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bstract

This paper describes the removal of Ni(II) ions from aqueous solutions using clinoptilolite. The effect of clinoptilolite level, contact time, and
H were determined. Different isotherms were also obtained using concentrations of Ni(II) ions ranging from 0.1 to 100 mg L−1. The ion-exchange
rocess follows second-order reaction kinetics and follows the Langmuir isotherm. The paper discusses thermodynamic parameters, including

hanges in Gibbs free energy, entropy, and enthalpy, for the ion-exchange of Ni(II) on clinoptilolite, and revealed that the ion-exchange process was
pontaneous and exothermic under natural conditions. The maximum removal efficiency obtained was 93.6% at pH 7 and with a 45 min contact
ime (for 25 mg L−1 initial concentration and a 15 g L−1 solid-to-liquid ratio).

2007 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metal pollution occurs in many industrial wastewater
uch as those produced by metal-plating facilities, dyeing oper-
tions, mining and metallurgical engineering, electroplating,
uclear power plants, aerospace industries, battery manufac-
uring processes, the production of paints and pigments, glass
roduction, and municipal and storm water runoff. This wastew-
ter commonly includes Ni, Cu, Cd, Cr, and Pb. The effects of
i exposure vary from skin irritation to damage to the lungs,
ervous system, and mucous membranes. It is also known car-
inogen. The Turkish discharge standard in wastewater systems
or Ni(II) is 5 mg L−1 [1]. Therefore, the removal of excess Ni
ons from wastewater is essential.

The most widely used methods for removing heavy metals
re chemical or electrochemical precipitation, both of which
ose a significant problem in terms of disposal of the precipi-

ated wastes [2,3], and ion-exchange treatments, which do not
ppear to be economical [4]. It has been reported that some
quatic plants [5,6], agricultural byproducts [7–9], sawdust [10],
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lay [11,12], zeolite [13], turba (partially decomposed vegetable
atter) [14,15], and microorganisms [16,17] have the capacity

o adsorb and accumulate heavy metals.
Previous research has studied the ion-exchange capacities of

itanates such as K2Ti4O9 and Na2Ti3O7 towards nickel and
ther ions, and ion-exchange capacities of 156 mg g−1 were
bserved [4]. Although the capacity of these materials is good,
he materials are rare in nature, they are toxic, and synthesizing
hem is expensive. Removal of Ni(II) by the duckweed plant,
emna minor, has also been reported; this plant removed 82% of

he Ni in solution [6]. The white-rot fungus Polyporus versicolor
as also been investigated as a biosorbent for Ni(II) removal.
inetics and isotherm sorption experiments were conducted

o evaluate the effects of pH, time, temperature, and mixing
ntensity, and the maximum adsorption capacity was 57 mg g−1

16]. The removal of Ni(II) ions from aqueous solutions using
cid-modified pine tree materials has been investigated on a lab-
ratory scale, and the maximum adsorption capacities obtained
or acid-modified pine bark and pine cones were 20.58 and
.67 mg g−1, respectively [8]. These types of treatments have

he disadvantage of increasing the chemical oxygen demand
COD) of the water. Because of the problems with the afore-
entioned solutions, it remains necessary to develop a low-cost,

asily available material for wastewater treatment that might

mailto:argun@selcuk.edu.tr
dx.doi.org/10.1016/j.jhazmat.2007.05.008
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emediate the environmental problems in developing countries.
he clay- and zeolite-based ion-exchangers described in this
aper have satisfactory ion-exchange capacity and low cost, are
bundant in nature, and are not toxic. For example; the retention
f Ni(II) by two Portuguese natural ball-clays named ZA-4 and
C and their mineralogical compositions and physical charac-

eristics related to the efficiency of Ni(II) removal were reported
y Márquez et al. [12]. The ion-exchange capacities of these
lays were 3.6 and 6.5 mg g−1, respectively. Álvarez-Ayuso et
l. [13] reported the ion-exchange of Ni(II) with synthetic and
atural clinoptilolite and found that exchange capacities were
0.1 and 2 mg g−1, respectively.

