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ABSTRACT

In this study, polymeric and carbonaceous type of adsorbents were synthesized and their
2-chlorophenol (2-CP), 2,4-dichlorophenol (2,4-DCP), and 2,4,6-trichlorophenol (2,4,6-TCP)
adsorption performances were compared with commercial available XAD-4 resin. Peach
stone-based activated carbon (AC) was fabricated by steam activation and porous copoly-
mer of cyanomethyl styrene-divinylbenzene was synthesized by suspension polymerization
method. A comparative examination of chlorophenols (CPs) adsorption onto AC, polymeric,
and XAD-4 resin was conducted in batch and continuous systems. Zeta potential and poten-
tiometric titration data were analyzed for three adsorbents. The equilibrium data were fitted
to the common types of adsorption isotherm and kinetic models. Freundlich model illus-
trated best fit to the experimental data. The adsorption kinetic obeys the pseudo-second-
order model indicating that the chemical sorption is the rate-controlling parameter for
chlorophenolic pollutants. The kinetic results also revealed that the rate of uptake is depen-
dent on the acidity and hydrophobicity of CPs and the adsorbents showed excellent
removal efficiency toward 2,4,6-TCP. The positive AH® and AS° values indicated endother-
mic nature and the increasing randomness at the solid-liquid interface during sorption
process. Breakthrough curves obtained from column study revealed that the order of longer
column saturation time was obtained as: 2,4,6-TCP > 2,4-DCP > 2-CP.
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1. Introduction limits on the current levels of organic contaminants.
Chlorinated phenolic compounds are non-biodegrad-
able toxic pollutants and the removal of them from
process or waste streams is a main environmental
issue [1]. 2-chlorophenol (2-CP), 2,4-dichlorophenol

Increasing worldwide awareness about environ-
mental quality and public health has brought rigid
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(24-DCP), and 2,4,6-trichlorophenol (2,4,6-TCP) have
been labeled and listed as priority contaminants by
the US Environmental Protection Agency [2]. These
compounds are mainly generated by petroleum and
petrochemical, coal gasification sites, oil refineries,
pharmaceutical industries, and phenol producing
industries [3,4]. In addition to direct use as pesticides
and antiseptics, chlorophenols (CPs) are used in the
preparation of paints, phenolic resins, plastics, and
hence are available in the effluents of these industries.
The utilization of phenol-contaminated waters can
damage the central nervous system, kidney, liver, and
pancreas in human bodies and also cause tissue ero-
sion and protein degeneration [5]. Moreover, CPs are
weak acids that leak human skin by in vitro and can
be absorbed by gastro-intestinal tract [6].

Therefore, it is crucial to treat and purify the water
system from chlorophenolic compounds due to their
toxicity and bioaccumulation [7]. So there are many
techniques to eliminate phenolic materials such as pre-
cipitation, ion exchange, oxidation, and solvent extrac-
tion. Among them, adsorption is considered to be one
of the most effective methods for purification and sep-
aration of pollutants from wastewater [8]. Several
adsorbents such as activated carbon (AC) [2], poly-
mers [7,9], metallic nanocomposites [10], TiO, [11],
and AC fibers [12] have been reported for CP adsorp-
tion. ACs are good candidates in treating high
strength and low concentrated of chlorophenolic
wastewaters. However, the usage of commercial ACs
can be limited due to their production from relatively
expensive and also non-renewable starting materials
such as coal, which is a major economic importance
[6]. Many studies have shown that ACs prepared from
agricultural by-products—such as peach, apricot, or
cherry stones—can be compared to conventional ones
due to their low cost, adsorptive properties, and
renewable sources [13].

In recent years, polymer-based materials have
gained remarkable interest as alternative adsorbents
for the removal of phenolic contaminants. They exhibit
a perfect skeleton strength, high surface area, and also
their main physico-chemical properties can be
improved by modifying polymerization conditions [8].
On the other hand, commercial poly(styrene-divinyl-
benzene) adsorbents, such as XAD-4, XAD-12, or
XAD-16 can be efficiently used for the treatment of
phenolic pollutants from wastewater [14,15].

However, to the best of our knowledge, very few
studies have reported on the comparative adsorption
of CPs onto different kinds of adsorbents. In this
study, 2-CP, 2,4-DCP, and 2,4,6-TCP were chosen as
target pollutants due to their highly toxic and slowly
biodegradable properties among CP homologues. The
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main objective of this study is to compare the CP
adsorption performance of AC, styrene-divinylben-
zene polymer, and commercial resin. Porous copoly-
mer of cyanomethyl styrene (CMSt) and
divinylbenzene (DVB) was produced by suspension
polymerization method. The adsorption capacities for
2-CP, 24-DCP, and 2,4,6-TCP in aqueous solutions
were investigated and compared to that of AC derived
from peach stone and commercially available XAD-4
resin. The Langmuir, Freundlich, and Dubinin-
Radushkevich models were applied to fit the equilib-
rium data. The kinetic data were applied to the kinetic
models, i.e. pseudo-first-order, pseudo-second-order,
Elovich, Bangham, and Weber-Morris. Fixed-bed col-
umn experiments were conducted in order to investi-
gate the adsorption characteristics.

