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ABSTRACT

Natural zeolites (NZ), zeolites modified with hexadecyl trimethylammonium bromide
(CTMZ), and zeolites modified with hexadecyl trimethyl ammonium bromide/sodium
dodecyl sulfate (CSMZ) were prepared and used for the adsorption of phthalate esters
(PAEs). The adsorbents were characterized using scanning election microscopy, X-ray
diffraction, Fourier transform infrared spectroscopy, and thermogravimetric, Brunauer—
Emmett-Teller, and organic carbon analyses. Adsorption characteristics, such as kinetics,
isotherms, thermodynamics, and renewability, were also evaluated. The amount of PAEs
adsorbed followed the order of CSMZ > CTMZ > NZ at all adsorption times. The kinetic
data were fitted into three kinetic models, namely, pseudo-first-order, pseudo-second-order,
and intra-particle diffusion. The pseudo-second-order model was the most suitable in
describing the experimental process. The adsorption isotherms were also correlated using
four different models. The equilibrium adsorption data of PAEs fitted better with the linear
isotherm model for CTMZ and CSMZ and with the non-linear isotherm model for NZ.
Hence, partition primarily contributes to PAEs adsorption onto CTMZ and CSMZ. PAEs
adsorption onto NZ, CTMZ, and CSMZ was spontaneous and exothermic in nature, and
was not affected by pH. The regeneration experiment results showed that CTMZ and CSMZ
are potential adsorbents because of their low cost and reusability.
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1. Introduction

Environmental pollution by phthalate esters (PAEs)
is an important issue in worldwide environmental
chemistry. PAEs affect endocrine, respiratory, and
reproductive functions and cause developmental toxi-
city [1]. PAEs are synthetic compounds added as
plasticizer to improve the flexibility, transparency,

*Corresponding author.

durability, and longevity of plastics in the cosmetic,
ceramic, paper, and paint industries [2]. As PAEs exist
in a freely mobile and leachable phase, instead of being
chemically bound to the matrix of plastic or other
products, they can evaporate, leach, or migrate into the
environment. PAEs have been detected within the
range of ng/L-mg/L in the effluents of wastewater
treatment plants, surface water bodies, and drinking
water. PAEs concentrations in wastewater from chemi-
cal plants or nearby rivers and plasticizer factories
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have reached 100 mg/L [3]. PAEs have been classified
as a priority pollutant and an endocrine-disrupting
compound by the European Environment Agency and
US Environmental Protection Agency because of its
large production and extensive distribution [4].

PAEs can be biodegraded or mineralized, with
half-lives ranging from 1d to several months,
depending on the length and structure of side chains
[5,6]. PAEs are difficult to remove from aquatic
media, and only a part can be recovered through
typical wastewater treatment systems. Researchers
also believe that PAEs cannot be eliminated from
sewage through municipal wastewater treatment
facilities. Al-Odaini et al. [7-9] employed various
processes, including ultrafiltration [10-13], nanofiltra-
tion [14], reverse osmosis [15,16], and adsorption
[16], to effectively remove PAEs from aqueous
media. Of these processes, adsorption can effectively
remove organic matter from waste effluents. As a
popular adsorbent, activated carbon is used to
remove contaminants from water [17,18], but is
associated with high cost and regeneration difficulty
[19]. Zeolites are applied as an alternative adsorbent
to activated carbon because of their renewability, low
cost, local availability, and effectiveness [20]. Natural
zeolites (NZ) are highly porous hydrated alumina
silicate materials with a framework formed by
tetrahedra of SiO; and AlO,; and contain water
molecules, alkali, and alkaline earth metals [21]. As a
natural adsorbent with a porous structure, zeolites
exhibit high ion-exchange capacity and specific
surface areas. Given that some organic compounds
exhibit limited adsorption capacity on zeolites, sev-
eral studies have modified zeolites by using cationic
surfactants. The exchangeable cations on the external
surface of zeolite are readily exchanged with the
positive head groups of the cationic surfactants to
form surfactant monolayers. Under suitable condi-
tions, the anionic-cationic surfactants form bilayers
on the external surface of zeolite, in which the upper
layer is bound to the lower layer through hydropho-
bic interaction.

