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ABSTRACT

In this study, 2,4,6-trichlorophenol (TCP) was removed from aqueous solutions by clinoptilolite-rich
tuff modified with cetylpyridinium bromide (CPB). CPB modification significantly increased the TCP
adsorption capacity, so that the highest adsorption capacities of the natural zeolite and cetylpyridin-
ium bromide-modified zeolite (CPB-MZ) at the same experimental conditions were determined to be
1.6 and 8.5 mg/g, respectively. Kinetic and isotherm of TCP adsorption were studied in a batch system
in which kinetic experiments revealed that the TCP adsorption by the CPB-MZ reached to equilib-
rium in 45 min for all TCP concentrations. The kinetic of TCP adsorption onto the CPB-MZ was best
described by the pseudo-second-order equation (R* > 0.99) while the isotherm data were best fitted
with the Langmuir model (R* > 0.99). The continuous adsorption experiments were performed in a
packed bed column. The maximum adsorption capacity (g, ) of TCP was 16.34 mg/g according to the
Langmuir model. In this system, by increasing the influent TCP concentration from 100 to 200 mg/L,
the adsorption capacity increased from 19.35 to 40.78 mg/g at complete exhaustion point.
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1. Introduction

Chlorophenols are a group of phenolic compounds that
contain between one and five chlorine atoms. The pheno-
lic compounds are persistent environmental pollutants that
are mainly entered into the aqueous environment through
wastewater of industries such as petrochemical, paint, solvent,
pharmaceuticals, wood, pesticide, insecticide, leather, paper
and pulp, etc. Chlorophenols also occur in drinking water as
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possible by-products of disinfection [1-5]. Among chlorophe-
nols, 2,4,6-trichlorophenol (TCP) is of serious environmen-
tal concern due to its toxicity, widespread uses, persistence
and unpleasant organoleptic properties [6-8]. TCP is readily
absorbed by the skin and into the gastrointestinal tract, affect-
ing the nervous system and causing respiratory problems such
as cough, chronic bronchitis and pulmonary defects [9,10].

In order to control the adverse effects of organic com-
pound such as TCP, a great deal of attention has been focused
on its efficient removal from wastewater before discharged
into the water bodies [11,12]. Different physical, chemical
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and biological methods such as activated carbon adsorption,
chemical oxidation process, wet oxidation, ion-exchange res-
ins, incineration, solvent extraction, irradiation and aerobic/
anaerobic biological degradation have been examined for
removing chlorophenols from wastewater [4,10,13]. Among
these methods, adsorption and ion-exchange have been con-
sidered as promising techniques [5,14,15]. As activated car-
bon is relatively costly, attempts have been made to utilize
lower cost and naturally abundant materials to remove toxic
substances from wastewater [5,16]. Natural materials such as
bagasse, biochar prepared from sugarcane bagasse, red mud,
clay, zeolites and certain waste materials are classified as low-
cost adsorbents [10,17].

Natural zeolites as crystalline microporous aluminosili-
cates consist of a framework of SiO, and AlO,. There are per-
manent negative charges in the frameworks that are balanced
by exchangeable cations such as Na', Ca*, K* and Mg*" [18].
Zeolites are known as attractive adsorbents with excellent
physicochemical characteristics such as high adsorption
capacity, high specific surface area, cheap price, high mechan-
ical resistance and efficient regeneration [19-21]. Because of
negative charges in crystal structure, there is a repulsive force
between natural zeolites and anionic or organic pollutants
that prevents efficient adsorption. Modification of zeolites
by cationic surfactants through reversing the surface charges
can improve their adsorption properties for anionic and
organic pollutants as well as conserves their cationic exchange
properties [20,22-25]. Lei et al. [20] evaluated the removal
of triclosan by cetylpyridinium bromide-modified zeolites
(CPB-MZs) and showed that the modified zeolite can be an
effective adsorbent for removal of triclosan. Torabian et al. [26]
reported that CPB-MZ showed a higher adsorption capacity
for petroleum aromatic hydrocarbons than that of hexadecyl-
trimethyl ammonium chloride (HDTMA)-modified zeolite.

