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Abstract—This paper presents the adsorption of Cu(II) ions from aqueous solution on Na and Fe-modified clinopti-
lolite. The copper adsorption experiments were performed in a batch system considering an optimum contact time of
24 h. Changes in the surfaces and structure were characterized by SEM data. According to the SEM results, it was
anticipated that the removal efficiency of Fe-modified clinoptilolite was the highest compared with the natural and Na-
modified clinoptilolites. Adsorption of Cu(II) ions by modified clinoptilolites was investigated as a function of the ini-
tial Cu(II) concentration, solution pH, and temperature. According to the results, the maximum adsorbed Cu amount
onto Fe-modified was 19.40 mg/! at the optimum operating condition with a pH value of 5.5 and temperature of 60 °C.
According to the thermodynamic evaluations, positive AS and negative AG were found for the adsorption process
showing that the adsorption reaction is a spontaneous process and more favorable at high temperatures. Sorption data
have been interpreted in terms of Langmuir and Freundlich, Temkin and Dubinin-Radushkevich. The adsorption equi-
librium was best described by the Langmuir adsorption isotherm. In addition, according to the Sips model, the sorp-
tion of Cu(II) ions on the Fe-modified clinoptilolite was found to be heterogeneous. The kinetic study showed that the
Fe-modified clinoptilolite followed the pseudo-second order model. The results indicated that the clinoptilolite-rich tuff

in its iron oxide form could be efficiently used for the removal of copper from aqueous solutions.
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INTRODUCTION

Wastewaters containing heavy metals are being continuously
produced and pollute the environment by various activities. Heavy
metals are toxic or dangerous, endangering human health [1].
Copper is one of the most important hazardous metals in indus-
trial wastewaters [1], and a high concentration of it can cause
grievous health problems. Zeolites are crystalline hydrated alumi-
nosilicates of alkaline earth cations with an open-framework of
tetrahedral (SLAI)O, components. Among these minerals, clinop-
tilolite is the most common natural zeolite categorized in the heu-
landite group, the structure of which is characterized by large crossing
open channels. The specific physico-chemical characterization of
this mineral such as high crystallinity, regular sub-nanometric cav-
ities, and highly selective ion-exchange capacity, makes it applica-
ble in heavy metal sorbents [2]. Clinoptilolite is the most well-known
and abundant natural zeolite. It has large sedimentary mines with
high purity in the world [3,4]. The negative charge of the clinopti-
lolite framework is counterbalanced with cations (Na*, K*, Ca*",
Mg™") which come from tetrahedral coordinated aluminum [5].

The main methods to remove heavy metals from wastewaters
include coagulation, carbon adsorption, ion exchange, precipita-
tion, reverse osmosis, etc. [6]. The adsorption technique is usual
for the removal of heavy metals from waste water and has advan-
tages over other removal techniques like being economical and
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readily accessible [7,8]. Zeolite usage for environmental remedia-
tion is a well-known technique [9-12]. The capability of clinoptilo-
lite for removal of various ions makes it applicable for environmental
remediation. With respect to the type of treatment, clinoptilolites
are classified into two groups: natural and modified. Pretreatment
operation on natural clinoptilolite is usually carried out to change
its characteristics. There are many pretreatment methods to improve
the characteristics of clinoptilolite. It is chemically pretreated to
eliminate cations and locate removable ones more readily before
its usage [13]. One of these pretreatments is performed by various
tetrachloride salts. For instance, the kinetic study on the uptake of
heavy metals by Bulgarian natural zeolite showed that among
these elements, Pb was immobilized by natural zeolite and the rate
of elemental immobilization was enhanced by zeolite pretreated
with NaCl [14]. The modification of clinoptilolite with HCI enhances
the acidity and the effective diameter of the channels and pores
[15]. The specific surface area for the zeolite treated by sodium salts
was more than that for the untreated zeolite. Investigation of the
sorption characteristics of a Mexican clinoptilolite-rich tuff for iron,
manganese, and iron-manganese systems indicated that sodium
treated zeolite removed more Mn and Fe from a solution. Elimi-
nation of arsenic from drinking water was examined using pre-
treated clinoptilolite with NaCl and FeCl; [16]. The results showed
that at a lower initial arsenate concentration, the adsorption rate
and concentration of arsenate were increased when the treated
clinoptilolite was used. Recently, clinoptilolite treated with HCI was
used as an adsorbent for the removal of Cu®* [17]. The results of
this study showed that the adsorption of copper using the treated
clinoptilolite is dependent on the pH of the adsorbent, contact
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time, temperature, mass of adsorbent, and the initial concentra-
tion of the metal in the synthetic wastewater [17].