Clinoptilolite is one of the most abundant forms of zeo-
ite in Turkey, with a wide geographic distribution and large
eposits. The typical formula for natural clinoptilolite is
a6[(AlO2)6(SiO2)30]·24 H2O [18]. However, the chemical

omposition of a zeolite is usually variable in both its framework
art and the extra-framework cation population. The microp-
rosity and relatively high surface area of zeolites are utilized
xtensively in applications that require ion-exchangers, adsor-
ents, catalysts, and separation media [19]. The use of zeolites as
on-exchanger for environmental protection and other applica-
ions has been stimulated by good results obtained in testing
nd by the non-toxic nature of these materials. Clinoptilo-
ite is particularly interesting due to its availability and low
ost. The cost of clinoptilolite is negligible (approximately
S$0.06–$0.08 kg−1) compared with the cost of activated

arbon (US$145 kg−1; Charcoal, Activated Coconut, EMD
hemicals) and ion-exchange resins (US$390 kg−1; Dowex(r)
0WX8-100 ion-exchange resin) [20].

The present paper discusses the efficiency of clinoptilolite
or removing Ni(II), which is known to be one of the major
ontaminants of the water at many sites around the world.

. Materials and methods

.1. Adsorbents and reagents

We obtained clinoptilolite from natural zeolites extracted
rom deposits at Manisa (Turkey). In accordance with ASTM

ethod D4749 [21], crushed particles were sieved through a
ange of sieves, and only the particles that passed through a 0.42-
m mesh were used in this study. The sieves were shaken for

pproximately 15 min, then the separated particles were stored.
he zeolite materials were washed with distilled water three

imes to avoid any effects from dissolved salts in the equilib-
ium solution. The adsorbents were then oven-dried at 85 ◦C for
h. In our study, an initial Ni(II) concentration of 25 mg L−1

as selected because the Ni(II) concentration in the wastewater
f three metal-plating companies was about this concentra-
ion (19.4, 25, and 26 mg L−1; M.E. Argun, Selçuk University,
npublished data). A stock solution of Ni(II) (1000 mg L−1) was
repared by dissolving a weighed quantity of NiCl2 salts in

wice-distilled water. The stock solution was then used to pre-
are solutions with Ni(II) concentrations ranging from 0.1 to
00 mg L−1. Before adding the adsorbents, the pH of each solu-
ion was adjusted to the required value by adding 0.1 M NaOH

d
p

q

aterials 150 (2008) 587–595

r 0.1 M HNO3. Furthermore a background electrolyte has not
een added during the ion-exchange experiments. All the chem-
cal compounds used to prepare the reagent solutions were of
nalytic grade (Merck, Whitehouse Station, NJ).

.2. Instruments

The chemical compositions of the zeolite samples were deter-
ined using a Rigaku RIX 3000 X-ray spectrometer according

o the Rietveld method [22]. Infrared spectra of clinoptilolite in
olid phase were performed using a Fourier transform infrared
pectrometer (Spectrum 2000 Explorer, Perkın-Elmer, USA).
eta potential measurements were conducted using a zetameter

Nano ZS, Malvern Inst., UK) equipped with a microproces-
or unit. The unit automatically calculates the electrophoretic
obility of the particles and converts it to the zeta potential

sing the Smoluchowski equation [23]. The surface area of the
linoptilolite was measured by “three point” N2 gas adsorption
ethod using Quantachrome surface analyzer (Model Autosorb-

, Boynton. Beach, FL). A Gallenkamp thermal stirrer was
sed for the batch experiments. The metal solution was fil-
ered through 0.45-�m membrane filters after settling. It was
hen analyzed using a Varian inductively coupled plasma-atomic
mission spectrometer (Vista AX CCD Simultaneous ICP-AES,
arian, Australia). The pH measurements were performed with
igital ion analyzer with a combination electrode (Multi 340i,
TW, Weilheim, Germany).

.3. Batch sorption experiments and model equations

The metal concentration in the liquid phase was determined at
he beginning (Co) and end (Ce) of the agitation. The following
quation was used to compute the percentage uptake of the metal
y the clinoptilolite:

orption% = [(Co − Ce) × 100]

Co
(i)

The data obtained were applied to the Langmuir isotherm
sing the following linear expression of this model [24]:

Ce

qe

)
=

(
1

bK

)
+

(
Ce

b

)
(ii)

here qe is the amount of Ni(II) ions-exchanged per unit weight
f clinoptilolite at the equilibrium (mg g−1) and is expressed as
e = [(Co − Ce)V]/M; V (L) is the volume of the solution; M (g)
he amount of clinoptilolite added to the solution; Ce (mg L−1)
he metal concentration in the aqueous phase; and b (mg g−1)
nd K (L mg−1) are the Langmuir constants related to the ion-
xchange capacity and energy of ion-exchange, respectively.

