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Abstract

The sorption of Cd** from natural seawater, artificial seawater, distilled water and NaCl
solution of the same ionic strength as the seawater onto zeolite modified by iron(lll) oxide
(Fe(lll)-zeolite) was investigated. The sorption was found to be time, concentration and pH
dependent. The sorption capacity at the initial pH 7 decreased in the following order: distil-
led water > NaCl solution > artificial seawater > natural seawater. The isotherm study
showed that Langmuir isotherm model could be adequately applied for the sorption in
distilled water, indicating the homogeneous monolayer coverage at Fe(lll)-zeolite surface,
while the Freundlich isotherm model showed a better fit than the Langmuir model of the
sorption data in saline waters, indicating multilayer heterogeneous coverage at the sorb-
ent surface. The values of Freundlich parameter n suggested that the sorption was a favor-
able process and bonds between cd* and Fe(lll)-zeolite surface were stronger in NaCl
solution than in natural and artificial seawater. Kinetics analysis showed that the mech-
anism of Cd** sorption from natural seawater differed from the sorption mechanism out of
distilled water, NaCl solution and artificial seawater. The intra-particle diffusion kinetic
model indicated that both boundary layer diffusion and intra-particle diffusion influenced
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the rate of sorption.
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Cadmium is one of the most toxic heavy metals. It
tends to accumulate in the body and it has varying
degrees of toxicity. Cadmium causes serious diseases
such as renal damage, anemia, hypertension, cancer,
and kidney failure [1,2]. According to the World Health
Organization (WHO) the maximum concentration of
cadmium in drinking water should be 0.003 mg/L [3].

The common sources of cadmium in natural waters
are soil and air pollution due to the several industrial
applications such as cadmium plating and production of
Cd-Ni batteries, copper alloys, paints, plastics, phos-
phates, ferilizers, and pigments [3,4].

There are various technologies for the removal of
cadmium and other heavy metals from water systems:
chemical precipitation, ion exchange, sorption, mem-
brane processing, electrochemical treatment, etc. [5,6].
Among these procedures, the sorption is considered as
one of the most attractive and powerful technique for
heavy metals removal from solutions at low concentra-
tions. By proper selection of the sorbent, the sorption
can be a simple, environmental friendly and low cost
operation of high efficiency [7,8]. A variety of sorbents,
including clay minerals, zeolites, agricultural waste bio-
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mass, biopolymers, metal oxides, different industrial
by-products, microorganisms, and activated carbon
have been used for cadmium removal [8].

Zeolites have been extensively used as sorbents for
heavy metals because they have great affinity for dival-
ent metal ions [9]. The sorption capacity and selectivity
of zeolite to heavy metal ions can be further improved
by various modifications. It was shown that zeolites
modified by oxides or hydroxides of trivalent iron had
significantly higher affinity for zn**, Cu®, Mn**, Pb** and
Cd®*, compared to the unmodified zeolite [10-14].
Iron(lll) could be present in zeolite in different forms
[15]: a) in framework positions (isomorphously sub-
stituted), b) in cationic positions in the zeolite channels,
c) as binuclear or oligonuclear iron complexes in the
extra-framework positions, d) as iron oxide FeO, nano-
particles and e) as large iron oxide particles (Fe,03)
located on the surface of the zeolite crystals. Much
higher capacity of the iron(lll)-modified zeolite for Pb*,
cd®* and zn* in comparison to parent zeolite was exp-
lained [14] by: higher specific sorption resulting from
the new functional groups on the surface; ion exchange
due to the presence of easily exchangeable ions; the
hydroxide precipitation caused by the higher point of
zero charge.

The purpose of this work was to investigate the
sorption of cadmium ions from natural seawater and
various aqueous solutions on zeolite, modified by
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iron(lll) oxide. Cadmium ion solutions of different con-
centrations in natural and artificial seawater were used
for the experiments. For comparison, the sorption of
cadmium from solutions prepared with distilled water
was studied, as well as using NaCl solution of the same
ionic strength as the seawater. The influence of the
initial pH (pH;) on the sorption from different water
systems was evaluated. The sorption capacities of the
sorbent at pH; 7 were determined based on sorption
isotherms, and experimental results were analyzed
using theoretical models of sorption isotherms. The
results of sorption kinetics of cadmium from different
water systems were processed using the kinetic models.