The other chemical substance used for pretreatment of natural
clinoptilolite is iron. Fe-treated zeolites have been described to be
capable of adsorbing high concentrations of heavy metals in solu-
tions, which mainly depend on the pH, temperature and metal
concentration [18-24]. The sorbent characteristic of the iron oxides
improves the characteristics of natural clinoptilolites. Natural clinop-
tilolite can be treated and modified by adding it to an iron solu-
tion. Doula [24] synthesized natural clinoptilolite by adding it to
an iron nitrate solution under strong alkaline conditions [24]. In
this research, the treated system adsorbed larger Cu concentra-
tions than natural clinoptilolite. Dimirkou and Doula [25] applied
the clinoptilolite-iron oxide system (Clin-Fe system) for the elimi-
nation of Mn** and Zn* ions from drinking water [25]. Dimirkou
and Doula applied the aforementioned system for the elimination
of Cu™* and Zn™ from contaminated drinking water [18,19]. Similar
results were obtained for copper and zinc ions adsorption using the
Clin-Fe system. At the experimental conditions of this research, the
maximum adsorbed Mn amount for the natural and Fe-modified
clinoptilolite was found to be 7.69 mg/g and 27.1 mg/g, respectively.
Such enhancement also occurred for the uptake of Zn. Some re-
searchers investigated lead elimination from solutions using the natu-
ral and iron-treated zeolite [26]. Furthermore, Doula [27] showed
that the simultaneous elimination of Cu, Mn and Zn by amor-
phous Fe-oxide clinoptilolite was enhanced in comparison with
unmodified clinoptilolite. There are some works carried out on the
removal of copper single-ion by using various sorbents such as
chitosan, kaolinite, montmorillonite, their modified derivatives,
sawdust, lignin and clinoptilolite [17,28-31]. However, the lack of
research on the adsorption modeling of copper single-ion by un-
treated, sodium and iron-treated clinoptilolites is seen. Thus, in
this study, the development of kinetic and isothermal models and
thermodynamic evaluations has been carried out for the first time.

The main aim of this study was to examine the capability of
using Na-, Fe-modified and natural dinoptilolite for the maximum
removal of Cu(Il) ions from aqueous solutions. In this study, an
economical, readily available and successtul adsorbent material,
clinoptilolite, was identified as an attractive alternative adsorbent for
Cu(II) removal from polluted aqueous solutions after being modi-
fied with iron oxides. Adsorption of Cu(Il) ions by Fe-modified
clinoptilolites was investigated as a function of the initial Cu(II) con-
centration, solution pH, and temperature. Finally, the kinetic and
isothermal models and thermodynamic evaluations for the copper
adsorption using Fe-modified clinoptilolite have been investigated.

MATERIAL AND METHODS
1. Clinoptilolite

Samples of natural zeolite were taken from Abegarm mine (Sem-
nan, Iran) with a particle size range of 0.5-0.7 mm. With respect to

Table 1. Chemical composition of natural clinoptilolite sample (wt%)

-

Fig. 1. Optical microscopy analysis for natural clinoptilolite (Zeo:
Zeolite; Q: Quartz; Gyp: Gypsum).

the XRD analysis of the natural sample, the major phase composi-
tion of the natural zeolite used in this work was clinoptilolite, whereas
the minor phases were quartz and gypsum. To justify XRD analy-
sis, the results obtained by the optical microscopy are illustrated in
Fig. 1. The exchange cations were Ca’*, Mg™", Na', and K'. The
chemical composition of the sample is presented in Table 1. As
can be seen, the natural clinoptilolite contained SiO, (61.0%) and
ALO; (9.55%), while the content of other metal oxides was less
than 10%. Thus, the Si/Al ratio of the natural clinoptilolite of this
study is 5.27, which is close to some natural clinoptilolites [16,32].

The modified and natural clinoptilolites were first heated at
65 °C for 13 h before BET analysis. The surface areas of these clinop-
tilolites were evaluated with respect to the Brunauer Emmett-Teller
method (BET) by nitrogen adsorption using a NOVA 2200e sur-
face area & pore size analyzer.
2. Fe-modified Clinoptilolite

The aim of chemical treatment is not only to remove certain
cations from the structure of the clinoptilolite but also to substi-
tute more easily replaceable ions [33]. The Fe-modified clinoptilo-
lite was prepared by the following method: the sample was prepared
by mixing 30 g of clinoptilolite, 100 mL of 1 M Fe(NO;); solution
prepared from its salt with the grade of >99% from Merck, and
180 mL of 5M KOH solution obtained from its powder with the
grade of 90% from flake. The suspension was diluted to 2,000 mL
with water kept at 70 °C for 60 h and then washed with distilled
water followed by drying for a day.
3. Na-modified Clinoptilolite

