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ABSTRACT

The adsorbed behavior of zeolite 13x was tested for the removal of chromium (Cr(VI)),
nickel (Ni(II)), and cobalt (Co(II)) in single- and multi-solute (binary and ternary) systems,
using a batch adsorption technique under different experimental conditions namely solution
pH and initial metal-ion concentration. pH 6 was the optimum condition for the adsorption
of Cr(VI), Ni(II), and Co(II). The removal rate decreased as the temperature and the initial
concentration increased. Kinetics experiments indicated that the processes can be simulated
by pseudo-second-order model. The Langmuir adsorption model fitted the experimental
data reasonably well better than Freundlich, D–R, and Redlich–Peterson model for the three
metal ions studied. The maximum monolayer adsorption capacity for Cr(VI), Ni(II), and
Co(II) was 3.929, 6.195, and 10.389mg/g, respectively. The main energy of adsorption (E),
calculated as 8–16 kJ/mol, demonstrated chemical characteristics of adsorption process.
Thermodynamic calculations showed that the adsorption of all metal ions onto zeolite
13x was feasible, endothermic in nature and the degrees of freedom increased at the
solid–liquid interface during the adsorption. The sequential adsorption–desorption cycles
showed that hydrochloric acid held good desorption on saturated zeolite.
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1. Introduction

The removal of heavy metal ions, such as
chromium (Cr(VI)), nickel (Ni(II)), and cobalt (Co(II))
from industrial effluents has been attracting great
attention because of their toxicity towards aquatic
fauna，aquatic flora, and even human [1]. Conven-
tional technologies for Cr(VI)), Ni(II), and Co(II)
removal from wastewaters include chemical precipita-
tion, membrane separation, electrolysis, ion exchange,
and adsorption. Among these technologies, adsorption

is found to be cheap, effective, and easy to adapt [2,3].
Many types of adsorbents have been used for the
removal of Cr(VI), Ni(II), and Co(II), including: (1) bio-
mass, such as Mucor hiemalis [4], Schizosaccharomyces
pombe [5], chitosan [6], rice husk [7], red pine sawdust
[8], almond green hull [9], Sargassum wightii [10], and
activated carbon [11]; (2) clay mineral materials such
as zeolite [12], clinoptilolite [13], Bofe bentonite clay
[14], Al-pillared bentonite clay [15], and hydroxyapa-
tite [16]; and (3) other materials such as poly [17], silica
gel [18], and chelating resins [19]. There are many
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reports available for the adsorption of heavy metals by
zeolite 13x [20,21].

Zeolite 13x [22] is recognized to be an excellent
sorbent for its high ion exchange capacity, selectiv-
ity, and compatibility with the natural environment.
Besides, they are microporous crystalline aluminosili-
cates and their framework exhibits negative charge
because of the isomorphous substitution of Al3+ for
Si4+ [23]. These negative charges appear on the
AlO�

4 groups of the framework and are compensated
by extra framework cations or through the interac-
tion of framework oxygen atoms and protons with
the formation of acid hydroxyls [24]. It is easy to
find out that zeolite 13x could be an excellent poten-
tial adsorbent.

The objective of the present study is to investigate
the feasibility of using zeolite 13x as an adsorbent for
the individual and simultaneous removal of Cr(VI),
Ni(II), and Co(II) from aqueous solutions, to present
the experimental equilibrium sorption data, and to
examine the applicability of various multi-component
adsorption isotherm equations to the competitive
adsorption equilibrium of the metal ions (Cr(VI),
Ni(II), and Co(II)) in binary and ternary system. Also,
the mechanism involved in the removal of these
metal ions onto the zeolite 13x was studied in detail
and desorption was also carried out for better
understanding of the removal process.

2. Experimental methods

2.1. Materials

The zeolite 13x with cAl:Si ¼ 5:36 used in this work
was from China National Medicine Corporation Ltd,
Shanghai, China. The main physical characteristics of
zeolite 13x, such as mean pore radius (3.02 nm), BET
surface area (621m2/g), and total pore volume
(0.94 cm3/g) were given by the company. And the
zeolite 13x particles were ground to pass a 60-mesh
sieve (0.42mm), and then dried at 105˚C for 24 h in
the oven, leached into a dry dish for further use. All
the other reagents used in this work were of analytical
grade. Stock solutions of 1,000mg/L were prepared
by dissolving appropriate amounts of Cr(VI), Ni(II),
and Co(II) nitrate salts in distilled water. Working
solutions were prepared by suitable dilution of the
stock solutions. Adjustment of pH was carried out
using 0.1M NaOH or 0.1M HCl.

2.2. Methods

Cr(VI), Ni(II), and Co(II) concentrations were deter-
mined by the diphenylcarbazide [25], dimethylglyoxime

[26], and 4-[(5-chloro-2-pyridyl) azo]-1,3-diaminobenzene
(5-Cl-PADAB) [27] colorimetric method at a wavelength
of 540, 530, and 570 nm using a UV–vis spectrophotom-
eter (Ruili Analytical Instrument Corporation Ltd,
Beijing, China), respectively.