This investigation evaluated contact time,
temperature, and solution pH to determine the
possible environmental factors that affect the

interaction between PAEs and adsorbents. The follow-
ing adsorbents were prepared: NZ; zeolites modified
with  hexadecyl trimethyl ammonium bromide
(CTMAB), named CTMZ; and zeolites modified with
CTMAB/sodium dodecyl sulfate (SDS), named CSMZ.
Experimental results were analyzed with kinetic and
isotherm models. This research would provide useful
information about PAEs removal through adsorption
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to decrease the exposure concentration of PAEs in the
environment.

NZ, CTMZ, and CSMZ were prepared and used as
adsorbents to remove PAEs from aqueous solution.
These adsorbents were characterized using X-ray
diffraction (XRD), organic carbon analysis, thermo-
gravimetric analysis (TGA), Fourier transform infrared
(FT-IR) spectroscopy, Brunauer-Emmett-Teller (BET)
analysis, and scanning election microscopy (SEM).
PAEs adsorption efficiencies were compared among
NZ, CTMZ, and CSMZ. The effects of experimental
parameters, namely, contact time, temperature, and
solution pH, were also investigated. Experimental
results were analyzed using kinetic and isotherm
models, and thermodynamic parameters, such as
changes in Gibbs free energy, enthalpy, and entropy
were calculated. The reproducibility of NZ, CTMZ,
and CSMZ was further evaluated.

2. Experimental
2.1. Materials

NZ was obtained from a mineral deposit in Jinyun
County, Zhejiang Province, China. NZ was crushed
and sieved to obtain a particle size smaller than
0.075 mm. The chemical composition of NZ is as fol-
lows (in mass): 69.48% SiO,, 12.0% AlLLO; 0.87%
Fe,O3, 1.33% KyO, 023% MgO, 2.59% CaO, 2.59%
Na,O, and 10.91% others.

Two representative types of PAEs, namely,
dimethyl phthalate (DMP) and bis (2-ethylhexyl)
phthalate (DEHP), were selected based on polarity
and molecular size. DMP and DHEP were purchased
from National Standard Substance Center, with log -
Kow values of 1.6 and 7.6, respectively, and molecular
sizes of 194 and 390, respectively. CTMAB and SDS
were of analytical reagent grade and purchased from
Sinopharm Chemical Reagent Co Ltd, China.

2.2. Preparation of CTMZ and CSMZ

CTMZ was prepared by mixing 20.0 g of NZ and
1.0 g of CTMAB in 100 mL of Milli-Q water on a sha-
ker equipped with a thermostat at 30°C for 2 h. The
mixture was centrifuged, and the supernatants were
discarded. The precipitate was rinsed using Milli-Q
water several times (until the surfactant cannot be
detected), heated at 100°C, and then placed in a dryer.

CSMZ was prepared by mixing 20.0g of NZ,
0.655 g of CTMAB, and 0.345 g of SDS in 100 mL of
Milli-Q water on a shaker equipped with a thermostat
at 30°C for 2 h. The mixture was centrifuged, and the
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supernatants were discarded. The precipitate was
rinsed using Milli-Q water several times (until
surfactants cannot be detected), heated at 100°C, and
then placed in a dryer.

2.3. Characterization

Organic carbon was analyzed in the three absor-
bents through potassium dichromate oxidation and
titration with ferrous sulfate. FT-IR spectra of the sam-
ples were obtained using an FT-IR spectrometer (Nico-
let AVATAR 370, Thermo Nicolet Co., USA). XRD
patterns were obtained using an X-ray diffractometer
(Rigaku D/MAX2200PC Rigaku Inc., Japan). TGA
curves of solid samples were conducted using a TGA
(DSC 141, SETARAM Inc., France) and heated from 50
to 600°C. BET analysis was performed using an
advanced Nova system (ASAP 2010, Micromeritics
Inc., USA) with liquid N, at 196°C. SEM analysis was
performed using a scanner (VEGA II, TESCAN Inc.,
Czechia).

2.4. Adsorption experiments

PAEs (DMP and DHEP) were removed from the
solutions through adsorption using NZ, CTMZ, or
CSMZ in a batch system. Adsorption experiments
were conducted using different adsorbent amounts,
temperatures, and initial solution pH. For all batch
experiments, the mixture of PAEs solution and adsor-
bent was placed on a shaker equipped with a ther-
mostat at 180 rpm and at a specified temperature for
24 h. The desired pH of the solution was maintained
by adding 0.1 mol/L HCI or NaOH. Residual PAEs
concentration was determined by high-performance
liquid chromatography (SHIMADZU LC-20A, Shi-
madzu, Japan). Isotherm studies were conducted by
varying the temperature from 10 to 35°C. The equilib-
rium of adsorption was evaluated with the following
isotherm models: linear, Langmuir, Freundlich, and
adsorption—partitioning model. All experiments were
performed in duplicate.