The Na-modified clinoptilolite was prepared by contacting 1 M
NaCl solution with natural clinoptilolite for 24 h. The NaCl solu-
tion was prepared from its salt with the grade of >99%, purchased
from Merck. The treated clinoptilolite was then washed with deion-
ized water until no presence of chloride ions was observed. Finally,
the sample was dried at 90 °C for 24 h.
4. Cation Exchange Capacity

The composition of the natural clinoptilolite illustrated in Table 1

Composition Sio, TiO, AL, O,

Fe,O, CaO

MgO K,O Na,O SO, LOI Si/Al

% 61.3 0.33 9.55 1.40 3.68

0.78 3.68 2.68 2.80 13.90 523

May, 2016



Kinetic and thermodynamic studies on the removal of copper by natural and modified clinoptilolite 1631

was used to evaluate the cation exchange capacity (CEC). Accord-
ing to the literature, the hypothetical CEC was readily obtained by
the sum of mmol of Al and Fe per gram of clinoptilolite [34]. In
this study; this value was found to be 2.05 mequiv/g.

To find the experimental value of CEC, 1 g of the natural clinop-
tilolite was added to 100 mL of 1 M NaCl solution. Then, the amount
of cations released from the zeolite during the Na exchange was
analyzed and found to be 1.81 mequiv/g. Thus, the value of 1.81
mequiv/g was approved as CEC. It was supposed that the other
cations such as K, Ca and Mg would not contribute to the cation
exchange.

5. Stock Copper Solutions

A stock solution of copper was prepared in various concentra-
tions using metal salts dissolved in deionized water. These solutions
for the batch study were made by using CuSO,-6H,O (purchased
from Merck) and pH values were adjusted by adding NaOH and
HClI solutions (purchased from Merck).

6. Experiments

All sorption experiments were conducted by mixing 2 g of nat-
ural or modified clinoptilolites with 40 mL of synthetic solutions
having various concentrations of copper ions, and temperatures.
The mixture was equilibrated for various times and then filtered.
The final concentration of the heavy metal ions in the aqueous
phase was then determined using an atomic absorption spectro-
photometer (AAS). Removal or sorption efficiency of the system
(%S,) is obtained from the removed metal ion to the initial
amount ratio as in Eq. (1):

% Sgp=((C—C.)/C)x100 1)

where C; and C, are the initial and final concentrations of metal
ions in the solution (mg/l), respectively.
6-1. Effect of the Initial pH

To determine the effect of an initial pH on adsorption, 40 mL
of the synthetic solution containing 1,000 mg/L of copper ions was
contacted with 2 g of Fe-modified clinoptilolite under the condi-
tion being the pH range of 2.5 to 5.5, the temperature of 20 °C and
time of 24h. The pH values were adjusted by adding HCl and
NaOH solutions.
6-2. Effect of the Initial Copper Concentration

The effect of various metal concentrations in the range of 200
to 1,000 mg/! on the removal efficiency was investigated at the opti-
mum pH of 5.5 and clinoptilolite dosage of 2 g per 40 mL for 24 h.
6-3. Effect of Temperature on Cu’* Removal

The effect of temperatures (20, 40, and 60) °C on the metal re-
moval was determined while keeping all other parameters con-
stant. 40 mL of Cu®* solutions with different initial concentrations
in sealed containers were contacted with 2 g of Fe-modified clinop-
tilolite for 24 h at a pH of 5.5 and different temperatures.
6-4. Adsorption Isotherms

The investigation of the isotherm data is vital to evaluate an equa-
tion, which could be used for design purposes. As mentioned, one
of the innovations of this study is to derive adsorption isotherms
for copper ion removal by clinoptilolites in terms of Langmuir and
Freundlich, Sips, Tempkin, and Dubinin-Radushkevich. All exper-
iments to construct the adsorption isotherms were conducted at
the condition being the temperature of 60 °C, pH of 5.5, the ad-

sorbent dosage of 2 g, the solution volume of 40 mL and time of
24 h.

The following parameters were used in the adsorption studies:
sorption capacity of the substrate (q,) expressed in terms of metal
amount absorbed on the unitary natural sorbent mass (S: mg/g)
and C, and C, are the initial and final (equilibrium) concentration
of Cu(II) solution (mg/]). The q, parameter has been calculated as
indicated in Eq. (2):

qc: (Ci_ Ce)/s (2)

where C; and C, are the initial and final concentrations of metal
ions in the solution (mg/l), respectively, and S is the concentration
of adsorbent in the mixture (g/).
6-5. Kinetic Evaluation

The following adsorption kinetic models were used to deduce
the experimental data and evaluate the controlling mechanism of
copper adsorption:

Lagergrenss first-order rate expression, namely pseudo-first-order
rate equation, has been widely used to image adsorption processes
[35]. The integrated form of this equation is given in Eq. (3):

K t
log(q,~q) =logq, ~ 35 ©)

where g, represents the adsorption capacity at an equilibrium state
and q, (mg g ') is the amount of ion adsorbed per unit of adsor-
bent at any time of t. Furthermore, k, (min™) indicates the pseudo-
first order constant. The k; constant was obtained from the plot of
log (q.—q,) against t.

