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a b s t r a c t

The Serbian natural zeolite is moderately effective in removing the zinc(II) ions from aqueous solutions.
At 298 K the sorption capacity varies from 13 to 26% for the initial Zn(II) solution concentration of 100 and
600 mg Zn dm−3, respectively. The sorption isotherm at 298–338 K is best represented by the Langmuir
model and the sorption kinetics by the pseudo-second-order model. The sorption involves a combina-
tion of film diffusion, intra-particle diffusion, and a chemical cation-exchange between the Na+ ions of
vailable online 22 September 2010

eywords:
inc removal
inetics
ntibacterial activity

clinoptilolite and Zn2+ ions. The sorption was found to be endothermic and spontaneous in the 298–338 K
range. The exhausted sorbent can remove phosphate ions and it exhibits an excellent antibacterial activ-
ity towards Acinetobacter junii. By dehydration at about 500 ◦C it transforms to a ZnO-containing product
featuring nano-sized wurtzite ZnO particles widespread over the clinoptilolite surface.

© 2010 Published by Elsevier B.V.

hosphate removal
ano-ZnO

. Introduction

Release of toxic heavy metals into environment can cause seri-
us soil and water pollution. Industrial wastewaters often have a
onsiderable content of heavy metal ions which necessitates that
uch waters be appropriately treated prior to their discharge. Due
o their adsorbent, ion-exchange and catalytic properties, zeolitic

aterials attract a great attention. Adsorption using natural adsor-
ents is generally considered to be the most suitable method for
astewater treatment. Clinoptilolite, as the most abundant natu-

al zeolite, can therefore be regarded as a cost minimizing choice
f the adsorbent for the developing countries.

Recently a detailed spectroscopic and structural investigation
f the zinc loaded natural zeolitic tuff from south Serbia region
Zlatokop mine) has been reported [1]. It was found that the zeolitic
uff contains three major mineral phases, the clinoptilolite being
n the highest percentage (more than 70 wt.%). Treatment of the

eolite with aqueous zinc(II) solutions yielded zinc-loaded samples
ith the zinc ions being present exclusively in the clinoptilolite

attice [1]. Therefore the zeolitic tuff could be suitable as sorbent in
emoving the Zn2+ ions from wastewaters.

∗ Corresponding author. Fax: +381 11 3370 387.
E-mail address: nena@tmf.bg.ac.rs (N. Rajic).

304-3894/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2010.09.048
In this paper we report in detail on the kinetic, thermodynamic
and some biological aspects of the Zn2+ sorption by clinoptilolite
at different temperatures and different Zn2+ solution concentra-
tions. One aim of the study is to obtain parameters for a subsequent
design of a pilot installation for the Zn2+ removal from wastewater.
Secondly, since zinc is among the metals which exhibit antibac-
terial properties [2], we have also investigated the zinc-containing
clinoptilolite as an antibacterial material, having in mind a possible
utilization of the sludge. Millions of tons of residual sludge come
out of the wastewater treatment plants annually. Management of
the sludge is a major part of the waste treatment since up to 60% of
the total cost of operating and maintaining wastewater treatment
plants is related to sludge management [3]. For this reason, vari-
ous methods have been proposed [4] with the aim of minimizing
possible health risks of sludge disposal.

2. Experimental

2.1. Zn sorption on the clinoptilolite tuff
The zeolite material (CLI) obtained from a large sedimentary Zla-
tokop deposit was used in the experiments. The particle size of the
samples was in the range of 0.063–0.1 mm. The sample (1.000 g)
was pretreated with 100.00 cm3 of 2.0 mol dm−3 solution of NaCl
(p.a., Aldrich) in order to improve the tuff’s exchange capacity [1,5].

dx.doi.org/10.1016/j.jhazmat.2010.09.048
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:nena@tmf.bg.ac.rs
dx.doi.org/10.1016/j.jhazmat.2010.09.048
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he suspension was magnetically stirred for 24 h at 25 ◦C. The sam-
le (Na-CLI) was then washed by distilled water and dried in oven at
05 ◦C. Elemental analysis showed [1] that the amount of exchange-
ble cations in Na-CLI theoretically allows for an uptake (by cation
xchange) of approx. 40 mg Zn per gram of Na-CLI.