Another isotherm, the Dubinin–Radushkevich (D–R)
sotherm, was calculated from the ion-exchange data. This
sotherm is more general than the Langmuir isotherm since it

oes not assume a homogeneous surface or constant sorption
otential. The D–R equation is expressed as follows [25]:

e = X′
m exp(−K′ε2) (iii)
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Table 1
Experimental conditions for the ion-exchange of Ni(II) on the clinoptilolite

Ms (g L−1) t (min) pH Co (mg L−1) S (rpm)

Effect of clinoptilolite mass, Ms (g) 0.5–30 60 6 25 250
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ffect of contact time, t (h) 15
ffect of pH 15
ffect of metal concentration, Co (mg L−1) 15

here � (the Polanyi potential) = RT ln(1 + 1/Ce), qe and Ce are
escribed under Eq. (ii) (mg g−1 and mg L−1, respectively),
′
m is the maximum ion-exchange capacity of the clinoptilolite

mg g−1), K′ is a constant related to the ion-exchange energy
mol2 kJ−2), R the gas constant (kJ K−1 mol−1), and T is the
emperature (K). The D–R isotherm can be expressed in linear
orm as follows:

n qe = ln X′
m − K′ε2 (iv)

The Freundlich isotherm was also applied to the ion-exchange
ata. This model has the following linear expression [26]:

og qe = log Kf +
(

1

n

)
log Ce (v)

here Kf (mg g−1) is the Freundlich constant related to the
on-exchange capacity of the sorbent, and 1/n is the Freundlich
onstant related to the energy heterogeneity of the system and
he size of the exchanged molecule.

The kinetic parameters for the ion-exchange process were
tudied for the trial of ion-exchange at 25 mg L−1 of Ni(II) at
93 K and pH 7. The contact time was varied between 1 and
00 min and the percent removal of Ni(II) was monitored. The
seudo-first order ([27]; Eq. (vi)) and pseudo-second order ([15];
q. (vii)]) kinetic models were selected to test the ion-exchange
ynamics in this work because of their good applicability in most
ases in comparison with the first and second order models:

og(qe − qt) = (log qe) − k1t (vi)

t

qt

= 1

k2q2
e

+
(

1

qe

)
t (vii)

here qt is the amount of Ni(II) removed at the time t (mg g−1),
nd k1 (min−1) and k2 (g mg−1 min−1) are the rate constants of
he first- and second-order kinetic equations for ion-exchange.

Film and pore diffusion equations (Eq. (viii) and Eq.(ix),
espectively) were used to check whether diffusion step con-

rolled to ion exchange process or not [28]:

f = 0.23
r0δqe

t1/2
(viii)

�

w
c

able 2
he chemical composition of Manisa (Turkey) clinoptilolite used in the present study

SiO2 Al2O3 CaO K2O

oarse grains 68.96 12.45 2.53 3.52
ine grains 69.12 12.05 2.23 3.61
0–200 6 25 250
45 2–9 25 250

180 7 0.1–100 250

p = 0.03r2
0

t1/2
(ix)

here Df is the film diffusion coefficient (cm2 s−1), Dp the pore
iffusion coefficient (cm2 s−1), r0 the radius of clinoptilolite
0.01 cm), δ the film thickness (cm), qe the equilibrium loading
f the clinoptilolite (mg g−1) and t1/2 is the half time for the
on-exchange process (min). These equations have been applied
o describe the kinetics of several sorption systems [28,29], and
he film thickness is taken as 10−3 cm assuming geometry of the
pherical particles.

The changes in Gibbs free energy (�G), enthalpy (�H), and
ntropy (�S) for the ion-exchange process were obtained using
he following equations [30]:

G = −RT ln b (x)

n b =
(

�S

R

)
−

(
�H

RT

)
(xi)

The enthalpy change (�H) and the entropy change (�S) can
e calculated from a plot of ln b (Langmuir constant) versus 1/T.

.4. General procedures

We studied the effects of clinoptilolite mass, contact time, pH,
nd initial metal ion concentration on the exchange of Ni(II) ions
sing the experimental conditions shown in Table 1. The ion-
xchange experiments were performed in a batch reactor using
toppered Pyrex glass flasks.

Each experiment was replicated three times, and the mean
alues were used in our analyses. If the standard errors (SE) were
reater than 0.01, the test was repeated to control for errors. The
eviation of the metal uptake per unit weight of clinoptilolite
�qe) was calculated as follows:

∑N
i=1|[(qe)cal − (qe)exp]/(qe)exp|
qe(%) =
N

× 100 (xii)

here the subscripts “exp” and “cal” show the experimental and
alculated values of qe and N is the number of measurements.