The pseudo-second-order-rate model is another well-known
model used in adsorption studies [35,36]. The integrated form of
this model is defined as follows (Eq. (4)):

=——+—t “@

In this equation, k, (g m/g min) indicates the rate constant of the
pseudo-second-order and the other parameters are similar to the
parameters introduced in Eq. (3). The k, constant and q, were
obtained by the linear plot of t/q, against t.

RESULTS AND DISCUSSION

1. Structural Comparison of Clinoptilolites

SEM analysis was applied to compare the three various types of
clinoptilolites mentioned in this study. The SEM images of vari-
ous types of clinoptilolites, shown in Fig. 2, show that the mor-
phology of the crystals of clinoptilolites modified by NaCl and
FeNO, is similar. In addition, the XRD results of Na-modified and
natural clinoptilolites show no significant changes in the positions
and intensities of the diffraction peaks. The XRD result of Fe-
modified clinoptilolite indicates no new diffraction peaks. How-
ever, the intensity of reflections indicates the presence of Fe in the
Fe-modified clinoptilolite structure. According to Fig. 2, the num-
ber of pores in the clinoptilolite surface is increased due to wash-
ing of impurities and formation of pores over the material in the
surface. These pores are the most for Fe-modified in comparison
with natural and Na-modified clinoptilolite. Therefore, it is antici-

Korean J. Chem. Eng.(Vol. 33, No. 5)
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Fig. 2. Scanning electron microscopy analysis for (a) natural, (b)
Fe-modified and (c) Na-modified clinoptilolites.

pated that the removal efficiency of Fe-modified clinoptilolite was
the highest compared with the other two. Accordingly; the follow-
ing experiments were conducted using Fe-modified clinoptilolite
as an efficient adsorbent for the removal of copper ions from the
solutions.
2. Effect of Solution pH

The pH of the aqueous solution is a significant controlling param-
eter in the adsorption, and metal removal is usually enhanced with

May, 2016
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Fig. 3. Effect of initial pH on metal sorption using natural clinopti-
lolite (concentration=1,000 mg/L, T=20°C, pH=2.5-5.5, adsor-
bent dosage of 2 g, and solution volume of 40 mL).

Fig. 4. SEM images of copper adsorption in the lower pH using nat-
ural clinoptilolite (concentration=1,000 mg/L, T=20°C, pH=3,
time=120h).

increasing pH values [13]. The number of copper ions adsorbed
from the solution using natural clinoptilolite increases with an
increase in initial solution pH as shown in Fig. 3. According to the
literature, zeolites are not only influenced by solution pH, but also
they change the pH of the solution. They tend to have a higher pH.
Furthermore, the removal efficiency of metal ions generally increased
when the initial pH of the solution was increased [13,25,37-39].
This is due to the high selectivity of clinoptilolites for H;O" ions
when the H;O" ions concentration is high. Thus, at acidic pHs,
the ions compete with H" in order to exchange the sites of clinop-
tilolite [13,40-42]. On the other hand, at higher pHs, the H" con-
centration is lower, giving way to more heavy metals being ad-
sorbed from the solution as specified by enhancements in g, [42].
The result of SEM illustrated in Fig. 4 confirms this. The reduc-
tion of the copper adsorption on natural clinoptilolite is seen in
this figure.

In addition, a slight precipitate was detected in some of the
adsorption reactions, indicating that the removal of heavy metal
ions from liquid solution was due to not only ion exchange but
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Fig. 5. Effects of metal concentration on removal efficiency of metal
(T=20°C, pH=>5.5, adsorbent dosage of 2 g, and solution vol-
ume of 40 mL).

also settling in channels and the surface of the clinoptilolite [13].
3. The Effect of Metal Ions Concentration onto Modified Clinop-
tilolites

In the adsorption process, due to ion exchange reactions, ex-
changeable cations (Na, K, Ca, Mg) from the clinoptilolite lattice
transferred to the solution, and copper cation ions from the solu-
tion bound to the clinoptilolite. Fig. 5 illustrates the effects of metal
concentration on metal sorption (under the condition being as
T=20°C, pH=5.5, adsorbent dosage of 2 g, solution volume of 40
mL, and Cu concentration of 1,000 mg/L) for Fe-modified clinop-
tilolite. As shown in Fig. 5, the removal efficiency of metal decreased
with an increase in initial Cu** concentrations for both samples.
The decrease in metal removal with an increase in initial metal
concentration refers to decreasing appropriate exchange sites for
Cu™* on the samples and proposes that the main mechanism for
metal removal can be a cation exchange process [43,44].

