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ABSTRACT

In the present study, a clinoptilolite-rich tuff was modified with hexadecyl trimethyl ammo-
nium chloride and was used for the removal of 2,4,6-trichlorophenol (TCP) from aqueous
solutions. Kinetic and isotherm of TCP adsorption were studied in a batch system, and the
continuous adsorption experiments were performed as a function of initial TCP concentra-
tion in a packed bed column. Kinetic experiments indicated that the TCP adsorption by the
surfactant-modified zeolite (SMZ) was rapid and reached to equilibrium in 30 min for all
TCP concentrations. The pseudo-second-order rate equation best described the kinetic of
TCP adsorption onto the SMZ (R2 > 0.99). Isotherm experiments were conducted in an
initial TCP concentration range of 25–200 mg/L, and the isotherm data were found to be in
the best fitness with the Langmuir model (R2 > 0.99). According to the Langmuir model, the
maximum adsorption capacity (qm) of TCP was obtained to be 12.9 mg/g. In the packed
bed column, by increasing the influent TCP concentration from 100 to 200 mg/L, the
adsorption capacity at complete exhaustion point drastically increased from 14.7 to
35.5 mg/L. The breakthrough curves were predicted with the suitable fitness by both the
Thomas and Yoon–Nelson models (R2 > 0.93).
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1. Introduction

2,4,6-Trichlorophenol (TCP, C6H3Cl3O) is one of
the important organic pollutants being continuously
discharged into the aqueous environment. The com-
pound is mainly used as board range pesticide and
wood and glue preservative. TCP is also produced
during water disinfection as a result of chlorination of
phenolic compounds. Based on the toxicological stud-
ies, International Agency for Research on Cancer has
classified TCP as a possibly carcinogenic to humans in
Group 2B. In addition to the adverse health effect,
TCP can cause unpleasant taste and odor in drinking
water. The taste and odor thresholds of TCP in water
are 2 and 300 μg/L, respectively [1,2].

Several methods have been developed for the
removal of phenolic compounds from water and
wastewater, such as biodegradation, photochemical
oxidation, catalytic wet oxidation, and adsorption
process. Among these techniques, the adsorption pro-
cess, especially using inexpensive natural adsorbents,
is considered to be the most applicable method for
removing TCP from water and wastewater. In recent
years, a great attention has been paid to low-cost natu-
ral adsorbents to treat wastewater-containing organic
pollutants [1,3–6]. Abu-Lail et al. [3] evaluated the per-
formance of a commercial zeolite for the removal of
methyl tertiary butyl ether (MTBE) from water and
showed the zeolite was capable to remove MTBE in
batch and column systems. Kuleyin [4] observed that
the phenol and 4-chlorophenol were efficiently
removed by surfactant-modified natural zeolites with
maximum adsorption capacities of 1.3 and 12.7 mg/g,
respectively. Yousef et al. [7] used zeolitic tuff for the
adsorption of phenol, the kinetic and isotherm data
were described by the pseudo-second-order and Fre-
undlich models, respectively, and the mechanism of
adsorption was found to be physical. The previous
studies indicated that the modification of natural
adsorbents is a useful measure to improve their
removal efficiency and capacity [4,8].

In full-scale application of adsorption process,
continuous-flow packed bed columns are preferable;
because the reactors employ the concentration differ-
ence as a driving force for adsorption of pollutants
resulted in more efficient utilization of adsorbent
capacity. In the operation of the packed bed columns,
the plot of effluent concentration (or effluent concen-
tration to influent concentration ratio, C/C0) vs. opera-
tion time (or throughput volume) is called
breakthrough curve. Breakthrough and complete
exhaustion points of a breakthrough curve are typi-
cally assumed, where C/C0 ratios are equal to 0.05
and 1.0, respectively. The experimental data obtained

from the laboratory-scale packed bed column along
with the batch mode are helpful for full-scale applica-
tions [9–11]. The objective of the present study was to
evaluate the performance of a zeolitic tuff for TCP
removal from aqueous solutions. The zeolitic tuff was
modified using hexadecyl trimethyl ammonium
chloride (HDTMA-Cl), and then the effectiveness of
the surfactant-modified zeolite (SMZ) for TCP removal
was studied in both batch and continuous systems.