Continuous packed bed column is the most common
option for full-scale application of adsorption process due to
a number of process engineering advantages including high
yield operations, high removal efficiency, no need to adsor-
bent separation and relatively low capital and operating costs
[27]. Column experiments give important parameters for
design and scale-up of continuous packed bed sorption pro-
cesses that cannot be obtained from batch experiments [28].

Based on the literature, CPB-MZs may have a higher
adsorption capacity for some organic compounds than that
of HDTMA-modified zeolites, it is reasonable to presume that
CPB-MZ may be more effective than that of HDTMA-modified
zeolite on TCP removal. In addition, to the best of our knowl-
edge, no study has been devoted to address CPB-MZ for
removal of TCP. The objective of this work was to determine
the adsorption properties of the CPB-MZ for TCP removal
from aqueous environments. In addition to kinetic and equi-
librium studies in a batch system, performance of the packed
bed sorption process was studied in a continuous system.

2. Materials and methods
2.1. Materials

The zeolitic tuff was obtained from a quarry in Semnan,
Iran. CPB (C,H,BrN.H,O) and NaCl supplied by Merck
Co. (Germany) and used for modification of the zeolite.

The deionized water and analytical grade TCP with purity
greater than 97% (Merck) were applied to prepare experi-
mental solutions.

2.2. Preparation of adsorbent

After obtaining zeolite tuff, it was crushed and sieved to
select particles with a size range of 250-300 um. Using deion-
ized water, the zeolite was washed with deionized water to
remove any dissolved salts and then was put in an oven at
200°C for 24 h. To produce sodium-modified zeolite (NaZ),
the zeolite with concentration of 100 g/L was subsequently
contacted with 1 M NaCl solution at laboratory temperature
(20°C +2°C) for 24 h under slow shaking. According to the lit-
erature, the critical micelle concentration (CMC) of CPB was
1.8 mmol/L. In order to determine the effect of CPB concen-
tration on the TCP adsorption, the NaZ was contacted with
0.5 (<CMC), 2 (=CMC) and 25 mmol/L (>*CMC) CPB solutions
in a manner similar to the NaZ production and then the
zeolites were washed with deionized water and finally the
produced CPB-MZs were dried in an oven at 50°C. The cor-
responding modified zeolites were addressed as CPB-MZ#1,
CPB-MZ#2 and CPB-MZ#3, respectively. Adsorption capac-
ity of natural and modified zeolites on TCP adsorption was
examined in pH of 5.0, contact time of 60 min, adsorbent dos-
age of 10 g/L and TCP initial concentration of 100 mg/L.

2.3. Characteristics of zeolite

X-ray fluorescence (XRF) analysis was used to obtain
the chemical composition of the natural zeolite. The particle
properties of the zeolite before and after adsorption were
examined by the scanning electron microscope (SEM). The
crystal structure of natural zeolite and CPB-MZ were charac-
terized using X-ray diffraction (XRD) analysis.

2.4. Batch adsorption experiments

To conduct the batch experiments, the adsorbent was
added to a solution with 50 mL volume, and then the mix-
ture of solution and adsorbent was agitated in 250 rpm on
a rotary shaker at laboratory temperature (20°C + 2°C). The
TCP removal efficiency and adsorption capacity were calcu-
lated by Egs. (1) and (2), respectively [1,5,29]:

q=(C,~C)V/m 1)

E=(C,—C)/C,x100 @)

where g (mg/g) is the adsorption capacity, C, (mg/L) and
C (mg/L) are the initial and final concentrations, respectively,
V (L) is the solution volume, m (g) is the adsorbent mass and
E (%) stands for the removal efficiency.