2.5. Regeneration of saturated zeolites

Reuse and recovery of spent adsorbents are impor-
tant in wastewater treatment. Regeneration experi-
ments were designed using the desorption behavior to
regenerate saturated adsorbents in NaCl solution
under neutral pH for 3 h. The zeolites were then
washed with Milli-Q water and used repeatedly after
being dried.
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3. Results and discussion
3.1. Properties of natural and modified zeolites

Table 1 shows the surface area and average pore
diameter distributions (inset) of NZ, CTMZ, and
CSMZ. The International Union of Pure and Applied
Chemistry classifies pores based on diameter (d) into
three categories: micropores (d <2 nm), mesopores
(2nm <d <50nm), and macropores (d > 50 nm).
Based on this classification, the pore diameter distribu-
tion of NZ, CIMZ, and CSMZ was mesoporous,
which is similar to the findings of Lin and Zhan [22],
who characterized surfactant-modified zeolites. The
surface areas and pore diameter of the zeolites
decreased when modified with the cationic surfactants
CTMAB and SDS. This phenomenon could be due to
the obstruction of the main pore channels of CTMZ
and CSMZ by surfactant molecules, thereby impeding
the diffusion of N, throughout the channels [23].

The results of organic carbon analysis of various
absorbents showed that CTMZ and CSMZ contain
organic carbon (Table 2).

The morphology of the samples is shown in Fig. 1.
The images showed that the surface morphology dif-
fered among NZ, CTMZ, and CSMZ. NZ was charac-
terized by aggregated morphology, massiveness, and
large flakes. After modification, the surface of CTMZ
and CSMZ showed white flakes with severely crum-
pled structures. The morphological changes in the
samples were attributed to the coverage of the surfac-
tant on CTMZ and CSMZ, thus confirming the com-
bination of NZ and the surfactant.

The XRD patterns of NZ, CTMZ, and CSMZ are
shown in Fig. 2. The five main peaks in the 26 region

Table 1
BET of NZ, CTMZ, and CSMZ

Average pore size(nm) Surface area (m?/g)

NZ 22.43 41.5

CTMZ 18.18 24.1

CSMZ 11.03 20.0

Table 2

Organic carbon contents of NZ, CTMZ, and CSMZ
Organic carbon (%) Multiple

NZ 0.136 1

CTMZ 0.370 2.7

CSMZ 0.955 7.0
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Fig. 1. SEM images of NZ, CTMZ, and CSMZ.

(9.828°, 22.392°, 26.440°, 26.640°, and 28.016°) are the
characteristic of mordenite according to the Joint Com-
mittee on Powder Diffraction Standard (JCPDS) data.
The main peaks correspond to SiO, and ALLO; (JCPDS
89-1666 and 88-0826). The low relative intensities of
the peaks at 26 (18°, 19°, and 21°) in CTMZ and CSMZ
were the consequence of surface modification by the

surfactant and correspond to Br, thereby confirming
that CTMAB was incorporated into the zeolite. In con-
clusion, the diffraction peaks of NZ, CTMZ, and
CSMZ are similar, which indicates that their internal
structure is uniform.

The FTIR spectra of NZ, CTMZ and CSMZ are
shown in Fig. 3. The FTIR spectra of NZ showed
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Fig. 2. XRD spectra of NZ, CTMZ, and CSMZ.
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Fig. 3. IR spectra of NZ, CTMZ, and CSMZ.

similar characteristics to that reported by Elaiopoulos
et al. [24]. Compared with pure NZ, the new specific
bands in the FTIR spectra of CTMZ and CSMZ at
2,800-2,900 and 1,400-1470 cm™! correspond to the
stretching and deformation vibrations in the —CH,
groups of CTMAB. This finding confirmed that the

cationic surfactant was adsorbed onto the NZ surface
through surface modification. Meanwhile, the bands
in the FTIR spectra of CSMZ within the range of
2,850-2,921 and 1,219-1,259 cm ™}, which correspond to
the aliphatic and the sulfate groups of SDS, respec-
tively, was not obvious because of the aggregation
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Fig. 4. TG and DTA curves of NZ, CTMZ, and CSMZ.

behaviors of the anionic—cationic surfactant composite
[25].