The Zn(II) sorption isotherms were determined at 298, 308, 318,
28 and 338 K using the batch method. 1.000 g of the Na-CLI was
laced in 100.00 cm3 of the ZnCl2 (p.a., Aldrich) solution of chosen
oncentration. The Zn(II) concentrations were 100, 200, 300, 400
nd 600 mg Zn dm−3. The suspension was shaken at about 100 rpm
or 24 h in a thermostated water bath (Memmert WPE 45). The solid,
n-loaded Na-CLI (Zn-CLI), was then recovered by filtration.

The rate of sorption of Zn(II) by Na-CLI was studied at temper-
tures of 298, 308, 318 and 328 K in solutions with an initial ZnCl2
oncentration of 100, 200, 300 and 400 mg Zn dm−3. 100.00 cm3 of
he solution was mixed with 1.0 g of Na-CLI and the suspension was
haken at a rate of about 100 rpm for a time period from 20 min to
4 h. The solid was then separated by filtration.

Preliminary investigations showed that the Zn2+ removal capac-
ty of Na-CLI increases slightly when the solution pH is raised from
to 7. The subsequent experiments were conducted at pH about 6

o avoid any possible hydroxide precipitation [6]
Zinc concentrations in solution were determined by AAS using

arian Spectra AA 200; at least five measurements were done for
ach determination. The X-ray Photoelectron Spectroscopy (XPS or
SCA) analysis was carried out on the PHI-TFA XPS spectrometer,
xciting the sample surface by X-ray radiation from an Al anode.
he samples were in the form of 1 mm thick pressed pellets. The
rocedure details were reported previously [5].

All the experiments were carried out under controlled condi-
ions: the temperature in the thermostated bath was maintained
onstant to within ±0.1 ◦C, the clinoptilolite sample was weighted
o four-digit accuracy, and the solution concentrations were deter-

ined with four-digit accuracy.

.2. Thermal analysis and thermal treatment of Zn-CLI

Thermal analysis of Zn-CLI was performed using a SDT Q-600
imultaneous DSC-TGA instrument (TA Instruments). The sample
mass approx. 10 mg) was heated in a standard alumina sample
an, the experiment being carried out under air with a flow rate of
.1 dm3 min−1.

The sample of Zn-CLI (containing 8.8 mg Zn g−1) was thermally
reated under air at 540 ◦C at a heating rate of 10 ◦C min−1. The
btained orange-colored product (ZnO-CLI) was analyzed by the
ransmission electron microscopy (TEM). The procedure details
ere reported previously [7]. Identification of the crystal phase

ormed during the thermal treatment of Zn-CLI was done using the
elected area electron diffraction (SAED) over multiple nanocrys-
als.

.3. Antibacterial activity analysis

A pure culture of Acinetobacter junii DSM 1532 has been used for
esting the antibacterial activity of Zn-containing samples (Zn-CLI
nd ZnO-CLI). This bacterium was used here in the bioassay and is
ot specifically related to the estimation of wastewater toxicity.
his Gram-negative bacterium is normally present in wastewa-
er and in the activated sludge biomass. The most widely studied
hysiological characteristic of this bacterium is its ability to accu-
ulate the soluble phosphate present in wastewater in the form of
ntracellular insoluble polyphosphate granules [8].
The A. junii was pregrown on the nutrient agar (Biolife, Italy)

or 16 h at 30.0 ± 0.1 ◦C. Next, the biomass was suspended (using
mechanical shaker Kartell TK3S) in sterile 0.05 mol dm−3 NaCl

nd inoculated into 100 cm3 of autoclaved synthetic wastewater
s Materials 185 (2011) 408–415 409

(composition in mg dm−3 of distilled water: Na-propionate 300;
peptone 100; MgSO4·7H2O 10; CaCl2·2H2O 6; KCl 30; yeast extract
20; KH2PO4 88; pH = 7.0 ± 0.2). 1.00 g of Zn-CLI (or ZnO-CLI) was
added into the flask, while a control flask was left without addi-
tion of the material. The flasks were sealed with a sterile gum
cap having a central hole through which aeration with filtered air
(1 dm3 min−1) was provided. The flasks were incubated for 24 h
at 30.0 ± 0.5 ◦C in a water bath (Memmert WNB22) with stirring
(70 rpm).