It seems that the Fe-modified clinoptilolite retains almost the
entire Cu”* concentration from the solutions when the initial metal
concentration is lower than 400 mg/L. Due to the presence of non-
crystalline Fe formations located in the cationic positions in the
zeolite channels, as well as amorphous iron oxides (goethite) located
at the surface of the zeolite crystal, the adsorption capacity of Fe-
modified clinoptilolite is higher than that of Na-modified clinopti-
lolite. This high adsorption capacity for the Fe-modified clinopti-
lolite belongs to the negative surface charge [45]. Fig. 6 shows that
copper is adsorbed on the surface and is diffused in the Fe-modi-
fied clinoptilolite cavities. Furthermore, the experimental sorption
capacity of Cu(Il) for the Fe-modified clinoptilolite from a solu-
tion with the concentration of 1,000 mg/L was found to be 13.46
mg per one gram of adsorbent.

Fig. 7 shows the adsorption of copper in the presence of various
concentrations of interference ions (zinc and cadmium). Accord-
ing to the results, the q, of copper adsorption in the absence of
impurities for the initial copper concentrations of 50, 100, 200,
300, 400 and 500 mg/L were 2.60, 4.02, 4.00, 5.98, 7.97, and 9.98,
respectively. At lower concentrations of zinc and cadmium, the
amount of copper adsorption in the absence of the impurities is
lower than that of the condition in which impurities exist. Fur-

Fig. 6. SEM images of (a) copper adsorption on the surface of Fe-
modified clinoptilolite and (b) diffusion of that in the clinop-
tilolite cavities (T=20°C, pH=5.5, adsorbent dosage of 2 g,

and solution volume of 40 mL).
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Fig. 7. Effect of interference ions on copper adsorption by Fe-modi-
fied clinoptilolite (T=20 °C, t=30 min, adsorbent dosage of 2 g,
solution volume of 40 mL, and pH=>5.5).

thermore, the copper adsorption decreased with an increase of
interference ions. According to this figure, the effect of zinc con-
centration on copper adsorption is less than that of cadmium. Some

Korean J. Chem. Eng.(Vol. 33, No. 5)
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Fig. 8. Effect of temperature and copper concentration of solution
on Cu* sorption using Fe-modified clinoptilolite (T=20, 40,
60 °C, pH=>5.5, adsorbent dosage of 2 g, and solution volume
of 40 mL).

researchers proposed that this behavior depends on the hydration
energies [46,47]. The ions with the highest free energy of hydra-
tion should therefore favor staying in the solution phase. Accord-
ing to hydration energies, the selectivity adsorption for ions is as
follows: Cd>Zn>Cu [46].
4. Effect of Temperature on Cu’* Removal

The influence of temperatures at three levels of 20, 40, and 60 °C
on the metal removal regarding the variations of initial copper
concentration was investigated while keeping all other parameters
constant. The results are illustrated in Fig. 8. Removal efficiencies
for the Fe-modified clinoptilolite at three temperature levels of 20,
40, and 60 °C and constant concentration of Cu 1,000 mg/L were
found to be 12.72, 15.26 and 19.40, respectively. In this research, we
did a thermodynamic study to calculate changes in free energy (AG)
at various temperatures, enthalpy (AH) and entropy (AS), respec-
tively. According to the results, AG values for 20 °C (293 K), 40 °C
(313 K), and 60 °C (323 K) were found to be —2535.54, —2709.07
and —2882.6]J/mol, respectively. Furthermore, the values corre-
sponding to AH and AS were 6.66 J/mol and 8.68 J/mol-K, respec-
tively. Positive AH values indicate the endothermic behavior of
copper adsorption on the Fe-modified clinoptilolite. This indicates
that adsorption enhances with an increase in temperature. Fur-
thermore, positive AS and negative AG show that the adsorption
reaction is a spontaneous process and more favorable at high tem-
peratures. Obviously, since the temperature was being raised, the
adsorption was increased and this enhancement probably occurred
due to the exchange capability of the alkaline metals such as potas-
sium and sodium (i.e., existing in the composition of clinoptilolite)
that increased at high temperatures [13,48-50]. Some researchers
also showed a direct correlation between the amount of heavy metal
adsorbed in the Fe-modified zeolite and those of released calcium
and sodium [26]. This enhancement was principally ascribed to
the exchange of potassium and calcium cations and will simplify
the heavy metal exchange in the solutions [48,51].
5. Adsorption Isotherms

Several equilibrium models have been developed to describe
adsorption isotherm relationships. The two main isotherm mod-