2. Materials and methods

All the chemicals used in the experiments were of
analytical reagent grade. The Amberlite XAD-4 resin
was purchased from Fluka—Riedel. The properties of
CPs were shown in Table 1.

2.1. The production of AC

The peach stone-based AC was prepared by steam
activation method as described in the previous study
[16]. The pretreated peach stones were placed into the
quartz tube reactor and steam activation was per-
formed at 800°C with the heating rate of 5°C/min in
nitrogen atmosphere. Steam/nitrogen flow was passed
through the reactor for 2 h at 800°C. Steam AC was
rinsed with distilled water until neutral pH. The
sample was denoted as AC.

2.2. Synthesis of cross-linked copolymer

Production of cross-linked CMSt/DVB copolymer
is carried out according to the procedure published in
[17]. Briefly, vinylbenzyl chloride in dry acetonitrile
was added to a solution of dicyclohexyl-18-crown-6
and powdered potassium cyanide in dry acetonitrile.
After washing with water, the resultant monomer was
used in the synthesis of copolymers of CMSt and DVB
which were prepared by suspension polymerization
using benzoyl peroxide as initiator. The cross-linking
level was chosen as 50 wt.% DVB and the polymeriza-
tion was carried out in the presence of a diluent mix-
ture to achieve highly porous structure. At the end of
the reaction, the polymer was washed with solvents
and coded as CMSt/DVB.
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Table 1
Properties of chlorophenolic compounds
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Molecular Molecular weight Water solubility

Compound Structure formula (g mol ) 25C, g L™ pKa
2-Chlorophenol Cl CgHs0C1 128.56 28.5 8.45

OH
2,4-Dichlorophenol OH CcH;Cl,OH 163.0 4.5 7.44

Cl

Cl
2,4,6-Trichlorophenol OH CesH30Cl3 197.45 0.9 6.7-
6.94
Cl Cl
Cl
2.3. Characterization studies
N (C, — Ce) xV
Potentiometric titration data were analyzed using a  7¢ = m @

method described by Helfferich [18]. The elec-
trophoretic mobilities of the samples were measured
using a Malvern Instruments Zetasizer 3000HSA.

2.4. Batch adsorption experiments

Batch adsorption experiments were conducted with
0.5 mmol L™' CP concentrations at measured pHs of
5.90, 6.15, and 4.98 for 2-CP, 2,4-DCP, and 2,4,6-TCP,
respectively. Adsorption isotherms were applied by
varying amount of adsorbent at laboratory tempera-
ture (25°C). Equilibrium CP concentrations before and
after adsorption were determined wusing UV-vis
spectrophotometer (Analytic Jena Specord 40) at 273,
285, and 290 nm wavelength for 2-CP, 2,4-DCP, and
2,4,6-TCP, respectively. The formula used to calculate
the amount of CP adsorbed per unit mass is shown in
Eq. (1):

where g, is the adsorption capacity (mmol g™"), V is
the solution volume (L), m is the adsorbent dosage (g),
C; and C, are the initial and equilibrium concentra-
tions (mmolL™"), respectively. The relationship
between adsorbed CPs and the equilibrium concentra-
tions was described by three basic isotherm models:
Freundlich, Langmuir, and Dubinin—-Radushkevich.

Langmuir model [19] assumes each molecule have
equal enthalpies and sorption activation energy. The
isotherm model is

_ Q b Cc
“=130-C )
where Q and b are the Langmuir monolayer sorption
capacity (mmol g~") and equilibrium constant (L mmol )
related to the energy of adsorption, respectively. Weber
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and Chakkravorti [20] defined a dimensionless constant,
Ry, which describes the isotherm type and is represented
as follows:

Ri=1/1+b-C) ®)

The magnitude of R; determines the adsorption nature
to be either unfavorable (R; > 1), linear (R; = 1), favor-
able (0 < Ry < 1), or irreversible (Ry = 0).

Freundlich model is based on the assumption of
non-uniform distribution of adsorption heats and
affinities over the heterogeneous surface. The model is
not restricted to the formation of monolayer as Lang-
muir theory [21]. The model is expressed as follows:

ge = Kp - CI/" )

where Kr and 7 are isotherm parameters of adsorption
capacity and intensity, respectively. The 1/n value is a
sign of surface heterogeneity and ranges between
0 and 1. The adsorption becomes more heterogeneous
as it is closer to zero [22].

Dubinin-Radushkevich (D-R) isotherm model is gener-
ally applied to figure out the physical and chemical

adsorption mechanisms [23]. The isotherm is
expressed by [24]:

Ge = - oxp(=f - &) ®)
e=R-T In(1+1/C,) (6)

where R indicates gas constant (8.314 ] mol™' K™') and
T is the absolute temperature (K).

