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The effect of alkaline pretreatment on surfactantmodiﬁed clinoptilolite for diclofenac adsorption:
isotherm, kinetic, and thermodynamic studies
Fateme Poorsharbaf Ghavi, Fereshteh Raouf and Ahmad Dadvand Koohi

ABSTRACT
The elimination of diclofenac traces from aqueous environments is important. In this research, the
effect of alkaline (NaOH) pretreatment on clinoptilolite before its modiﬁcation with a surfactant
(HDTMA) for diclofenac adsorption under the speculation of the sole presence of diclofenac in the
aqueous solution is investigated. The results are compared through isotherm, kinetic, and
thermodynamic studies and supplemented by Fourier transform infrared spectroscopy (FTIR), scanning
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electron microscopy (SEM), Brunauer–Emmett–Teller (BET), and the zeta potential analyses. The contact
time was investigated in a 0–180-min range. The pH effect was studied in a range of 5–10 because of
diclofenac dissociation below pH ¼ 5. The effect of the temperature on diclofenac adsorption was also
considered by establishing the experiments at 25, 35, and 45  C. For HDTMA-modiﬁed clinoptilolite,
Temkin, and for NaOH-HDTMA-modiﬁed clinoptilolite, Dubinin–Radushkevich, and Freundlich isotherm
models and in both cases, the pseudo-second-order kinetic model ﬁtted the experimental data best. All
the enthalpy and the entropy changes were negative, suggesting exothermic adsorption with a
decrease in the degree of freedom of diclofenac anions after the adsorption. Furthermore, diclofenac
physisorption was conﬁrmed through isotherm and kinetic studies.
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HIGHLIGHTS

•
•
•
•
•

Incapability of clinoptilolite for diclofenac adsorption.
Increase in total pore volume of clinoptilolite after NaOH pretreatment; conﬁrmed by BET analysis.
Effective clinoptilolite modiﬁcation with HDTMA.
Change in surface charge through HDTMA loading; conﬁrmed by zeta potential analysis.
Slight enhancement in maximum diclofenac adsorption capacity for NaOH-HDTMA-Clino
compared with HDTMA-Clino.

INTRODUCTION
As the human population increased during recent years, the

rivers; they can remain in water resources and threaten

need for drinking water supplies grew. Some pharmaceuti-

the ecosystem (Akhtar et al. ). Diclofenac (DCF) is an

cals escape the wastewater treatments and pollute the

acidic pharmaceutical which belongs to the non-steroidal
pharmaceutical group with an analgesic effect. It is pre-

This is an Open Access article distributed under the terms of the Creative
Commons Attribution Licence (CC BY 4.0), which permits copying,

scribed

for

arthritis,

rheumatism,

and

after-surgery

adaptation and redistribution, provided the original work is properly cited

inﬂammations (Sotelo et al. ). DCF is one of the most

(http://creativecommons.org/licenses/by/4.0/).

common pollutants in aqueous environments. It can be
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degraded in surface waters by sunlight, but the formed pro-

purposes such as the bioconversion of lignocellulosic bio-

ducts are more dangerous to other living organisms

mass. This pretreatment is advantageous, as it can simply

(Huguet et al. ).

be carried out under ambient temperature, it is cheap, and

Continuous uptake of DCF into the human body, even

the procedure is easy to exploit (Kim et al. ). The modi-

in low concentrations, causes body function failure (de

ﬁcation of clinoptilolite with NaOH increases its sodium

Luna et al. ). The accumulation of DCF residues in

content, and the presence of the sodium cations can

human organs causes serious health problems such as

improve the cation exchange capacity of clinoptilolite

kidney, liver, and tissue damages. The limit of detection of

(Ates & Akgül ).

DCF is reported to be between 1 and 10 ng/L (Poorsharbaf

The literature review showed that HDTMA-modiﬁed

Ghavi et al. ). Removal methods such as adsorption, oxi-

clinoptilolite (HDTMA-Clino) was an effective adsorbent

dation, ozonation, and Fenton processes have been applied

for DCF. On the other hand, alkaline pretreatment of a zeo-

to eliminate pharmaceutical traces from the aqueous

lite improved its characteristics as an adsorbent through the

environments. Adsorption, however, is of more interest

enhanced surface area. The combination of these two modi-

because of its simplicity and effectiveness (Hu & Cheng

ﬁcation methods and the comparison between them for

). Zeolites are commonly used adsorbents because of

DCF adsorption were missing from previous studies, so

their low cost and adsorptive characteristics. Zeolites have

this study focuses on DCF adsorption with HDTMA-Clino

a net negative charge, so they have no or low afﬁnity

and NaOH-HDTMA-modiﬁed clinoptilolite (NaOH-HDTMA-

toward anions (Warchoł et al. ). Surfactants are mol-

Clino). The feasibility of HDTMA-Clino and NaOH-

ecules with long chains and have both hydrophobic and

HDTMA-Clino for DCF adsorption in the aqueous solution

hydrophilic parts (Urum & Pekdemir ). In an aqueous

is assessed under different experimental conditions, by vary-

solution, the surfactant forms aggregations at a speciﬁc con-

ing the contact time, the pH of the solution, the adsorbent

centration. This is the critical micelle concentration (CMC).

amount, the initial DCF concentration, and the temperature.

The surface ion exchange capacity of the zeolite increases as

The experimental data are studied alongside with the results

a result of zeolite modiﬁcation by surfactants; thus, the sur-

from different analyses of the adsorbents to reach reliable

factant-modiﬁed zeolite shows a better function in the

conclusions.

adsorption of anions and organic compounds (Misaelides
).
Hexadecyltrimethylammonium bromide (HDTMA-Br)
is a cationic surfactant (Jiménez-Castañeda & Medina

MATERIALS AND METHODS

). The adsorption of HDTMA on clinoptilolite consists
of two major steps: (1) the HDTMA micelles are adsorbed

DCF sodium with C14H10Cl2NNaO2 molecular formula and

directly on the clinoptilolite surface and (2) the adsorbed

318.129 g/mol Mw was prepared (from Behdashtkar Com-

HDTMA molecules rearrange to form monolayers or

pany in Guilan, Iran; coded as B.DF.87.130) and used as

bilayers. If the initial concentration of HDTMA is less

an analytical grade. Clinoptilolite was prepared, modiﬁed,

than its CMC, monolayers appear, and if it is more than

and used as the adsorbent (purchased from Afrazand

the CMC, admicelles form on the adsorbent surface. These

Tooska Company in Semnan, Iran). The clinoptilolite had

admicelles then rearrange and bilayers appear. In bilayers,

an average particle size of 600 μm and a SiO2/Al2O3 ratio

the positive head of HDTMA tends to be toward the sol-

equal to 6.73. HDTMA-Br was used for clinoptilolite modi-

ution. This helps the modiﬁed adsorbent to adsorb anions

ﬁcation (purchased from Merck in Germany; CAS-No:

(Ambrozova et al. ). Alkaline treatment with NaOH

57-09-0). Powdered NaOH (Mw ¼ 40 g/mol) was used to

has proven to increase the cation exchange capacity of zeo-

prepare NaOH solutions for the adsorbent alkaline

lite and if it is followed by a surfactant modiﬁcation, the

pretreatment. Diluted NaOH and HCl solutions were used

adsorbent effectively adsorbs organic compounds (Tran

to adjust pH. A WPA UV–visible spectrophotometer

et al. ). Alkaline pretreatment can be used for other

(Biowave II) was used to detect the concentration of the
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solutions. A quartz cuvette was used in spectrophotometry

study experiments, the parameters were set in their optimum

(purchased from Azin Laboratory in Tehran, Iran).

values, while the initial concentration and the temperature

In order to modify the clinoptilolite, 5 g of clinoptilolite

were the variables. To ﬁnd the kinetic model that elucidated

was added to a series of 100 mL HDTMA solutions with

the DCF adsorption well, pseudo-ﬁrst-order, pseudo-second-

concentrations equal to 1, 2.5, 5, 15, and 25 CMC

order, and intraparticle diffusion models were ﬁtted to the

(CMC ¼ 0.93 mmol/L (Cifuentes et al. )). The solutions

experimental data and their deviations from the experimen-

were shaken in an incubator shaker for 24 h at 200 rpm

tal data were calculated.

and 25  C. The modiﬁed adsorbent was washed several

The Fourier transform infrared spectroscopy (FTIR)

times. The DCF removal percent with HDTMA-Clino with

analysis was done using a Nicolet 560 FTIR spectrometer.

different amounts of the loaded HDTMA was compared,

A minimum amount of 50 mg of each powdered sample of

and the appropriate amount of HDTMA for modiﬁcation

clinoptilolite, HDTMA-Clino, and NaOH-HDTMA-Clino

was chosen.

were prepared, and the FTIR spectra of these samples

To investigate the effect of alkaline pretreatment on the

were obtained from 400 to 4,000 cm1 to conﬁrm the func-

adsorbent characteristics, two modiﬁcation conditions were

tional groups of the loaded surfactant. The scanning

adjusted. In the ﬁrst set of conditions, 4 g of clinoptilolite

electron microscopy (SEM) images were taken by a Philips

was added to a 1.5 mol/L NaOH solution and mixed in an

XL30 (WDX: WDX-3pc, Microspec) SEM device. The Bru-

incubator shaker at 200 rpm and 25  C for 24 h. In the

nauer–Emmett–Teller (BET) surface area, the total pore

second set of conditions, 4 g of clinoptilolite was added to

volume, and the average pore volume along with the related

a 1.5 mol/L NaOH solution and mixed at 260 rpm and

N2 adsorption–desorption diagrams were obtained using a

55  C for 90 min. After the alkaline pretreatment, the adsor-

Belsorp mini II BET device for Microtrac Bel Corp. The

bent was washed with distilled water until the solution pH

zeta potential was determined by dispersing clinoptilolite,

was near 7. Then, the NaOH-pretreated clinoptilolite was

HDTMA-Clino, and NaOH-HDTMA-Clino in distilled

modiﬁed by HDTMA. DCF adsorption with NaOH-

water and using a ZetaCheck device for MicroTrac

HDTMA-Clino prepared under these two sets of conditions

Company.

was compared, and the proper set was selected.
The effect of the contact time, the pH of the solution, the
adsorbent amount, and the temperature on DCF adsorption

The removal percent was calculated with Equation
(1) and the adsorption capacity was calculated with
Equation (2):

was investigated. The removal percent and the adsorption
capacity of HDTMA-Clino and NaOH-HDTMA-Clino for
DCF adsorption were investigated at 20, 50, and 80 mg/L

%R ¼

(C0  Ce )
× 100
C0

(1)

DCF solutions in a contact time range of 0–180 min. The
effect of the solution pH was studied in a pH range of
5–10 for 50 mg/L DCF solutions and 0.5 g adsorbent in

qe ¼

(C0  Ce )
×V
m

(2)

100 mL volume. The effect of the adsorbent amount was
studied with 0.5, 1, 1.5, and 2 g of HDTMA-Clino and

In Equations (1) and (2), C0 represents the initial con-

NaOH-HDTMA-Clino for 50 mg/L DCF solutions. All the

centration of the adsorbate and Ce represents the

pH and the adsorbent amount investigation experiments

equilibrium concentration in terms of mg/L. Parameter m

were done at 25  C and 200 rpm, at the equilibrium time.

is the adsorbent amount in g, and V is the solution volume

Also, the effect of DCF initial concentration and the temp-

in L. %R shows the removal percent, and qe is the equili-

erature was investigated at three different temperatures:

brium adsorption capacity of the adsorbent in mg/g.

25, 35, and 45  C. The obtained experimental data were

Finding an isotherm that can explain the majority of the

adjusted to Langmuir, Freundlich, Temkin, and Dubinin–

experimental data is important because it gives better

Radushkevich (D–R) isotherm models to ﬁnd the isotherm

insights to perceive the interactions between the adsorbate

that explained the adsorption best. During all the isotherm

and the adsorbent. In the Langmuir isotherm model, the
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adsorption is considered to be due to the physical and elec-

In Equation (5), KF is the Freundlich constant, which

trostatic forces. The adsorption takes place on monolayers

indicates the adsorption capacity (mg/g). 1/n shows the

on a homogenous adsorbent with identical adsorption sites

adsorption intensity and n is the deviation of the data

(Wei et al. ). The Freundlich isotherm model, unlike

from linear adsorption. If n < 1, the adsorption is chemisorp-

Langmuir’s, is valid for inﬁnite adsorption which can take

tion, and if n > 1, the process is physisorption. If n ¼ 1, the

place on a heterogeneous adsorbent and does not determine

adsorption is linear (Khambhaty et al. ).

the maximum adsorption capacity. This model is especially

Temkin isotherm is given by the following equations:

useful for the adsorption of organic pollutants (Fallou
et al. ). The Temkin isotherm model is based on the

qe ¼ βlnKTe þ βlnCe

(6)

assumption that the heat of the adsorption linearly
decreases as the adsorption layers increase. This model
also describes adsorption on a heterogeneous surface
(Boparai et al. ). The D–R isotherm model is valid for
adsorption on both the homogeneous and the heterogeneous surfaces. This model can predict the maximum
adsorption capacity and the adsorption mechanism (ElKamash ). The linear forms of the studied isotherm
models and the related parameters are represented in
Equations (3)–(10).
Langmuir isotherm can be represented by the following
equation:
Ce Ce
1
¼
þ
qe qm KL qm