(wt%)

Na2O Fe2O3 MgO Loss on ignition (LoI)

1.34 0.82 1.40 8.98
0.32 0.98 1.30 10.39
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. Results and discussion

.1. Material characterization

.1.1. Chemical and physical properties
The chemical composition of the natural clinoptilolite is

resented in Table 2. According to the chemical analysis the the-
retical ion exchange capacity is 5.57 ± 0.15 mequiv. g−1. This
apacity is the result of the presence of cations such as Na, Ca,
g and K which are considered to be exchangeable. The Man-

sa zeolite had the following properties: 1.9–2.2 mequiv. g−1

56–62 mg g−1) of cation-exchange capacity (CEC; i.e., the
apacity to adsorb exchangeable cations), 0.40-nm pore diame-
er, 40% bed porosity, a solid density of 2.15 g cm−3, and a bulk
ensity of 1.30 g cm−3 [31]. The surface area was 12 m2 g−1 as
easured using the BET (Brauner Emmett Teller) method with

itrogen gas.

.1.2. Functional groups
The evaluation of the FT-IR spectra of clinoptilolite was

ummarized in Table 3. It should be noticed that the higher per-
entages of transmittance mean the lower amount of functional
roups. Table 3 presents the fundamental frequencies of clinop-
ilolite before and after Ni(II) exchange, and their respective
ossible assignments in the FT-IR spectrum [32]. FT-IR spec-
rums also show that clinoptilolite constituents mainly composed
f Si–O(H)–Si, Si–O(H)–Al, Si–O–Si and Si–O–Al groups. It
as been known that all these groups have affinity of heavy metal
dsorption [33]. It could be concluded from Table 3 that all func-
ional groups, which increase ion-exchange capacity, decreased
fter Ni(II) exchange. This could be resulted from that Ni(II)
ons captured functional groups of zeolite.

.1.3. Zeta-potential
The zeta potential measurements were carried out as a func-

ion of pH with the relation of electrophoretic mobility of the
articles. From the Fig. 1 it was concluded that the zeta potential
f clinoptilolite was strongly affected from the pH of the metal

olution. Under acidic conditions, the clinoptilolite mineral sur-
ace was covered with H+ ions and zeta-potential decreased
o −13 mV. However, with increasing pH, the hydroxyl ions
ncreased on the clinoptilolite surface and the zeta-potential

m
i
b
t

able 3
undamental FT-IR spectra of natural clinoptilolite before and after Ni(II)-exchange

efore exchange After exchange

P (cm−1)a T (%)b BP (cm−1)a

614 3,195 –
462 2,974 3351
363 11,40 2284
638 3,964 1738
052 0,107 1034
791 5,629 898
721 6,155 831
603 1,925 603

a Band positions.
b Transmittance.
Fig. 1. The variation of the zeta potential of clinoptilolite vs. pH.

ncreased to −51 mV for pH 13. In other words, the clinop-
ilolite surface has a negative charge for all pH from 2 to 13 and
he clinoptilolite could adsorb heavymetal ions even in low pH
olution and can be applied for actual strong acidic wastewa-
er. The negative charge results from the Al3+ substitutions for
i4+ within the clinoptilolite lattice (isomorphic substitution),

he broken bonds at the Si–O–Si generated at the particle sur-
ace during the grinding process and the lattice imperfections
18,34].

.2. Effect of operational condition

.2.1. Effect of the mass of clinoptilolite
The effect of the mass of clinoptilolite on the retention of

i(II) was studied using 100 mL of 25 mg L−1 Ni(II) solution
reated with 0.5 to 3.0 g of clinoptilolite for 60 min. Fig. 2 shows
hat the Ni(II) retention increased gradually with increasing

ass of clinoptilolite to a mass of 15 g L−1. This clinoptilo-
ite dosage decreased the Ni(II) concentration to 1.8 mg L−1,
hich is less than the discharge limit (5 mg L−1) for wastewa-

er. After this clinoptilolite concentration, the removal efficiency
f Ni(II) increased by only 0.95% with increased clinoptilolite

ass. Thus, I used this concentration for the following exper-

ments. These results suggested that the proportional increase
etween clinoptilolite dosage and removal efficiency was related
o an increase in the number of ion-exchange sites

Possible assignments

T (%)b

– Surface hydroxyl groups (Si–OH–Si, or Al–OH–Al)
31,917 Stretching vibration of adsorbed water molecules
37,371 Calcite and dolomite
36,325 Bending vibration of adsorbed water
17,303 Si–O stretching vibration of quartz
31,581 Si–O stretching vibration of quartz
33,372 The characteristic band of calcite
23,355 Si–O–Al and Si–O–Si bending vibrations
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ig. 2. Effect of the mass of clinoptilolite on the removal of Ni(II). The initial
oncentration of Ni(II) was 25 mg L−1, the agitation speed was 250 rpm, the
ontact time was 60 min, and the temperature was 293 K.

