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ABSTRACT

In this work, natural and modified clinoptilolite as low-cost adsorbents have been used for
removal of Ni(Il) from aqueous solutions in batch experiments. Modification of clinoptilolite
zeolite was done with polymerization of polypyrrole in and outside of zeolite surface. The
prepared polypyrrole/clinoptilolite nanocomposite was characterized using FTIR and scan-
ning electronic microscopy techniques. The effect of various factors like solution pH, contact
time, and concentration of Ni(II) solution on the removal efficiency was investigated. The
optimum conditions for high removal efficiency included adjustment of solution pH value to
4, using nanocomposite for a time period of about 24 h. The adsorption isotherms and kinetic
study result showed that the adsorption data were well described by the Freundlich iso-
therm model and pseudo-second-order reaction kinetics. It was concluded that in the case of
nanocomposite, the chelating and ion exchange interactions are the governing adsorption
mechanisms. The results of adsorption—-desorption cycle experiments indicated that polypyr-
role/clinoptilolite nanocomposite can be used as a novel, economic, and efficient adsorbent

for Ni(II) ions removal.
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1. Introduction

The presence of heavy metals in the wastewater
and therefore release of them in the environment has
been of great concern because of their high toxicity,
non-biodegradable nature, and their tendency to accu-
mulate in organisms, which cause numerous diseases
and disorders [1]. Nickel is one of the toxic heavy
metals which is found in the wastewaters with high
concentration. The acceptable limit of nickel in drink-
ing water is 0.01 mgl™' and the industrial discharge
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limit in wastewater is 2 mg 17! [2]. Therefore, waste-
waters containing nickel are required to be treated
prior to discharge into the environments. Removal of
heavy metal ions can be accomplished by a variety of
techniques [3]. Among these methods, adsorption is
currently considered to be very simple and cost-effec-
tive method [4]. Various materials are generally used
as adsorbents among which zeolites have been widely
used to adsorb high amount of heavy metals [5].
Besides that, zeolites have a net negative structural
charge which makes them suitable for ion exchange
process and selective for certain cations. This property
makes zeolites of interest for use in the treatment of
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nuclear, municipal, and industrial wastewaters.
Panneerselvam and coworkers [6] studied removal of
Ni(I) from aqueous solutions with modified synthetic
ZSM-5 zeolites. It was concluded that phosphoric acid
modified ZSM-5 zeolite can be a better adsorbent than
the parent zeolite. Clinoptilolite (CL) as one of the nat-
ural zeolites, due to its large surface area, high cation
exchange capacity (CEC), physicochemical stability,
and low cost is one of the important class of materials
being considered for adsorption of different species
[7]. The structure of zeolite, involving pores, channels,
and cages of different shapes and dimensions of the
nanometer order of magnitude, as well as high ion
exchange capacities, is expected to be an efficient
material for removal of heavy metals through two
mechanisms of ion exchange and adsorption [8]. In
the ion exchange process, substitution of ions present
in zeolite crystalline lattice by metal ions from the
solution takes place. Rajic and coworkers [9] have
used natural CL as adsorbent for removal of Ni(Il)
ions from aqueous solutions. Also, CL from Caimanes
deposit (Moa-Cuba) has been used for the nickel
removal from aqueous solution by Rodriguez-Iznaga
and coworkers [10].

But because of low-removal capacity of clinoptilo-
lite, it was suggested to modify it with organic materi-
als like conducting polymers, in order to increase
pollutants uptake [11,12]. By exchanging the inorganic
cations with organic cations, it is possible to convert a
naturally hydrophilic property of zeolite into a hydro-
phobic and organophilic property [13]. In this regard,
the zeolite has been ion exchanged with aniline
hydrochloride in aqueous suspension and then oxi-
dized to encapsulate polyaniline in the crystalline
channel system of zeolite to form a hybrid nanocom-
posite [14,15]. The modified clinoptilolite zeolite with
polyaniline was used for the removal of Cr(VI) from
aqueous solutions by Olad et al. [16].