The X-ray diffraction (XRD) (ARL Corp, Switzerland)
patterns were acquired on a diffractometer operated at
40 kV and 40mA with Cu radiation and the diffraction
measurements were conducted within the 2θ angle of
3–50˚, at the scanning rate of 5˚/min.

2.3. Batch operations

Single, binary, and ternary adsorption of Cr(VI),
Ni(II), and Co(II) onto zeolite 13x were performed in
a batch mode at 313 K. Basically, 0.5 g of zeolite 13x
was added to 100mL of solute concentration, at the
desired pH, in 250mL Erlenmeyer flasks and was
agitated at 130 rpm in a shaking thermostat machine
(SHA-BA type) for 4 h. The contact time and
conditions were selected on the basis of preliminary
experiments, which demonstrated the equilibrium was
established in 360min. All equilibrium tests were
conducted for 360min. At the end of the experiment,
the content of the flask was separated by filtration.
The effect of pH on the removal of zeolite 13x was
evaluated by adjusting the pH in the range of 1–8 for
Cr(VI) and Co(II), 1–7 for Ni(II) with the concentration
of 5, 20, and 25mg/L, respectively. Adsorption kinet-
ics studies were carried out at pH 6, predetermined
initial metal concentration, and the samples were
withdrawn at predetermined time intervals. For
isotherm experiments, the initial metal concentration
varied from 0 to 100mg/L for each metal ion in sin-
gle, binary, and ternary systems. The experiments
were carried out at different temperature (298–313 K).
The removal ratio (R (%)) and the adsorption capacity
at equilibrium (qe (mg/g)) of Cr(VI), Ni(II), and Co(II)
can be calculated using the following equations:

Rð%Þ ¼ ðC0 � CeÞ
C0

� 100 (1)

qe ¼ ðC0 � CeÞV
M

(2)

All the batch experiments were conducted in
duplicate, and the average values were reported. The
relative errors of data were about 5%.

2.4. Desorption study

For the adsorption–desorption studies, 1.0 g of
zeolite 13x was added to 100mL of 10mg/L Cr(VI), 50
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mg/L Ni (II), and 50mg/L Co(II) ion solution, shaken
at pH 6 and kept in 250mL Erlenmeyer flasks. The
Cr(VI)–Ni(II)–Co(II)–zeolite 13x complex was collected
by filtration and washed several times with distilled
water to remove any unabsorbed metal ions and oven
dried at 313 K. The amount of Cr(VI), Ni(II), and Co(II)
adsorbed per gram of zeolite 13x was determined from
the metal ion concentration remaining in each solution.
Then, 0.1M CaCl2, 0.1M NaOH, 0.1M NaCl, 0.1M
HCl, and distilled water solutions were used as
desorbing agents. The amount of metal ions desorbed
was then measured by the percentage of desorption
that was calculated from the following expression:

Desorptionð%Þ ¼ Amount of metal ions desorbed

Amount of metal ions adsorbed
� 100

(3)

All chemicals used in the experiments were
purchased in analytical purity and used without
any purification. All solutions were prepared with
deionized water.

3. Results and discussion

3.1. Effect of pH for single-ion situation

One of the most critical parameters in the adsorp-
tion process of metal ions from aqueous solutions is
the pH of the medium. Fig. 1 shows the effect of
solution pH on the equilibrium removal efficiency of
Cr(VI), Ni(II), and Co(II) ions. The pH range for the

adsorption study was chosen so as the formation of
nickel hydroxide precipitation may occur above pH 8.
Fig. 1 indicates that the removal of Cr(VI) increased
with increasing pH from 1 to 6 and then decreased as
pH rise from 6 to 8. Similar trends were also observed
for cobalt removal. And Ni(II) adsorption increases
with the increase of pH. These observations suggest
that H+ ions should be considered as competitive ones
in the adsorption processes [28]. At low pH values,
the concentration of H3O

+ far exceeds that of the metal
ions, hence these H3O

+ are mainly bound to the adsor-
bent, leaving the large number of metal ions unbound.
When the pH is increased, the concentration of hydro-
nium ions decreases and the positively charged metal
ions adsorbed on the free binding sites. The pH effect
may be the competition effect between the hydronium
ions and metal ions, because when metal ions associ-
ate with adsorbent, they have to compete with the
hydronium ions for the active sites on the surface of
the adsorbent. The working pH for adsorption was
determined as 6 for Cr(VI), Ni(II), and Co(II). Similar
results appeared in previous studies related to the
adsorption of Cr(VI), Ni(II), and Co(II) on poly (aryl
ether ketone) containing pendant carboxyl groups
(PEK-L) [17] and calcined Bofe bentonite clay [14].