.2.2. Effect of contact time
The removal of Ni(II) as a function of contact time is shown in

ig. 3. Because shaking consumes energy, and the cost increases
ith increasing shaking time, it is important to determine the

uitable contact time that maximizes removal efficiency with-
ut unacceptably increasing the cost. The graph shows that
he ion-exchange efficiency initially increased rapidly and the
quilibrium was attained in 180 min at adsorption efficiency
f 97%. Although the highest value of exchanged Ni(II) ions
y clinoptilolite was reached at 180 min there was no big dif-
erence between obtained data for 45 min (93%) and 180 min.
onsequently, a contact time of 45 min was chosen for the
H and regeneration experiments. For isotherm experiments
80 min contact time was chosen because of the equilibrium time
s more important. The removal efficiency decreased by only
bout 0.02% after equilibrium had been reached. This probably
esulted from saturation of adsorbent surfaces with heavy met-
ls followed by adsorption and desorption processes that occur
fter saturation.
.2.3. Effect of pH
The effect of pH on the ion-exchange of Ni(II) by the clinop-

ilolite is presented in Fig. 4. The pH of the aqueous solution

ig. 3. Effect of contact time on the removal of Ni(II). The initial concentra-
ion of Ni(II) was 25 mg L−1, the clinoptilolite concentration was 15 g L−1, the
gitation speed was 250 rpm, and the temperature was 293 K.

t
i
b
m
i
b
p
s
c
(
i

s
r
a
a
c
e
a

ig. 4. Effect of pH on the removal of Ni. The initial concentration of Ni(II)
as 25 mg L−1, the clinoptilolite concentration was 15 g L−1, the agitation speed
as 250 rpm, the contact time was 45 min, and the temperature was 293 K.

as an important parameter that controlled the ion-exchange
rocess. Ion-exchange increased with increasing pH to a pH of
round 6, then increased only slowly thereafter, with further pH
ncreases resulting in precipitation. At pH lower than 8, Ni(II)
ons were the dominant species; Ni(OH)2 was present at pH
igher than 8 [35]. Under acidic conditions, the clinoptilolite
ineral surface will be completely covered with H+ ions and

he Ni(II) ions cannot compete with them for ion-exchange sites.
owever, with increasing pH, the competition from the hydro-
en ions decreases and the positively charged Ni(II) ions can be
xchanged with exchangeable cations and can also be adsorbed
t the negatively charged sites on the clinoptilolite [36]. Based on
hese results, clinoptilolite exhibited a good capacity for remov-
ng Ni(II) from solution at a range of pH values from 6 to 9. The

aximum ion-exchange (1.6 mg g−1 and 93.6%) was at a pH of
with a 45-min contact time, a 15 g L−1 solid-to-liquid ratio,

nd an initial heavy metal concentration of 25 mg L−1.

.3. Determination of ion-exchange isotherms

Ion-exchange isotherms or capacity studies are of fundamen-
al importance in the design of ion-exchange systems since they
ndicate how the metal ions are partitioned between the adsor-
ent and liquid phases at equilibrium as a function of increasing
etal concentration. When an adsorbent and metal ion solution

s placed in contact, the concentration of metal ions on the adsor-
ent will increase until a dynamic equilibrium is reached; at this
oint, there is a defined distribution of metal ions between the
olid and liquid phases. The Ni-exchange capacities at pH 7 were
alculated by means of least-squares regression using Eqs. (ii),
iv) and (v). The resulting isotherms for the clinoptilolite used
n this study are shown in Figs. 5–8.