2. Materials and methods

2.1. Materials and chemicals

The zeolitic tuff was obtained from a quarry in
Semnan, Iran. HDTMA-Cl (C19H42ClN) and NaCl sup-
plied by Merck (Germany) were used for modification
of the zeolite. The experimental solutions were syn-
thetically prepared using deionized water and analyti-
cal grade TCP with a purity greater than 97% (Merck
supplied). The pH of the experimental solutions was
adjusted to 5.0 (the optimum pH determined in the
preliminary experiments) by 0.1 M NaOH and/or
0.1 M HCl.

2.2. Preparation of adsorbent

The zeolitic tuff was crushed and sieved to select
the particles with desired size (250–300 μm) for future
use. The zeolite particles were washed with deionized
water to remove any dissolved salts and then heated
to 200˚C for 24 h. The zeolite particles were subse-
quently loaded with sodium ions (Na+) in a 1 M NaCl
solution (zeolite concentration of 100 g/L) at room
temperature for 24 h under slow shaking to produce
sodium-modified zeolite (NaZ). The NaZ was subse-
quently contacted with 0.025 M HDTMA-Cl solution
in a manner similar to the NaZ production. Later, the
zeolite was washed with deionized water to remove
chloride ions. Finally, the produced SMZ was dried in
an oven at 50˚C. The effect of sodium and surfactant
modifications on TCP adsorption by the zeolite was
studied in pH of 5.0, contact time of 60 min, zeolite
dosage of 10 g/L, and TCP initial concentration of
100 mg/L.

2.3. Characteristics of zeolitic tuff

Chemical composition of the natural zeolitic tuff
was obtained by X-ray fluorescence (XRF) analysis.
The crystal structure and morphology of the natural
zeolite and SMZ particles were determined using
X-ray diffraction (XRD) and scanning electron micros-
copy (SEM) techniques, respectively.
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2.4. Batch adsorption experiments

In all of the batch experiments, the volume of solu-
tion was 50 mL, initial pH of solution was adjusted to
5.0 (before addition of adsorbent), and the mixture of
solution and adsorbent was agitated in 250 rpm on a
rotary shaker with laboratory temperature (20 ± 2˚C).
Adsorption kinetic experiments were carried out in
five initial TCP concentrations (25, 50, 100, 150, and
200 mg/L) and an equal adsorbent mass of 500 mg. In
the kinetic experiments, the aqueous samples were
taken from experiment vessels at preset time intervals
(5, 10, 15, 30, 45, 60, 90, 120, 180, and 240 min) for
analysis. Isotherm experiments were conducted in
contact time of 24 h. The other conditions of the iso-
therm experiments were the same as those of the
kinetic tests.

2.5. Continuous adsorption experiments

Continuous experiments were conducted by passing
the TCP solutions of known concentrations (100 and
200 mg/L at initial pH value of 5.0) through a packed
bed column in a down-flow mode. Inner diameter, bed
depth, and bed volume of the column were 1.1 cm,
6.5 cm, and 6.2 mL, respectively. Weight of the loaded
SMZ into the column was 6.0 g. The column was oper-
ated at a constant flow rate and the empty bed contact
time to be 4 mL/min and 1.5 min, respectively. In each
run of the column experiment, operation of the column
was continued until the effluent to influent TCP concen-
tration ratio (C/C0) reached to 1.0.

2.6. Analytical methods

After each test, the mixture was centrifuged in
5,000 rpm to separate the SMZ, and the supernatant
was taken for analysis of effluent TCP level. The con-
centration of TCP was determined using a UV–vis
spectrophotometer (Lambda 25; PerkinElmer Inc.) at
the wavelength of 500 nm according to the instruc-
tions of standard methods [12].

2.7. Calculations

The TCP removal efficiency and adsorption
capacity are calculated by Eqs. (1) and (2) [13]:

q ¼ ðC0 � CÞV
m

(1)

E ¼ ðC0 � CÞ
C0

� 100 (2)

where q (mg/g) is the adsorption capacity, C0 (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 (%) is the removal efficiency.