2.5. Thermodynamic evaluation of the process

The effect of temperature on the adsorption capac-
ity was carried out by varying the temperature at 30,
40, and 50°C at original pH for 0.5 mmol L™" initial CP
concentration.

The thermodynamic parameters including changes
in standard enthalpy (AH®), the Gibbs free energy
(AG®) and standard entropy (AS°)—which is the driv-
ing force of adsorption—were determined using the
following equations:

AS  AH

InKe =22 27 7
MAC =R TRT @)

where Kc (Lmg ") is the equilibrium adsorption
constant (K- = ((C; — C,)-V)/(C,m)). The values of AH®
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and AS” can be obtained from the slope and intercept
of a plot of In K¢ against 1/T. AG® can then be calcu-
lated using the relation below:

o

AG = —RTInK¢ ®

2.6. Adsorption kinetics

Investigation of the adsorption rate in water treat-
ment processes ensures helpful comprehension about
the adsorption mechanism [25]. The kinetic experi-
ments were studied by mixing defined amount of each
adsorbent with 0.5 mmol L™ CP solution in a poly-
ethylene bottle laboratory temperature (25°C). The
adsorption kinetics of CPs onto AC, CMSt/DVB, and
XAD-4 were described by fitting the following models:
pseudo-first-order,  pseudo-second-order, Elovich,
Weber-Morris, and Bangham.

The pseudo-first-order model of Lagergren is used for
the adsorption of solid/liquid system [26]. The linear
form of equation is

k
oglg. — 1) = logl) — (5585 ©

() 1o, 1M1 mmol
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Fig. 1. (a) Proton binding curves and (b) Zeta potential
measurements of samples.
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where g, and g; are the amounts of CPs adsorbed at equi-
librium (mmol gfl) and at time f, respectively, and k; is
the rate constant of pseudo-first-order sorption (min ).

The pseudo-second-order adsorption rate equation
[27] is expressed as follows:

t 1 1
a:—kz.qg‘i‘a (10)

where k; is the rate constant of second-order sorption
(g mmol ™" min~"). The values of g, and k, are obtained
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from the slope and intercept of the straight line
obtained by plotting t/g; against ¢. Initial sorption rate
(h, mmolg 'min"") is calculated from the data
according to Eq. (11):

h= kzq? (11)
The pseudo-second model considers that the rate-deter-
mining step can be a chemical sorption including
valence forces through sharing or exchange of electrons
between adsorbate ions and adsorbent [28].

Table 2
A comparative evaluation of CP adsorption capacities of various types of adsorbents
Chlorophenol Adsorbents Capacity (mgg™')  References
2-Chlorophenol XAD-1600 2.625 [14]
Paper mill sludge 0.341 [33]
Natural Jordanian zeolitic tuff 15.42 [34]
Activated carbon prepared from jackfruit 2439 [35]
Cross-linked algae 34.6-61.2 [36]
Organic cation montmorillonite 45.1 [37]
Activated carbon-impregnated Fe(III) 317.89 [38]
Activated carbon derived from peach stone 173.56 Present study
XAD-4 41.14 Present study
CMSt/DVB 20.57 Present study
2,4-Dichlorophenol Activated carbon derived from oil palm empty fruit bunch  232.56 [2]
Activated carbon fiber 372 [12]
XAD-1600 3.371 [14]
Amberlite XAD-4 172.4 [15]
Amberlite XAD-7 164.7 [15]
Paper mill sludge 2.716 [33]
Natural Jordanian zeolitic tuff 9.29 [34]
Activated carbon prepared from jackfruit 400.0 [35]
Activated carbon derived from pistachio shells 438.4 [39]
Pomegranate peel 65.7 [40]
Maize cob carbon 17.94 [41]
Carbon from coconut coir pith 19.12 [42]
Ammonia-modified activated carbon 285.71 [43]
Cattail fiber-based activated carbon 142.86 [44]
Palm pith carbon 19.16 [45]
Activated carbon derived from peach stone 223.31 Present study
XAD-4 63.57 Present study
CMSt/DVB 58.08 Present study
2,4,6-Trichlorophenol ~ Amberlite XAD-7 471.9 [15]
Activated carbon derived from loosestrife 48.93 [30]
Cattail fiber-based activated carbon 192.31 [44]
Activated clay 123.46 [46]
Commercial grade coconut shell-based activated carbon 112.35 [47]
Modified organo-clay 59.2 [48]
Activated carbon from coconut husk 191.73 [49]
Activated carbon derived from oil palm empty fruit bunch ~ 500.0 [50]
Graphene oxide 3.46 [51]
Activated carbon derived from peach stone 313.94 Present study
XAD-4 140.19 Present study
CMSt/DVB 124.39 Present study
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Adsorption capacity (mg g*)

ST
24.6-TCP

Fig. 2. CP adsorption capacities of adsorbents.