The regression values and correlation coefficients (R2) pre-
ented in Table 4 indicate that the ion-exchange data for Ni(II)
emoval best fitted the Langmuir isotherm. However, the D–R
nd Freundlich isotherms are important because they do not

ssume a homogeneous surface. At 293 K, the ion-exchange
apacity b (Langmuir isotherm) was 3.28 mg g−1 and the ion-
xchange capacity X′

m (D–R isotherm) and Kf were 1.81 mg g−1

nd 0.68 mg g−1, respectively. The maximum ion-exchange



592 M.E. Argun / Journal of Hazardous Materials 150 (2008) 587–595

Fig. 5. Ion-exchange isotherm for clinoptilolite using different initial Ni concen-
trations ranging from 0.1 to 100 mg Ni(II) L−1. The clinoptilolite concentration
was 15 g L−1, and the contact time was 180 min at pH 7.

F
t
1

c
t
b
i
t
i
i
i
H
t
t
a

Fig. 7. The linearized D–R isotherm for ion-exchange of Ni(II) by clinoptilolite.
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T

2
3
3

(

ig. 6. The linearized Langmuir isotherm for ion-exchange of Ni(II) by clinop-
ilolite. The clinoptilolite concentration was 15 g L−1, and the contact time was
80 min at pH 7.

apacity based on the Langmuir isotherm (3.3 mg g−1) is lower
hen the CEC (56–62 mg g−1) of clinoptilolite that was reported
y Benkli et al. [31]. This could occur if the uptake of Ni(II)
ons on the clinoptilolite surface forms a monolayer more often
han it forms a bilayer and if the electron configuration of Ni(II)
ons prevents a greater uptake capacity. It is also possible that the
on-exchange occurs as a result of the interaction between nickel
ons and specific ions in the material’s cation-exchange site.

owever, all cation-exchange sites are less common usable due

o variable framework of clinoptilolite in a real-world solution,
hus ion exchange would more often require the replacement of
n adsorbed charged species by another charged species from

t
w
u
o

able 4
he Langmuir, D–R, and Freundlich constants and correlation coefficients of isotherm

emperature (K) Langmuir Isotherm D-R Iso

b K R2 X′
m

93 3.28 0.182 0.996 1.81
13 2.97 0.194 0.997 1.69
33 2.65 0.249 0.995 1.58

Ni(II) concentration: 0.1–100 mg L−1, clinoptilolite dosage: 15 g L−1, agitation spee
ig. 8. The linearized Freundlich isotherm for ion-exchange of Ni(II) by clinop-
ilolite. The clinoptilolite concentration was 15 g L−1, and the contact time was
80 min at pH 7.

he surrounding solution. In addition, increasing the initial Ni
oncentration in the solution decreased the removal efficiency.
his may be due to a progressive decrease in the proportion of
ovalent interactions and an increase in the proportion of elec-
rostatic interactions at sites with a lower affinity for Ni(II) as
he initial Ni(II) concentration increased.

.4. Determination of ion-exchange kinetics

In order to determine the ion-exchange kinetics of Ni(II),

he pseudo-first-order and pseudo-second-order kinetics models
ere examined. The slopes and intercepts of these curves were
sed to determine the pseudo-first-order and pseudo-second-
rder constants k1 and k2 and the equilibrium capacity qe. The

models at different temperature

therm Freundlich Isotherm

K′ R2 1/n Kf R2

0.027 0.909 0.553 0.676 0.911
0.025 0.896 0.551 0.619 0.894
0.024 0.901 0.553 0.532 0.886

d: 250 rpm, and contact time: 180 min at pH 7).
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Table 5
The kinetics constants for the exchange of Ni(II) ions on the clinoptilolite

T (K) (qe)exp

(mg g−1)
Pseudo-first-order kinetics Pseudo-second-order kinetics Film diffusion,

Df (cm2 s−1)
Pore diffusion,
Dp (cm2 s−1)

(qe)cal (mg g−1) k1 (min−1) �qe (%) (qe)cal (mg g−1) k2 (g mg−1 min−1) �qe (%)

293 1.61 0.174 0.0081 89 1.60 0.522 0.43 3.1 × 10−9 2.5 × 10−9

313 1.58 0.15 0.0075 91 1.59 0.75 0.63 2.4 × 10−9 2.3 × 10−9
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33 1.56 0.12 0.0070 92 1.58

clinoptilolite dosage: 15 g L−1, pH: 7, agitation speed: 250 rpm, particle diame

alculated (cal) value of qe (Table 5) from the pseudo-first-order
inetics model was dramatically lower than the experimental
exp) value. However, the pseudo-second-order kinetics model
Fig. 9, Table 5) provided a near-perfect match between the theo-
etical and experimental qe values. As a result, the ion-exchange
rocess appears to follow pseudo-second-order reaction kinet-
cs. The pseudo-second-order kinetics model also described the
ata better than the first-order model (r2 = 0.97 and 0.99, respec-
ively).