The kinetic data of TCP adsorption were analyzed
using the pseudo-first-order, pseudo-second-order,
Elovich, and intraparticle diffusion models. The
pseudo-first-order and pseudo-second-order rate equa-
tions are presented below, respectively, as Eqs. (3) and
(4) [5,13]:

ln
qe � qt
qe

� �
¼ �k1t (3)

1

qt
¼ 1

k2 q2e
þ t

qe
(4)

where qe (mg/g) and qt (mg/g) are the adsorption
capacities at equilibrium and at time t, respectively,
t (min) is the contact time, k1 (1/min) is the pseudo-
first-order rate constant, and k2 (g/mgmin) is the
pseudo-second-order rate constant of adsorption.

The Elovich equation is applied to gaseous as well
as aqueous adsorption systems. This model is given
by Eq. (5) [5]:

qt ¼ b lnðaÞ þ b lnðtÞ (5)

where α (mg/gmin) and β (g/mg) are the rate con-
stants of the Elovich model.

The intraparticle diffusion model was used to
determine the rate-limiting step of the adsorption pro-
cess. This model is expressed as follows [14]:

qt ¼ kid t0:5 þ a (6)

where kid (mg/gmin0.5) is the rate constant of
intraparticle diffusion and a (mg/g) reflects the
boundary-layer thickness. If the plot of qt vs. t

0.5 pro-
duces a straight line and passes through the origin,
then the rate-limiting step is suggested to be the only
intraparticle diffusion. Otherwise, one of the other
sorption steps controls the overall rate of the adsorp-
tion process.

In order to analyze the TCP adsorption isotherm,
the Freundlich, Langmuir, Freundlich–Langmuir and
Temkin isotherm models were used as they are given,
respectively, in Eqs. (7)–(10) [5,13,15]:

log ðqeÞ ¼ log ðKFÞ þ 1

n
log ðCeÞ (7)
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Ce

qe
¼ 1

bqm
þ Ce

qm
(8)

log
1

qe
� 1

qm

� �
¼ log

1

bqm

� �
þ 1

n
log

1

Ce

� �
(9)

qe ¼ RT

bT
ln ðATÞ þ RT

bT
ln ðCeÞ (10)

where Ce (mg/L) is the equilibrium concentration; KF

and n are the Freundlich constants that are indicators
of the adsorption capacity and intensity, respectively;
qm (mg/g) is the maximum adsorption capacity; b
(L/mg) is the Langmuir constant related to the
adsorption energy; R (8.314 J/mol K) is the universal
gas constant; T (K) is the absolute temperature; bT
(J/mol) is the Temkin constant related to heat adsorp-
tion; and AT (L/g) is the Temkin binding constant.

In the continuous adsorption system, the total
mass of TCP adsorbed by the SMZ was determined by
calculating the enclosed area between the break-
through curve and a horizontal line drawn at the
point of C/C0 = 1.0. The Thomas and Yoon–Nelson
models were used to represent the dynamics of the
packed bed column. These models predict the effluent
concentration of adsorbate as a function of the opera-
tion time. The Thomas and Yoon–Nelson models are
written, respectively, as below [16,17]:

ln
C0

C
� 1

� �
¼ kThq0m

Q
� KThC0ts (11)

ln
C

C0 � C

� �
¼ kYNts � kYNs (12)

where kTh (mL/mgmin) is the Thomas rate constant,
Q (L/min) is the flow rate, q0 (mg/g) is the adsorption
capacity at complete exhaustion point, ts (min) is the
operation time, kYN (1/min) is the Yoon–Nelson rate
constant, and τ (min) is the time to 50% adsorbate
breakthrough (C/C0 = 0.5).

3. Results and discussion

3.1. Characteristics of zeolitic tuff

The chemical composition of the clinoptilolite-rich
tuff used in this study as compared to that of the
same material from other places is given in Table 1.
The XRF analysis indicated that the main compounds
of the zeolite were silica (SiO2) and alumina (Al2O3),
and the mass ratio of silica to alumina was 6.93.
According to Table 1, the chemical composition of the

clinoptilolite-rich tuff used in this study was approxi-
mately similar to that of clinoptilolite zeolite from
other places such as Turkey [4], Greece [18], China
[19], and New Mexico [20]. The XRF analysis also
indicated the presence of metal oxides. In aqueous
solutions, the metal oxides form functional groups that
were formed on the surface of the zeolite. These func-
tional groups play an important role in the adsorption
of pollutants from aqueous solutions [21].