All analytical measurements were carried out in triplicate.
The pH-value was measured with WTW 330 pH-meter. The con-
centration of phosphorous in wastewater was measured (after
filtration through Whatman filter units of pore diameter 0.2 �m)
in a DR/2500 Hach spectrophotometer by the molybdovanadate
method (Hach method 8114). The number of viable bacterial
cells (either planktonic or immobilized onto material) was deter-
mined as colony-forming units (CFU) grown on the nutrient agar
after incubation at 30 ± 0.1 ◦C for 24 h. For the determination
of planktonic bacteria, 1 cm3 of supernatant was serially diluted
(10−1–10−9) and volumes of 0.1 cm3 were aseptically inoculated
onto nutrient agar (spread plate method). After incubation, the
bacterial colonies were counted and the number of viable cells
was reported as CFU dm−3. In order to determine the number of
immobilized cells, the material was taken from the flask, washed
three times with sterile 0.05 mol dm−3 NaCl solution, and asepti-
cally placed into a tube containing 9 cm3 of 0.05 mol dm−3 NaCl.
The sample was crushed with a sterile glass rod and vigorously
shaken on a mechanical shaker (40 Hz/3 min, Kartell TK3S). This
procedure [9] detaches immobilized cells from the carrier so that
they remain in the suspension. From such suspension, serial dilu-
tions were made and nutrient agar plates were inoculated and
incubated as already described. After the incubation the colonies
were counted and the remaining carrier samples were dried and
weighted. The number of cells was reported as immobilized CFUs
per one gram of the dry carrier. Statistica Software 8.0 (StatSoft,
Tulsa, USA) was used for statistical analysis. The numbers of bacte-
rial CFU were logarithmically transformed beforehand to normalize
distribution and to equalize variances of the measured parameters.
The comparisons between the samples were done using the one-
way analysis of variance (ANOVA), and subsequently the post hoc
Duncan test was performed for the calculations concerning pair-
wise comparisons. Statistical decisions were made at a significance
level of p < 0.05.

2.4. Leaching test

1.00 g of Zn-CLI was suspended into 100.00 cm3 of synthetic
wastewater (pH adjusted to 7) and left for 24 h in a thermostated
water bath at 30 ◦C. After filtration the Zn content in the filtrate was
analyzed by AAS.

3. Results and discussion

3.1. Sorption isotherms

Fig. 1 shows the sorption isotherms for the Zn(II) on clinoptilo-
lite at 298, 308, 318, 328 and 338 K. It is seen that the sorption capac-
ity of the clinoptilolite increases both with temperature and with
the initial Zn(II) solution concentration. The clinoptilolite is moder-
ately effective in removing the zinc(II) ions from aqueous solutions

at ambient temperature: the sorption capacity at 298 K varies
from 5.8 mg Zn g−1 (for C0 = 100 mg Zn dm−3) to 11.3 mg Zn g−1

(for C0 = 600 mg Zn dm−3), which corresponds to 13–26% cation
exchange. There is a roughly 1.4-fold increase in sorption capac-
ity at 338 K: from 8.2 mg Zn g−1 (for C0 = 100 mg Zn dm−3) to
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is particularly evident for temperatures of 308 K and above. After-
wards the sorption proceeds more gradually. Similar behavior has
ig. 1. The sorption isotherms for Zn(II) on Na-CLI; qe is the amount of the sorbed
etal (mg per 1 g of Na-CLI) and Ce is the solution concentration at equilibrium.

6.3 mg Zn g−1 (for C0 = 600 mg Zn dm−3), corresponding to 18–37%
ation exchange.

The equilibrium data from Fig. 1 have been analyzed by
everal empirical adsorption isotherm models [10]. Among the
wo-parameter models only the Langmuir model [11] gave fits
hat are acceptable both mathematically and physicochemically.
imilar conclusions were reported for the Zn2+ sorption by nat-
ral clinoptilolites from other sources [12], as well as by some
ther sorbents [13,14]. Among the three-parameter models, the
angmuir–Freundlich or Sips model [11] gave fits that are math-
matically satisfactory; however, the fits are not acceptable from
he physicochemical point of view (vide infra).

The Langmuir model can be represented as:

e = qmaxbLCe

1 + bLCe
(1)

here Ce is the equilibrium concentration of the solute (mg dm−3),
e is the equilibrium concentration of the solute adsorbed (mg g−1),
hile qmax (mg g−1) and bL (dm3 mg−1) are Langmuir constants

qmax corresponding to the maximum achievable uptake by a sys-
em, and bL is related to the affinity between the sorbate and the
orbent).