(3)

In Equation (3), qe is the equilibrium adsorption

β¼

RT
b

(7)

In Equation (6), KT is the equilibrium binding constant
(L/g) and β is related to the heat of the adsorption. Equation
(7) shows the calculation of β. In this equation, b is the
adsorption energy in terms of J/mol, R is the universal gas
constant and T is the absolute temperature in K (Boparai
et al. ).
D–R isotherm is described by the following equations:
ln(qe ) ¼ ln(qD )  Kε2

(8)



1
ε ¼ RT ln 1 þ
Ce

(9)

E ¼ (2K)1=2

(10)

capacity and qm is the maximum adsorption capacity; both
in terms of mg/g. Ce is the equilibrium concentration of

In Equation (8), qD is the theoretical saturation

the adsorbate (mg/L), and KL is the Langmuir adsorption

capacity (mg/g), K is the D–R isotherm constant (mol2/J2)

constant (L/mg). Parameter RL is the Langmuir dimension-

related to the mean adsorption energy, and ε is the Polanyi

less factor which indicates the adsorption characteristics. If

potential (J/mol). Equation (9) shows the relation for ε.

0 < RL < 1, it can be concluded that the adsorption was

In Equation (9), R is the universal gas constant, T is the

effective. Equation (4) shows how the RL parameter can

absolute temperature, and Ce is the equilibrium concen-

be calculated (Wei et al. ). In Equation (4), C0 is the

tration. To understand whether the adsorption is physical

initial concentration in mg/L and KL is the Langmuir

or chemical, the mean energy, E (J/mol), is calculated

adsorption constant (L/mg).

from Equation (10). If the E value is less than 8 kJ/mol,
the adsorption is physisorption and if E is between 8 and

RL ¼

1
1 þ KL C0

(4)

16 kJ/mol, chemisorption had occurred (El-Kamash ).
Studying the adsorption kinetics provides information
about the rate of the adsorption and predicts the adsorption–desorption rate of the adsorbate in a solid–liquid

Equation (5) is for the Freundlich isotherm model:

system. The kinetic models which are commonly used to
ln(qe ) ¼

1
ln(Ce ) þ ln(KF )
n
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kinetic model, the main resistance is related to the attach-

or exothermic, and how the target ions rearrange toward

ment of the adsorbate to the adsorption sites. Also, it is

smaller or greater degrees of freedom, it is important to

assumed that the rate of the adsorption sites being occupied

study the thermodynamic of the process. Thermodynamic

is proportionate to the unoccupied sites. The pseudo-ﬁrst-

parameters such as the standard Gibbs free energy change

order kinetic model is given by the following equation:

(ΔG ), the standard enthalpy change (ΔH ), and the standard
entropy change (ΔS ) can be calculated according to the

ln (qe  qt ) ¼ ln qe  k1 t

(11)

changes in the thermodynamic equilibrium constant (KC),
which itself is obtained via plotting ln(qe/Ce) versus qe and

In Equation (11), qe is the equilibrium adsorption
capacity and qt is the adsorption capacity at t; and both
are in terms of mg/g. K1 is the reaction velocity constant
(min1).
In the pseudo-second-order kinetic model, like the
pseudo-ﬁrst-order model, the main resistance to the adsorption is present in the attachment of the adsorbate to the

the extrapolation of qe to zero. The changes in standard
Gibbs free energy is calculated through the following
equation, where T is the absolute temperature and R is the
universal gas constant.
ΔG ¼ RT lnKC

(14)

adsorption sites. It is assumed that the rate of the adsorption

ΔG shows the spontaneity of the adsorption and the more

sites being occupied is proportionate to the square of the

negative it is; it means the process was more spontaneous.

unoccupied sites. The pseudo-second-order kinetic model
can be expressed by the following equation:

In order to gain the results of ΔH and ΔS , values of
ln(KC) versus 1/T are drawn in a graph. Then, the ΔH and
the ΔS are calculated based on the slope and intercept of
the graph and Equation (15) (Vuković et al. ).

t
t
1
¼ þ
q qe k2 q2e

(12)
lnKC ¼ 

In Equation (12), qe is the equilibrium adsorption

ΔH ΔS
þ
RT
R

(15)

capacity and q is the adsorption capacity at t; both in units
of mg/g. Parameter K2 is the rate constant of the pseudosecond-order model in terms of g/(mg min) (Boparai et al.
).
It is indicated in the intraparticle diffusion model that
the adsorption is proportionate to t 0.5. Equation (13)
shows the relations between the parameters in the intraparticle diffusion model:

RESULTS AND DISCUSSION
FTIR, SEM, BET, and zeta potential analyses
Figure 1 represents the FTIR spectra of (a) clinoptilolite, (b)
HDTMA-Clino, and (c) NaOH-HDTMA-Clino in a wavenumber range of 4,000–400 cm1. For clinoptilolite, a wide

qt ¼ kid t1=2 þ c

(13)

peak was present in 3,436 cm1 which was related to the
stretching vibrations in the bonds of the H2O molecules in

In Equation (13), qt is the adsorption capacity at t in

the adsorbent. In 1,633 cm1, the peak indicated the bend-

terms of mg/g, Kid is the intraparticle diffusion rate constant

ing vibrations of H2O molecules. At 1,162 cm1, the peaks

in mg/(g min

0.5

), and c is the equation constant which pro-

were representative of stretching of the internal Si–O(Si)

vides information about the boundary layer. The greater

and Si–O(Al) vibrations in tetrahedra or alumino– and

the parameter c is, the more the boundary layer affects the

silico–oxygen bridges. This peak has moved to a slightly

adsorption (Boparai et al. ).

higher wavenumber (1,197 and 1,193 cm1) for HDTMA-

In order to better understand different aspects of the

Clino and NaOH-HDTMA-Clino because of the loss of

adsorption, regarding its spontaneity, being endothermic

some Al3þ cations after modiﬁcation (Mozgawa ). The
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FTIR spectrum for (a) clinoptilolite, (b) HDTMA-Clino, and (c) NaOH-HDTMA-Clino.

stretching vibrations of T–O in TO4 (T ¼ Si or Al) appeared

of the hydroxyl functional group of the loaded HDTMA

in 1,071 cm1. In 793 cm1, quartz impurity was present in

surfactant. Another peak appeared at 2,924 cm1, which

the FTIR spectrum and in 605 cm1, the bending vibrations

displayed the symmetric and asymmetric C–C or C–H

of Si–O–Si or Si–O–Al can be seen. The peak in 466 cm1

bonds in the alkyl chain of the surfactant. This functional

showed the bending vibrations of Si–O or Al–O inner bonds.