Kinetic of the adsorption process was examined in adsor-
bent dosage of 500 mg, pH value of 5, initial TCP concen-
trations of 25, 50, 100, 150 and 200 mg/L and contact times
of 5, 10, 15, 30, 45, 60, 90, 120, 180 and 240 min. Isotherm
experiments were conducted in contact time of 24 h, and
the other conditions of the isotherm experiments were the
same as those of the kinetic tests. The effect of pH on TCP
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equilibrium adsorption was determined in initial TCP con-
centrations of 25-200 mg/L and adsorbent dosage of 500 mg
by varying initial pH of solutions in the range of 3-11. The
pH of experimental solutions was adjusted to desired values
by 0.1 M NaOH and/or 0.1 M HCl and was measured using a
pH meter (Metrohm Herisau-E520).

2.5. Continuous adsorption experiments

Apart from the batch experiments, the performance of
the adsorption process was also evaluated in a continuous
downflow packed bed column. TCP solutions of known
concentrations (100 and 200 mg/L) at initial pH value of 5.0
through a packed bed column in a downflow mode. Bed
depth, bed volume and inner diameter of the column were
6.5 cm, 6.2 mL and 1.1 cm, respectively. Weight of the loaded
CPB-MZ into the column was 6.0 g. The column was being
operated at constant flow rate and empty bed contact time of
4 mL/min and 1.5 min, respectively. In each run of the exper-
iment, operation of the column was continued until the efflu-
ent to influent TCP concentration ratio (C/C ) reached to 1.0.

2.6. Analytical methods

After each experiment, the mixture was filtered to sepa-
rate the CPB-MZ and the supernatant was taken for analysis
of effluent TCP concentration. According to the instructions
of Standard Methods, a UV-Vis spectrophotometer (Lambda
25; PerkinElmer Inc.) at the wavelength of 500 nm was
applied to determine the concentration of TCP [30].

3. Results and discussion
3.1. Characteristics of zeolite

Table 1 shows the chemical composition of the natural
zeolite sample applied in this study. Based on the XRF anal-
ysis, the major constituents of zeolite were silica and alu-
mina. The ion-exchange capacity of zeolite depends on silica
to alumina (Si/Al) ratio [31]. The Si/Al ratio was found to be
6.93 representing a high potential of ion-exchange capacity.
In addition, the XRF analysis indicated the presence of metal
oxides. In aqueous solutions, the metal oxides form functional
groups on the zeolite surface. In fact, these functional groups
play an important role in the adsorption of pollutants from
aqueous solutions [32]. Fig. 1 shows the SEM images of the
natural zeolite (a) and CPB-MZ (b). As shown in the figures,

Table 1
Chemical composition of the raw natural clinoptilolite-rich tuff
used in this study

Compound Mass (%) Compound Mass (%)
Sio, 69.321 TiO, 0.191
ALO, 10475 S0, 0.045
CaO 1.289 Sr 0.028
K,0 4.028 P,0, 0.020
Na,O 2.244 Zr 0.017
Fe,O, 0.662 Loss on ignition ~ 11.270
MgO 0.410

there is a morphological difference between natural zeolite
and CPB-MZ. According to Fig. 1(b) after modifying the zeo-
lite, the surfaces of the zeolite crystals were covered with an
organic layer and the edges of the zeolite crystals were dis-
appearing. XRD analyses of natural zeolite (Fig. 2(a)) and
CPB-MZ (Fig. 2(b)) were carried out to confirm their crystal
structure. The results of XRD patterns confirmed the existence
of clinoptilolite, quartz and cristobalite in natural zeolite and
CPB-MZ. Also, the difference in peak at 20 of CPB-MZ with
natural zeolite, conformed the adsorption of CPB onto zeolite.
The effect of CPB concentration on the adsorption of TCP is
shown in Fig. 3. According to Fig. 3, CPB-MZ#3 was the most
effective adsorbent; therefore, this adsorbent was selected as
the best adsorbent for investigating the other parameters and
was addressed as CPB-MZ in this study.