The Langmuir–Freundlich model was applied in the Sips form
11]:

e = qmax(bSCe)nS

1 + (bSCe)nS
(2)

here bS is the Sips isotherm constant and nS is the Sips model
xponent.

The analysis of the isotherm data using Eqs. (1) and (2) gave
arameters listed in Table 1. In mathematical sense (i.e. judging by
he R2 values), the Sips model gives somewhat better fits (probably
ecause it uses three adjustable parameters, while the Langmuir
odel uses only two). However, from the physicochemical point of

iew only the Langmuir isotherm gives a realistic description of the
tudied adsorption. Two facts in Table 1 suggest such a conclusion.
irstly, the qmax values obtained by the Langmuir fits are very close
o the experimentally measured values, whereas those obtained by
he Sips model are quite larger (especially for the temperature of
98 K). Secondly, while the Langmuir fits show that qmax increases

ith increasing temperature, i.e. the same trend as experimentally

bserved (Fig. 1), the qmax values obtained by the Sips model do not
how such behavior.
Fig. 2. Sorption kinetics for Zn(II) on Na-CLI for different initial Zn(II) concentra-
tions; qt is the amount of the sorbed Zn(II) (mg per 1 g of Na-CLI) after time t.

3.2. Kinetic analysis

The Zn(II) sorption dependence on time was investigated at
298, 308, 318 and 328 K for solutions with C0 = 100, 200, 300 and
400 mg Zn dm−3. The time dependence was followed until the sorp-
tion equilibrium has essentially been reached, the latter occurring
in about 24 h. Fig. 2 shows the uptake values of Zn(II) from solution.

It is seen from the curves on Fig. 2 that at the beginning stages
of sorption (i.e. approximately in the first 100–120 min), the Zn(II)
uptake increases rather sharply from qt = 0 at t = 0; this sharp step
been reported for the Zn2+ sorption by other sorbents [14,15]. The
data from Fig. 2 were analyzed using two reaction-based kinetic
models and a diffusion-based model.
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Table 1
Parameters obtained by the adsorption isotherm Eqs. (1) and (2) for the sorption of Zn(II) on Na-CLI; R2 is the correlation coefficient.

T (K) Sips isotherm Langmuir isotherm

qmax (mg g−1) bS (dm3 mg−1) nS R2 qmax (mg g−1) bL (dm3 mg−1) R2

298 170 3.41 × 10−7 0.301 0.999 12.0 0.0184 0.930
0.996 15.5 0.0198 0.971
0.999 15.8 0.0373 0.977
0.999 16.6 0.0319 0.974
0.995 16.8 0.0468 0.992
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Fig. 3. In-depth dependance of the Zn concentration obtained by XPS depth pro-
filing as a function of the sputtering time on the zinc-loaded samples. Na-CLI:

T
R

308 22.6 0.00636 0.560
318 19.5 0.0221 0.603
328 21.7 0.0150 0.576
338 17.5 0.0441 0.857

The first reaction-based model is described by the Lagergren’s
rst-order rate expression (“pseudo-first-order rate equation”)
16]; its integrated form is given by Eq. (3):

og(qe − qt) = log qe − k1

2.203
t (3)

here qe (mg g−1) is the adsorption capacity at equilibrium and k1
min−1) is the rate constant of the first-order adsorption. When the
xperimental data agree with this model, the plot of log(qe − qt) vs.
yields a straight line.

The second reaction-based model is defined [16] by the pseudo-
econd-order rate equation which has the following integrated
orm:

t

qt
= 1

k2q2
e

+ 1
qe

t (4)

here k2 (g mg−1 min−1) is the rate constant of the pseudo-second-
rder adsorption. The plot of t/qt vs. t is a straight line if the
xperimental data correspond to this model; qe and k2 are obtained
rom the slope and intercept, respectively.

Application of the two models showed that the pseudo-second-
rder model gives a slightly better description of the Zn(II) sorption
inetics as judged by the R2 values (Table 2). This agrees with gen-
ral observations in heavy metal sorption studies [13,15,17,18].