3.2. The competitive adsorption of ions from binary system

The competitive adsorption for Cr(VI)–Ni(II),
Cr(VI)–Co(II), and Ni(II)–Co(II) binary solutes were
obtained by fixing the initial concentration of interfer-
ential metal ions. It is clear from Fig. 2 that the
removal rate decreases with increasing concentration.
These results may be explained that the initial metal
concentration provides a driving force to overcome all
mass transfer resistances between the sorbent and
sorption medium. Hence, higher sorption capacities
were obtained at a higher initial metal concentration
of the three metal ions.

As shown in Fig. 2(b) and (c), the presence of
Co(II) ion resulted in the inhibition in Cr(VI), Ni(II),
and Co(II) uptake, and this observation was much
more significant than those in the presence of Cr(VI) –
Ni(II) system (Fig. 2(a)). The removal rate of the bin-
ary and ternary metal mixture was lower than that of
noncompetitive conditions. The results clearly showed
that the combined action of multiple ions was antago-
nistic. The most likely reason for the antagonistic
effect was the competition for adsorption sites on the
surfaces and/or the screening effect of the competing
metal ions. The results also confirmed that Co(II)
exerted the inhibitoriest effect on the adsorption of
other metals, followed by Ni(II) and Cr(VI).

Fig. 1. Effect of pH on the adsorption of metal ions onto
zeolite 13x in the single-ion situation (initial concentration
of Cr(VI) = 5mg/L, Ni(II) = 20mg/L and Co(II) = 25mg/L;
contact time = 4h; shaking rate = 130 rpm; and adsorbent
dosage = 0.5 g).
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Fig. 2. (a) Time profiles of Cr(VI) adsorption by zeolite 13x
in mixture of Cr–Ni or Cr–Co at different concentrations
(initial concentration of Cr(VI) = 5mg/L; pH = 6; shaking
rate = 130 rpm; adsorbent dosage = 0.5 g). (b) Time profiles
of Ni(II) adsorption by zeolite 13x in mixture of Ni–Cr or
Ni–Co at different concentrations (initial concentration of
Ni(II) = 20mg/L; pH = 6; shaking rate = 130 rpm; adsorbent
dosage = 0.5 g). (c) Time profiles of Co(II) adsorption by
zeolite 13x in mixture of Co–Cr or Co–Ni at different
concentrations (initial concentration of Co(II) = 25mg/L;
pH = 6; shaking rate = 130 rpm; adsorbent dosage = 0.5 g).

Fig. 3. Time profiles of metal sorption by zeolite 13x in
mixture of Cr(VI), Ni(II) and Co(II) at different concentra-
tion: (a) Cr(VI); (b) Ni(II); and (c) Co(II) (pH = 6; shaking
rate = 130rpm; adsorbent dosage = 0.5 g).
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A similar phenomenon had been observed in the
binary adsorption Ni(II) and Co(II) adsorption onto
EDTA- and/or DTPA-modified chitosan [6], where it
was shown that the modified chitosan had a much
better affinity for Ni(II) than for Co(II) suggesting that
Ni(II) could be adsorbed selectively from the contami-
nated water in the presence of Co(II).

3.3. The competitive adsorption of ions from ternary system

The tri-metal adsorption of Cr(VI), Ni(II), and Co(II)
by zeolite 13x was investigated to establish the effect of
the presence of two metal ions on the adsorption of each
one of them. The equilibrium removal of any ion by
zeolite 13x in the presence of varied concentration of
other ions as function of metal concentration and con-
tact time was compared with those in the single-ion sit-
uation (Fig. 3). As shown in Fig. 3(a), the highest
removal of Cr(VI) was found to be 70.71% in the single-
ion situation, while the lowest removal obtained in the
ternary metal solutions at the same initial concentration
of Cr(VI) and adsorption conditions, was found to be
49.68%. The presence of Ni(II) and Co(II) in solution
showed no significant influence on the capacity of
Cr(VI) adsorption on zeolite13x.

Fig. 3(b) shows that Ni(II) adsorption in single com-
ponent system was better than in ternary system. The
lowest removal of Ni(II) was found to be 60.54% was
obtained in Cr(VI) (5 mg/L)–Ni(II) (20mg/L)–Co(II)
(100mg/L) component system. It was lower than in
Cr(VI) (5 mg/L)–Co(II) (25 mg/L) component system
(68.65%), but higher than in Cr(VI) (10mg/L)–Co(II)
(25mg/L) component system (66.65%).

Co(II) adsorption in single component system was
also better than that of ternary component system
(Fig. 3(c)). The highest removal of Co(II) was found
to be 93.2%. It was higher than in Cr(VI)

(5 mg/L)–Ni(II) (20mg/L) component system
(67.78%), Cr(VI) (5 mg/L)–Ni(II) (50 mg/L) compo-
nent system (61.94%), and Cr(VI) (10mg/L)–Ni(II)
(20 mg/L) component system (64.78%).

Multi-component systems have additional features
than. those of single components. According to the
description above, the combined effect of the binary
and ternary mixture seems to be antagonistic.