group accompanies the adsorption of DCF because of the

The peaks that appeared in the FTIR spectrum of

hydrophobic interactions between the alkyl chain and

clinoptilolite were present in the HDTMA-Clino FTIR

DCF. Similar results were reported in the literature (Ikh-

spectrum with slight displacements. Also, new peaks

tiyarova et al. ; Krajišnik et al. ; Sun et al. a,

appeared in the HDTMA-Clino FTIR spectrum. In

b). The band at 2,853 cm1 introduced symmetric and

1

3,627 cm , the peak demonstrated the stretching vibrations
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group of HDTMA. There was also a negligible peak at

The zeta potential of the adsorbent represents its surface

1,473 cm1 which was assigned to the asymmetric bending

charge, and it changes after the adsorbent modiﬁcation with

state of the quaternary ammonium of the head methyl

a surfactant and also with the amount of the loaded surfac-

group of HDTMA (Aroke & El-Nafaty ).

tant (Alkan et al. ). The zeta potential of clinoptilolite,

The peaks displayed in HDTMA-Clino occurred in the

HDTMA-Clino, and NaOH-HDTMA-Clino were 37,

NaOH-HDTMA-Clino spectrum with slight displacements.

þ24.5, and þ26.4 mV. The zeta potential of clinoptilolite

Also, the 3,621 cm1 bonds were attributed to the stretching

changed from negative to positive after the modiﬁcation

vibrations of the hydroxyl group of the loaded surfactant.

with HDTMA, indicating the successful loading of the sur-

The peaks were more intense in clinoptilolite and

factant on the adsorbent surface. Also, the greater positive

HDTMA-Clino FTIR spectra than in the one for NaOH-

amount of the zeta potential for NaOH-HDTMA-Clino con-

HDTMA-Clino. The decrease in the peak intensities can

ﬁrmed the successful loading of more HDTMA molecules

be due to the decrease in the crystalline characteristic after

on the adsorbent via better accessibility after alkaline

the alkaline pretreatment (Ates & Akgül ).

pretreatment.

Figure 2 shows the SEM images of (a) clinoptilolite, (b)

In this research, the experiments showed that after a cer-

HDTMA-Clino before DCF adsorption, (c) HDTMA-Clino

tain fold of the CMC of the HDTMA solution, further

after DCF adsorption, (d) NaOH-HDTMA-Clino before

HDTMA loading on clinoptilolite was not possible, unless

DCF adsorption, and (e) NaOH-HDTMA-Clino after DCF

the surface of the zeolite was modiﬁed so that more active

adsorption; all with 10,000× magnitude at 2 μm scale. The

sites would be present for the HDTMA molecules to

porous structure of clinoptilolite is obvious in Figure 2(a).

reach. A suitable surface modiﬁcation was alkaline pretreat-

After the modiﬁcation with HDTMA, the surface of clino-

ment. While the modiﬁcation of clinoptilolite with HDTMA

ptilolite seemed to become less heterogeneous. After the

provided a positive-surface adsorbent, alkaline pretreatment

alkaline pretreatment with NaOH, the adsorbent showed a

prepared more available adsorption sites for more HDTMA

slight hierarchical structure. No obvious differences were

loaded molecules. This way, a more effective adsorbent was

observed between the SEM images of the modiﬁed adsor-

prepared under the same conditions. The removal percent

bents before and after DCF uptake. This can be due to the

and the adsorption capacity comparisons (results are not

absence of any chemical reactions after DCF sorption on

shown) of the modiﬁed clinoptilolite with different amounts

both adsorbents.

of HDTMA showed no signiﬁcant enhancement after 15 ×

The BET method was used to determine the speciﬁc

CMC of the loaded HDTMA, but for the alkaline-pretreated

surface area of clinoptilolite before and after modiﬁcation.

clinoptilolite, HDTMA loading was increased to 25 × CMC

The N2 adsorption–desorption isotherms at 77 K ﬁtted type

and the prepared adsorbent was slightly more effective

IV of the N2 isotherms which implied the presence of

in DCF adsorption. Thus, the HDTMA-Clino was modiﬁed

micropores and mesopores in the adsorbent structure.

at 15 × CMC and NaOH-HDTMA-Clino was modiﬁed

The BET surface area of clinoptilolite was 14.679 m2/g,

at 25 × CMC and these adsorbents were used in the

for HDTMA-Clino, it was 7.329 m2/g, and for NaOH-

experiments.

HDTMA-Clino, the surface area was 10.551 m2/g. The
smaller surface area of HDTMA-Clino compared with

Contact time experiments

raw clinoptilolite represented the aggregation of the surfactant molecules on the adsorbent. The total pore volume of

To ﬁnd the equilibrium contact time for DCF adsorption

clinoptilolite, HDTMA-Clino, and NaOH-HDTMA-Clino

with

was 1.154 × 101, 0.861 × 101, and 1.221 × 101 cm3/g,

removal percent and the adsorption capacity were calcu-

respectively. The greatest pore volume belonged to the

lated at different contact times for three different initial

adsorbent modiﬁed with alkaline pretreatment. Also, the

concentrations. For HDTMA-Clino and NaOH-HDTMA-

mean pore volume increased from 315 Å for clinoptilolite

Clino, the removal percent and the adsorption capacity

to 463 Å for NaOH-HDTMA-Clino.

with 0.5 g adsorbent in 100 mL DCF solutions with 20, 50,

Downloaded from http://iwaponline.com/jwh/article-pdf/19/1/47/845277/jwh0190047.pdf
by guest

HDTMA-Clino

and

NaOH-HDTMA-Clino,

the

54

Figure 2

F. P. Ghavi et al.

|

|

Diclofenac adsorption with HDTMA-clinoptilolite and NaOH-HDTMA-clinoptilolite

Journal of Water and Health

|

19.1

|

2021

SEM images of (a) clinoptilolite, (b) HDTMA-Clino before DCF sorption, (c) HDTMA-Clino after DCF sorption, (d) NaOH-HDTMA-Clino before DCF sorption, and (e) NaOH-HDTMAClino after DCF sorption; all with 10,000× magnitude at 2 μm scale.
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and 80 mg/L concentrations and the contact times of 5, 10,

removal percent. A similar trend was obtained for a

20, 30, 45, 60, 90, 120, and 180 min were studied.