The Elovich model is suitable for heterogeneous sys-
tems used for describing activated chemical sorption
[29]. The model equation is

qr = % In () —l—% In (t) (12)

where « is the initial velocity (mmol g™' min™') and g
is the surface activation energy for chemical sorption
(g mmol ™).

Weber and Morris suggested the intra-particle diffu-
sion model in order to figure out the rate-determining
step. It is a functional relationship where the capacity
varies in proportion to t° [30]. According to this the-
ory, the model equation can be expressed as follows:

gr =kig 12+ C (13)
where k;; (mmol g™' min™"®) is the intra-particle rate
constant; 7 is the number of each adsorption stage, and
C is the intercept related about the thickness of
boundary layer, i.e. the larger the intercept, the greater
the boundary layer effect [30]. If the regression of g;
vs. t°° is linear and passes through the origin, the
sorption process follows the intra-particle diffusion
model. Otherwise, if the plots exhibit multi-linearity,
some other processes like film diffusion can be also
involved in the adsorption process.

The adsorption rate data can be tested whether
pore diffusion is the rate-controlling step or not in the
adsorption system, using Bangham’s equation [29]:

(14)

C k
log {log (ﬁ)] = log (2.3%21‘/) + alog(t)

where ko (L g~') and « are Bangham constants.
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Fig. 3. Adsorption isotherms of CMSt/DVB sample.

2.7. Column experiments

Column adsorption experiments were studied in a
glass column of about 7.5 mm diameter and 8.5 cm
length. The column was filled with samples without
gaps and soaked in water overnight. The initial con-
centrations of CPs and the flow rate were chosen as
0.125 mmol L™" and 5 mL min ™", respectively.
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3. Results and discussion
3.1. Characterization

Solution pH is a major parameter in an adsorption
system since it influences active functional sites on
surface of sorbent and chemical speciation of metal
ions [31]. The point of zero charge (PZC) is a
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Fig. 4. Adsorption isotherms of AC sample.

fundamental description of an adsorbent surface at
which the total particle charge is equal to zero. At
pH < pHpzc, the surface of sample is positively
charged, while it is negatively charged at pH > pHpzc.
As it can be seen in Fig. 1(a), the pHpyzc for CMSt/
DVB, XAD-4, and AC was determined as 7.60, 8.30,
and 8.00, respectively.

035
2-CP Adsorption '
0.30
Q @]
025
B &
020
3 &
E &
E o015
& ﬁ ﬁ * Experimental
o O Langmuir
0.05 @ 4 Freundlich
o DR
0.00
0.0 01 02 03 04 05
C., mmol L
070
2,4-DCP Adsorption
060
X
050 n N}
B 00 e
° X
E
E 030
H
L2 020 ﬁ % Experimental
ﬁ o Langmuir
0.10 ﬁm A Freundlich
o DR
0.00 v T
0.0 01 02 03
C,, mmol L
1.80
.. 2,4,6-TCP Adsorption O
1.40 4 A
120 { o
i X
E 1.00 4
E o080 Q
&
060 1 X x Experimental
0.40 { X 8 o Langmuir
A Freundich
0,00 - - - -
0.0 01 02 03 04 05

C,, mmol L

Fig. 5. Adsorption isotherms of XAD-4 sample.
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Table 3
Langmuir isotherm constants of adsorbents
Sample Q (mmol g ") b Ry R? Ve
2-CP AC 1.38 17.17 0.103 0.96 0.050
XAD-4 0.54 2.50 0.449 0.98 0.007
CMSt/DVB 0.50 0.86 0.906 0.94 0.065
2,4-DCP AC 1.08 115.35 0.019 0.88 0.412
XAD-4 0.96 3.15 0.504 0.99 0.043
CMSt/DVB 0.34 7.32 0.246 0.96 0.080
2,4,6-TCP AC 1.20 56.69 0.165 0.67 0.493
XAD-4 0.56 5.21 0.746 0.84 0.212
CMSt/DVB 0.51 9.91 0.168 0.97 0.150

Table 4
Freundlich isotherm constants of adsorbents

Sample Kr (mmol gfl) 1/n R? )(2
2-CP AC 1.91 0.38 097 0.015
XAD-4 0.60 0.76 0.99 0.001
CMSt/DVB  0.31 091 097 0.043
2,4-DCP AC 2.39 040 098 0.212
XAD-4 1.04 0.70 0.99 0.041
CMSt/DVB  0.61 0.66 0.99 0.021
2,4,6-TCP AC 2.46 0.36 0.98 0.088
XAD-4 2.38 0.81 095 0.021
CMSt/DVB  1.07 0.65 0.99 0.017

While the PZC refers to the internal and external
surface, and the isoelectric point (IEP) attributes to the
external surface [32]. The zeta potential vs. equilib-
rium solution pH plots for samples were shown in
Fig. 1(b). The pHigp values of CMSt/DVB, XAD-4, and
AC were found 5.89, 4.07, and 1.97, respectively. The
distribution of acidic surface groups is not homoge-
neous as the IEP values are presented at lower pH
values. It can be concluded that the concentration of

acidic species (especially for AC sample) is higher at
the external surface when compared to the interior of
samples [32].