Conducting polypyrrole (PPY) and its nanocom-
posites were also investigated for use in removal of
heavy metals as an efficient adsorbent [17,18]. Func-
tional amine groups of PPY form strong chemical
bonds with metal ions and result in formation of sta-
ble complexes [19]. Bein et al. reported the synthesis
of various conducting polymers into zeolite pores and
investigated their properties [15,20]. The polymeriza-
tion of pyrrole molecules into the channels of zeolite
was also reported [21]. The metallic ions introduced
by the ion exchange are used as oxidizing agents for
the polymerization reaction [22].

The main aim of present work is to use polypyr-
role/clinoptilolite (PPY/CL) nanocomposite prepared
in our previous work [23], as an efficient material for
removal of Ni(Il) from aqueous solutions. The effect of
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various parameters on the removal efficiency was
investigated and optimized. Also, the Ni(ll) ion
sorption isotherms of natural clinoptilolite and PPY/
CL nanocomposite as well as kinetic studies were
studied.

2. Experimental
2.1. Reagents and material

Pyrrole (Merck) was purified under vacuum distil-
lation prior to polymerization. Ferric chloride (FeCl,),
nickel (II) chloride (NiCl,), ammonium persolfate
(APS), hydrochloric acid (HCI), nitric acid (HNOj),
sodium  hydroxide (NaOH), methanol, dim-
ethylglyoxime (DMG), and acetone were all purchased
from Merck (Germany) and used as received without
any further purification. Clinoptilolite (CL) obtained
from Meianah mine in East Azerbaijan, Iran. The min-
eralogical composition of Meianah clinoptilolite
obtained from X-ray diffraction of pure clinoptilolite
powder has been shown in Table 1. As shown in
Table 1, this type of zeolite characterization as clinop-
tilolite is further supported by the Si/Al ratio, which
is equal to 5.4.

The cation exchange capacity of CL which is the
capacity to adsorb exchangeable cations was deter-
mined by atomic absorption spectrometry. The
amount of equilibrium concentrations of exchangeable
cations (Na*, K*, Ca®", and Mg2+) in the supernatant
after saturation of the clinoptilolite samples with
NH," ions was measured. According to the results,
the ion exchange capacity of the pure clinoptilolite
was about 1.975meq/g.

2.2. Preparation of PPY/CL nanocomposite

In order to prepare acidic clinoptilolite, the natural
zeolite rocks were first hammered to break down
them into smaller particles. Then the smaller particles
were grinded and magnetically stirred for 48 h in HCI
(0.1M) solution. The slurry was then filtered and
washed with excess deionized water until neutral, fol-
lowed by drying at 150°C for a period of 2 h. By acidi-
fying the clinoptilolite zeolite, the adhesion of
polymer to the zeolite can be increased. PPY/CL
nanocomposite preparation was carried out by the
polymerization of pyrrole monomer in the presence of
the clinoptilolite nanoparticles. Detailed synthesis pro-
cedure and also information about Fourier transform
infrared (FTIR) spectroscopy, X-ray diffraction (XRD)
spectra, and also surface morphology of prepared
nanocomposite can be found in our previous work
[23].
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Table 1

Chemical composition of Meianah clinoptilolite

Component SiO, Al,O3 Fe,O3 CaO MgO Na,O K,O P05 MnO TiO, L.O.I
(%) 65 12.03 1.5 2.3 0.72 1.8 3 0.01 0.1 0.03 13.51

2.3. Heavy metals removal experiments

Adsorption experiments were done using UV-vis
spectrophotometer, Shimadzu (Japan) for determina-
tion of Ni(Il) in a batch equilibrium technique. The Ni
(I) solutions were prepared from NiCl, in different
concentrations that ranged from 10 to 400 ppm by
diluting of stock solutions (1,000 ppm). The sample
dilution method was used for spectrophotometric
determination of higher concentrations. The adsorp-
tion of Ni(Il) solutions was performed by stirring vari-
ous amount of nanocomposite powder in 100 ml of Ni
(II) solutions with different concentrations. In order to
determine the concentration of Ni(Il) by spectropho-
tometry, its complex with DMG was prepared. Ni(I)
forms a red complex with organic compound DMG.
The complexation of Ni(Il) with DMG occurs quantita-
tively in a solution in which the pH is buffered in the
range of 5-9 by use of ammonia solution as illustrated
in Fig. 1 [24]. Then after different contact times, the
determination of Ni(II) concentration was done spec-
trophotometrically by measuring absorbance at Amax
of 450nm. The calibration curve for Ni(I) solution
was established as a function of Ni(Il) concentration.
The adsorption capacity was calculated by the follow-
ing formula:

(Ci—Co)V
m

Q. = (1)
where Q.=adsorption capacity or amount of Ni(Il)
adsorbed by adsorbent (mgg '), C;=initial Ni(Il) con-
centration (mgl™"), C.=equilibrium or residual Ni(II)
concentration (mg 1Y), V =the volume of the solution

(1), and m=mass of adsorbent (g). The removal
efficiency of Ni(Il) was calculated according to the
(Eq. (2))

R:%xmo

1

(2)

The influence of initial pH, exposure time, and ini-
tial metal ion concentration on metal removal effi-
ciency was investigated. For adsorption isotherms,
samples with concentrations ranging from 10 to
400 ppm were agitated till the equilibrium was
achieved.

Desorption studies were performed by contacting
used adsorbents with HCI (0.1M) then the desorbed
amount of Ni was obtained spectrophotometrically.
Desorption ration was calculated using Eq. (3):

)

C
Desorption ratio = o 100
0

where C is the amount of Ni desorbed to the elution
medium, C, is the amount of Ni adsorbed on the
adsorbent. To determine the reusability of the nano-
composite, consecutive adsorption-desorption cycle
was repeated five times with the same sample recov-
ered by NaOH (0.1 M) solution.

2.3.1. Effect of pH

In order to investigate the effect of the solution pH
on the Ni(Il) removal efficiency, solutions with differ-
ent pH values of 3-6 were prepared by adding 0.1M

FERN
T
CH CH N H
2+ 3IN\OH NH3 31 \ N',/' N;v\c 3
Ni +2 _— i .
OH - +2H
CH N~ 2N
3 CH I|\l ||\] CH,
(e} o)
Ny
DMG Ni (DMG),

Fig. 1. Chemical structure diagram of bis-(dimethylglyoximato) nickel(II) complex.
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HNO; and 0.1M NaOH solutions. The influence of
solution pH value on Ni(I) removal was investigated
under the following conditions: solution concentra-
tions of 10 mglfl, exposure time of 24h, and adsor-
bent amount 0.2g. Then the concentration of Ni(I)
was measured spectrophotometrically.

2.3.2. Effect of exposure time

After determination of optimum initial pH values,
a series of experiments has been carried out to deter-
mine the equilibration period or exposure time for the
heavy metal solution adsorbent at an initial metal con-
centration of 10 mg1~' and 0.2 g of adsorbent.

3. Results and discussion
3.1. Removal studies
3.1.1. Effect of pH

It is well known that pH of the aqueous solution is
an important controlling parameter in the metal
removal process since it can influence both the charac-
ter of clinoptilolite and formation of polymer. The
effect of pH on the adsorption of Ni(II) ions onto both
adsorbents is shown in Fig. 2. As is shown, at pH val-
ues below 4.0, hydrogen ions compete with the Ni(II)
ions for the exchange sites in clinoptilolite and in
higher pH values, Ni(Il) ions may form complexes
with inorganic ligands such as OH". Therefore, solu-
tion pH of 4 was selected as the optimum pH value
since the removal efficiency is high in this pH.

3.1.2. Effect of contact time and kinetics of adsorption

A series of experiments has been carried out to

optimize the contact time. The Ni(Il) removal
100
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Fig. 2. The effect of pH on the removal efficiency of Ni(ID).
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efficiency after different contact times was calculated
using Eq. (2) and plotted against exposure time in
Fig. 3. Results showed that after 7h (420 min) of expo-
sure, over 87.5% of Ni(II) in the solution has been
removed by nanocomposite powder and by increasing
the contact time to 24h (1,440 min), removal efficiency
increases to 98.5% and it can be concluded that fur-
ther increase of contact time does not have significant
effect on removal efficiency. Therefore 24h was
chosen as optimum contact time.