50 mg/L DCF solution. For 90 min of contact time,

Figure 3 shows the effect of contact time on (a) DCF

HDTMA-Clino removed 68.00% of DCF from the solution.

removal percent with HDTMA-Clino, (b) DCF adsorption

For an 80 mg/L DCF solution, the removal percent was

capacity with HDTMA-Clino, (c) DCF removal percent

53.16% after 90 min. The adsorption capacity also followed

with NaOH-HDTMA-Clino, and (d) DCF adsorption

an ascending trend for 20, 50, and 80 mg/L DCF solutions

capacity with NaOH-HDTMA-Clino; at three initial concen-

by increasing the contact time. Also, the adsorption capacity

trations (20, 50, and 80 mg/L), with 0.5 g adsorbent. In the

was higher for greater DCF initial concentrations.

beginning, the adsorption rate was faster and it followed a

The removal percent diagram for NaOH-HDTMA-Clino

slighter trend until it became almost steady when the

followed a similar trend as the one for HDTMA-Clino did.

system reached equilibrium. When the adsorption rate

For a 20 mg/L initial concentration, the removal percent

does not have signiﬁcant changes with time, the system

of DCF increased by time until it reached 96.94% at

has reached equilibrium and that time is considered as the

120 min which was not signiﬁcantly different from 93.61%

‘equilibrium time’. The rapid changes in the removal percent

after 60 min. For a 50 mg/L DCF solution, the removal per-

and the adsorption capacity at the beginning are due to the

cent was 91.64% after 60 min. For further increases in the

greater driving force. Also, the presence of more functional

contact time, no signiﬁcant changes occurred in the removal

groups indicates more available active sites which results

percent. At an 80 mg/L initial concentration, the removal

in more DCF adsorption (Larous & Meniai ). For a

percent reached 67.89% after 60 min. In greater contact

20 mg/L

with

times, the increase in the removal percent was negligible.

HDTMA-Clino was 91.56% after 90 min. Then, as the con-

The adsorption capacity also showed an ascending trend

tact time increased, only slight changes occurred in the

with contact time. For a 20 mg/L DCF solution, the

Figure 3

|

DCF

solution,

the

removal

percent

Effect of contact time on (a) DCF removal percent with HDTMA-Clino, (b) DCF adsorption capacity with HDTMA-Clino, (c) DCF removal percent with NaOH-HDTMA-Clino, and
(d) DCF adsorption capacity with NaOH-HDTMA-Clino; at three initial concentrations (20, 50, and 80 mg/L), with 0.5 g adsorbent.
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Effect of pH

tion capacity for a 50 mg/L DCF solution was 10.40 mg/g
after 120 min. For a DCF solution with 80 mg/L initial con-

When the pH of the solution is less than the pKa (Ka ¼ acid

centration, the adsorption capacity reached 11.59 mg/g at

dissociation constant) of DCF, its solubility in the aqueous

120 min.

solution decreases and it starts to precipitate in the solution.

These results showed that the equilibrium contact time

First, the pKa of DCF was investigated and results showed

was 90 min for HDTMA-Clino and 60 min for NaOH-

that in pH < 5, DCF starts to precipitate. So, the effect of

HDTMA-Clino. So, the alkaline pretreatment was effective

pH on the adsorption was investigated in the range of 5–

in this way and it enhanced the adsorption equilibrium

10. Figure 4 demonstrates the effect of pH on (a) DCF

time. The other experiments were later done at these contact

removal percent and (b) DCF adsorption capacity with

periods.

HDTMA-Clino and NaOH-HDTMA-Clino; for a 50 mg/L

Figure 4

|

Effect of pH on (a) DCF removal percent and (b) DCF adsorption capacity with HDTMA-Clino and NaOH-HDTMA-Clino; for a 50 mg/L DCF solution, 0.5 g adsorbent in 100 mL
solution, and at the equilibrium contact time.
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DCF solution, 0.5 g adsorbent in 100 mL solution, and at the

the adsorption of DCF with NaOH-HDTMA-Clino follows a

equilibrium contact time. When the solution pH increased

similar mechanism as with HDTMA-Clino.

from 5 to 7, the removal percent for HDTMA-Clino
decreased from 79.05 to 75.23% and the removal percent
for

NaOH-HDTMA-Clino

decreased

from

83.01

Effect of the adsorbent amount

to

81.74%. A further increase in pH from 7 to 8 made the

Figure 5 shows the effect of the adsorbent amount on (a)

removal percent for both adsorbents decrease and reach

DCF removal percent and (b) DCF adsorption capacity

77.04 and 73.90% for NaOH-HDMA-Clino and HDTMA-

with HDTMA-Clino and NaOH-HDTMA-Clino; for a

Clino, respectively. When the solution pH was equal to 9,

50 mg/L DCF solution, at pH ¼ 5, and at the equilibrium

NaOH-HDTMA-Clino showed 75.80% and HDTMA-Clino

contact time. DCF removal percent increased from 83.01

showed 69.87% DCF removal from the solution. Increasing

to 97.40% for NaOH-HDTMA-Clino and from 79.05 to

the solution pH to 10 harmed DCF removal for both adsor-

96.17% for HDTMA-Clino when the adsorbent amount

bents. By increasing the solution pH, the DCF adsorption

increased from 0.5 to 1 g. By further increasing the adsor-

capacity with both adsorbents decreased. The maximum

bent amount from 1 to 2 g, no signiﬁcant changes

adsorption

was

occurred in the removal percent. So, 1 g was chosen as the

8.86 mg/g at pH ¼ 5, and the minimum adsorption capacity

optimum amount for both adsorbents. The increase in the

was 7.75 mg/g in pH ¼ 10. The maximum adsorption

adsorbent amount to 1 g caused the adsorption capacity to

capacity for HDTMA-Clino was 7.77 mg/g at pH ¼ 5, and

decrease to 5.23 mg/g for NaOH-HDTMA-Clino and

the minimum adsorption capacity was 6.23 mg/g at pH ¼

4.75 mg/g for HDTMA-Clino. The adsorption capacity fol-

10. When the solution pH is more than the pKa, DCF is pre-

lowed a decreasing trend by further increases in the

sent in its anionic form and also its solubility in water

adsorbent amount. This trend was because of two reasons:

increases, so it has a low afﬁnity toward the adsorbent.

Firstly, in a speciﬁc solution concentration and volume,

This results in lower DCF removal percent and adsorption

some of the adsorption sites are not involved by increasing

capacity at greater amounts of pH. Besides, increasing the

the adsorbent amount. Secondly, the aggregation of the

capacity

for

NaOH-HDTMA-Clino



solution pH adds to the number of OH groups present in

adsorbent in greater amounts hinders the accessibility of

the solution. These OH anions hinder the DCF anions

the adsorption sites for the adsorbate (Lu et al. ). The

from reaching the adsorbent surface. The alkaline pretreat-

greater removal percent and adsorption capacity for

ment was effective from this point of view because the

NaOH-HDTMA-Clino

adsorption capacity and the removal percent were greater

suggested a more effective DCF adsorption.

compared

with

HDTMA-Clino

for NaOH-HDTMA-Clino than HDTMA-Clino at each pH
Effect of the initial concentration

value.
The remaining bromide anions after the modiﬁcation of
clinoptilolite with HDTMA-Br, which are still present near
þ

Figure 6 shows the effect of the initial concentration on DCF

the positive head of the loaded HDTMA , leave their

adsorption with HDTMA-Clino and NaOH-HDTMA-Clino

place in an anion exchange with DCF. Few numbers of

at (a) 25, (b) 35, and (c) 45  C, at pH ¼ 5, and 1 g adsorbent.