The results in Table 2 show that the k1 and k2 rate constant
alues obtained for the two models change rather irregularly with
emperature for all initial Zn(II) concentrations. At least two factors
ould be responsible for that. Firstly, even though the spectroscopic

nalyses confirm that the zinc(II) removal by clinoptilolite occurs
ia ion exchange [1], the ion-exchange reaction might not alone
e adequate in explaining the sorption kinetics of Zn2+; diffusional
rocesses have also to be taken into account. Secondly, the species
ntering the clinoptilolite lattice need not be only the hydrated

able 2
ate constants for the three studied kinetic models for the sorption of Zn(II) on Na-CLI (R

C0 (mg Zn dm−3) T (K) Weber–Morris model parametersa

kd (mg g−1 min−1/2) I (mg g−1) R2

100

298 0.0932 2.05 0.999
308 0.0590 4.26 0.999
318 0.0590 5.36 0.999
328 0.0827 5.01 0.991

200

298 0.136 2.71 0.997
308 0.161 3.96 0.999
318 0.153 5.69 0.986
328 0.123 7.17 0.972

300

298 0.107 5.23 0.957
308 0.165 5.42 0.991
318 0.228 4.35 0.995
328 0.0745 10.7 0.999

400

298 0.116 5.33 0.986
308 0.140 7.37 0.991
318 0.174 7.47 0.980
328 0.0961 11.1 0.984

a The Weber–Morris model parameters refer to the second segment of the qt vs. t1/2 lin
Zn-containing sample obtained from Na-CLI; CLI: Zn-containing sample obtained
from CLI. The estimated analyzed depth is about 60 nm.

Zn2+ ions but also some more complex zinc(II) ionic moieties.
Namely, it has been well known that in aqueous solution of zinc
salts hydrolysis is quite common, the hydrolysis degree increas-
ing with temperature. The presence of such hydrolysis is indirectly
supported by spectroscopic analysis (Fig. 3) which shows that the
zinc concentration decreases slightly from the surface to the inte-
rior of the clinoptilolite particles. The bulkiness of the hydrolysis

products could be the reason for such a concentration decrease.
(Fig. 3 in addition confirms that Na-CLI has a better zinc removal
efficiency than the original CLI.)

is the correlation coefficient of the linear regression).

Lagergren’s first-order
rate constants

Pseudo-second-order rate parameters

k1 (min−1) R2 k2 (g mg−1 min−1) qe (mg g−1) R2

2.04 × 10−3 0.995 5.00 × 10−4 6.67 0.998
2.83 × 10−3 0.985 3.06 × 10−4 8.30 0.996
2.76 × 10−3 0.980 4.77 × 10−4 8.81 0.994
2.49 × 10−3 0.998 9.54 × 10−4 8.71 0.999

2.02 × 10−3 0.987 2.50 × 10−4 9.98 0.995
2.09 × 10−3 0.983 2.30 × 10−4 12.5 0.996
2.83 × 10−3 0.997 2.41 × 10−4 13.87 0.998
2.92 × 10−3 0.998 6.44 × 10−4 12.7 0.999

2.10 × 10−3 0.909 2.20 × 10−4 12.0 0.985
2.67 × 10−3 0.996 2.18 × 10−4 14.3 0.998
2.35 × 10−3 0.994 1.83 × 10−4 15.9 0.998
2.21 × 10−3 0.969 12.5 × 10−4 13.9 0.999

2.23 × 10−3 0.941 2.37 × 10−4 12.1 0.990
2.67 × 10−3 0.993 4.11 × 10−4 14.1 0.999
2.76 × 10−3 0.996 3.77 × 10−4 15.5 0.999
2.58 × 10−3 0.999 11.1 × 10−4 15.2 0.999

e (see text).
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Table 3
Thermodynamic parameters for the Zn(II) sorption on Na-CLI (R is the correlation coefficient of the linear regression).

C0 (mg Zn dm−3) T (K) �G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J K−1 mol−1) R2

100

298 −14.1 22.4 123 0.915
308 −15.5
318 −17.4
328 −17.8
338 −19.0

200

298 −12.4 20.3 110 0.931
308 −13.8
318 −15.2
328 −15.7
338 −16.9

300

298 −11.5 15.6 91.6 0.913
308 −12.8
318 −13.9
328 −14.4
338 −15.2

400

298 −10.8 11.8 77.0 0.826
308 −12.1
318 −12.9
328 −13.4
338 −14.0

298 −10.0 9.49 66.0 0.855
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ln K = �S◦

R
− �H◦

RT
(7)

The plot of ln K vs. 1/T gives a straight line (Fig. 4), and the val-
ues of �S◦ and �H◦ are evaluated from its intercept and slope,
600
308 −11.0
318 −11.7
328 −12.2
338 −12.6

.2.1. Diffusion effects
In order to examine the role of diffusion in the sorption process,

he data were also analyzed by the Weber–Morris mass transfer
odel [19]. This model is defined by the rate equation (5):

t = kdt1/2 + I (5)

here qt (mg g−1) is the adsorption capacity at time t (min), kd
mg g−1 min−1/2) is the diffusion rate constant and I (mg g−1) is the
ntercept at the ordinate.