In this work, pseudo-first-order equation [25],
pseudo-second-order equation [26], and intraparticle
diffusion model [27] have been used to describe the
adsorption of an Ni(Il) from aqueous solutions, which
is shown as below.

k
log(Q. — Q1) = log Q — 535t (4)

t 1 1
@:@4-@1' (5)

Q= kitl/z +C (6)

where Q. is the adsorbed metal ion concentration at
equilibrium, k; is the rate constant of the pseudo-first-
order sorption (min~1), and k, is the rate constant of
the pseudo-second-order kinetics (gmg 'min "), k
(mg g "' min'/?) is the intraparticle diffusion rate con-
stant, and C (mgg~") is the constant which is related
to the thickness of boundary layer.
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Fig. 3. The effect of contact time on the removal efficiency
of Ni(ID).



7176

The linear plot of log (Q. — Q) against time ¢ and
the straight line of t/Q; vs. t demonstrates the
applicability of the pseudo-first-order and pseudo-sec-
ond-order kinetic models for adsorption of Ni(Il) on
adsorbents (Figs. 4 and 5, respectively). The plots of
intraparticle diffusion of Ni(I) onto the CL and PPY/
CL nanocomposite are illustrated in Fig. 6. The calcu-
lated kinetic constants values and the corresponding
linear regression correlation constants were given in
Table 2. According to the Table 2, kinetic data of Ni
(I) sorption on both adsorbents can be more appro-
priately defined by the pseudo-first-order sorption
rate since the correlation coefficient (R?) values are
higher for the pseudo-first-order compared to the
pseudo-second-order sorption rate.

The intraparticle diffusion rate constant k; was cal-
culated from the slope of the second linear section
(Fig. 6, Table 2). As the plot is often multilinear for
many adsorption systems, it is common to segment it
into two or more straight lines and to assume that dif-
ferent adsorption mechanisms control the step repre-
sented by each straight line [28]. Referring to PPY/CL
adsorbent, two distinct regions are observed (Fig. 6).
The first section of plots indicates that boundary layer
diffusion probably limited Ni(Il) adsorption. The
second section shows the occurrence of intraparticle
diffusion as the adsorption-limiting step. As shown in
Fig. 6, the intraparticle diffusion model presents a
nonlinear distribution (R*=0.76-0.81) and therefore
cannot be considered as a determining step. The devi-
ation of the lines from the origin indicates that the
pore diffusion is not the only rate-controlling step.
Values of the C give an idea about the thickness of
boundary layer, i.e. the larger the intercept is the
greater the boundary layer effect. Larger intercept C

0.8 4 & CL

A PPY/CL

a«
o
g
o
o
-
0 60 120 180 240 300 360 420
Time (min)
Fig. 4. Pseudo-first-order reaction kinetics for the

adsorption of Ni(Il).
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Fig. 5. Pseudo-second-order reaction kinetics for the
adsorption of Ni(II).
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Fig. 6. Intraparticle diffusion model for the adsorption of
Ni(ID.

suggests that surface diffusion has a larger role as the
rate-limiting step [29].

3.1.3. Effect of initial concentration of Ni(Il)

To investigate the effect of initial concentration of
Ni(I) on the removal efficiency of Ni(ll) by both
adsorbents, 0.2g of adsorbents powder was allowed
to contact for for 24 h with different initial concentra-
tions of Ni(Il) (10400 ppm). As shown in Fig. 7, the
removal efficiency decreased by increasing the initial
concentration of Ni(Il) solution which may be due to
the saturation of adsorption sites on the adsorbent
surface. However, with increasing initial concentration
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Table 2
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Parameters of pseudo-first-order, pseudo-second-order, and intraparticle diffusion models for the adsorption of Ni(II)

Adsorbent Q. (exp) Pseudo-first-order Pseudo-second-order Intraparticle diffusion

R? Qe (cal) ky R? Q. (cal) ks R? C K;
CL 4.56 0.85 4.38 0.0046 0.90 5.35 0.0017 0.81 0.62 0.1267
PPY/CL 4.925 0.75 1.82 0.0046 0.95 5.20 0.0077 0.7624 4.46 0.0124
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Fig. 7. The effect of initial concentration of Ni(Il) on the
removal efficiency and adsorption capacity.