DCF anions show an afﬁnity for the hydrophobic tails of

The effect of DCF initial concentration was studied in a

the loaded HDTMA. The majority of DCF anions tend

range of 20–80 mg/L. At 25  C, the removal percent of a

toward the positive head of the loaded HDTMA and are

20 mg/L DCF solution with HDTMA-Clino was 96.62%

adsorbed on the modiﬁed clinoptilolite because of the elec-

and it was 98.67% with NaOH-HDTMA-Clino. The removal

trostatic interactions. Because the alkaline pretreatment

percent then followed a decreasing trend for both adsor-

provides more available active sites through mesopore for-

bents in greater initial concentrations. At 35  C, the

mation and more exchangeable Naþ cations on the surface

maximum removal percent also occurred for a 20 mg/L

of the adsorbent for HDTMA (so greater amounts of

DCF solution which was 96.35% for HDTMA-Clino and

HDTMA can be loaded on the surface of the clinoptilolite),

97.83% for NaOH-HDTMA-Clino. At 45  C, like the other

Downloaded from http://iwaponline.com/jwh/article-pdf/19/1/47/845277/jwh0190047.pdf
by guest

58

Figure 5

F. P. Ghavi et al.

|

|

Diclofenac adsorption with HDTMA-clinoptilolite and NaOH-HDTMA-clinoptilolite

Journal of Water and Health

|

19.1

|

2021

Effect of the adsorbent amount on (a) DCF removal percent and (b) DCF adsorption capacity with HDTMA-Clino and NaOH-HDTMA-Clino; for a 50 mg/L DCF solution, at pH ¼ 5,
and at the equilibrium contact time.

two temperatures, the highest removal percent occurred

NaOH-HDTMA-Clino. In addition to the ascending trend

for a 20 mg/L initial concentration, which was 97.70% for

of the adsorption capacity and the descending trend of the

NaOH-HDTMA-Clino;

that

removal percent with the initial concentration at each temp-

for HDTMA-Clino. At 25 C and for a 20 mg/L DCF

erature, NaOH-HDTMA-Clino showed better removal

solution, the adsorption capacity was 1.77 mg/g for

efﬁciency than HDTMA-Clino.

about

2.25%

more

than



HDTMA-Clino and 1.97 mg/g for NaOH-HDTMA-Clino.

The decrease in the removal percent with increasing the

Then, the adsorption capacity increased as the initial con-

initial concentration was because of the saturation of the

centration increased. Similarly, at 35  C, an ascending

ﬁnite adsorption sites in a speciﬁc adsorbent amount

trend in the adsorption capacity was observed. For a

(Meitei & Prasad ). The increasing trend of the adsorp-

20 mg/L DCF solution, the minimum adsorption capacity

tion capacity with the initial concentration was due to a

was 1.82 mg/g with HDTMA-Clino and 1.99 mg/g with

greater concentration difference between the solid–liquid



NaOH-HDTMA-Clino. At 45 C, the adsorption capacity

phase

was 1.82 mg/g for HDTMA-Clino and 2.02 mg/g for

(Zeng et al. ).
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Effect of the initial concentration on DCF adsorption with HDTMA-Clino and NaOH-HDTMA-Clino at (a) 25, (b) 35, and (c) 45  C; at pH ¼ 5, and 1 g adsorbent.

Effect of the temperature

percent with both adsorbents decreased slightly, and for a
DCF solution with 20 mg/L concentration, it reached

The effect of the temperature was studied at 25, 35, and

96.35% with HDTMA-Clino and 97.83% with NaOH-

45  C. At 25  C, HDTMA-Clino showed 96.62% DCF

HDTMA-Clino. The descending trend continued, and DCF

removal and NaOH-HDTMA-Clino removed 98.67% of

removal percent for a 20 mg/L DCF solution was 95.45%

DCF from a 20 mg/L DCF solution. At 35  C, DCF removal

for HDTMA-Clino and 97.70% for NaOH-HDTMA-Clino.
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|

initial concentration remained almost the same with temp-

Isotherm study

298.15 K

308.15 K

318.15 K

Langmuir

qm,cal (mg/g) × 101
KL (L/mg) × 10
R2 × 10
RMSE × 10

1.10132
9.190
9.540
2.817

1.76991
2.834
9.385
1.560

1.47711
3.216
9.706
1.337

Freundlich

KF (mg/g)
n
(1/n) × 10
R2 × 10
RMSE × 10

5.1689
1.5375
6.504
9.464
5.055

3.8054
1.2868
7.771
9.966
1.165

3.4794
1.3862
7.214
9.99
0.591

Temkin

β
KT (L/g)
R2 × 10
RMSE × 10

2.522
8.4659
9.868
2.008

2.9088
4.2061
9.701
2.916

2.7608
4.0314
9.721
2.899

D-R

qD (mg/g)
K (mol2/J2) × 107
E (kJ/mol)
R2 × 10
RMSE × 10

7.2725
0.9
2.3570
9.969
0.870

6.7013
1.0
2.2361
9.579
7.375

6.4876
1.0
2.2361
9.436
7.608

in Tables 1 and 2. For DCF adsorption with HDTMA-Clino,
at 25  C, 9.854 × 101 at 35  C, and 9.939 × 101 at 45  C.
These R 2 values were greater than the R 2 values of the
other isotherm models. Also, the root-mean-squared error

2021

Parameters

Relevant parameters of the isotherm models are represented
the R 2 value of the Temkin isotherm model was 9.972 × 101

|

Isotherm model

adverse, although not considerable, effect on the adsorption
suitable temperature than 35 and 45  C.

19.1

Isotherm parameters of Langmuir, Freundlich, Temkin, and D-R models for DCF

erature changes. This showed that temperature had an
and that the process was exothermic. So, 25  C was a more

|

adsorption with NaOH-HDTMA-Clino

slightly and almost negligibly by increasing the temperature.
DCF adsorption capacity with both adsorbents for each

Journal of Water and Health

(RMSE) value for Temkin isotherm was 9.950 × 101 at
25  C, 2.312 × 101 at 35  C, and 1.467 × 101 at 45  C.
These RMSE values were the least among all the others at

For DCF adsorption with NaOH-HDTMA-Clino, at

with

25  C, the R 2 value for D–R isotherm was 9.969 × 101,

HDTMA-Clino, the Temkin isotherm model ﬁtted the exper-

which was the greatest compared with the R 2 values of

imental data best.

other isotherm models at 25  C. The calculated RMSE for

each

temperature.