May, 2016

els used in this work are the Langmuir and Freundlich models. The
Langmuir isotherm is applied for describing monolayer homoge-
neous adsorption processes with Eq. (5) [52]:

C/q=C/q,+1/K.q,, ()

where C, is equilibrium concentration of Cu(II) ions (mg/L) and q,
is the amount of the Cu(II) ions adsorbed (mg) per unit of clinop-
tilolite (g); q,, and K; are the Langmuir constants related to the
monolayer capacity (mg/g) and the equilibrium constant (mg/L),
respectively. By plotting C,/q, vs. C, and determining the slope of
the linear (1/q,,) and its intercept (1/K;q,,), the values of q,, and K;
were found.

The Freundlich isotherm is used for explaining the adsorption
on heterogeneous surfaces as in Eq. (6) [53]:

Log q,=log K;+(1/n) log C, (6)
where K (mg/g) and n are Freundlich constants related to adsorp-
tion capacity and adsorption intensity; respectively. In this isotherm,
by plotting log(q,) vs. log(C,) and determining the slope (1/n) and
the intercept of the linear (log Kp), the values of n and K; were
found.

With respect to the experimental and procedure sections, the
Langmuir and Freundlich isotherms for copper ion removal by

14
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Fig. 9. Linearized (a) Freundlich and (b) Langmuir isotherms for
Fe-modified dlinoptilolite (T=60 °C, pH=5.5, adsorbent dos-
age of 2 g, and solution volume of 40 mL).
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Table 2. The calculated parameters for Langmuir, Freundlich and Temkin Dubinin-Radushkevich isotherms

Isotherm parameters

Langmuir Freundlich Temkin Dubinin-Radushkevich
q. (g 13.09 Ky (mg/g) 3.85 Ap (L7g) 1.18 q, (mg/g) 33.61
K; (I/mg) 0.11 n (g/l) 428 B (J/mol) 94.12 E (kJ/mol) 2.24
R’ 0.998 R’ 0.881 R’ 0.966 R’ 0.900
Fe-modified clinoptilolite were developed. As shown in Fig. 9, the e )
experimental data fits well with the linearized Langmuir and Fre- 4= 1+a,C"

undlich isotherms. The values of K}, b, K; and n obtained from
both models are presented in Table 2. Generally, the Langmuir
isotherm provided a better correlation for Fe-modified clinoptilo-
lite with a regression coefficient of 0.99. Regarding this figure, the
following Langmuir expressions were developed for copper ad-
sorption: C,/q,=0.6817+0.0764C,. Some researchers have also re-
ported that, for all cases, the Langmuir model denotes a better fit
to the data than the Freundlich model [13,37,48]. As seen in the
isotherm results, a similar result was repeated in the present study.

Freundlich parameters (K and n) specify whether the nature of
sorption is either favorable or unfavorable [54]. The intercept and
the slope refer to sorption capacity and sorption intensity, respec-
tively. According to the literature, slopes of <<1 show that “sorption
intensity is favorable to the entire range of concentrations studied,’
whereas a harsh slope (>1) shows that the amount of sorption is
favorable at high concentrations in comparison with lower con-
centrations” [54,55]. “A high value of the intercepts, Kj is indicative
of a high sorption capacity” [55]. For our sorption study, n value is
closer to unity, which indicates that sorption intensity is favorable
for the entire concentrations.

The use of two isotherm models for Cu(II) adsorption suggests
that in the monolayer sorption or the heterogeneous surface, both
conditions exist under the experimental conditions. To exactly deter-
mine which type of sorption occurred on the surface, the Sips
model was used. The Sips model (shown in Eq. (7)) is a combina-
tion of Langmuir and Freundlich equations applied for evaluating
the heterogeneous/homogenous adsorption:

13.0
120 J

1.0 |

9.0

80 ]

qe

7.0 J

6.0 J

50 J Input data @
SP —

4.0 .

3.0

0.0 100 200 300 40.0 50.0 60.0 70.0 80.0  90.0  100.0
Ce

Fig. 10. Sips isotherm for Fe-modified clinoptilolite (T=60 °C, pH=
5.5, adsorbent dosage of 2 g, and solution volume of 40 mL).

where, k, represents the Sips model isotherm constant (L/g), ¢, is
the other Sips model constant (L/mg) and n is the model expo-
nent. Fig. 10 shows the Sips model curve plotted for the Fe-modi-
fied clinoptilolite. According to the results, the R-squared value of
97% showed that the model well fitted the data. With respect to
this model, the isotherm constants (k, and ¢,) and the exponent
value were found to be 1.78, 1.72, and 0.29, respectively. Accord-
ing to the literature, the n value for homogeneous materials is 1,
while for heterogeneous materials it is less than one [56]. Thus,
with respect to the n value of this study (n<1), the sorption of Cu(II)
ions on the Fe-modified clinoptilolite is assumed heterogeneous.