The pseudo-second-order kinetic rate constant for Ni(II)-
xchange on clinoptilolite was k2 = 0.522 g mg−1 min−1

31.32 g mg−1 h−1). When the Ni(II) ion solution is mixed with
he adsorbent, transport of the Ni(II) ions from the solution
hrough the interface between the solution and the adsorbent
nd into the particle pores is effective. There are essentially four
tages in the process of ion-exchange by porous adsorbents [37]:
i) solute transfer from the bulk solution to the boundary film
hat borders the exhanger’s surface, (ii) solute transport from

he boundary film to the exchanger’s surface, (iii) solute transfer
rom the exchanger’s surface to active pores of exchanger’s, and
iv) interactions between the solute molecules and the available
on-exchange sites on the internal surfaces of the adsorbent.

ig. 9. Linearized pseudo-second-order kinetics plots for ion-exchange of Ni(II)
y clinoptilolite (dosage: 15 g L−1 at pH 7, shaking speed: 250 rpm, temperature:
93 K).
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able 6
hermodynamic coefficients for Ni(II)-exchange by clinoptilolite

(K) ln b �G (kJ mol−1) �S (k

93 1.188 −2.89
13 1.089 −2.83 −0.00
33 0.974 −2.69
1.2 1.3 1.9 × 10−9 2.0 × 10−9

.2 mm).

ne or more of these four steps may control the rate at which
olute is exchanged. Table 5 depict diffusion of Ni(II) within
linoptilolite as a function of temperature at pH 7. Film and
ore diffusion coefficients for 0.2 mm particle diameter were
alculated as 3.1 10−9 and 2.5 10−9 cm2 s−1, respectively.
ccording to the Michelson et al. [38], Df values should be

n the range of 10−6 to 10−8 cm2 s−1 for film diffusion to be
ate-limiting factor. Similarly, Dp values should be in the range
f 10−11 to 10−13 cm2 s−1 for pore diffusion to be rate-limiting
actor. From these results it can be concluded that both of
lm and pore diffusions are not the rate-limiting step and also
onfirmed the results mentioned above.

.5. Effect of temperature and determination of
on-exchange thermodynamics

The temperature dependence of the ion-exchange was calcu-
ated by the linearized Arrhenius equation ([39]; Eq. (xiii)])

n(k) = ln(A) −
(

Ea

RT

)
(xiii)

here Ea is the activation energy of the ion-exchange (kJ mol−1),
the rate constant which controls process, A the Arrhenius

onstant, R the gas constant (8.314 J mol−1 K−1), and T is the
olution temperature (K). Kinetic sorption processes usually
ave energies greater than 25–30 kJ mol−1 and diffusion sorp-
ion processes have energies usually less than 25–30 kJ mol−1,
n which no electrons are transferred or shared between the
orbed molecules/ions and the sorbent surface [39]. The acti-
ation energy value also gives us information on whether the
dsorption is mainly physical or chemical. Nollet et al. [40]
uggested that the physisorption process normally had activa-
ion energy of 5–40 kJ mol−1, while chemisorption had higher
ctivation energy (40–800 kJ mol−1). The rate constant k2 listed

n Table 5 was applied to estimate the activation energy of the
on-exchange. In this study the value of 32 kJ mol−1 for acti-
ation energy was obtained from the slope of an ln(k2) versus
/T (Table 6). It was concluded from this result that the adsorp-

J mol−1 K−1) �H (kJ mol−1) Ea (kJ mol−1)

49 −4.32 32.0
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Table 7
Effect of different eluents on regeneration and metal recovery efficiency during
repeated adsorption/desoprtion (A/D) cycles (contact time: 45 min, pH: 7, T:
298 K)

Eluents A/D
cycle

Clinoptilolite regeneration
efficiency (%)a

Ni(II) recovery
efficiency (%)b

0.1 M HCl 1 93 96
2 88 93
3 80 85

0.1 M NaOH 1 60 50
2 55 40
3 40 20

Distilled water 1 65 68
2 52 58
3 45 50

a Clinoptilolite regeneration efficiency = (regenerated exchange capac-
i

e
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a
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ig. 10. Plot of the Langmuir constant (ln b) vs. temperature (1/T). The thermo-
ynamic parameters in Table 6 are determined from this graph.

ion involved physisorption and the process controlled by kinetic
orption. The obtained data from kinetic studies also confirm this
esult.