The plots of qt vs. t1/2 for various temperatures and various ini-
ial Zn(II) concentrations are visually very similar to those shown
n Fig. 2 and are not therefore graphically presented. The plots give
traight lines consisting of two segments: the first segment occurs
n the t1/2 region up to about 20 min1/2 while the second one corre-
ponds to higher t1/2 values. The first segment, with a sharper slope,
an be attributed [20] to the diffusion of the Zn2+ ions through the
olution to the external surface of the adsorbent, i.e. the bound-
ry layer (film) diffusion. The second segment of the lines reflects
gradual adsorption stage, which is characterized by the intra-

article diffusion of Zn2+ into clinoptilolite channels and vacancies.
hus there are two diffusional processes that affect the rate of the
n2+ adsorption but only one of them is of importance in a par-
icular time region. The slope of each linear portion indicates the
ate of the corresponding adsorption, a lower slope describing a
lower adsorption process. Therefore, it follows from the plots that
he film diffusion (at the beginning stages) proceeds faster than the
ntra-particle diffusion (at later stages).

The second segment of the lines in the plots discussed,
escribing the intraparticle diffusion, has been analyzed by lin-
ar regression and the results (included in Table 2) show that in

ll cases the intercept I is greater than zero. This means [21] that
he intra-particle diffusion, although important over longer contact
ime periods, was not the rate-limiting step in the present study.
he intra-particle diffusion can become the rate-limiting step only
nder vigorous mixing of the suspension [21].
3.3. Thermodynamic study

The data obtained by sorption experiments at 298, 308, 318, 328
and 338 K, and the initial Zn(II) concentrations of 100, 200, 300,
400 and 600 mg Zn dm−3, were used for the estimation of some
thermodynamic parameters. The standard free energy of sorption
(�G◦) was calculated by Eq. (6):

�G◦ = −RT ln K (6)

R is the universal gas constant and K is the equilibrium constant at
the temperature T. The constant K was calculated as the ratio of the
equilibrium Zn(II) concentrations on the sorbent and in solution
after 24 h of exchange. The enthalpy and entropy of sorption were
calculated from Eq. (7):
Fig. 4. The plot of ln K (K is the equilibrium constant) vs. 1/T for different initial Zn(II)
concentrations.
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Table 4
Comparison between measured d-values of ZnO nanoparticles from SAED pattern
and ZnO reference.

Distance (nm) d1 d2 d3

study suggest that the residual Zn-CLI obtained after the removal of
Temperature,  ºC

Fig. 5. DTG curves of Na-CLI and Zn-CLI.

espectively. The calculated thermodynamic parameters are listed
n Table 3.

As can be seen from Fig. 4 and from the R2 values in Table 3,
he linearity of the ln K vs. 1/T plot is satisfactory for the initial
oncentrations of 100, 200 and 300 mg Zn dm−3, and less so for 400
nd 600 mg Zn dm−3.

The �G◦ values given in Table 3 show that the sorption of Zn(II)
n Na-CLI occurs spontaneously in the 298–338 K range. Such spon-
aneity has also been observed for the sorption of Zn(II) on other
eolites [22]. The spontaneity slightly increases with temperature
or all initial Zn(II) concentrations. The Zn(II) sorption is endother-

ic (�H◦ >0) and proceeds with an increase in entropy. The positive
S◦ values reflect the fact that the sorption involves the liberation

f two Na+ ions when one Zn2+ ion is bound to the sorbent. It is
lso evident from Table 3 that the spontaneity (at a given temper-
ture), as well as the �H◦ and �S◦ values all decrease as the initial
n(II) concentration increases. It is interesting that the thermody-
amic parameters exhibit trends which are partly opposite to those

ound for the Zn(II) sorption by zeolites NaA and NaX [22]. Namely,
n the latter case the Zn(II) sorption is exothermic and proceeds

ith a decrease of entropy, the spontaneity slightly decreasing with
emperature.