The differences in the relative intensities in the
XRD patterns and FTIR spectra between CTMZ and
CSMZ could be due to the admixture of CTMAB and
SDS.

The thermal stability of NZ, CTMZ, and CSMZ at
increased temperatures was determined through TGA
[26]. The TGA curves of NZ, CTMZ, and CSMZ,
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which presented several mass loss steps, are shown
in Fig. 4. The mass loss at temperatures lower than
200°C is attributed to the unbound and physically
adsorbed water [23], whereas the mass loss between
200 and 600°C is attributed to the decomposition of
organic molecules. The weight loss was similar
among NZ, CTMZ, and CSMZ at temperatures lower
than 193°C but significantly differed between 200 and
600°C. The weight loss of NZ at temperatures
between 190 and 600°C is mainly attributed to the
decomposition of organic molecules, and the total
weight loss was approximately 3.5%. The weight loss
of CTMZ at temperatures between 190 and 600°C is
mainly attributed to the decomposition of CTMAB,
and the total weight loss was found to be about 6%.
The weight loss of CSMZ at temperatures between
190 and 600°C is mainly attributed to the decomposi-
tion of CTMAB and SDS, and the total weight loss
was approximately 4.5%. The weight loss between
200 and 600°C was higher in CTMZ and CSMZ than
that in NZ, thus confirming that the cationic surfac-
tant entered into the pores of the zeolite, or was
adsorbed on the surface through surface modifica-
tion. The weight loss between 200 and 600°C was
also higher in CTMZ than that in CSMZ, which indi-
cated that the anionic—cationic modification differs
from simple cationic modification.

Jidi=
1.0
0.9 -
0.8
0.7 4
an 0.6 m DMP onNZ
£ o5 ] 0 DEHP on NZ
al’j ] e DMP onCTMZ
< 0.4 O DEHP on CTMZ
- 1 A DMP onCSMZ
o /A DEHP on CSMZ
0.2 4 ——— Pseudo-second-order
0.1 4
0.0 I T '[ T I T I T I T I T '[ T I T I
0 200 400 600 800 1000 1200 1400 1600
time (min)

Fig. 5. Effect of agitation time on adsorption of PAEs on NZ, CTMZ, and CSMZ.
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3.2. Adsorption kinetics

Adsorption experiments of PAEs were performed
at 30°C under a pH of 6.36 for up to 20 h. The kinetics
of PAEs adsorption onto NZ, CTMZ, and CSMZ are
shown in Fig. 5 and Table 3. The kinetics of PAEs
adsorption presented a two-step process. PAEs
adsorption mostly occurred within 40 min of contact
time. The rapid adsorption in the first stage was due
to the availability of the cationic-charged surface of
the adsorbent and the effect of surface absorption.
The second stage was attributed to the slow adsorp-
tion period; the remaining vacant surface sites were

Table 3
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difficult to occupy because of the repulsive forces
between adsorbate molecules in the aqueous solution
and those on the adsorbent surface [27]. The adsorp-
tion kinetics almost reached equilibrium within
150 min. The adsorption rate of DEHP was higher
than that of DMP. Liu et al. [1] reported that
adsorption rate was closely related to the straight car-
bon chain length and followed the order of
DMP < DEP < DiBP < DBP < DEHP. From Table 1, we
can presume that the surface area and average pore
diameter distributions of the adsorbents did not
remarkably affect adsorption. NZ, which has high sur-

Fitting of the kinetic parameters of PAEs adsorption on NZ, CTMZ, and CSMZ

Pseudo-second-order

Intra-particle diffusion

Pseudo-first-order model model model
Ge ky R? ky R? Kiq G R?
DMP NZ 0.729 0.027 0.923 0.769 0.055 0.965 0.015 0.333 0.6555
CTMZ 0.807 0.038 0.979 0.851 0.068 0.981 0.015 0.419 0.5302
CSMZ 0.784 0.037 0.981 0.828 0.067 0.984 0.015 0.405 0.4906
DEHP NZ 0.809 0.024 0.884 0.867 0.037 0.942 0.019 0.305 0.4740
CTMZ 0.924 0.058 0914 0.971 0.090 0.974 0.014 0.561 0.3328
CSMZ 0.992 0.019 0.959 1.067 0.025 0.990 0.024 0.332 0.6030
1.1
1.0 4
0.9 -
0.8 -
0.7 4
sn 0.6 5 B DMP onNZ
£ el O DEHP on NZ
%‘j =] e DMP onCTMZ
%0 ol O DEHP on CTMZ
- 1 A DMP onCSMZ
= A DEHP on CSMZ
0.2 - Pseudo-second-order
0.1 5
0.0 1— . . :