3.2. Effect of pH

Fig. 4 shows the effect of pH on TCP adsorption by the
CPB-MZ. As can be seen from this plot, TCP adsorption
capacity was found to decline by increasing pH. In this study,
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Fig. 1. SEM images of the zeolitic materials: natural zeolite (a)
and CPB-MZ (b).
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Fig. 2. XRD patterns of the zeolitic materials: natural zeolite (a)
and CPB-MZ (b).
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Fig. 3. The effect of CPB concentration on the adsorption of TCP

by the zeolite.

the highest TCP adsorption capacity was achieved at pH 3
to be as high as 13.1 mg/g. This result could be due to the
chemical characteristics of the CPB-MZ and acidic point
of zero charge pH (pH_,) to be around 6.2. At solution pH
lower than the pH_, the total surface charge would be on
average positive that would be more attractive for adsorp-
tion of undissociated TCP due to the electrostatic attraction.
Similar trends were reported in the adsorption of TCP on
coconut shell-based activated carbon and activated clay as
well as adsorption of 4-chlorophenol and 2,4-dichlorophenol
on anaerobic granular sludge [1,5,11,33].

3.3. Kinetic study

Fig. 5 shows kinetic profiles of TCP adsorption onto the
CPB-MZ. The adsorption process was rapid and the time
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Fig. 5. Kinetic profiles for adsorption of TCP on CPB-MZ.

necessary to reach the equilibrium was about 45 min. This
result is consistent with previous study on adsorption of
phenol and 4-chlorophenol by Romanian-modified zeolite as
well as the removal of TCP by surfactant-modified bentonite
[5,24].

The kinetic parameters are useful to predict adsorption
rate and render important information for designing and
modeling the process [1]. In order to investigate the adsorp-
tion kinetic rate equation, the pseudo-first-order, pseudo-
second-order, Elovich and intraparticle diffusion models
were fitted to the experimental data. These kinetic models
are, respectively, expressed as follows [1,21]:

In(q,-q,)=In(q,)—k t 3)
t/q,=1/(kg)+1/qt @)

=pBIn(a) +PBIn(f) 5)
g, =kt +a 6)

where g, (mg/g) and g, (mg/g) are the amounts of TCP
adsorbed at time t and at equilibrium, respectively, k, (min™)
is the pseudo-first-order rate constant, k, (g/mg min) is
the pseudo-second-order rate constant, a (mg/g min) and
B (g/mg) are the rate constants of the Elovich model and
k, (mg/g.min'?) is the intraparticle diffusion rate constant
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and a (mg/g) is the constant of the intraparticle diffusion
model. The kinetic parameters of TCP adsorption by the
CPB-MZ are given in Table 2. According to Table 2, the pseudo-
second-order rate equation best described the kinetic of
TCP adsorption by the CPB-MZ (R?*> 0.99). A good agree-
ment was also observed between the experimental and the
predicted g, values. This model is more likely to predict the
behavior over the whole range of adsorption systems [1].
Kuleyin [23] evaluated adsorption of phenol and 4-chloro-
phenol by Turkish surfactant-modified zeolite and reported
good correlation coefficients for the pseudo-second-order
model. Elena Apreutesei et al. [24] reported that pseudo-
second-order model could adequately describe kinetic of
4-chlorophenol adsorption by HDTMA-modified zeolite as
well as this results were obtained by the adsorption of TCP on
biochar prepared from sugarcane bagasse [10]. Fig. 6 shows
kinetic data of TCP adsorption by the CPB-MZ in accordance
with the intraparticle diffusion model. Based on the intra-
particle diffusion model, if the plot of g, against # passes
through the origin and produces a straight line, then the sorp-
tion process is suggested to be controlled by the intraparticle
diffusion. The kinetic data produced multilinear plot suggest-
ing two or more steps which affect the sorption process [34].

q, = RT/b, In(A,)+ RT/b, In(C,) ©)

where C, (mg/L) is the equilibrium concentration of TCP; q,,
(mg/g) is the maximum TCP adsorption capacity, K, (L/mg)
is the Langmuir adsorption equilibrium constant related to
the adsorption energy, K, and n are the Freundlich constants
related to the adsorption capacity and intensity, respec-
tively, R (8.314 J/mol K) is the universal gas constant, T (K)
is the absolute temperature, b, (J/mol) is the Temkin constant
related to heat of adsorption and A, (L/g) is the Temkin bind-
ing constant.