EXPERIMENTAL

Materials
Sorbent

Zeolite modified by iron(lll) oxide (Fe(lll)-zeolite)
was synthesized according to previously published
method [10-14]. A natural zeolite from the Slanci
locality, Serbia, was used as a starting material. The
natural zeolite contained clinoptilolite, as a dominant
phase, with lower contents of quartz and feldspar. The
modified zeolite was prepared by adding, under stir-
ring, of 180 cm® of 5 M KOH solution to a suspension of
20.0 g of the natural zeolite and 100 cm® of a freshly
prepared 1 M FeCl; solution. The suspension was dil-
uted by distilled water up to 2 dm?® and held in a closed
polyethylene flask at 70 °C for 60 h. Then, the reaction
vessel was removed from the oven, and the red pre-
cipitate was centrifuged and washed until the negative
reaction of Cl" ions occurred and it was finally dried.

XRD analysis showed lower crystallinity of Fe(lll)-
zeolite in comparison to the parent zeolite. In addition,
it was shown that Fe(lll)-zeolite contained amorphous
iron(lll) oxides. The modification caused the specific
surface area increasing from 18 to 175 mz/g and the
point of zero charge increasing from 7.5+0.1 to 9.3+0.1
[14].

Water samples

The four types of water were used:

1. Distilled water.

2. Natural seawater obtained of the coast of Greece
and passed through 2 um filter. The pH value of natural
seawater was about 8. The analysis of seawater was
done by a Metrohm ion chromatography instrument,
861 Advanced Compact IC MSM II. The concentrations
of the main ions in the natural seawater are presented
in Table 1.

3. Artificial seawater, prepared by dissolving 28.6 g
NaCl, 0.65 g KCI, 526 g MgCL.6H,0, 4.77 g
MgS0,-7H,0, 1.16 g CaSO, and 0.05 g NaBrin 1 dm’ of
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distilled water in order to obtain the composition
similar to the composition of the natural seawater.

4. NaCl solution, prepared by dissolving 40.2 g NaCl
in 1 dm® of distilled water in order to obtain the
solution of the same ionic strength as the seawater.

Table 1. Composition of the natural seawater used in the
experiments

lon mg/dm3 mmol/dm’?
cr 19990 564.13
Na* 11244 488.9
K 342 8.74
mg?* 1099 45.22
ca® 343 8.56
S0, 2679 27.91
Br- 49.4 0.62

Sorbate solution preparation

The stock solutions of cadmium, containing 100 mg
Cd2+/dm3, were prepared by dissolving 0.1372 g of
Cd(NOs),-4H,0 in 500 cm® of each type of water. The
solutions of different cadmium concentration ranging
from 5 to 75 mg/dms, were prepared from stock sol-
utions, by dilution.

The pH of the solutions for the sorption experi-
ments was adjusted by 0.1 M KOH or 0.1 M HNO;
solution.

Sorption experiments

The sorption experiments were performed by batch
technique at room temperature (2511 °C). The general
method used for this study is described as follows: 20
cm’ of different cadmium solutions were placed in 50
cm’ reagent bottle, the pH value was adjusted and then
the constant amount of Fe(lll)-zeolite (0.02 g) was
added to each bottle, followed by shaking for a given
period of time.

The effect of initial pH value (pH;) on Cd** sorption
onto Fe(lll)-zeolite was investigated with Cd** solution
of 50 mg/dm?® concentration, by varying pH; from 4.0 to
8.0. The suspensions were shaken for 24 h.

The sorption isotherms for Cd** sorption out of dif-
ferent types of water onto Fe(lll)-zeolite at pH; 7.0+£0.1
were determined by establishing the equilibration of
Cd®* solution of different concentration and Fe(lll)-
-zeolite for 24 h.

The kinetics analysis of the sorption was done by
using Cd** solutions of 100 mg/dm”, at pH; 7.040.1.

After all the experiments, the sorbent was separ-
ated from the solution using filter paper. The final sol-
ution pH (pHs) was measured using a pH meter (InoLab
WTW series pH 720). The initial concentrations of Cd**,
as well as the concentrations after the sorption, were



A.A. AHRIBESH et al.: SORPTION OF CADMIUM IONS FROM SALINE WATERS ONTO Fe(lll)-ZEOLITE

Hem. ind. 69 (3) 253-260 (2015)

determined using the atomic absorption spectrometer
(AAS) (Perkin Elmer 730).