3.2. Batch adsorption experiments

Adsorption performance of adsorbents was primar-
ily investigated in batch system. The 2-CP, 2,4-DCP,
and 2,4,6-TCP adsorption capacities for CMSt/DVB
sample were found as 20.57, 58.08, and 124.39 mg g~'
while for XAD-4 sample, they were calculated as
41.14, 6357, and 140.19 mgg™!, respectively. The
adsorption capacity of CPs onto AC, XAD-4 and
CMSt/DVB was compared with similar adsorbents
reported in literature as listed in Table 2. It can be
seen that the produced AC and polymeric adsorbent
(CMSt/DVB) compare well with other adsorbents.

The interactions between the carbon surface and
CPs can be categorized into three groups: (i) electron
donor—acceptor interactions between the aromatic
phenolic ring and the surface oxygens, (ii) dispersion
effects between the aromatic phenolic ring and the =
electrons of the graphitic structure, (iii) electrostatic
attraction/repulsion when ions are present [44]. The

Table 5

Dubinin—-Radushkevich isotherm constants of adsorbents
Sample Q (mmol g_l) B E (k] mol™) R? Pa

2-CP AC 1.410 1.4E-08 5.917 0.862 0.036
XAD-4 0.380 3.4E-08 3.785 0.941 0.011
CMSt/DVB 0.289 6.8E-08 2.696 0.988 0.065

2,4-DCP AC 1.171 7.2E-09 8.347 0.701 0.274
XAD-4 0.648 2.6E-08 4.311 0.966 0.055
CMSt/DVB 0.349 2.3E-08 4.565 0.922 0.059

2,4,6-TCP AC 1.467 1E-08 7.025 0.734 0.247
XAD-4 0.847 1.6E-07 2.599 0.965 0.182
CMSt/DVB 0.571 2.1E-08 4.883 0.890 0.091
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PZC of AC sample was found as 8.30 and the surface
charge of AC was positive in the range of solution
pHs (pH: 4.98-5.90) and at pH < pHpyzc, attractive
forces exist between the unionized CP species and the
positive surface adsorption sites of AC. Therefore, the
highest adsorption capacities were obtained for AC
sample which could be ascribed to the higher acidic
surface charge.

The adsorption of CPs onto CMSt/DVB and XAD-4
adsorbents can include van der Waals force and hydro-
gen bonding interactions. CPs can be adsorbed on
CMSt/DVB resin by forming intramolecular hydrogen
bond between adjacent hydroxyl and nitro groups. The
uptake capacity of XAD-4 was found higher than
CMSt/DVB suggesting that it is easier for CP deriva-
tives to access the mesoporous structure of Amberlite
XAD-4 than CMSt/DVB pores. The specific surface
area of XAD-4 (750 m* g~') was found much higher
than that of CMSt/DVB (308 m* g~' [17]). The van der
Waals interactions between the aromatic ring of CPs
and the phenyl ring of XAD-4 or strong intramolecular
hydrogen bonds were found stronger when compared
with surface polar nitrile groups of CMSt/DVB.

The adsorption selectivity of all samples was in the
following order: 2,4,6-TCP >2,4-DCP > 2-CP (Fig. 2)
which can be attributed to the acidic character of the
solute molecules. The lower pK, value indicates stron-
ger acidic character of the CP which is associated with
the electron withdrawal effect from the chlorine sub-
stitution in the aromatic ring. Similar phenomenon
was observed by Ren et al. [44]. They used cattail
fiber-based AC for adsorbing 2,4-DCP and 2,4,6-TCP
derivatives that found the highest affinity to 2,4,6-TCP
indicating that the uptake capacity increases with the
degree of chlorination. According to Bhongade et al.
[15], when a compound has low solubility in water, it
has a tendency to concentrate on non-polar surfaces
where it has a higher affinity. Moreno-Castilla et al.

Table 6

[52] stated that the uptake capacity improved with (i)
increased hydrophobicity of the substituents and (ii)
decreased water solubility of the phenolic compound.
As a result, 2,4,6-TCP has one more hydrophobic
group and has less solubility and it is adsorbed more
intensely than other CPs. It is clearly seen in Table 2
that 2,4,6-TCP was comparatively favorably adsorbed
onto the adsorbents.