T * T ¥ T

20 30 40

time”” (rrlin)o'5

Fig. 6. Intra-particle diffusion plots for adsorption of PAEs on NZ, CTMZ, and CSMZ.
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Fig. 7. Adsorption isotherm plots of PAEs on NZ, CTMZ,
and CSMZ.

face area and pore diameter, exhibited a lower
adsorption rate than CTMZ and CSMZ, which present
low surface area and pore diameter.

Table 4
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The kinetic parameters of PAEs adsorption onto
NZ, CTMZ, and CSMZ are shown in Table 3. The
kinetic rates of PAEs followed the pseudo-
second-order model for the entire adsorption
period, with an R*® value of 0.94-0.98. Hence, we
can infer that the rate-limiting step is the
chemisorption stage.

The plots of g, vs. t*° for the adsorption of PAEs
onto NZ, CTMZ, and CSMZ are shown in Fig. 6. The
adsorption process was controlled by three different
stages: (1) rapid external surface adsorption, (2) diffu-
sion into the adsorbent particles through the interlayer
space, and (3) final equilibrium stage [28]. These
stages indicate that the external mass transfer (bound-
ary layer diffusion) and intra-particle diffusion
simultaneously occur during the gradual adsorption
stage.

3.3. Adsorption isotherms

The adsorption isotherms of PAEs onto NZ,
CTMZ, and CSMZ at pH 6.36 and 30°C are shown in
Fig. 7. The adsorption capacities for PAEs increased
with increasing PAEs concentration until equilibrium
was reached. The adsorption capacity for the same
PAEs followed the order of CSMZ > CTMZ > NZ. The
amount of PAEs adsorbed on CSMZ was higher than
that on CTMZ, and the amounts adsorbed on both
CSMZ and CTMZ were higher than those on NZ at all
adsorption times. Thus, CTMZ and CSMZ are promis-
ing adsorbents for removing PAEs.

Linear, Langmuir, Freundlich, and adsorption—
partitioning models were used to describe the
experimental results and elucidate the adsorption
mechanism. The linear isotherm model describes
adsorbate partition in a solution and the adsorbent
surface to evaluate the sorption behavior [29,30]. The
Freundlich isotherm model describes the non-ideal

Linear, Langmuir, Freundlich, and adsorption-partition isotherms of PAEs on NZ, CTMZ, and CSMZ

Langmuir Freundlich Linear Adsorption-partition
C_ 1 .¢C
Eq e KLQM QM Je = K]: . CZ Je = KL . Ce + b Je = King =+ KpCe
R® K Ou R K n R® K b R K K, n
NZ 093 0.01 3.32 0.80 0.28 265 057 0003 0.75 098 0.170 -0.118  0.949
DMP CITMzZ 099 0.001 117 098 0.048 142 095 0.008 —0.03 099 -0.145 0.148 0.995
CSMZ 099 0.001 1236 098 0.06 145 099 0.01 -0.12 099 0.181 -0.172  0.999
NZ 097 0.018 3.40 0.87 0368 228 0.69 0.008 0.603 099 0.469 0.0036  0.246
DEHP CTMZ 098 0.013 115 099 044 1.77 097 0.041 1.09 0.99  0.560 —0.306  0.910
CSMZ 096 0.013 127 099 0.83 221 096 0.047 1.66 099 1.186 0.029 0.248
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Fig. 8. Effect of temperature on PAEs adsorption on NZ, CTMZ, and CSMZ.

adsorption of a heterogeneous system and reversible the adsorbate molecules are negligible, after
adsorption [31]. The Langmuir isotherm model adsorbate molecules occupy the adsorption site, they
assumes that the forces of interaction between cease to perform further adsorption [32]. The
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adsorption—partitioning model is the combination of
the linear and Freundlich isotherm models [33,34].