0.8 1 L

c./q,

A PPY/CL

0 20 40 60 80 100 120
C

e

Fig. 8. Linearized form of Langmuir isotherm for the
adsorption of Ni(Il).

of Ni(II), adsorption capacity increases due to the high
driving force for mass at a high initial concentration
of Ni(II). In other words, the residual concentration of
Ni(I) ions will be higher for higher initial concentra-
tions of Ni(II) ions.

3.1.4. Application of Langmuir and Freundlich models
to the equilibrium data

The adsorption isotherms of Ni(Il) were simulated
by the mathematical equations of Langmuir and
Freundlich. The linear form of Langmuir model is rep-
resented by the following equation:

C. (1 1
0. (me) Cet Bt 7)

where C. (mgl™") is the equilibrium concentration, Q.
(mgg ') is the amount adsorbed at equilibrium, Qp.x
(mgg ") is the sorption capacity, and b (Img™") is the
Langmuir constant. Q. and b can be calculated from
the slope and intercept of the plot of C./Q. vs. Ce
[30]. The linear form of Freundlich equation is
expressed as:

logQ, = %log C. +log K; 8)

where K¢ (mgg ') and 71 are the Freundlich constants
related to adsorption capacity and adsorption inten-
sity of adsorbents, respectively [31]. The Freundlich
constant K¢ and n can be calculated from the intercept
and slope of plot between log Q. and log C.. The

& CL

A PPY/CL .

Log Q,

Log C,

Fig. 9. Linearized form of Freundlich isotherm for the
adsorption of Ni(Il).
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Table 3
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Parameters of Langmuir and Freundlich equations for the adsorption of Ni(II) (Cy 10mg/L, pH 4, contact time 24h, and

adsorbent dosage 0.2g/L)

Adsorbent Qe (exp) Langmuir equation parameters Freundlich equation parameters
R2 Qmax (mg/g) b R2 n kf

CL 143.57 0.9894 185.18 0.025 0.9799 1.44 6.42

PPY/CL 159.12 0.9635 172.41 0.075 0.9806 1.84 16.34

obtained experimental data were fitted with the line-
arized form of Langmuir and Freundlich models,
which are shown in Figs. 8 and 9, respectively. The
constants, parameters, and correlation coefficients
were calculated and presented in Table 3. As it can be
seen from the results, in the case of nanocomposite,
the Langmuir model did not fit the experimental data
due to lower R* value which suggested that heteroge-
neous and multilayer mode of adsorption was suit-
able. But in the case of pure Cclinoptilolite, the
Langmuir model matched reasonably well the experi-
mental sorption data since the correlation coefficient
value was higher than that of nanocomposite. This
good fit to the experimental data suggested that the
mode of adsorption of Ni(Il) on clinoptilolite adsor-
bent was homogeneous. As we know the polymeriza-
tion of PPY inside and outside of -clinoptilolite
channels forms a multilayer adsorbent which suggests
that some heterogeneity in the surface or pores of
PPY/CL adsorbent as a result of addition of PPY will
play an important role in the adsorption of Ni(ID).
Moreover, the clinoptilolite adsorbent presented lower
Ki (642mgg™ ") for Ni(I) ions than the PPY/CL
adsorbent (16.34mgg ™). The K; value is related to the
variation of surface area of the adsorbent [32]. Higher
surface area of PPY/CL nanocomposite will generally
result in higher adsorption capacity [33]. The value of
n, which is higher than 1, indicated that Ni(Il) ions
are favorably adsorbed by nanocomposite under the
experimental conditions.

