good correlation coefficient for 
Langmuir isotherm [56]. The means that the Langmuir iso-
therm fits well the adsorption data and may be can applica-
ble for adsorption of DDT on zeolite but still not the best 
model which can express the adsorption reaction between 
DDT and zeolite due to low correlation coefficient (R2) at 
0.1 g zeolite content.

Freundlich isotherm  Figure 11 shows experimental data fit-
ted for DDT on zeolite in linearized Freundlich isotherm 
model. Table 10 lists Freundlich isotherm parameters for the 
plots at 0.1, 0.5, 0.8, and 1.2 g zeolite content. As observed, 
the value of kf increases with increasing amount of zeolite. 
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Table 10   Langmuir, Freundlich, and Temkin parameters of adsorp-
tion isotherms of DDT onto zeolite (according to Eqs. 11, 13, and 14)

Model Parameters Zeolite content

0.1 0.5 0.8 1.2

Langmuir kl 0.04432 0.03907 0.01736 0.02127
qmax 20.79 36.10 89.285 100
R2 0.8764 0.9538 0.9993 0.9969

Freundlich Kf 0.8179 1.4462 1.9717 2.9686
n 1.168 1.2335 1.245 1.3443
R2 0.9016 0.9554 0.9948 0.98

Temkin a − 13.414 − 15.5 − 14.639 − 13.001
b 9.159 11.966 13.377 14.67
R2 0.7246 0.7825 0.9426 0.9815
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Fig. 11   Freundlich Isotherm model for the adsorption of DDT on 
zeolite
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kf is Freundlich constant indicative of the relative adsorp-
tion capacity of the adsorbent. The result in Table 10 shows 
that the value of n is greater than 1 and also increases with 
the increasing amount of zeolite. The constant n is the Fre-
undlich equation exponent that represents the parameter 
characterizing quasi-Gaussian energetic heterogeneity of 
the adsorption surface. It is generally stated that values of n 
in the range 2–10 represent good, 1–2 moderately difficult, 
and less than 1 poor adsorption characteristics [57]. Thus, 
a moderate adsorption characteristic occurred for DDT on 
zeolite. At 1.2 g zeolite content, the kf parameter is 2.9686 
and correlation coefficient, R2 is 0.98, which indicates a 
good adsorption.

Temkin isotherm  Temkin isotherm model experimental 
data fitted for DDT on zeolite are shown in Fig. 12. Also, 

Table 10 lists Temkin isotherm parameters for the plots at 
0.1, 0.5, 0.8, and 1.2 g zeolite content. The Temkin isotherm 
model contains a factor that explicitly considers the adsor-
bent–adsorbate interactions. The results listed in Table 10 
show negative values for equilibrium binding constant ( a ) 
and values for correlation coefficient (R2) far apart from 
unity at low amounts of zeolite, which indicates a weak 
interaction between adsorbate and adsorbent for the present 
model. Despite the high values for correlation coefficient 
(R2) at high zeolite content, R2 is 0.9815 at 1.2 g, and the 
Temkin isotherm model is not very applicable to express the 
adsorption of DDT onto zeolite surface.

Models comparison

To understand the adsorption systems and check for suit-
ability and consistency over a broad range of the system 
parameters, several kinetic models and adsorption isotherm 
models have been used. Five kinetic models and three 
adsorption isotherm equations are used in this study to ana-
lyze the adsorption experimental data. However, Table 11 
shows a comparison between the five kinetic models at 
different contents of zeolite. The results showed that the 
highest correlation coefficient (R2) values were noted for 
pseudo-second-order and Bangham kinetic models. The 
correlation coefficient R2 is closest to 1 for pseudo-second-
order model which indicates that the pseudo-second-order 
model is most suitable for describing the adsorption kinetics 
of DDT on the zeolite. In general, R2 varies in the order: 
pseudo-second-order  >  Bangham  >  pseudo-first-order 
model > Elovich > intraparticle diffusion model.
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Fig. 12   Temkin Isotherm model for the adsorption of DDT on zeolite

Table 11   Correlation coefficient 
models comparison

Zeolite 
content (g)

C0 
(mg/L)

R2

Pseudo-first-order Pseudo-sec-
ond-order

Intraparticle 
diffusion

Elovich kinetic Bangham kinetic

0.1 05 ppm 0.9969 0.9946 0.8658 0.9525 0.9536
15 ppm 0.9965 0.9873 0.9143 0.9405 0.9751
30 ppm 0.9608 0.9942 0.8916 0.9353 0.9525
50 ppm 0.988 0.9992 0.8409 0.9224 0.9252

0.5 05 ppm 0.9321 0.9946 0.8694 0.8888 0.9094
15 ppm 0.9992 0.9945 0.901 0.9606 0.9738
30 ppm 0.9401 0.9956 0.8272 0.8921 0.9119
50 ppm 0.9183 0.9988 0.8588 0.9438 0.9525

0.8 05 ppm 0.9558 0.9987 0.8071 0.93 0.9332
15 ppm 0.9822 0.9946 0.8932 0.9517 0.9676
30 ppm 0.9734 0.9988 0.8558 0.9573 0.962
50 ppm 0.9842 0.9995 0.8825 0.9351 0.9411