3.3. Adsorption isotherms

The adsorption isotherms are related to the dis-
tribution of adsorbate ions between the solid and lig-
uid phase and to the equilibrium state of adsorption
process [44]. The most frequently applied models are
Langmuir, Freundlich, and Dubinin-Radushkevich,
which were used to describe the relationship between
the adsorbed amount of sorbate and its equilibrium
concentration. The applicability of the isotherm model
to the experimental data was evaluated by the correla-
tion coefficient (R?) and chi-square (y*) values calcu-
lated by following equations:

R2 — > (Geal — ‘laexr))z (15)
Z (qcal - ’/]aexp)2+ (’Jcal - qCXP)Z

2= ‘ (e ;7" H (16)

The parameters obtained in Langmuir, Freundlich,
and D-R models are listed in Tables 3-5, and the
experimental and isotherm model capacities were
presented in Figs. 3-5. As seen from Table 4, 2-CP,
2,4-DCP, and 2,4,6-TCP adsorption have high values
of correlation coefficient (R*>0.97) and lower chi-
square values (4> <0.04) for Freundlich isotherm

Thermodynamic parameters for the adsorption of 2-CP, 2,4-DCP, and 2,4,6-TCP onto AC, XAD-4, and CMSt/DVB

AG® (K] mol™)

Adsorbent AH® (kK] mol™) AS° (k] mol 'K 303 K 313K 323 K
2-CP AC 4823 0.22 -21.37 -23.66 -25.96
XAD-4 19.84 0.12 -17.54 -18.78 -20.01
CMSt/DVB 18.81 0.11 -14.58 -15.68 -16.79
2,4-DCP AC 39.82 0.21 -24.39 -26.51 -28.63
XAD-4 55.81 0.25 -19.96 —-22.46 -24.96
CMSt/DVB 41.26 0.19 -17.61 -19.56 -21.50
2,4,6-TCP AC 44.79 0.22 -23.01 -25.25 -27.49
XAD-4 37.71 0.18 -19.26 -21.14 -23.02
CMSt/DVB 38.78 0.19 -19.03 -20.94 -22.84
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and (e) Bangham kinetic model plots.

model, indicating that CP adsorption onto adsorbents
takes place on multilayer and the fact supports that
the adsorption occurred via surface functional groups.
Similar results were observed by other researches with
polymeric adsorbents [53,54].

Moreover, the dimensionless separation parameters
calculated for 2,4,6-TCP adsorption are R; =0.165 for
AC, Ry =0.746 for XAD-4, and R; =0.168 for CMSt/

DVB. R, values were less than 1 and greater than zero
indicating favorable adsorption for all adsorbents
(Table 3).

The mean energy of adsorption values (E, k] mol™")
were also calculated using Dubinin—Radushkevich

(D-R) equation (E = W) The calculated values are

presented in Table 5. The mean free energy values for
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and (e) Bangham kinetic model plots.

CPs were found in the range of 2.0-8.3 k] mol " indi-
cating physical adsorption onto the adsorbents.

3.4. Thermodynamic evaluation of the process

The effect of temperature on the adsorption capac-
ity was studied by a series of experiments at 30, 40,
and 50°C. 2,4,6-TCP adsorption affinity of AC sample
slightly increased from 313.94mgg™" at 30°C to

42145mgg ' at 50°C. (See supplemental material
as shown in Figure S1 for effect of temperature on CP
adsorption capacity). It can be deduced to the
increased mobility of CPs and to the higher activity of
binding sites of surface [31]. Similar results were
obtained for 2-CP and 2,4-DCP adsorption onto the
adsorbents.

The calculated values of AH®°, AS°, and AG° for
adsorption of 2-CP, 24-DCP, 2,4,6-TCP on the
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adsorbents are listed in Table 6. The Gibbs free energy
values were found negative for all sorbents indicating
the CPs adsorption onto AC, CMSt/DVB, and XAD-4
samples is feasible and spontaneous. As the AG® values
were calculated more negative with increasing tempera-
ture—referring a higher driving force to the adsorption
process—reactions occur in more spontaneous manner.
The positive AH" values correspond to the endothermic
nature of adsorption process. The increase in uptake

(b) Pseudo-second-order, (c) Elovich,

with the increase in temperature could be due to the
increased diffusion rate of adsorbate molecules across
the external boundary layer and in the internal pores of
the adsorbent particle and to the decrease in the viscos-
ity of the solution [50]. Enthalpy changes of 2,4,6-TCP
adsorption were calculated as 44.79, 37.71, and
38.78 k] mol ! for AC, XAD-4, and CMSt/DVB adsor-
bents, respectively. Similar results were observed in the
adsorption of CPs [1,50].
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Table 7

Kinetic model constants for 2-CP, 2,4-DCP, and 2,4,6-TCP adsorption onto the samples