It is clear that the affinity of zeolite 13x for the
studied ions varies as follows: Co(II) > Ni(II) > Cr(VI).
The results can be explained by the physical and
chemical properties of the metal ions—the ionic radii
of metals [29]. This means that it is an important
factor for ions exchanging in terms of the process of
diffusion and sites of adsorption in the zeolite.
Because of the atomic radii of Co(II) and Ni(II) are
0.082 and 0.078 nm, and hence these cations are easily
exchanged with those of zeolite 13x (13.6 nm). More-
over, the Cr(VI) is usually present in liquid solutions
in the form of chromate (CrO2�

4 ) and dichromate
(Cr2O

2�
7 ), which are anions [30]. It is generally thought

that zeolites which have anionic charge have little
affinity for anionic metals [30,31]. The removal rate
increased with increasing pH to a maximum value
(pH 6) and then declined rather rapidly with further
increase in pH. The decrease of removal rate at pH
values greater than 6 is mainly due to hydroxide
chromium species [32].

3.4. Adsorption kinetics study

The sorption of Cr(VI), Ni(II), and Co(II) from
liquid to solid phase can be considered as a reversible
reaction with equilibrium established between two
phases. The specific rate constant of the sorption for
sorbate and sorbent was determined from the
pseudo-first-order rate and pseudo-second-order rate
expressions.

Table 1
Kinetic parameters for adsorption of Cr(VI), Ni(II) and Co(II) by zeolite 13x at different temperatures

Metal ions Temperature (K)

Pseudo-first-order model Pseudo-second-order model

kf qe R2 ks qe R2

Cr(VI) 298 0.0198 0.619 0.9495 0.0213 0.7814 0.9887
303 0.0191 0.660 0.9273 0.0232 0.8171 0.9882
313 0.0201 0.708 0.9398 0.0252 0.8684 0.9854

Ni(II) 298 0.0237 3.350 0.9636 0.0108 3.7323 0.9996
303 0.0221 3.452 0.9653 0.0124 3.7327 0.9996
313 0.0221 3.601 0.9613 0.0147 3.8635 0.9999

Co(II) 298 0.0221 4.361 0.9899 0.0078 4.8665 0.9995
303 0.0207 4.513 0.9758 0.0086 4.9481 0.9996
313 0.0202 4.71 0.9673 0.0094 5.1199 0.9997
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3.4.1. Pseudo-first-order kinetic model

The pseudo-first-order equation is [33]:

logðqe � qtÞ ¼ log qe � kf
2:303

t (4)

3.4.2. Pseudo-second-order kinetic model

The pseudo-second-order kinetic model is
expressed as [33]:

t

qt
¼ 1

ksq2e
þ 1

qe
t (5)

For evaluating the adsorption kinetics of Cr(VI),
Ni(II), and Co(II), the pseudo-first-order and pseudo-
second-order models were used to fit the experimental
data. The values of different parameters determined
from different kinetic models for the three metal ions
along with their correlation coefficient values (R2) are
presented in Table 1. The correlation coefficients for
the second-order kinetic model are nearly equal to 1
and the theoretical values of qe also agree very well
with the experimental values. This suggests that the
adsorption of Cr(VI), Ni(II), and Co(II) follows the sec-
ond-order kinetic model better.

3.4.3. External diffusion model

In the present study, the Spahn and Schlünder
model [34] was chosen to describe the external
diffusion on the adsorbent:

ln
Ct

C0
¼ kext

A

V

� �
� t (6)

If the Spahn and Schlünder model is applicable, the
plot of ln Ct

C0

� �
against time t should give a linear

relationship.
The above theory considers kinetics governed

by the rates of the surface reactions. Furthermore,
to investigate whether film or pore diffusion was
the controlling step in the adsorption, a model of
intra-particle diffusion was tested as follows.

3.4.4. Intra-particle diffusion model

The intra-particle diffusion model is based on the
theory proposed by Weber and Morris [35]. According
to this theory:

qt ¼ kidt
1
2 þ I (7)

Fig. 4. Test of intra-particle diffusion model for adsorption
Cr(VI), Ni(II) and Co(II) on to zeolite 13x (temperature 298, 303
and 313K; the initial concentration of Cr(VI) (5mg/L), Ni(II)
(20mg/L) and Co(II) (25mg/L); shaking rate = 130rpm).
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Fig. 4 presents the plots of Cr(VI), Ni(II), and
Co(II) at different temperatures, qt vs. t1/2. The data
exhibit a multilinear plot, indicating that more than
one step influences the sorption process. The first
sharp portion indicates the external surface sorption,
while the second curved portion is the gradual
sorption stage, where intra-particle diffusion is the
rate-limiting step. This final linear portion is the
equilibrium stage where sorption slows down due to
an extremely low solute concentration. In the present
study, the plots do not pass through the origin and
have intercepts, I, a measure of the boundary layer
thickness, i.e. the larger the value of intercept, the
greater the boundary layer effect. The values of rate

parameter, kp.i (i = stage number), calculated from the
slope of the linear portion of the plot, which are
listed in Table 2. As seen from the table, the order
of adsorption rate was the second stage (kp.2) > third
stage (kp.3) > kext. It has been reasonably concluded
that the adsorption of the external surface reached
saturation, and the metal ions entered into the pores
within the particle and eventually were adsorbed on
the active sites of the adsorbent internal surface. As
the diffusion resistance increases with time, the dif-
fusion rate decreases, thus, sorption is a multi-step
process involving transport of metal ions to the
surface of the sorbents followed by diffusion into the
interior of the pores [36].