1.2 05 ppm 0.8459 0.9986 0.7989 0.8937 0.9083
15 ppm 0.9025 0.9973 0.8457 0.9 0.9113
30 ppm 0.9714 0.9993 0.835 0.9457 0.9498
50 ppm 0.981 0.9997 0.8358 0.9627 0.9614
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For the isotherm models (Table 10), the results of R2 
show that Freundlich isotherm model fits experimental data 
better than Langmuir model at 0.1 and 0.5 g zeolite content, 
but Langmuir fits better at 0.8 and 1.2 g zeolite content. The 
comparison table shows high correlation coefficient (R2) for 
Temkin model at high zeolite content (at 0.8 and 1.2, R2 
values were 0.9426 and 0.9815, respectively), but the values 
were relatively low at lower amounts of zeolite (at 0.1 and 
0.5, R2 values were 0.7246 and 0.7825, respectively). Thus, 
the Langmuir and Freundlich isotherms are more suitable 
than Temkin to describe the adsorption equilibrium of DDT 
onto zeolite.

Effect of solution pH

The influence of pH on adsorption is complex and poten-
tially could have a significant effect on the results of 
experiments. The variation in pH can result in a change in 
chemical speciation, consequently altering their adsorption 
characteristics [58]. In this research, the effect of pH on 
the adsorption of DDT from the contaminated soil onto 

zeolite surface was investigated. The adsorption of DDT 
was significantly influenced by the pH values of the solu-
tion, which affects the surface charge of adsorbent and the 
degree of ionization as well as the speciation of solute. 
Therefore, the adsorption pattern of DDT on zeolite was 
studied at a variety of solution pH values from 3 to 9. 
Figure 13 and Table 12 show the adsorption of DDT, qe 
(mg/kg), onto zeolite versus the solution pH at the initial 
concentrations (05–50 mg/L) after 24 h shaking time.

As illustrated in Fig. 13, the amount of DDT uptake on 
the zeolite surface was found to decrease with increasing 
pH of the solution for all initial concentration and for all 
zeolite contents, where the maximum uptake was noted at 
pH 3. The adsorption was highest for the solution of pH 5 
and continuously until pH 9 where the poorest adsorption 
achieved. The highest rate of adsorption achieved at pH 
3 was 30.68% at 1.2 g zeolite content, while it decreases 
until it reaches 2% at some samples for 0.1 g of zeolite.

In general, increases in pH lead to increased ionization, 
solubility, and hydrophilicity, and thus decreased adsorp-
tion of natural organic matter, resorcinol, and herbicides 
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[58]. In other words, the removal efficiency of DDT 
increases in acidic solution due to the natural decompo-
sition at lower pH [59]. Therefore, the analysis carried 
out in this study demonstrated that increasing pH value 
resulted in diminishing adsorption capacity. Therefore, the 
result of remediation soil–DDT with different pH shows 
the importance of working in the acid medium. Poursaberi 
et al. [60] compared the removal efficiencies of DDT by 
nanoscale zero-valent iron (NZVI), for pH 9 and pH 2. 
The results showed 99.2% removal of DDT after a treat-
ment time of 240 min for pH 2, while for pH 9 it had 26% 
removal efficiency. However, Gholikandi et al. [30] found 
that the removal efficiency of heavy metals by natural zeo-
lite increased as pH value decreased in the water sample.

Conclusions

In this work, batch adsorption test was conducted at differ-
ent initial concentrations of DDT (5, 15, 30 and 50 mg/L) 
and with 0.1, 0.5, 0.8, and 1.2  g zeolite content. The 
adsorption models were examined by five different kinetic 
models (the pseudo-first-order kinetic model, the pseudo-
second-order kinetic model, intraparticle diffusion model, 
Elovich kinetic model, and Bangham kinetic model) and 
three equilibrium isotherm models (Freundlich, Lang-
muir, and Temkin). The effect of pH on the interaction 
of adsorption was also investigated in this work at four 

different values of pH (3, 5, 7, and 9). From the results of 
this study, the following conclusions can be drawn:

1.	 The zeolite has a moderate adsorption capacity for the 
DDT. The highest adsorption capacity obtained from 
the adsorption of the DDT on to the zeolite surface was 
about 28.20%. Also, the result shows that DDT concen-
tration in soil samples decreases significantly with the 
increase in the amount of the zeolite, and the maximum 
adsorption was conducted at 1.2 g zeolite.

2.	 In the application of adsorption kinetics, the compari-
son of R2 values indicates that all five kinetics fitted the 
experimental data well. The result also shows the best 
agreement model with experimental data is the pseudo-
second-order model.

3.	 The comparison of R2 values indicates that both Lang-
muir and Freundlich isotherm models fit experimental 
data better than Temkin isotherm equations where the 
determination correlation coefficients (R2) of Temkin 
equations are relatively low, and correlation coefficients 
(R2) of Langmuir and Freundlich equations are much 
higher. Thus, the Langmuir and Freundlich isotherms 
are both suitable equations to describe the adsorption 
equilibrium of DDT onto zeolite.

4.	 The effectiveness of treatment process can highly affect 
the value of pH. Results show that the increase in pH 
has a negative effect on the adsorption process, and the 
amount of DDT uptake on the zeolite surface was found 
to decrease with increasing pH of the solution for all 
initial concentration at all zeolite content. However, 
acidic media have a significant effect on the adsorption 
interaction, and the maximum uptake of DDT was noted 
at pH 3. Therefore, the result of remediation soil–DDT 
with different pH shows the importance of working in 
the acid medium.
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