Adsorbent AC XAD-4 CMSt/DVB

cp 2-CP  24-DCP 24,6-TCP 2-CP 24-DCP 24,6-TCP 2-CP 24-DCP  2,4,6-TCP
go (mmol g™ ") 1.347 1.670 1.898 0.393 0.478 0.725 0.302 0.423 0.668
Pseudo-first-order

go (mmol g™ ") 0.415 0475 0.615 0.169 0.180 0.254 0.104 0.115 0.220
ki (min™") 0.021  0.022 0.028 0.017  0.016 0.015 0.021 0.012 0.013
R? 0.884 0.816 0.923 0.821 0.793 0.787 0.855 0.633 0.747
Pseudo-second-order

g. (mmol g™ 1.347 1.661 1.902 0.387 0471 0.714 0.301 0.413 0.651
k, (g mmol ! min™") 0.149 0.154 0.121 0.281 0.272 0.190 0.573 0.454 0.213
i (mmol g ' min™") 0.271 0425 0.440 0.042 0.060 0.097 0.052 0.077 0.090
R? 0.999  0.999 0.999 0.997  0.997 0.997 0.999 0.998 0.996
Elovich

B (g mmol ) 7.142 5.783 5.147 20.262  18.286 12.870 28440 24.184 15.467
o (mmol ¢! min™") 8.233 12.762 15.628 0.397  0.996 2.536 0712  3.513 4818
R? 0.889 0.874 0.896 0.921 0.905 0.882 0.904 0.853 0.888
Weber-Morris intra-particle diffusion

kiga (mmol g ' min™%)  0.255  0.309 0.302 0.054 0.083 0.138 0.060 0.080 0.114
R? 0912 0.894 0.776 0.952 0.884 0.924 0.978 0.970 0.949
ki (mmol g ' min ™)  0.011  0.013 0.019 0.003 0.004 0.006 0.002 0.002 0.006
R? 0.971 0.955 0.973 0.902 0.906 0.943 0.948 0.860 0.901
Bangham model

ko L g™ 0.197 0.246 0.246 0.056 0.069 0.103 0.0487  0.055 0.102
a 0.168 0.164 0.162 0.229 0.204 0.186 0.196 0.156 0.155
R? 0.751 0.895 0.974 0.863 0.916 0.879 0.814 0.903 0.932

The positive AS® values indicated higher affinity of
CPs toward the adsorbents and the increasing random-
ness at the liquid-solid interface during the sorption
process. The adsorbed solvent molecules are replaced
by CPs—which is called “solvent replacement”—and
gain more translational entropy than is lost by the
adsorbate ions/molecules. On the other hand, negative
value of AS® means a decreased disorder at the solid—
liquid interface inducing the sorbate ions to escape
from the solid phase to the liquid phase.

3.5. Adsorption kinetics

The ionization of chlorophenolic ions which con-
trols the residence time at the solid-liquid interface
can help to predict the rate at which a pollutant is
removed and it can be applied to make appropriate
designs of adsorption treatment plants [55]. The effect
of time on CPs uptake onto AC, XAD-4, and CMSt/
DVB samples was investigated, and the modeling
results were shown in Figs. 6-8. In the first 1h, the

2,4-DCP removal percentages for AC, XAD-4, and
CMSt/DVB samples were calculated as 91, 84, and
75%, while for 2-CP, those were calculated as 87, 80,
and 72%, respectively.

The models of pseudo-first-order, pseudo-second-
order, Elovich, Weber-Morris, and Bangham were fit-
ted to the experimental data in order to examine the
2-CP, 2,4-DCP, and 2,4,6-TCP adsorption process, and
the results are shown in Table 7.

The slopes and intercepts of plots of In (g, — g¢) vs. t
(Figs. 6-8(a)) were used to calculate the pseudo-first-
order rate constant k; and g.. The theoretical g, values
estimated from the pseudo-first-order equation were
remarkably different compared to experimental values,
and the correlation coefficients were found to be lower
(R* ~ 0.6-0.8) indicating that the pseudo-first-order
model was not suitable to describe CPs adsorption
onto the adsorbents.

On the other hand, the experimental g, (mmol g™")
values were in good agreement with the calculated
data from pseudo-second-order. Therefore, we can
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Fig. 9. Comparison of breakthrough curve of 2-CP,
2,4-DCP, and 2,4,6-TCP adsorption onto the adsorbents.

conclude that the pseudo-second-order model is pre-
dominant in explaining the adsorption system and the
chemisorption mainly controls the rate of the CP
adsorption process for all adsorbents. The obtained
results were in harmony with the previous studies
conducted on adsorption of chlorophenolic com-
pounds on similar adsorbents [2,30,41,44].

In relation to the pseudo-second-order model, it
was found that the 2,4,6-TCP uptake capacity was
much higher than the other CPs for all samples. It
was also observed in Table 7 that the second-order
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rate constant (ky) of 2,4,6-TCP was higher when
compared with 2-CP and 2,4-DCP indicating that the
diffusion rate of 2,4,6-TCP ions within the pores of
samples was faster than that of 2,4-DCP and 2-CP
which could be attributed to the higher acidity of the
tri- and di-chlorophenols. It can be also noticed that
the solubility (hydrophobicity) of CPs plays an impor-
tant role in adsorption rate. With respect to the total
solubility values (g L™") given in Table 1, the sequence
of increase of hydrophobicity, trichlorophenol,
dichlorophenol, and chlorophenol is in good accord
with the order of decrease of rate constants, kj4e
TP > k2 a.DCp > ko.cp. Similar phenomena was observed
by Yousef and El-Eswed [34]. They investigated the
adsorption of phenol, monochlorophenols (2- and 4-),
and dichlorophenols (2,4- and 3,5-) on natural zeolitic
tuff and found that the adsorption rate constants of
dichlorophenols were much higher than
monochlorophenols and phenol.