The Temkin isotherm model includes a factor that clearly con-
siders the interactions between the adsorbent-adsorbate [57]. The
heat of molecular adsorption in the layer would decrease due to
these interactions. The adsorption is identified by a distribution of
binding energies [58]. Eq. (8) shows the expression of Temkin model
[57]:

q.= R—TLnATCe €)

by

In this equation B=(RT/b;) indicates the Temkin constant corre-
sponding to heat of adsorption, A; (L/g) is equilibrium binding
constant related to maximum binding energy, C, (mg/L) is the equi-
librium concentration, T (K) is the absolute solution temperature
and R (8.314]/mol K) is the universal gas constant. According to
the results shown in Fig. 11, the values of Ay and B were 1.18 L/g

14

qe

¥y =2.3508x + 1.8405

R? =0.9664

InCe

Fig. 11. Linear form of Temkin isotherm for Fe-modified clinopti-
lolite (T=60 °C, pH=5.5, adsorbent dosage of 2 g, and solu-
tion volume of 40 mL).
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and 94.12 J/mol, respectively. According to Table 2, the R* of the
model (0.966) shows a good fit for the Temkin model.

The Dubinin-Radushkevich isotherm has been commonly used
to show the adsorption mechanism with a Gaussian energy distri-
bution onto a heterogeneous surface [59,60]. With respect to the
Sips model of this study, showing the heterogeneous sorption of
Cu(II) ions on the clinoptilolite, the Dubinin-Radushkevich model
can help to express the adsorption mechanism. This model is based
on assuming energetically ionic species binding followed by multi-
layer adsorption [61]. Egs. (9) and (10) are used to express the lin-
ear form of the Dubinin-Radushkevich isotherm:

In(q,)=In(q,) - K& ©

g:RTln[Hcij (10)
In this equation, g, is isotherm saturation capacity (mg/g), K, is
Dubinin-Radushkevich isotherm constant (mol?/kJ?) and is Dubi-
nin-Radushkevich isotherm. The approach was usually applied to
discriminate the physical and chemical adsorption [62]. For calcu-
lating the energy used to remove a molecule from the surface, a
parameter, namely E, can be examined using Eq. (11) [63,64]:

E:[J%j (11)

According to the results obtained from Fig. 12, values of q, and E
were 33.61 mg/g and 2.24 kJ/mol, respectively. These values repre-
sent the physical adsorption of ions. With respect to Table 2, the
R® (0.900) represents a good fit for this model. Finally, according to
Table 2, among the models discussed above, the Langmuir model
has the highest correlation coefficient (0.998), indicating good ex-
pression of the adsorption process.
5. Effect of Time and Kinetic Study

The effect of contact time on the adsorption of Cu on Fe-modi-
fied clinoptilolite was investigated by varying time (5-25h) in the
initial ion concentration of 1,000 mg/L. Fig. 13 shows the results.
The adsorption efficiency of copper increases with prolonging time.
The rate of adsorption is initially rapid, but it slowly reduces with

25 e
2
-E? 1.5
E
1
v =-1E-07x + 3.5149
0.5 R* =10.8998
0
50 70 90 110 130 150 170

N x 100000
g2

Fig. 12. Linear form of Dubinin-Radushkevich isotherm for Fe-modi-
fied clinoptilolite (T=60°C, pH=>5.5, adsorbent dosage of
2 g, and solution volume of 40 mL).
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Fig. 13. Effect of contact time on the adsorption of Cu sorption (T=
60 °C, pH=5.5, adsorbent dosage of 2 g, solution volume of
40 mL and Cu concentration of 1,000 mg/L).

prolonging time until equilibrium state after 24 h. Therefore, the
adsorption time of 24 h was selected as the best time for the ad-
sorption of Cu’* from aqueous solution when using Fe-modified

1.8 (a) y = -0.0002x + 0.7292
16 R: = 0.6242
1.4
T 12
Il
_“!’5 1
(7]
S 08 o,
[]
0.6 \
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Fig. 14. (a) The pseudo first order model and (b) pseudo second
order model for copper adsorption using Fe-modified clinop-
tilolite (T=60 °C, pH=5.5, adsorbent dosage of 2 g, solution
volume of 40 mL, and Cu concentration of 1,000 mg/L).