Fig. 1 shows the XRD patterns of the natural
zeolite and SMZ. The major X-ray peaks of the natural
zeolite and SMZ differed only in their relative inten-
sity but not in their positions which imply that the
crystalline nature of the zeolite remained unchanged
during the surfactant modification. The results also
confirmed the existence of clinoptilolite, quartz, and
cristobalite in the natural zeolite and SMZ. The SEM
images of the natural zeolite and SMZ are presented
in Fig. 2. As seen in Fig. 2, the morphological differ-
ence between the natural zeolite and SMZ was appar-
ent. After surfactant modification, the surfaces of the
zeolite crystals were covered with an organic layer,
but the edges of the zeolite crystals did not completely
disappear. The effect of sodium and surfactant modifi-
cations on TCP adsorption by the zeolite is shown in
Fig. 3. According to Fig. 3, surfactant modification
significantly increased the TCP removal efficiency by
the zeolite; therefore, the main TCP adsorption experi-
ments were continued using the SMZ.

3.2. Batch system study

3.2.1. Kinetic study

The kinetic profiles of TCP adsorption by the SMZ
are shown in Fig. 4. As can be seen in the figure, the
adsorption process was so rapid that a considerable
fraction of the equilibrium adsorption (over 90%) was
attained in 30 min, and the maximum required time to
reach the equilibrium was about 45 min in all of the
examined initial concentrations of TCP. Therefore, the
contact time required for the removal of TCP by SMZ
was short. This rapid kinetic will decrease the reactor
volume in full-scale applications and affect the feasi-
bility and effectiveness of the process. Similar to this
study, Apreutesei et al. [22] reported that the rate of
phenol and 4-chlorophenol removal by a Romanian
surfactant-modified zeolite was very high during the
first 30 min, and that the equilibrium was reached in
about 4 h.

Determination of the kinetic model and parameters
of an adsorption process is useful to predict its rate
and efficiency [13]. Table 2 represents the fitness of
the kinetic data with the pseudo-first-order,
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Table 1
Chemical composition of the raw natural clinoptilolite-rich tuff used in this study as compared to that of the same
material from other places

Compound

Concentration (mass percent)

Iran (this study) Turkey [4] Greece [18] China [19] New Mexico [20]

SiO2 69.321 65.0 77.08 71.53 66.61
Al2O3 10.475 13.7 13.08 13.65 12.91
CaO 1.289 3.1 3.63 1.89 3.18
K2O 4.028 1.0 4.00 4.14 2.44
Na2O 2.244 5.6 0.32 1.86 0.39
Fe2O3 0.662 – 0.97 2.82 1.7
MgO 0.410 1.0 0.76 1.61 1.54
TiO2 0.191 0.3 0.11 0.28 0.25
SO3 0.045 – – – –
Sr 0.028 – – – –
P2O3 0.020 – – – –
Zr 0.017 – – – –
Loss on ignition 11.270 – – 5.6 10.72

Fig. 1. XRD patterns of the zeolitic materials: (a) natural zeolite and (b) SMZ.
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pseudo-second-order, Elovich, and intraparticle diffu-
sion models. The kinetic of TCP adsorption onto the
SMZ was described by the pseudo-second-order rate
equation with the best fitness (R2 > 0.99). In the TCP
concentration range of 25–200 mg/L, the pseudo-sec-
ond-order rate constant was obtained to be in the

range of 0.034–0.329 g/mg.min. As given in Table 2,
since the plot of qt vs. t0.5 was not linear, it was
concluded that the kinetic of TCP adsorption was not
limited by the intraparticle diffusion step.