The results of the thermodynamic calculations are shown in
able 6. The negative value for the Gibbs free energy shows that

he ion-exchange process is spontaneous in nature and that the
egree of spontaneity of the reaction decreases with increasing
emperature, mainly due to physisorption rather than chemisorp-
ion. Fig. 10 also demonstrates that ion-exchange decreases
ith increasing temperature. The overall ion-exchange process

eems to be exothermic (�H = −4.32 kJ mol−1). This result
lso supports the suggestion that the ion-exchange mechanism
s primarily physisorption and that the resulting Ni-exchanger
omplex is energetically stable. Table 6 also shows that the �S
alues were negative; that is, entropy (randomness) decreased as
result of the ion-exchange. According to the Zou et al. [41] neg-
tive value of entropy for removal of Ni on zeolite reflects that
o significant change occurs in the internal structure of zeolite.

.6. Regeneration studies

Regeneration of clinoptilolite is an important step in order
o make the ion-exchange process more economical. The regen-
ration efficiency for clinoptilolite at different eluent solutions
f 0.1 M HCl, 0.1 M NaOH, and distilled water are shown in
able 7. Recovery of the exchanged Ni(II) ions and repeated
sability of the exchanger is important in reference to the indus-
rial applications. In order to demonstrate the reusability of
he clinoptilolite, the adsorption–desorption (A/D) cycles of
i(II) were repeated three times by using the same clinoptilolite

Table 7). Nearly 96% of the exchanged Ni(II) ions were des-
rbed from clinoptilolite by using 0.1 M HCl. When HCl was
sed as a desorption agent, the clinoptilolite mineral surface was
ompletely covered with H+ ions while the coordination spheres
f chelated Ni(II) ions was disrupted. Thereafter the Ni(II) ions
ould not compete with H+ ions for ion-exchange sites and sub-

equently heavy metal ions were released from the solid surface
nto the solution. Also it was observed a little change on the
linoptilolite structure under these acidic conditions (pH ∼1).
or this reason, clinoptilolite regeneration efficiencies and Ni(II)

i

e
d

ty/original exchange capacity) × 100%.
b Ni(II) recovery efficiency = (amount of Ni(II) recovered/amount of Ni(II)

xchanged) × 100%.

ecovery efficiencies were decreased a little from 93% to 80%
nd from 96% to 85%, respectively. However, under basic con-
itions, negatively charged surface adsorbed Ni(II) ions instead
f desorption. After regeneration desorbed Ni(II) ions were low
hile Ni(II) uptake efficiency of regenerated clinoptilolite was
litle high because of negatively charged surface. Therefore

linoptilolite regeneration efficiency partially high then Ni(II)
ecovery efficiency for NaOH regeneration. The results showed
hat clinoptilolite could be repeatedly used in ion-exchange
tudies of Ni(II) with slight losses in their initial ion-exchange
apacities.

. Conclusions

This paper presents the results of a detailed study of equi-
ibrium and kinetics of the ion-exchange process for removing
i(II) ions from aqueous solution using a common, natu-

ally occurring clinoptilolite. In all experiments clinoptilolite
ecreased the Ni(II) concentration under the discharge limit
5 mg L−1) for wastewater. However, in an industrial applica-
ion, the presence of other cations in the wastewater would
nterfere with the ion-exchange of Ni (II), and would thus
ecrease the removal efficiency for this specific cation. This
s likely to be an acceptable tradeoff if a significant proportion
f the other cations are also toxic and must be removed from
he wastewater. Operational parameters such as the amount of
linoptilolite, contact time, initial Ni(II) concentrations, and pH
f the solution clearly affect the removal efficiency. The opti-
um Ni(II) removal by the clinoptilolite was obtained at pH 7.
he Langmuir, D–R, and Freundlich isotherms could all be used

o model isothermal ion-exchange of Ni(II) on clinoptilolite, and
he kinetics data could be modeled by a pseudo-second-order
inetics equation. The ion-exchange process was thermodynam-

cally spontaneous under natural conditions.

These results suggest that the capacity of clinoptilolite to
xchange certain metal can be calculated using the models
escribed in this paper. The ion-exchange capacity of the clinop-
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ilolite for Ni(II) equaled 3.28 mg g−1 and the ion-exchange rate
k2) was 0.522 g mg−1 min−1.
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