The equilibrium sorption capacity, g., was calcul-
ated using the equation:

g. =9y (mg cd®/g Fe(lll)-zeolite) (1)
m

e
while the quantity of cd* sorbed after the period of
time t (g,) was calculated according to equation:
¢ —¢

q, =1tV (mg Cd*'/g Fe(lll)-zeolite) (2)
m

where V is the volume of the solution; ¢; is the initial
Cd* concentration, c. is the equilibrium (residual) Cd**
concentration; m is the weight of sorbent and c; is the
concentration of Cd”" after period of time t.

Models of isotherms

The Langimur [16] and Freundlich [17] isotherms
were applied to the experimental data to study the
sorption capacity and to describe the solid-liquid
sorption process:

quLce
Langmuir model: g, = (3)
& e 1+kc,
Freundlich model: g, =k.c,'" (4)

where g. is the amount of solute sorbed per unit mass
of the sorbent at equilibrium (mg/g); c. is the equilib-
rium concentration of the solute in the bulk solution
(mg/dm’); g, is the maximum sorption capacity (mono-
layer capacity, mg/g); k. is the Langmuir constant rel-
ated to the free energy of sorption (dm’>/ mg); k: is a
constant which is an indicator of the sorption capacity
((mg/g)(mg/dm®)"); and n is an sorption intensity para-
meter.

Sorption kinetics

The pseudo-first order equation [18] and the
pseudo-second order equation [19,20] were applied to
sorption kinetic data to describe the mechanism of
sorption:

Pseudo-first order equation:

kit
lo —g,)=logg, ——1 5
8(q. —q,) =logq, 5303 (5)

Pseudo-second order equation:

t 1 t
Lot b ©)
g kzqe Ge

where g. and g, are sorption capacity at equilibrium
and at time t, respectively (mg/g); ki is the rate cons-
tant of pseudo first order model (1/min); and k; is the

rate constant of the pseudo second order model
(8/(mg-min)).

In order to assess the nature of the diffusion
process in cd* sorption onto Fe(lll)-zeolite, the intra-
particle diffusion model, proposed by Weber and
Morris [21] was used:

q, =kt +C (7)

where ki (mg/(g-mino's)) is the intra-particle diffusion
rate constant, and C (mg/g) is a constant that gives
information about thickness of the boundary layer. This
model considered the intra-particle diffusion as the
rate controlling step when the value of C is close to
zero.

RESULTS AND DISCUSSION

Effect of the initial pH

The influence of initial pH value on the sorption
capacity of Fe(lll)-zeolite for Cd** in different types of
water is presented in Fig 1. The final pH values are
indicated in this figure.

Figure 1. The comparison of the effect of the initial pH on the
sorption capacity of Fe(lll)-zeolite for cd* from different types
of water (the numbers in the figure indicate the final pH
values). Concentration of Cd(ll) solution was 50 mg/dm3.

According to Fig. 1, the cadmium sorption efficiency
on Fe(lll)-zeolite increased when the initial pH was
increased. This appeared because Fe(lll)-zeolite was
highly selective to H;0" when the concentration of
these ions was high. The values of pH;, for pH; < 7,
indicate that H;0" associates with the functional groups
on the Fe(lll)-zeolite surface. As pH; was lower, the
negative charge of the surface became lower and the
positive charge higher, which decreased the sorption of
positively charged cadmium ions. At pH; 8, pH; values
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were lower than the initial ones, which indicates rel-
easing of H;0" into the solution because of the surface
functional groups dissociation. Thus, the Cd2+sorption
at pH; 8 was higher than at lower pH;. These results
show that pH values at which the surface charge was
changed from positive to negative and vice versa were
lower than pHp;c of Fe(lll)-zeolite [14], which indicates
that the specific sorption is included in the process of
cd* sorption, as it was shown in previous investigation
for the solutions in distilled water [14].

It should be noted that there was no indication of
Cd(OH), precipitation during adsorption at higher pH
values. For the Cd*" concentration of 50 mg/dm?’, the
saturation for Cd(OH), precipitation is at pH =8.5
(according to the value of the solubility product cons-
tant of Cd(OH),). However, in order to start precipita-
tion (nucleation of solid phase from liquid phase),
super saturation is necessary [22], which means that
Cd(OH), precipitation starts at pH higher than 8.5. If
there are some dispersed particles in solution (like the
sorbent in Cd** solution), a super saturation for nuc-
leation is less than in solution without dispersed par-
ticle, but still pH value for the beginning of precipi-
tation is higher than pH value for saturation. According
to that, it can be said with certainty that there was no
Cd(OH), precipitation during the experiments.