3.2.2. Isotherm study

The isotherm study produces necessary data for
design, operation, and cost-efficiency assessment of
the adsorption systems. The isotherm models predict
the qe as a function of Ce, help to understand the
adsorption mechanisms and produce efficient parame-
ters for comparing different adsorbents for the same
adsorbate [23]. The isotherm data of TCP adsorption
by the SMZ and their prediction using the Freundlich,
Langmuir, Freundlich–Langmuir and Temkin isotherm
models are displayed in Fig. 5. The isotherm parame-
ters of these models are also given in Table 3. As indi-
cated in Fig. 5 and Table 3, the isotherm data of TCP
adsorption by the SMZ were better described by the
Langmuir model rather than the other isotherm mod-
els (R2 > 0.99). The data also showed good fitness with
the other isotherm models, especially the Freundlich–
Langmuir model (R2 > 0.98). The parameter n in the
Freundlich model is a function of adsorption intensity
and would be more than 1.0 for a favorable adsorp-
tion process [24]. In this study, the value of parameter
n was obtained to be 1.9, indicating the favorable
conditions for the TCP adsorption onto the SMZ.
Based on the Langmuir isotherm model, the predicted
maximum monolayer adsorption capacity (qm) of TCP
by the SMZ was found to be 12.9 mg/g. This value is
promising as compared to those obtained by similar
adsorption systems. Dı́az Nava et al. [25] investigated
the phenol removal efficiency of a Mexican SMZ and
found that the parameter qm derived from the
Langmuir model was 0.59 mg/g. Sprynskyy [5]

Fig. 2. SEM images of the zeolitic materials: (a) natural
zeolite and (b) SMZ.
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Table 2
Kinetic parameters of the pseudo-first-order, pseudo-second-order, Elovich, and intraparticle diffusion models for TCP
adsorption by the SMZ

Kinetic model Parameter

Initial concentration (mg/L)

25 50 100 150 200

Pseudo-first-order qe 0.47 1.21 1.85 3.59 4.96
k1 0.041 0.012 0.033 0.061 0.054
R2 0.789 0.462 0.878 0.872 0.965

Pseudo-second-order qe 2.17 4.30 7.32 10.78 12.36
k2 0.329 0.050 0.061 0.034 0.046
R2 1.000 0.998 1.000 1.000 1.000

Elovich α 36,570 58 2,436 466 2,069
β 0.142 0.473 0.575 0.971 0.993
R2 0.689 0.776 0.843 0.852 0.780

Intraparticle diffusion kid 0.033 5.540 0.142 0.244 0.239
a 1.769 2.800 5.540 7.725 9.468
R2 0.461 0.561 0.627 0.652 0.547
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Fig. 5. Isotherm data of TCP adsorption by the SMZ and their prediction using the isotherm models: (a) Freundlich
model, (b) Langmuir model, (c) Freundlich–Langmuir model, and (d) Temkin model.
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reported that the parameter qm for phenol adsorption
by an Ukrainian SMZ was found to be 11.7 mg/g.
Apreutesei et al. [22] evaluated the efficiency of a

Romanian SMZ for 4-chlorophenol removal and found
that the parameter qm was 4.1 mg/g.

3.3. Continuous system study

In design and operation of a packed bed column,
the required time for the appearance of breakthrough
as well as the shape of the breakthrough curve is a
very important characteristic [16,17,26]. The results of
TCP adsorption by the SMZ in the packed bed column
as the breakthrough curves are presented in Fig. 6.
Table 4 presents the operation parameters of the
packed bed column during the experimental runs. As
given in Table 4, doubling the influent TCP concentra-
tion (from 100 to 200 mg/L) caused a considerable
increase in the total TCP uptake capacity from 14.7 to
35.5 mg/g. Similar trends have also been observed in
the adsorption of TCP by oil palm shell-based
activated carbon, removal of chromium ions using
modified corn stalk, and removal of cobalt ions using
granular-activated carbon [16,26,27]. This observation
could be attributed to the increased driving force

Table 3
Parameters of the Freundlich, Langmuir, Freundlich–Lang-
muir, and Temkin isotherm models for TCP adsorption by
the SMZ

Isotherm model Parameter Value

Freundlich n 1.95
Kf 1.25
R2 0.967

Langmuir qm 13.24
b 0.053
R2 0.995

Freundlich–Langmuir qm 13.93
b 0.054
n 1.06
R2 0.989

Temkin AT 0.548
bT 854
R2 0.982
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Fig. 6. Breakthrough curves of TCP adsorption by the SMZ in the packed bed column and their prediction using
the breakthrough curve models: (a) C0 = 100 mg/L and Thomas model, (b) C0 = 200 mg/L and Thomas model,
(c) C0 = 100 mg/L and Yoon–Nelson model, and (d) C0 = 200 mg/L and Yoon–Nelson model.
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against mass-transfer resistance in higher inlet TCP
concentration; therefore, by increasing the inlet TCP
concentration, it would be easier to overcome mass-
transfer resistance and hence, adsorption capacity
would increase [26,28].