Table 4 shows the parameters of the linear, Lang-
muir, Freundlich, and adsorption—partition models.
The isothermal curves significantly differed among
PAEs adsorption onto NZ, CTMZ, and CSMZ. The
best-fitted adsorption isotherm models of PAEs
adsorbed on NZ were found to be Langmuir > adsorp-
tion—partition > Freundlich > linear, whereas those on
CTMZ and CSMZ were found to be: adsorption—parti-
tion > Langmuir > Freundlich > linear. = The results
showed a better fit to the linear equation for CTMZ
with R*=0.95-0.97, and CSMZ with R®=0.96-0.99
than NZ with R?* = 0.57-0.69. Hence, organic partition
primarily contributes to PAEs adsorption onto CTMZ
and CSMZ.

As NZ contains net negative structural charges in
their frameworks and PAEs are nonpolar substances,
NZ presents low adsorption capacity for PAEs
because of the surface absorption mechanism. The
high adsorption efficiency of PAEs onto CTMZ and
CSMZ is attributed to the CTMAB and CTMAB/SDS
layers. After modification, the hydrophobic interaction
of the CTMZ and CSMZ surfaces increased and PAEs
adsorption onto CTMZ and CSMZ was due to
hydrophobic interaction. However, DEHP with high
octanol-water partition coefficient showed a high
removal rate. Thus, we can conclude that the adsorp-
tion capacity of PAEs on CTMZ and CSMZ is higher
than that on NZ because of (1) the hydrophobic
interaction between the hydrophobic tails of the
CTMAB and CTMAB/SDS layers and the hydropho-
bic functional groups of PAEs molecules; and (2) the
partitioning of PAEs molecules into the CTMAB and
CTMAB/SDS layers.

3.4. Effect of temperature

The equilibrium of PAEs adsorption onto NZ,
CTMZ, and CSMZ was investigated at three different
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temperatures (283, 298, and 308 K) under a solution
pH of 6.36 (Fig. 8). Thermodynamic parameters,
including changes in Gibbs free energy (G), enthalpy
(H), and entropy (S), were calculated using the follow-
ing equations to determine the mechanism underlying
the adsorption process:

AG = —RTIn K 1)

AG = AH — TAS 2

where K; is the distribution coefficient (L/mol), R is
the universal gas constant (8.314 J/mol K), and T is
the temperature (Kelvin, K). The calculation results
are listed in Table 5. G represents the feasibility of
spontaneous and exothermic nature in the adsorption
process of PAEs on NZ, CTMZ, and CSMZ. In gen-
eral, the G value ranges from —20 to 0kJ/mol for
physisorption, and —400 and —80kJ/mol for
chemisorption [35]. In this study, the values of G were
under the range for physisorption, thereby confirming
that the mechanisms of PAEs adsorption onto NZ,
CTMZ, and CSMZ at a solution pH of 6.36 does not
include anion exchange and electrostatic attraction.
The negative value of H indicates that the adsorption
process is exothermic in nature. The energy of adsorp-
tion from different forces is classified as follows: Van
der Waals forces, 4-10kJ/mol; hydrophobic bond
forces, 5 kJ/mol; hydrogen bond forces, 2—40 kJ/mol;
coordination exchange, 40 kJ/mol; dipole bond forces,
2-29 kJ/mol; and chemical bond forces, >60 kJ/mol
[36]. In this study, the value of H was 12-15 kJ/mol in
PAEs adsorption onto NZ, which indicated that dipole
bond forces are important in the adsorption process.
Meanwhile, the value of H was 2-6 kJ]/mol in PAEs
adsorption onto CTMZ and CSMZ, which implied that
Van der Waals forces and hydrophobic bond forces
are important in the adsorption process.

Table 5
Thermodynamic parameters, AH®, AS®, and AG°®, for PAEs adsorption on NZ, CTMZ, and CSMZ at 283, 298, ands 308 K
NZ CTMZ CSMZ
AG AS AH AG AS AH AG AS AH
K (kJ/mol) (J/molK) (kJ/mol) (kJ/mol) (J/molK) (kJ/mol) (kJ/mol) (J/molK) (kJ/mol)
DMP 283 -3.82 -30.8 -12.4 -2.71 ) —4.39 -2.03 3.49 -2.1
298 —2.89 —2.54 -1.99
308 -3.15 -2.57 -2.04
DEHP 283 —4.14 -39 -15.2 —4.1 4.82 -5.62 -3.93 2.79 -3.2
298 —3.67 -4.12 -4.02
308 -3.15 -3.95 -3.99
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3.5. Effect of pH