3.2. Mechanism of adsorption

As it was seen from previous sections, the prepared
PPY/CL nanocomposite had high removal efficiency
to remove Ni(Il) from aqueous solutions. This can be
related to the adsorbent which composed of PPY and
CL which can be serving as adsorbent for Ni(Il) indi-
vidually. As schematically shown in Fig. 10, polymer-
ized polypyrrole inside and outside of clinoptilolite
channels, forms coordinate bond via its nitrogen atoms
with positive charge of Ni(Il) ions. Moreover, clinoptil-
olite zeolite due to its large surface area, valuable ion

Fig. 10. Schematic illustration of adsorption of Ni(Il) ions
onto the prepared nanocomposite.

exchange capability, and also net negative structural
charge is suitable for ion exchange process and forma-
tion of electrostatic attraction between Ni(Il) and zeo-
lite. Therefore, it can be concluded that the type of
interaction between nanocomposite and Ni(II) ions can
be described by chelation and ion exchange. As shown
in previous section about adsorption isotherms, PPY/
CL nanocomposite has higher adsorption capacity,
indicating strong electrostatic force of attraction
between Ni(Il) ions and sorbent binding sites as a
result of addition of PPY to CL [33].

3.3. Comparison of adsorption capacity with other similar
systems

The maximum adsorption capacities of Ni(Il) ions
for the adsorbent used in this work were compared
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Table 4
Adsorption capacities of different adsorbents for removal
of Ni (I)

Adsorbents Adsorption capacity Sources
(mgg ™)

Natural clinoptilolite ~ 3.8-7 [9,34]

Biomass 15.75 [35]

Chitosan hydrogel 50.8 [36]

This work 159.12 -

Chitosan—Poly acrylic 435 [37]
acid

with other adsorbents (Table 4). As can be observed,
the adsorption capacity of PPY/CL nanocomposite for
NidI) ions is higher than that of other potential adsor-
bents such as cliniotilolite [9,34], biomass [35],
chitosan hydrogel [36], but it is lower than that of
chitosan—polyacrylic acid [37]. According to the results
obtained, PPY/CL  nanocomposite could be
employed as an alternative adsorbent for the removal
of Ni(Il) .

3.4. Desorption and reusability studies

For practical applications, desorption experiments
were performed to regenerate Ni(Il) ions loaded nano-
composites. As mentioned, the PPY/CL nanocompos-
ite had high adsorption efficiency for Ni(Il) and could
adsorb about 98% of the Ni(II) ions. Therefore, the
adsorption and desorption processes were repeated to
examine the reusability potential of nanocomposite for
economical purposes. Fig. 11 shows the adsorption

ion (¥
100 - B Adsorption (%)
O Desorption %

95 4
90 4
85 4
80 1
75 4
70 4

65 1

Adsorption/Desorption (%)

60 1

55 4

50 4 T T T T
1 2 3 4 5
Cycles

Fig. 11. Adsorption and desorption percentages of Ni (II)
ions from PPY/CL nanocomposite in five cycles.
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and desorption percentages of Ni(Ill) ions in five
cycles. As shown in Fig. 11, the removal efficiency
and desorption ratio decreased per cycle as a result of
occupation of some adsorption sites by Ni(I) ions.
Moreover, incomplete desorption could be attributed
to the formation of very strong complexes between
the functional groups of the adsorbent and Ni(II) ions.
Nevertheless, the removal efficiency in the fifth cycle
showed a little decrease from 98.5 to 91.5%, meaning
its high reusability.

4. Conclusion

Clinoptilolite as a natural zeolite was treated by
polypyrrole. Polymerization of pyrrole in the presence
of clinoptilolite nanoparticles caused the encapsulation
of zeolite surface by polypyrrole chains and also the
incorporation of polypyrrole chains in clinoptilolite
channels. Removal of Ni(Il) by pure clinoptilolite and
PPY/CL nanocomposite powders showed the
improved removal efficiency of Ni(I) using PPY/CL
nanocomposite as adsorbent compared with pristine
clinoptilolite. The batch sorption kinetics was tested
for pseudo-first-order, pseudo-second-order reaction,
and intraparticle diffusion models. The pseudo-sec-
ond-order kinetic reaction model was found to be the
best for the correlation of data for Ni(II) removal from
aqueous solution. Also, it was seen that Freundlich
isotherm has a better correspondence with the experi-
mental findings rather than with Langmuir. Finally,
the adsorption mechanism of nanocomposite is
defined by both chelating and ion exchange. In con-
clusion, the PPY/CL nanocomposite prepared in this
work is distinguished by higher adsorption capability,
reusability, and stability making it an economical and
successful adsorbent to remove toxic Ni (II) ions from
solutions.
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