Table 3 provides isotherm parameters of the Langmuir,
Freundlich and Temkin models for TCP adsorption by the
CPB-MZ. The Langmuir isotherm model best fitted the
experimental data with a very high correlation coefficient
(R?=0.9991). Similar trend was obtained by the adsorption of
TCP on biochar prepared from sugarcane bagasse [10]. Based
on the Langmuir model, the predicted maximum monolayer
TCP adsorption capacity by the CPB-MZ was found to be
16.34 mg/g. The value of the Freundlich parameter 1/n should
be between 0.1 and 1.0 for a favorable adsorption process [18].

25 mgfl W50 mgd a100mgdl %150 mgd =200 mg/l
3.4. Isotherm study 14 4 st = mxg X‘ Xmgx : :g >:< ™
The isotherm data of TCP adsorption onto the CPB-MZ  _ 12 - x N .
are shown in Fig. 7. Adsorption isotherm models are gener- 3 " x xoxoox ¥
¢ . . ) g 10 4 " *
ally used to estimate adsorption capacity for any desirable < ®
. . . . &F 4 a4 a & - A
effluent concentration as well as to investigate adsorption LI aa *
mechanisms. In this study, the Langmuir, Freundlich and g a
Temkin isotherm models were used to analyze the experi- - -
. . . 4 1 amg = =% ® =
mental data. The linearized form of the isotherm models are, n
respectively, expressed as follows [23,29]: 2 4 e ®*® * o+ o o * .
] . . . |
C,/lq,=1/(K,q,)+C,/ 7) o 5 10 15 20
e qe ( Lqm) e qe t5 (min®*%)
log(q,) = log (K,)+1/nlog(C.) ®) Fig. 6. Intraparticle diffusion model for adsorption of TCP on
° ¢ CPB-MZ.
Table 2
Kinetic parameters of the pseudo-first-order, pseudo-second-order, Elovich and intraparticle diffusion models for TCP adsorption by
the CPB-MZ
Kinetic model Parameter Initial concentration (mg/L)
25 50 100 150 200
Pseudo-first-order q, 0.4284 1.292 2.4495 2.7657 4.3706
k, 0.0323 0.0421 0.0391 0.0284 0.0321
R? 0.7041 0.8679 0.8598 0.7782 0.8397
Pseudo-second-order q, 2.326 45125 8.969 11.521 14.205
k, 0.321 0.103 0.056 0.041 0.027
R? 1.000 0.9999 0.9999 0.9999 0.9998
Elovich ol 995,499.6 36,170.5 27,282.5 4,214,325 3,987.8
B 0.1246 0.2924 0.5725 0.563 1.0666
R? 0.7002 0.8584 0.8615 0.949 0.8845
Intraparticle diffusion  k,, 0.0895 0.2198 0.4334 0.4733 0.8395
1.9599 3.606 6.895 9.562 10.776
R? 0.48 0.6421 0.6482 0.7881 0.6775
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The obtained value of 0.541 for 1/n indicated favorable con-
ditions for the TCP adsorption onto the CPB-MZ. The max-
imum adsorption capacity (q,) of the CPB-MZ for TCP is
promising as compared with the parameter of other adsor-
bent for phenolic compounds. Table 4 provides maximum
monolayer adsorption capacity of the CPB-MZ in compar-
ison with those of other adsorbent reported in references.
According to Table 4, the maximum adsorption capacity of
the CPB-MZ in this study was promising and therefore the
CPB-MZ can be considered as a suitable adsorbent for the

removal of chlorophenols.

0 T T

1] 15 a0

45 g0

C. (mglL)

Fig. 7. Isotherm data of TCP adsorption by the CPB-MZ.