The breakthrough curves of packed bed columns
can be explained through the mathematical models.
The breakthrough curve models describe and analyze
the result of packed bed column studies for the pur-
pose of industrial applications [29]. Fig. 6 displays the
fitness of the Thomas and Yoon–Nelson models to the
breakthrough curves of the packed bed column. The
Thomas and Yoon–Nelson parameters for TCP adsorp-
tion by the SMZ in the packed bed column are
presented in Table 5. The breakthrough curves were
found in relatively good fitness with both the Thomas
and Yoon–Nelson models (R2 > 0.93), and the pre-
dicted breakthrough curves by these models were
complied with each other. Similarly, Huang et al. [30]
observed that the removal of phenol by a diethylene-
triamine-modified hypercrosslinked styrene–divinyl-
benzene was described by both the Thomas and
Yoon–Nelson models.

According to the Thomas model, the values of
parameter q0 (adsorption capacity at complete exhaustion
point) for inlet TCP concentrations of 100 and 200 mg/L

were determined to be 16.4 and 33.5 mg/g that were
consistent with the experimental values. The kinetic con-
stant kTh decreased from 0.131 to 0.077 mL/mgmin as
the TCP concentration increased. Based on the Yoon–
Nelson model, the values of the parameter τ indicating
the time to 50% breakthrough were calculated to be 247
and 251 min for influent TCP concentrations of 100 and
200 mg/L, respectively, which were almost close to the
actual values. According to the results, both the Thomas
and Yoon–Nelson models could be used to predict
the breakthrough curves of the TCP adsorption by the
SMZ.

4. Conclusions

In this research, the capability of the SMZ for TCP
removal from aqueous solutions was investigated. The
kinetic of the TCP adsorption onto the SMZ was
found to be in the best fitness with the pseudo-
second-order rate model. The kinetic of TCP adsorp-
tion was not limited by the intraparticle diffusion step.
The Langmuir isotherm model best described the TCP
adsorption process. Based on the Langmuir model, the
maximum adsorption capacity (qm) of TCP by the
SMZ was determined to be 12.9 mg/g. In the packed
bed column, the increase in influent TCP concentra-
tion caused a significant increase in the total TCP
uptake capacity. The breakthrough curves were well
predicted by both the Thomas and Yoon–Nelson mod-
els. In the Thomas model, the values of parameter q0
(adsorption capacity at complete exhaustion point) for
inlet TCP concentrations of 100 and 200 mg/L were
found to be 16.4 and 33.5 mg/g, respectively. This
study identified the SMZ as an effective and promis-
ing adsorbent for the removal of TCP from water and
wastewater.

Acknowledgments

The authors wish to thank the laboratory staff of
Department of Environmental Health Engineering,
School of Public Health, Tehran University of Medical
Sciences, Iran, for their collaboration in this research.

Table 4
Breakthrough curve characteristics of the packed bed column used for TCP adsorption by the SMZ in the continuous
mode

C0 (mg/L)

Breakthrough point
(C/C0 = 0.05)

Exhaustion point
(C/C0 = 0.95)

Complete exhaustion
point (C/C0 = 1.00)

ts (min) q (mg/g) ts (min) q (mg/g) ts (min) q (mg/g)

100 32 2.1 532 15.4 732 15.6
200 58 7.5 480 34.9 580 35.0

Table 5
Parameters of the Thomas and Yoon–Nelson models for
breakthrough curve analysis of TCP adsorption by the
SMZ

Breakthrough models Parameters

Initial
concentration
(mg/L)

100 200

Thomas kTh 0.131 0.077
q0 16.44 33.48
R2 0.968 0.930

Yoon–Nelson kYN 0.013 0.015
τ 247 251
R2 0.968 0.930
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