Table 2
The values of rate parameters of different stages for external diffusion and intra-particle diffusion equation (temperature
298, 303, and 313 K; the initial concentration of Cr(VI) (5 mg/L), Ni(II) (20mg/L) and Co(II) (25mg/L))

Metal ions Temperature（K）
External diffusion

Intra-particle diffusion

kext kp.2 (mg g−1 min−1/2) kp.3 (mg g−1 min−1/2)

Cr(VI) 298 0.0048 0.0441 0.0109
303 0.0049 0.0456 0.0139
313 0.0053 0.0461 0.0183

Ni(II) 298 0.0153 0.3311 0.0232
303 0.0166 0.3367 0.0243
313 0.0183 0.3378 0.0252

Co(II) 298 0.0156 0.4358 0.024
303 0.0177 0.4487 0.0364
313 0.0179 0.4535 0.0437

Table 3
Kinetic parameters for Cr(VI), Ni(II) and Co(II) in binary system onto zeolite 13x

Binary system Metal ions Concentration (mg/L)

Pseudo-first-order Pseudo-second-order

k1 qe,cal R2 k2 qe,cal R2

Cr–Ni Cr CNi = 10 0.0164 0.638 0.9657 0.0221 0.7535 0.9823
CNi = 20 0.0162 0.622 0.9326 0.025 0.7217 0.9764
CNi = 50 0.0154 0.578 0.9326 0.0254 0.7032 0.9781

Ni CCr = 1 0.0177 3.623 0.8132 0.015 3.7806 0.9997
CCr = 5 0.0183 3.512 0.8879 0.0143 3.7094 0.9997
CCr = 10 0.0212 3.416 0.9142 0.0131 3.6839 0.9996

Cr–Co Cr CCo = 10 0.0179 0.622 0.9147 0.0284 0.7399 0.9936
CCo = 25 0.0194 0.573 0.8904 0.0359 0.6628 0.9949
CCo = 100 0.0176 0.481 0.936 0.0327 0.578 0.9905

Co CCr = 1 0.0195 4.703 0.8488 0.0142 4.9061 0.9998
CCr = 5 0.0179 4.520 0.9148 0.0095 4.8194 0.9994
CCr = 10 0.0215 4.312 0.9808 0.0094 4.7078 0.9995

Ni–Co Ni CCo = 10 0.0162 3.411 0.8325 0.0137 3.6007 0.9995
CCo = 25 0.0141 3.005 0.8569 0.0131 3.1149 0.9992
CCo = 100 0.0149 2.598 0.9046 0.0126 2.7964 0.9987

Co CNi = 10 0.0197 4.211 0.9752 0.0081 4.6538 0.9995
CNi = 20 0.016 3.609 0.8671 0.0074 3.8315 0.9969
CNi = 50 0.0164 3.302 0.8777 0.0067 3.6574 0.9956
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Table 2 also shows the effect of the temperature on
diffusion rates of different stages. The larger the tem-
perature, the faster the metal ion diffused. This result
can be attributed to the fact that when the temperature
increases higher the metal ions support higher drive
force, drive force exhibit diffusion resistance and
increase the diffusion rate.

The kinetic studies of Cr(VI), Ni(II), and Co(II) in
binary system are also studied using two kinetic mod-
els as in single system. The adsorption rate constants
are listed in Table 3. The correlation coefficients (r2)
obtained for the pseudo-second-order kinetic model
were greater for all metals. It can be concluded that
the adsorption process from binary systems follows
pseudo-second-order kinetics.

Table 4
Adsorption isotherm parameters for the adsorption of Cr(VI), Ni(II) and Co(II) on zeolite 13x at different temperatures

Metal ions Adsorption isotherms parameters

Temperature (K)

293 298 303 313

Cr(VI) Langmuir Q0 (mg/g) 1.9981 2.5827 3.1733 3.9289
b (L/mg) 0.1668 0.1562 0.1413 0.1348
R2 0.9939 0.9921 0.99 0.9877

Freundlich KF (mg/g) 0.2978 0.3571 0.3982 0.4686
n 1.3537 1.2906 1.2413 1.2019
R2 0.9893 0.9869 0.9861 0.983