.4. Thermal treatment of Zn-CLI

TG and DTG curves of Zn-CLI are very similar to those of Mn-
LI [5]. DTG curves of Na-CLI and Zn-CLI are given in Fig. 5. Similar
o the situation found for Mn-CLI, the presence of Zn(II) ions in
he CLI framework affects both the water content and the dehy-
ration process. The water content changes from 12 wt.% in Na-CLI
o 13 wt.% in Zn-CLI. The dehydration of Na-CLI is rather continu-
us with only one broad weak maximum at about 450 ◦C, whereas
he DTG curves of both Zn-CLI and Mn-CLI display several maxima
ndicating a multistep dehydration. The strongest DTG maxima for
n-CLI are at 450 and 540 ◦C. The multistep dehydration is proba-
ly a consequence of the following process occurring above 400 ◦C:
he zinc ions migrate, gradually losing water molecules from their
ydration sphere and form zinc oxide clusters.

TEM analysis confirms that the dehydration of Zn-CLI leads to
he formation of zinc oxide and it further shows that the zinc oxide
s present in the form of nano particles; the latter are widespread
ver the clinoptilolite surface (Fig. 6a). The average size of the

pherical aggregates is about 5 nm as shown in Fig. 6b. Since the
ize of nanoparticles is larger than the openings of the clinoptilolite
attice (about 0.4 nm), crystallization of ZnO must occur at the sur-
ace of the particles. The SAED pattern recorded over multiple ZnO
Measured distance (nm) 0.243 0.167 0.132
Distance in ZnO (JCPDS 00-003-0888) 0.246 0.161 0.130
Crystallographic plane {1 0 1} {1 1 0} {0 0 4}

particles (Fig. 6c) corresponds to the polycrystalline wurtzite ZnO.
Comparison between d-values measured from the SAED pattern
and from the wurtzite ZnO reference is given in Table 4.

3.5. Antibacterial activity of Zn-CLI

The results of the antibacterial activity study of the Zn-CLI and
ZnO-CLI against A. junii are given in Table 5. The activity of Zn-CLI
is better than the antibacterial activity of the clinoptilolite which
contains nano ZnO particles.

After 24 h of contact with Zn-CLI, a portion of the A. junii
was immobilized onto the material, while the rest of the bacte-
ria remained as planktonic cells in wastewater. The number of A.
junii immobilized onto particles of Zn-CLI (0.39 × 106 CFU g−1) and
ZnO-CLI (61 × 106 CFU g−1) is far lower than the numbers of A. junii
immobilized onto other zeolite tuffs: 9.5 × 109 CFU g−1 immobi-
lized on Mg-exchanged clinoptilolite [23], 5.3 × 109 CFU g−1 on a
surfactant-modified clinoptilolite [24] and 2.3 × 109 CFU g−1 on the
natural clinoptilolite [25]. The final number of total cells in the reac-
tor with Zn-CLI and the increase of bacterial numbers (expressed
as ratio of the final and starting numbers of bacteria) were signifi-
cantly lower than in the control reactor. This suggests that Zn-CLI
exhibits a strong antibacterial activity to A. junii, with a significant
(99%) inhibition of bacteria. The final pH values in the reactor with
Zn-CLI (pH ∼ 6, Table 5) were significantly lower than in the control
reactor, but that cannot be regarded as a reason for the decay of bac-
teria, since this bacterium grows in the pH range 6–8 [26]. That the
change of pH is not the reason is confirmed by the results obtained
in the reactor with ZnO-CLI where the pH changed only for 0.1 units
but the inhibition of bacteria was practically the same as in reac-
tor with Zn-CLI. In spite of the very low number of immobilized
bacteria, the P removal in reactors with Zn-CLI was significantly
higher than in the control reactor. In separate experiments the P
removal by Zn-CLI and ZnO-CLI was tested by incubating a 1.0 g
of material in 100 cm3 of synthetic wastewater without the addi-
tion of A. junii. After 24 h of incubation the reduction of the starting
P concentration was 80% and 50% in the reactors with Zn-CLI and
ZnO-CLI, respectively. From the difference obtained in experiments
using Zn-CLI (or ZnO-CLI) with and without addition of bacteria, it
follows that A. junii in the reactor with Zn-CLI (ZnO-CLI) removed
less than 0.06% of the starting P, thus showing a negligible contri-
bution of bacteria to the P removal. The conclusion is that Zn-CLI
and ZnO-CLI by themselves effectively remove phosphate ions from
solution.