Kinetic and thermodynamic studies on the removal of copper by natural and modified clinoptilolite 1637

Table 3. Comparison of zinc and cadmium adsorption using various adsorbents

Adsorbents q. (mg/g) Ref.
Rice husk modified with tartaric acid 31.58 [69]
Sawdust (Poplar tree) modified with sulfuric acid 13.95 [70]
Sawdust (Poplar tree) modified with sodium hydroxide 6.92 [71]
Sawdust modified with Reactive Orange 13 8.07 [72]
Peanut husk modified with sulfuric acid 10.15 [73]
Cassava tuber bark waste modified with Thioglycollic acid 90.9 [74]
Jute fibres 8.40 [75]
Cork powder modified with Sodium chloride 19.5 [76]
Carrot residues modified with hydrochloric acid 45.09 [77]
Sugarbeet pulp modified with hydrochloric acid 0.15 [78]
Nipah palm shoot biomass modified with mercaptoacetic acid 66.71 [79]
Coirpith modified with Sulfuric acid and ammonium persulphate 39.7 [80]
Fe-modified zeolite in this study 13.46

clinoptilolite as the adsorbent.

The kinetics of adsorption is a significant factor in the controlling
process. To study the adsorption of copper using clinoptilolite, pseu-
do-first-order and pseudo-second-order kinetic models were applied
to evaluate the adsorption process. Fig. 14 shows plots of the afore-
mentioned kinetic models. Fig. 14(a) shows the first order kinetic
curve. As seen, the correlation coefficient of copper adsorption is
0.626, which means that the modified clinoptilolite does not fol-
low the pseudo-first order model. However, Fig. 14(b) shows the
curve of t/q, versus t belonging to the copper adsorption. The cor-
relation coefficient for the pseudo-second order model (>.99) shows
good agreement of the copper adsorption process with this model.
This good agreement with the pseudo-second order kinetic model
shows that the mechanism of adsorption belongs to the adsorbate
and adsorbent [65,66]. This agrees with some studies performed
on copper sorption using zeolites [67,68]. The values k, and q, of
this model were found to be 00.5 and 9.46, respectively.

6. Comparative Study

Table 3 shows a comparison of copper adsorption using vari-
ous adsorbents. The copper sorption capacity of Fe-modified clinop-
tilolite is higher than that of some adsorbents such as sawdust
(Poplar tree) modified with sodium hydroxide, sawdust modified
with Reactive Orange, peanut husk modified with sulfuric acid, jute
fibers and sugar beet pulp modified with hydrochloric acid. How-
ever, the other adsorbents such as cassava tuber bark waste, carrot
residues, Nipah palm shoot biomass and coir pith have higher capac-
ity in comparison with the adsorbent used in the present study.

7. Stability of Clinoptilolite

The stability of Fe-modified clinoptilolite was investigated in
packed-column experiments. Stability experiments were performed
in the pH range from 1 to 6 to evaluate the leaching of ions from
Fe-modified clinoptilolite. With respect to the acidic treatment at a
pH of 1, the clinoptilolite released insignificant quantities of Al, Fe,
Na cations. According to the XRD patterns, Fe-modified clinopti-
lolite treated at pH 1-6 for 150h had similar diffraction patterns
with negligible variation in crystallinity. Elemental analysis by XRF
confirmed that the Al composition of the Fe-modified and unmodi-
fied clinoptilolite at various pHs was similar. Similar results were

obtained for Na and natural clinoptilolite.
CONCLUSION

This research describes the possibility of using clinoptilolite to
remove Cu”* ions from aqueous solutions. The samples were pre-
pared in three different forms, which include one untreated and
two treated. The results of SEM analysis showed that the number
of pores in the clinoptilolite surface was increased, as the pores of
Fe-modified clinoptilolite were more than natural and Na-modi-
fied clinoptilolite. The adsorption of Cu(Il) ions by clinoptilolite
samples was studied on the Fe-modified type as an effect of pH,
initial concentration, and temperature. The optimum pH for the
adsorption of Cu’" is 5.5, and at lower pH the quantity of H ions
in the solution may compete for the sorption sites from the clinop-
tilolite network. Furthermore, according to the results, the removal
efficiency of metal decreased with increasing initial Cu** concen-
trations for the modified clinoptilolite. In addition, with respect to
the thermodynamic studies, the values corresponding to AH and
AS were found to be 2.66 J/mol and 8.68 J/mol-K, respectively. Thus,
positive AS and negative AG showed that the adsorption reaction
was a spontaneous process. Sorption data have been interpreted in
terms of Langmuir and Freundlich, Tempkin and Dubinin-Radu-
shkevich. As a result, the adsorption equilibrium was best described
by the Langmuir adsorption isotherm. In addition, according to
the Sips model, the sorption of Cu(Il) ions on the clinoptilolite
was found to be heterogeneous. The kinetic study showed that the
Fe-modified clinoptilolite follows the pseudo-second order model.
According to the results, this adsorbent was appropriate for cop-
per removal from aqueous media.
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