D-R qe (mg/g) 0.812 0.9511 1.0389 1.1639
Km (mol2/kJ2) 7.56E-3 6.42E-3 5.83E-3 5.61E-3
E (kJ/mol) 8.1325 8.825 9.2608 9.4407
R2 0.9885 0.9889 0.9843 0.9908

Redlich–Peterson KRP 0.2779 0.3384 0.3885 0.4614
αRP 0.0208 0.0105 0.0142 0.0063
β 2.3037 2.9992 2.7963 3.9107
R2 0.9961 0.9963 0.9915 0.9924

Ni(II) Langmuir Q0 (mg/g) 4.8375 5.3364 5.7523 6.195
b (L/mg) 0.3162 0.4367 0.46 0.6443
R2 0.9942 0.9958 0.9919 0.9952

Freundlich KF (mg/g) 1.4985 1.8834 2.0323 2.4946
n 2.4673 2.5176 2.4286 2.438
R2 0.9583 0.959 0.953 0.9753

D–R qe (mg/g) 3.585 4.0109 4.2627 4.5911
Km (mol2/kJ2) 5.43E-3 4.92E-3 4.36E-3 4.25E-3
E (kJ/mol) 9.5958 10.081 10.708 10.846
R2 0.9588 0.9462 0.9371 0.8908

Redlich–Peterson KRP 1.2299 2.0513 2.2617 4.5741
αRP 0.15 0.3027 0.2878 0.8718
β 1.2067 1.1032 1.1404 0.9175
R2 0.9979 0.9965 0.9927 0.9954

Co(II) Langmuir Q0 (mg/g) 8.181 8.8491 9.5528 10.389
b (L/mg) 0.1716 0.2529 0.3 0.4501
R2 0.9965 0.9862 0.9914 0.9957

Freundlich KF (mg/g) 1.6196 2.1362 2.4606 3.2793
n 1.9385 1.9856 1.9246 1.9165
R2 0.9933 0.9439 0.9726 0.9813

D–R qe (mg/g) 5.1299 5.8179 6.1311 6.7512
Km (mol2/kJ2) 5.16E-3 4.65E-3 4.14E-3 3.95E-3
E (kJ/mol) 9.8437 10.369 10.989 11.251
R2 0.9458 0.9554 0.9211 0.9154

Redlich–Peterson KRP 1.3224 1.6969 2.6497 4.7867
αRP 0.1319 0.0593 0.2231 0.4827
β 1.0752 1.5056 1.0984 0.9751
R2 0.9959 0.9957 0.9897 0.9946
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3.5. Adsorption isotherms

The experimental equilibrium sorption data have
been tested by the two-parameter models of Langmuir
[37], Freundlich [38], Dubinin–Radushkevich (D–R)
[39], and Redlich–Peterson [40]. The reported linear-
ized equations of sorption models are given as fol-
lows:

Ce

qe
¼ 1

Q0b
þ Ce

Q0
(8)

ln qe ¼ ln KF þ 1

n
ln Ce (9)

ln qe ¼ ln Km � be2 (10)

qe ¼ KRPCe

1þ aRPC
b
e

(11)

The linear regression lines obtained from Lang-
muir isotherm graphs of Ce/qe against Ce, give highly
significant regression coefficient values closer to unity
(Table 4), and small relative standard error of the
goodness-of-fit of the models than the other isotherm
equations indicating that sorption data better fit the
Langmuir isotherm model. The value of dimensionless
parameter, RL, is less than unity (Table 4), which man-
ifest that the sorption is favored under the applied
conditions. According to the Langmuir assumption,

the maximum monolayer adsorption capacity for
Cr(VI), Ni(II), and Co(II) are 3.929, 6.195, and
10.39mg/g, respectively. Values of the adsorption
capacity of other adsorbents from literature are given
in Table 5 for comparison. It is clear from the table
that the adsorption capacities of zeolite 13x for Cr(VI),
Ni(II), and Co(II) are comparable with the other
adsorbents [41–50].

The Langmuir, Freundlich, D–R, and Redlich–
Peterson isotherm constants along with the correlation
coefficients were listed in Table 4. As can be seen from
Table 4, the Langmuir isotherm model gave the high-
est R2 value, showing that the equilibrium data of
Cr(VI), Ni(II), and Co(II) adsorbed by zeolite 13x were
best represented by this model. The variation of the
adsorption intensity (RL) with different temperatures
of the solution is shown in Table 4. The maximum RL

value is 0.5974, 0.1365, and 0.1890mg/L. This parame-
ter (0 <RL < 1) indicates that the zeolite 13x was a suit-
able adsorbent for the adsorption of Cr(VI), Ni(II), and
Co(II) from aqueous solution. The equilibrium data
were also fitted to the linear Freundlich equation for
the adsorption of Cr(VI), Ni(II), and Co(II) onto zeolite
13x. Linear plot of log qe vs. log Ce was examined to
obtain KF and n values. From the plot, the KF values
were found to be increased with the temperature ris-
ing from 293 to 313 K. The n value above 1 indicated
that the adsorption of Cr(VI), Ni(II), and Co(II) by
zeolite 13x was favorable at studied conditions. R2

value was found to be 0.9860, which means that the

Table 5
Comparison of adsorption capacity of zeolite 13x with other adsorbents for Cr(VI), Ni(II) and Co(II)