Thus,

for

DCF

adsorption

D–R isotherm at 25  C was 8.700 × 102, which was the
least compared with the RMSE values of other models at
Table 1

|

Isotherm parameters of Langmuir, Freundlich, Temkin, and D-R models for DCF
adsorption with HDTMA-Clino

therm model was 9.966 × 101 at 35  C and 9.990 × 101 at

Isotherm model

Parameters

298.15 K

308.15 K

318.15 K

Langmuir

qm,cal (mg/g) × 101
KL (L/mg) × 10
R2 × 10
RMSE × 10

1.46843
2.396
9.702
1.224

1.22100
2.893
9.460
3.153

1.31752
1.992
9.656
1.995

KF (mg/g)
n
(1/n) × 10
R2 × 10
RMSE × 10

2.7568
1.3626
7.339
9.780
3.265

2.6479
1.4712
6.797
9.434
6.552

2.1953
1.4278
7.004
9.680
4.405

β
KT (L/g)
R2 × 10
RMSE × 10

2.8498
2.8829
9.972
0.995

2.7214
2.8133
9.854
2.312

2.7522
2.1427
9.939
1.467

qD (mg/g)
K (mol2/J2) × 107
E (kJ/mol)
R2 × 10
RMSE × 10

6.7248
2
1.5811
9.659
6.297

6.7517
3
1.2910
9.568
4.656

6.4689
3
1.2910
9.426
5.873

Freundlich

Temkin

D-R

the same temperature. The R 2 value for the Freundlich iso-
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45  C. These R 2 values were closer to unity than the R 2
values of other isotherms at 35 and 45  C. So, D–R isotherm
at 25  C and Freundlich isotherm at 35 and 45  C were in
best agreement with the experimental data.
The RL values were between 0 and 1 for all the studied
concentrations. This indicated that for the adsorption of
DCF from an aqueous solution, HDTMA-Clino and
NaOH-HDTMA-Clino were both effective adsorbents. The
maximum adsorption capacity predicted by the Langmuir
model was 14.6843 mg/g at 25  C with HDTMA-Clino and
17.6991 mg/g at 35  C with NaOH-HDTMA-Clino. For
DCF adsorption with both adsorbents, n was greater than
1 which conﬁrmed a physisorption. For HDTMA-Clino, KT
decreased from 2.8829 to 2.1427 L/g as the temperature
increased from 25 to 45  C. This was related to weaker
bonds between DCF and the adsorbent at 45  C. The
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Kinetic parameters for DCF adsorption with HDTMA-Clino; at three different

the adsorption process was reversible. This was commensu-

initial concentrations

rate with the temperature study which revealed that 25  C

Kinetic model

Parameters

20 mg/L

50 mg/L

80 mg/L

Pseudo ﬁrst
order

K1 (min1) × 102
qe,cal (mg/g)
R2 × 10
RMSE

3.86
2.2298
9.901
1.1834

3.54
5.3527
9.705
1.8114

5.65
8.1328
8.215
0.8932

2.76
3.7175
9.990
1.166

0.61
8.8496
9.953
2.876

0.77
9.5420
9.965
5.027

3.021
0.9626
9.733
0.957
0.403
2.9896
6.520
4.768

7.455
1.0392
9.563
3.050
2.897
4.3538
9.710
0.812

7.607
1.9589
9.715
2.494
1.836
6.5004
9.963
0.182

Pseudo second K2 (g/(mg min)) × 102
order
qe,cal (mg/g)
R2 × 10
RMSE × 10
Intraparticle
diffusion

Kid,1 (mg/(g min )) × 10
c (mg/g)
R2 × 10
RMSE × 10
Kid,3 (mg/(g min0.5)) × 10
c (mg/g)
R2 × 10
RMSE × 10
0.5

was more suitable than 35 and 45  C.

Kinetic study
Table 3 shows the kinetic parameters of DCF adsorption
with HDTMA-Clino, and Table 4 represents the same data
for NaOH-HDTMA-Clino. The R 2 values of DCF adsorption
with HDTMA-Clino at 20, 50, and 80 mg/L initial concentrations were the highest for the pseudo-second-order
kinetic model. Thus, the adsorption followed the pseudosecond-order model. According to this model, the occupation of the adsorption sites is proportionate to the
square of the number of these sites and the process is a physisorption (Ren et al. ). For DCF adsorption with NaOHHDTMA-Clino with DCF solutions at 20, 50, and 80 mg/L

β parameter is related to the adsorption heat, and it

concentrations, the R 2 values for the pseudo-second-order

decreased from 2.8498 to 2.7522 as the temperature

kinetic model were 9.942 × 101, 9.913 × 101, and 9.993 ×

increased from 25 to 45 C. DCF adsorption with both

101, which were greater than the R 2 values of the

adsorbents was physical because the E values were all less

pseudo-ﬁrst-order kinetic model. Hence, the kinetic of

than 8 kJ/mol, so the interactions between DCF and the

DCF adsorption with both adsorbents was in better agree-

adsorbent were mainly due to Van der Waals forces, and

ment with the pseudo-second-order model.



Table 4

|

Kinetic parameters for DCF adsorption with NaOH-HDTMA-Clino; at three different initial concentrations

Kinetic model

Parameters
1

2

20 mg/L

50 mg/L

80 mg/L

Pseudo ﬁrst order

K1 (min ) × 10
qe,cal (mg/g)
R2 × 10
RMSE

3.10
2.8953
9.821
1.1940

5.62
9.3962
9.727
0.8680

7.32
9.2748
9.838
1.0760

Pseudo second order

K2 (g/(mg min)) × 102
qe,cal (mg/g)
R2 × 10
RMSE × 10

1.58
4.6253
9.942
1.769

0.57
11.9761
9.913
4.676

0.70
12.5786
9.993
1.929

Intraparticle diffusion

Kid,1 (mg/(g min0.5))
c (mg/g)
R2
RMSE × 104
Kid,2 (mg/(g min0.5)) × 10
c (mg/g)
R2 × 10
RMSE × 10
Kid,3 (mg/(g min0.5)) × 10
c (mg/g)
R2 × 10
RMSE × 102

0.702
-0.1704
1
0
3.084
1.2700
9.898
0.286
0.152
3.9325
8.760
6.43

3.5785
-5.804
1
2
9.566
2.9122
9.776
1.325
0.948
9.4110
8.080
6.06

2.6477
-2.1677
1
1
7.673
4.8276
9.969
0.392
4.028
7.2167
9.909
5.07
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Thermodynamic parameters of DCF adsorption with HDTMA-Clino and NaOH-HDTMA-Clino