The pH of aqueous solution is an important vari-
able that governs the adsorption of PAEs and can be
manipulated to control the adsorption process and

capacity. The adsorption curves of PAEs on NZ,
CIMZ, and CSMZ at four different pH values are
illustrated in Fig. 9. The DEHP adsorption capacity
was slightly influenced by solution pH at 5.0-9.0,
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Fig. 9. Relationship between pH and the adsorption efficiency of PAEs on NZ, CTMZ, and CSMZ.
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Fig. 10. Comparison of the removal performance of PAEs on original and regenerative adsorbents.

which indicated that the adsorption of DEHP on the
positively charged surface of adsorbent is unlikely to
be driven by electrostatic attraction, but by organic
partitioning. The adsorption of DMP on the adsorbent
increased with increasing pH. As DMP stability is
correlated with solution pH, the remaining DMP in
the solution decreased with increasing pH because
DMP is decomposed in high pH solution.

3.6. Regeneration performance of adsorbents

Regeneration is performed to remove residual
PAEs from the zeolite adsorbents. Regeneration not
only removes zeolite water and organic matters, but
also maintains the structure of the zeolite adsorbents.
The two main regeneration methods include (1) using
lime as the regeneration agent in high pH regenera-
tion and (2) using NaCl as the regeneration agent in
neutral pH regeneration. Based on the cost, risk, and
effect on the environment, NaCl was used for
regeneration of the adsorbent in this study.

Regenerative adsorbents were reloaded with PAEs
solution of selected concentrations to check the
regeneration performance of NZ, CTMZ, and CSMZ.
Fig. 10 shows the removal performance of PAEs using
original and regenerative adsorbents with the same
initial pH value, temperature, and adsorbent dosage.
The gradual reduction in the adsorption capacity of
adsorbents was observed during regeneration pro-
cesses. The average adsorption capacity reduced in
steps from 92 to 80%, 95 to 82%, and 96 to 85% for

NZ, CIMZ, and CSMZ, respectively. The reduced
adsorption performance may be due to the partial
destruction of the structure of the adsorbents during
regeneration.

The adsorbents were regenerated using NaCl
through three parts: (1) the desorption of adsorbent in
NaCl solution and recovery of the adsorption capacity of
adsorbent, (2) Na ion replacement for Mg and Ca to
increase the zeolite surface adsorption sites, and (3)
modification of the surface morphology of the zeolite
with NaCl [37]. As surface adsorption and organic parti-
tioning are responsible for the adsorption of PAEs in this
study, desorption is the main controlling factor during
regeneration. The adsorption capacity of the adsorbent
decreased with increasing amount of PAEs residues.

Overall, this study showed that the removal per-
formance of PAEs was similar when using original
and regenerative adsorbents. Hence, these adsorbents
are suitable for repeated use and are considered as
ideal renewable adsorbent for PAEs adsorption.

4. Conclusions

The amounts of PAEs adsorbed followed the order
of CSMZ > CTMZ > NZ at all adsorption times. This
study showed that CTMZ and CSMZ can be used as
low-cost and reusable adsorbent for the removal of
PAEs from water. The adsorption kinetics of PAEs on
NZ, CTMZ, and CSMZ obeyed a pseudo-second-order
model. The intra-particle diffusion model indicated
that adsorption occurred in three distinct stages. The
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equilibrium adsorption data of PAEs on CTMZ and
CSMZ fitted better with the linear isotherm model,
whereas NZ fitted better with the non-linear isotherm
model. This finding implied that organic partitioning is
responsible for the adsorption of PAEs onto CTMZ and
CSMZ. Assessment of thermodynamic parameters indi-
cated that the adsorption of PAEs onto NZ, CTMZ, and
CSMZ was spontaneous and exothermic. Meanwhile,
the effect of pH on the adsorption of PAEs onto NZ,
CTMZ, and CSMZ could be neglected. Dipole bond
forces are important in the adsorption process of PAEs
on NZ, whereas Van der Waals forces and hydrophobic
bond forces are important on CTMZ and CSMZ. The
results of regeneration study showed that the removal
performance of PAEs was similar when using original
and regenerative adsorbents. The average adsorption
capacity decreased in steps from 92 to 80%, 95 to 82%,
and 96 to 85% for NZ, CTMZ, and CSMZ, respectively.
This work demonstrates that CTMZ and CSMZ are
ideal renewable adsorbents for PAEs adsorption.
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