Furthermore, for AC sample, the initial sorption
rate (h) increased from 0.271 mmol g' min~" for 2-CP
to 0.440 mmol g_l min ! for 2,4,6-TCP. These results
demonstrated the fact that the 2,4,6-TCP has higher
diffusion rate, and therefore shows higher affinity to
AC, CMSt/DVB, and XAD-4 samples.

As shown in Figs. 6-8(c), The R? values obtained
from Elovich equation were in the range of 0.5-0.92
for 2-CP, 2,4-DCP, and 2,4,6-TCP (Table 7). The 1/8
value is related to the number of available adsorption
sites, and the (1/p) In (apf) is the adsorption quantity
when In (#) is equal to zero which explains the adsorp-
tion behavior of the first step [30].

The Bangham model parameters verified from the
plots are shown in Table 7. It is apparent from the
correlation coefficients that the applied model did not
describe satisfactory experimental data. It could be
concluded that the diffusion of CPs into pores of
samples was not the only rate-controlling step.

The values of intra-particle diffusion rate constants,
kia—1 and kiq—», are summarized in Table 7. According
to the higher value of kjq constant (kijz—q =
0.25-0.30 mmol g ' min~">, for AC), the CP ions pene-
trated rapidly through the adsorbents at the beginning
of the sorption process. As seen in Figs. 6-8(d), in the
first 15 min, the sharper portion occurred presenting
the external surface sorption or rapid adsorption. The
second phase indicates very slow diffusion of CP mole-
cules from the surface site into the interior pores of the
sorbent particle. Therefore, the initial step exhibits
intra-particle transport of CPs controlled by a surface
diffusion and the second portion controlled by pore
diffusion process. Moreover, the plots of intra-particle
model did not pass through the origin. It can be
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deduced that the intra-particle diffusion is involved in
the CP adsorption process; but it is not the sole
rate-limiting step and some degrees of boundary layer
diffusion also control the CP adsorption [25,29].

3.6. Column experiments

The breakthrough curves of CPs adsorption onto
AC, XAD-4, and CMSt/DVB adsorbents were plotted
(Fig. 9) as throughput bed volume (BV, mL-solution/
mL-adsorbent) against C/C;. It was found that 2-CP
adsorption onto the all samples arrived saturation fas-
ter and the exhaust times reaching saturation (corre-
sponding to 90% of influent concentration = 0.9 C;) for
2-CP were obtained as 251, 204, and 80 min for AC,
XAD-4, and CMSt/DVB, respectively. The break-
through profiles of 2-CP and 2,4-DCP adsorption were
sharper than that of 2,4,6-TCP for all adsorbents. The
breakthrough point of XAD-4 sample for 2,4-DCP was
reached after passing 73 bed volumes of CP contami-
nated solution while that for 2,4,6-TCP was found as
150 bed volumes (Fig. 9).

It was clearly seen that the exhaust time increased
when the column was packed with AC sample which
provided greater adsorption sites for CPs. The break-
through time for 2-CP, 2,4-DCP, and 2,4,6-TCP was
also higher for AC sample demonstrating the fact that
it is the best adsorbent for CPs removal among the
other samples.

4. Conclusions

Comparative investigations were carried out on
2-CP, 24-DCP, and 2,4,6-TCP adsorption onto AC,
XAD-4, and CMSt/DVB in batch and continuous
systems. The experimental data were applied to the
isotherm models and the Freundlich model was fitted
best for all adsorbents. The adsorption isotherms
displayed the following order of adsorption capacity:
2-CP <2,4-DCP < 24,6-TCP indicating that the main
characteristic of CPs plays a significant role in adsorp-
tion performance due to the properties of solubility and
molecular weight. The adsorption kinetic obeys the
pseudo-second-order model indicating that the chemi-
cal adsorption is a rate-controlling parameter for
chlorophenolic pollutants. The positive values of AH"
supported the endothermic nature of adsorption pro-
cess. The positive values of AS® exhibited higher affinity
of CPs toward the adsorbents. The highest adsorption
capacities were obtained for peach stone-based AC, and
the order of increase in adsorption capacity was found
as: AC > XAD-4 > CMSt/DVB. Consequently, the
results above suggested the potential application of

E. Bilgin Simsek et al. | Desalination and Water Treatment 57 (2016) 9940-9956

peach stone-based AC, XAD-4, and CMSt/DVB for the
removal of 2-CP, 24-DCP, and 24,6-TCP from
wastewaters.
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