Adsorbent

T (K)

KC

ΔG0 (J/mol)

ΔH0 (J/mol)

ΔS0 (J/(mol K))

HDTMA-Clino

298.15
308.15
318.15

1.3035
1.2777
1.0113

6.5702 × 102
6.2784 × 102
2.9720 × 10

9.91361 × 103

3.07493 × 10

NaOH-HDTMA-Clino

298.15
308.15
318.15

2.3578
1.6445
1.6236

2.12615 × 103
1.27441 × 103
1.28194 × 103

1.48546 × 104

4.31397 × 10

Figure 7 shows the different stages of DCF adsorption

were calculated according to Equations (14) and (15). For DCF

with HDTMA-Clino and NaOH-HDTMA-Clino according

adsorption with both adsorbents, ΔG was negative at these

to the intraparticle diffusion model at 20, 50, and 80 mg/L

three temperatures which showed spontaneous adsorption.

initial concentration. According to this kinetic model, the

Also, at 25  C, ΔG was more negative than at the other two

ﬁrst stage is for the external adsorption on the adsorbent sur-

temperatures; thus, 25  C favored the adsorption more than

face, the second stage, which occurs with a slighter slope, is

35 and 45  C. The negative amount of ΔH indicated exother-

the gradual diffusion of the adsorbate into the adsorbent,

mic DCF adsorption with both adsorbents. The standard

and the third slower and more constant stage is the equili-

enthalpy change between 2 and 21 kJ/mol shows physisorp-

brium of the adsorbate in the active sites of the adsorbent.

tion, while its changes between 80 and 200 kJ/mol indicate

For NaOH-HDTMA-Clino, all the three stages were obvious

chemisorption (Vuković et al. ). The |ΔH | for DCF adsorp-

and separable compared with the results for HDTMA-Clino

tion with HDTMA-Clino and NaOH-HDTMA-Clino was

because more surface area was reachable for DCF anions

9.913 and 14.85 kJ/mol, respectively. These results conﬁrmed

through mesopore formation after the alkaline pretreatment

the physisorption and agreed with the results obtained from

(Benkli et al. ; Jia et al. ).

the isotherm and kinetic studies. The negative value of ΔS

The boundary layer effect was also investigated through
the calculation of the c parameter (intercept of the intraparticle diffusion model, before dividing it to several stages).
For both adsorbents, the adjusted line of the intraparticle diffusion model did not cross the zero point of the coordinates,
so the adsorption happened at different stages. For DCF
adsorption with HDTMA-Clino, at 20, 50, and 80 mg/L,
the c parameter was 1.5422, 2.1517, and 3.2015 mg/g,

Table 6

|

Comparison of the equilibrium contact time and maximum DCF adsorption
capacity for different adsorbents

Adsorbent

te (min)

qm (mg/g)

Reference

Graphene oxide

1440

5.00 × 102

(Nam, Jung et al.
2015)

ZSM-5 zeolite

60

1.53 × 102

(Rac, Rakić et al.
2020)

Grape bagasse

1400

7.698 × 10

(Antunes, Esteves
et al. 2012)

Zeolite modiﬁed with
CPC

-

4.726 × 10

(Krajišnik, Daković
et al. 2011)

Zeolite modiﬁed with
CTAB

120

4.294 × 10

(Sun, Shi et al.
2017)

1.769 × 10

present study

respectively, and for NaOH-HDTMA-Clino, the related c
values were 1.092, 2.5386, and 3.6674 mg/g. This indicated
that at greater initial concentrations, the adsorption was
mostly affected by the boundary layer and that the intraparticle diffusion was not the sole present mechanism in the
process.

NaOH-HDTMA-Clino

60

Thermodynamic study

HDTMA-Clino

90

1.468 × 10

present study

1.100 × 10

Table 5 shows the thermodynamic parameters of DCF adsorp-

Activated carbon from 30
olive stones

(Larous, and
Meniai 2016)

Activated carbon from 45
coca pod husk

4.741 × 101 (de Luna, Murniati
et al. 2017)

tion with HDTMA-Clino and NaOH-HDTMA-Clino at 25, 35,
and 45  C. KC, ΔG , ΔH , and ΔS at these three temperatures
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Different stages of DCF adsorption with (a) HDTMA-Clino and (b) NaOH-HDTMA-Clino according to the intraparticle diffusion model at 20, 50, and 80 mg/L initial concentration.

shows a decrease in the degree of freedom of the adsorbate

was also investigated. The equilibrium contact time for

ions after the adsorption (Hu et al. ). The ΔS for DCF

DCF adsorption with both HDTMA-Clino and NaOH-

adsorption with HDTMA-Clino and NaOH-HDTMA-Clino

HDTMA-Clino was less than 2 h with more than 90%

was 30.7493 and 43.1397 J/(mol K), respectively. The

DCF removal, which was a satisfying result. According to

negative changes in the standard entropy suggested a decrease

BET analysis, although alkaline pretreatment increased the

in the degree of freedom of DCF anions after the adsorption.

speciﬁc surface area and the total pore volume of

To summarize, clinoptilolite is an abundant and inex-

HDTMA-Clino, it might not be necessary to apply this pre-

pensive natural zeolite, which has shown to be effective in

treatment at these concentrations of DCF under these sets

DCF adsorption. It has an inherently negative charge and

of conditions; as the HDTMA-Clino itself adsorbed more

mostly possesses micropores, thus it was modiﬁed with a

than 90% of DCF from the solution and its DCF adsorption

cationic surfactant to have afﬁnity toward DCF anions.

capacity improved by a maximum of about 3 mg/g after

Then, the effect of alkaline pretreatment on the adsorption

NaOH pretreatment.
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A comparison of the equilibrium contact time and maxi-

Using HDTMA-Clino, the ΔH was 9.91361 × 103 J/mol

mum DCF adsorption capacity from the Langmuir model

and the ΔS was 30.7493 J/(mol K) and with NaOH-

for the different adsorbents from the literature are summar-

HDTMA-Clino, ΔH was 1.48546 × 104 J/mol and ΔS

ized in Table 6. The studies are ordered based on a

was 43.1397 J/(mol K). These negative changes implied

descending trend for qm. One must be wary that any further

exothermic adsorption with a decrease in the degree of

conclusions based on this table are only valid if the impact

freedom of DCF anions after adsorption. The NaOH pre-

of the other adsorption parameters is taken into account,

treatment had a positive, albeit inconsiderable, effect on

so a thorough study of the literature is suggested before

HDTMA-Clino for DCF adsorption.

making a ﬁnal decision.
Future studies can focus on the effectiveness of alkaline
pretreatment of clinoptilolite for much greater concen-
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