Adsorbent Q0 (mg/g) Reference

Cr(VI) Chemically treated Helianthus annuus 7.264 [41]
Coir pith 165 [42]
Acrylic acid-grafted coir pith 196
Hydrous zirconium oxide 66 [43]
CTAB-silica gelatin composite 20.82 [44]

Ni(II) Arthrobacter viscosus biofilm supported on zeolite 28.37 [45]
Multiwall carbon nanotube/iron oxide magnetic composites 9.18 [46]
Natural kaolinite clay 0.9 [47]
EDTA-chitosan 71 [48]
DTPA-chitosan 53.1
Cross-linked chitosan-isatin Schiff’s base resin 40.15 [49]
Modified with tetrabutylammonium(TBA) bromide kaolinite 8.4 [50]
Modified with tetrabutylammonium(TBA) bromide montmorillonite 19.7

Co(II) EDTA-chitosan 63 [48]
DTPA-chitisan 49.1
Cross-linked chitosan-isatin Schiff’s base resin 53.51 [49]
Modified with tetrabutylammonium(TBA) bromide kaolinite 9.0 [50]
Modified with tetrabutylammonium(TBA) bromide montmorillonite 22.3
Chitosan-coated perlite beads 66.66 [51]
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Freundlich model is not able to adequately describe
the relationship between the amount of sorbed Cr(VI),
Ni(II), and Co(II).

3.6. Thermodynamic study

The equilibrium constant (Kd, L/g) for the adsorp-
tion of Cr(VI), Ni(II), and Co(II) on zeolite 13x was cal-
culated at the temperature of 293, 298, 303, and 313 K
using Eq. (12):

Kd ¼ Qe

Ce
(12)

Thermodynamic parameters, Gibbs free energy
change (ΔG˚), the enthalpy change (ΔH˚), and the
entropy change (ΔS˚), were calculated using the
following equations:

ln Kd ¼ �S
�

R
��H

�

RT
(13)

�G
� ¼ �RT ln Kd (14)

The values of ΔH˚ and ΔS˚ can be obtained from the
slope and intercept of the plot of ln Kd vs. 1/T
(Table 6).

The Gibbs free energy change (ΔG˚) was calculated
to be negative values for Cr(VI), Ni(II), and Co(II)
adsorption, which indicated the feasibility of the pro-
cess and spontaneous nature of the adsorption, in each
of the temperatures studied. Moreover, the ΔG˚ values
increased with an increase in temperature, indicating
corroborate high affinity of the metal for the sorbent

substrate [51]. The ΔH˚ parameter was found to be
19.55, 50.77, and 43.80 kJ/mol for Cr(VI), Ni(II), and
Co(II) adsorption, respectively. The positive values of
ΔH˚ further confirmed the endothermic nature of
adsorption process. The heat of adsorption value indi-
cates the chemisorption process [52]. Hence, the
adsorption of Cr(VI), Ni(II), and Co(II) on zeolite 13x
was chemical in nature. The positive values of ΔS˚

(75.18, 192.63, and 168.43 J/(mol K)) suggested that the
degrees of freedom increased at the solid-liquid inter-
face during the adsorption. During the adsorption pro-
cess, the coordinated water molecules were displaced
by metal cations, resulting in increased randomness in
the adsorbent–adsorbate system [53,54].

The thermodynamic parameters also provided the
best correlation of the experimental data in the studies
carried out by Suksabye and Thiravetyan [42] on
adsorption of Cr(VI) ions onto chemically modified
coir pith, by Nuhoglu and Malkoc [53] on biosorption
of Ni(II) ions onto waste pomace of olive oil factory
(WPOOF), and by Bhattacharyya and Gupta [49] on
adsorption of Co(II) ions onto calcined TBA-kaolinite.
The adsorption of Cu(II), Ni(II), and Cr(VI) ions by

Table 6
Thermodynamic parameters for the adsorption of Cr(VI),
Ni(II) and Co(II) on zeolite 13x at different temperatures

Metal
ions

Temperature
(K)

ΔG˚
(kJ/mol)

ΔH˚
(kJ/mol)

ΔS˚
(J/(mol K))

Cr(VI) 293 −2.349 19.55 75.18
298 −2.966
303 −3.353
313 −3.893

Ni(II) 293 −5.407 50.77 192.63
298 −6.606
303 −7.213
313 −8.873

Co(II) 293 −5.519 43.80 168.43
298 −6.774
303 −7.696
313 −9.429 Fig. 5. XRD scans before adsorption (a) and adsorption of

Cr(VI) (b), Ni(II) (c) and Co(II) (d).
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modified oak sawdust in the study carried out by
Argun et al. [54] also was demonstrated that the
adsorption process was spontaneous and endothermic
under natural conditions, in agreement with the
thermodynamic parameters found in our study.