Table 3

Parameters of the Freundlich, Langmuir, Freundlich-Langmuir
and Temkin isotherm models for TCP adsorption by the CPB-MZ

Isotherm model Parameter Value
Freundlich 1/n 0.541
K, 1.055
R? 0.9661
Langmuir q, 16.34
b 0.074
R? 0.9991
Temkin A, 0.081
b, 3.5541
R? 0.9913

Table 4
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3.5. Continuous system study

The time of breakthrough appearance and the shape
of the breakthrough curve are very important characteris-
tics of an adsorption column for determining the operation
and dynamic response [36]. Fig. 8 presents results of TCP
adsorption by the CPB-MZ using the fixed-bed column in the
form of breakthrough curves. Table 5 presents breakthrough
curve characteristics of the packed bed column used for TCP
adsorption by the CPB-MZ in the continuous mode with the
continuous experiments. The break point time was found
to decrease with increasing inlet TCP concentration as the

1.0 4 . eoe®®?®
20
(a)
08 A oo ®
L ]
L]
0B A .
Q
S .*
04 A
[ ]
[ ]
0z A L
L ]
[ ]
..
0o - T T T T T T T )
0 100 200 300 400 a00 GO0 700 a00
Time (min)
1.0 7 en®?®
*®
(b) ..
0e A o
[ ]
L ]
L ]
- 0B A .
Q
I3 o®
04 A
L ]
-
02 A **
[ ]
.
..
0.0 % T T T T T T T )
0 100 200 300 400 a00 GO0 700 a00
Time {min)

Fig. 8. Breakthrough curves of TCP adsorption by the CPB-MZ in
the packed bed column: (a) C;=100 mg/L and (b) C;= 200 mg/L.

Maximum monolayer adsorption capacity of the CPB-MZ used in this study as compared with other adsorbent reported in references

Adsorbent

Adsorbate

Rice straw-based carbon
HDTMA-modified zeolite
Coir pith carbon
Anaerobic granular sludge
HDTMA-modified zeolite
CPB-MZ

3-Chlorophenol
4-Chlorophenol
2,4-Dichlorophenol
4-Chlorophenol
2,4,6-Trichlorophenol
2,4,6-Trichlorophenol

Maximum monolayer References
adsorption capacity (mg/g)
14.20 [2]
12.71 [23]
19.12 [33]
6.32 [33]
12.9 [35]

16.34 This study
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Table 5

137

Breakthrough curve characteristics of the packed bed column used for TCP adsorption by the CPB-MZ in the continuous mode

G, (mg/L) Breakthrough point (C/C0= 0.05) Exhaustion point (C/ C,=0.95) Complete exhaustion point (C/ C,=1.00)
t(min) q (mg/g) t. (min) q (mg/g) t. (min) g (mg/g)

100 53 3.37 655 19.25 775 19.35

200 58 7.45 580 40.5 688 40.78

binding sites became more quickly saturated in the column.
According to Table 5, increasing inlet TCP concentration
from 100 to 200 mg/L caused to an increase in the total TCP
uptake from 19.35 to 40.78 mg/g at complete exhaustion point
and a decline in the exhaust time from 775 to 688 min. The
increase of adsorption capacity could be due to providing
higher driving force for mass transfer process in higher TCP
concentration [37].

Similar trends have also been reported in the adsorption
of TCP using oil palm shell-based activated carbon, adsorp-
tion of hexavalent chromium ions by modified corn stalk,
and adsorption of cobalt ions using granular-activated car-
bon in fixed-bed columns [35].

4. Conclusions

The locally derived zeolite was modified by CPB
and then was used for TCP adsorption from aqueous
environments. The optimum condition of pH for TCP
adsorption by the CPB-MZ was determined to be 3.0. The
pseudo-second-order model best fitted with the kinetic
data. The adsorption process was rapid and reached to
equilibrium only in 45 min. The isotherm data were
described by the Langmuir isotherm model and the
parameter g, was found to be as high as 16.34 mg/g. In the
continuous packed bed column, by increasing inlet TCP
concentration from 100 to 200 mg/L, the total adsorption
capacity rose from 19.35 to 40.78 mg/g. This study identi-
fied the CPB-MZ as an effective and promising adsorbent
for the removal of TCP from aqueous solutions in batch
and continuous systems.
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