During the past decade the biological removal of phosphate ions
has attracted a great attention [27]. The phosphate biosorption,
however, has numerous operational disadvantages [27,28]. Nat-
ural zeolites too are unsuitable for the purpose since they show
negligible affinity for adsorption of anions; their use as low cost
sorbents for the removal of anions, such as phosphate or arsen-
ate, would require a prior modification of the zeolite surface, thus
entailing additional costs [24]. However, the results of the present
Zn from wastewater could find a possible application for a simul-
taneous phosphate removal and disinfection of wastewater. In that
context it is of importance that only a very small amount of Zn(II)
can be leached out. The leaching test shows that the resulting Zn(II)
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Fig. 6. TEM image of the dehydrated Zn-CLI. (a) Hexagonal plates of the clinoptilolite crystals sprinkled with ZnO (dark spots), (b) enlarged view showing nano-sized ZnO
(dark area), and (c) the SAED pattern recorded over an area of ZnO particles; diffraction rings can be attributed to the wurtzite ZnO.

Table 5
Performance of reactors containing A. junii (control), A. junii and Zn-CLI, A. junii and ZnO-CLI after 24 h of incubation. [C0 CFU (×1010 dm−3)] = 5.33 ± 0.52; [C0(P)
(mg dm−3)] = 21.05 ± 0.70. Bacteria in reactors with Zn-CLI and ZnO-CLI removed less than 0.06% of the initial P.

Parameter Control ZnO-CLI Zn-CLI

Final pH 7.28 ± 0.02 7.19 ± 0.02A 5.99 ± 0.02A,B

Immobilized cells (×106 CFU g−1) – 61.40 ± 2.71 0.39 ± 0.02B

Planktonic cells (×108 CFU dm−3) 2560.00 ± 636.00 3.43 ± 0.06A 0.016 ± 0.004A,B

Total cells (×108 CFU dm−3) 2560.00 ± 636.00 3.44 ± 0.06A 0.016 ± 0.004A,B

CFU final/CFU start 4.85 ± 0.89 0.01 ± 0.00A 0.00 ± 0.00A

S

c
c

4

e
a
t
r
f

b
b

Inhibition (%) –
P removed (%) 38.23 ± 0.53

ignificantly different values: Acompared to control; Bcompared to ZnO-CLI.

oncentration in solution is only 0.67 ppm under the experimental
onditions.

. Conclusions

The study shows that the Serbian natural zeolite is moderately
ffective in removing the zinc(II) ions from aqueous solutions by
dsorption. At 298 K the sorption capacity varies from 13 to 26% for
he initial Zn(II) solution concentration of 100 and 600 mg Zn dm−3,

espectively; it increases with temperature, so that at 338 K it varies
rom 18 to 37%.

The sorption isotherm for Zn(II) on clinoptilolite at 298–338 K is
est represented by the Langmuir model and the sorption kinetics
y the pseudo-second-order model. The sorption involves a com-
99.862 ± 0.032 99.999 ± 0.000A,B

50.12 ± 0.49A 80.89 ± 0.42A,B

bination of three processes: the film diffusion, the intra-particle
diffusion, and a chemical cation-exchange between the Na+ ions
of clinoptilolite and the Zn2+ ions. The sorption was found to be
endothermic and spontaneous in the 298–338 K range.

The results concerning antibacterial activity suggest that the
exhausted sorbent could find further application since it exhibits
an excellent antibacterial activity towards A. junii. It also effec-
tively removes phosphate ions from solution. Therefore the
Zn-containing clinoptilolite is a promising material in a final step

of wastewater treatment, in which a simultaneous phosphate
removal and disinfection can be achieved.

Dehydration of Zn-CLI at about 500 ◦C leads to the formation of
wurtzite nano-sized polycrystalline zinc oxide particles which are
widespread over clinoptilolite surface. This material also exhibits
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isinfecting activity but is less effective in the P removal than Zn-
LI. However, the ZnO nanoclusters incorporated in the zeolitic

attice have been known to exhibit catalytic activity for several
eactions [29]. This renders ZnO-CLI a potential candidate for novel
pplications.
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