3.7. X-ray diffraction

XRD is an effective method for the investigation of
the intercalation in zeolite 13x. Fig. 5 shows the XRD
pattern of Cr(VI), Ni(II), and Co(II) supported on zeo-
lite 13x. By comparing Fig. 4(a)–(d), one can see that
the XRD peak position and intensities of SiO2 (2θ =
6.11), Al6Si2O13 (2θ = 15.50, 2θ = 18.46), and Al2SiO5 (2θ
= 30.40, 2θ = 33.71) are not shifted due to the character-
istics of zeolite. But the intensity of the characteristic
peak of Na2Al2Si2O8 (2θ = 10.01, 2θ = 11.76, 2θ = 23.40)
obviously weak, which indicated that metal ions
adsorbed mainly in Na2Al2Si2O8. The parent zeolite
13x has surface area of around 500m2/g and micro-
pore volume close to 0.5 cm3/g, both typical values
found for faujasites (Na2Al2Si2O8). The average pore
width also did not change after adsorbtion Cr(VI), Ni
(II), and Co(II), suggesting that the pore openings are
mostly intact [32].

3.8. Desorption studies

Studying of desorption is helpful for exploring the
possibility of recycling the adsorbents and recovery of
metal resource. In this study, CaCl2, NaOH, NaCl,
HCl, and distilled water were used as eluents. The
percentages of metal ions desorption for each eluent

are shown in Fig. 6. It was obvious that HCl showed
relatively good desorption results (58.57, 66.32, and
70.62%, respectively). However, CaCl2, NaOH, NaCl,
and distilled water were not efficient eluents for the
desorption of Cr(VI), Ni(II), and Co(II) ions that had
been adsorbed on the adsorbent surface. In the process
of practical application, 0.1M HCl solution can be con-
sidered to apply for the desorption of Cr(VI), Ni(II),
and Co(II) from Cr(VI)–Ni(II)–Co(II)–zeolite 13x.

4. Conclusions

The following conclusions can be inferred from
this study.

(1) The removal rate of Cr(VI), Ni(II), and Co(II) on
zeolite 13x increased with increasing pH value
and temperature. The removal rate of metal ions
decreased with an increase of initial concentra-
tion, while the maximum uptake increased with
increasing the initial concentration.

(2) Kinetic data indicated that pseudo-second-order
model was the best fit model; further, the uptake
of sorbates was explained well by external diffu-
sion and intra-particle diffusion model.

(3) The experimental data best fitted with the
Langmuir isotherm. The monolayer adsorption
capacity of Cr(VI), Ni(II), and Co(II) increased
with increase in temperature and the maximum
value was 3.929mg/g, 6.195mg/g, and 10.389
mg/g, respectively. The mean free energy (E)
calculated from D–R isotherm commonly
confirmed the chemical adsorption mechanism.

(4) Thermodynamic calculations showed that the
Cr(VI), Ni(II), and Co(II) sorption process of
zeolite 13x was endothermic and spontaneous.
The positive value of ΔS0 indicated that there
was an increase in the randomness in the solid/
solution interface system during the adsorption
process.

(5) The desorption of Cr(VI), Ni(II), and Co(II) ions
demonstrated that the best desorption perfor-
mance was obtained by HCl, which meant that
HCl can be regarded as one kind of eluents.

Nomenclature

γAl:Si — the Al/Si ratio
R — the removal ratio (%)
qe — the adsorption capacity at equilibrium

(mg/g)
C0 — the initial metal concentration (mg/L)
Ce — the equilibrium metal concentration (mg/L)Fig. 6. Reusability of zeolite 13x by different desorbing

agents with repeated sorption-desorption cycle.
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V — the solution volume (L)
M — the mass of the adsorbent (g)
qt — the adsorption capacity at time t (mg/g)
kf — the rate constant of pseudo-first-order sorption

(1/min)
ks — the corresponding kinetic constant (mg/(g min))
kext — the external diffusion rate constant (1/min)
kid — the intra-particle diffusion rate constant

(mg/g s1/2)
I — the intercept (mg/g)
B — the Langmuir sorption equilibrium constant

(L/mg)
Q0 — the maximum monolayer uptake (mg/g)
KF — the Freundlich adsorption constant ((mg/g)

(mg/L)n)
Km — the D–R adsorption constant
ε — the D–R model constant
E — the mean free energy (kJ/mol)
KRP — the Redlich–Peterson adsorption

constant (l/g)
αRP — the Redlich–Peterson model constant ((L/mg)β)
β — the Redlich–Peterson adsorption constant
Kd — the equilibrium constant (L/g)
ΔG˚ — Gibbs free energy change
ΔH˚ — the enthalpy change (kJ/mol)
ΔS˚ — the entropy change (J/(mol K))
R — the universal gas constant (8.314 J/(mol K))
T — the absolute temperature (K)
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