It can be seen from Fig. 1 that the order of sorption
capacity of Fe(lll)-zeolite for cd”, at all pHs is: distilled
water > NaCl solution > artificial seawater > natural
seawater. Obviously, the ions from saline waters dec-
rease sorption capacity of Fe(lll)-zeolite for cd™,
because those ions compete with cd* for the sorption
sites at the surface of the sorbent. The higher-valence
ions have more competitive effect than monovalence
ions [23], which explains the lower sorption capacity of
the sorbent in artificial and natural seawaters than in
NaCl solution: besides Na®, both seawaters contain
higher-valence ions, such as ca’ and Mg2+. The lowest
sorption capacity of the Fe(lll)-zeolite in natural sea-
water can be explained by the presence of some other
ions (carbonate and bicarbonate) and organic matter
that are not present in artificial seawater.

Further investigations, the determination of sorp-
tion isotherms and kinetic analysis, were done at the
initial pH 7.

Effect of the initial cadmium ions concentration —
sorption isotherms

Figure 2 shows the sorption isotherms for Cd** on
Fe(lll)-zeolite from different types of water. The equi-
librium concentration and the uptake of cd* increase
as the initial Cd** concentration increases. This appeared
since at lower initial concentration the ratio of the
initial number of metal ions to the number of available
surface sites of sorbent is low. With the increase in the
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initial Cd** concentration, more Cd*" were left in the
solution due to the saturation of the binding sites.

Figure 2. The comparison of sorption isotherms for cd* on
Fe(lll)-zeolite from different types of water at initial pH 7.

The final pHs of the solutions in distilled water were
between 8.98 (for ¢; = 5 mg/dm?) and 7.02 (for ¢; = 100
mg/dm3), which indicates that the specific sorption
increased with c; increase. In the case of NaCl solutions,
pH: was between 8.70 and 7.43. Lower pH; for ¢; = 5
mg/dm’ than for solution in distilled water can be
explained by the specific sorption of Na* on the sorbent
surface. Na' are generally indifferent ions, which mean
that they can not be specifically sorbed, but that is
possible when the concentration is very high. Higher
pHs in NaCl solution for ¢; = 100 mg/dm3 than in the
same solution in distilled water indicates lower specific
sorption. Thus, the specific sorption is less pronounced
in NaCl solution than in distilled water. The effect of
ions in artificial seawater on the specific sorption is
even more pronounced, because the pH; changed from
7.89 to 7.48. Higher valence ions in artificial seawater
can be specifically sorbed more than Na’, so pHs for ¢; =
=5 mg/dm3 was much lower than in NaCl solution and
distilled water. The final pHs in natural seawater were
approximately 7.8 for all concentration, due to the
buffering effect as a result of the presence of bicar-
bonates.

By comparing the sorption isotherms (Fig. 2) it is
obvious that the order of sorption capacity of Fe(lll)-
-zeolite for Cd**, at initial pH 7 is: distilled water > NaCl
solution > artificial seawater > natural seawater. This
order is the same as in the investigation of the effect of
the initial pH value on Cd** sorption.
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Isotherms modeling

The sorption equilibrium data were analyzed by
linear form of the Langmuir and Freundlich models.

The Langmuir isotherm model assumes monolayer
sorption, where the energy of sorption for each sorbate
species is the same and independent of surface cover-
age. The sorption occurs only on localized sites and
involves no interactions between sorbed species
[16,24-28].

The Freundlich isotherm model describes sorption
on heterogeneous surfaces where sorption sites have
different energies of sorption. This empirical model can
be applied to multilayer sorption, which can include
chemisorption (if active sites are strong enough) fol-
lowed by physisorption [17,24-28].

The corresponding Langmuir and Freundlich para-
meters for Cd** sorption onto Fe(lll)-zeolite from differ-
ent types of water are given in Table 2. The correlation
coefficient values indicate the superiority of Langmuir
over Freundlich model for the sorption from distilled
water, while Freundlich model is better for modeling of
the sorption from saline waters. According to this, it
can be concluded that ions from saline waters influence
not only sorption capacity, but also cause change of
sorption mechanism. The sorbent surface was homo-
geneous during the sorption from distilled water and
the sorption took place until monolayer was formed,
while in the case of the sorption from saline waters,
sorbent surface was heterogeneous and more than one
layer of Cd** were formed.

The feasibility of Cd** sorption from distilled water
in the investigated concentration range can be expres-
sed in terms of a dimensionless constant R, (Eq. (8)),
called the constant separation factor or equilibrium
parameter [24,25,27]:

_ 1
1+kc

R, (8)

where k_is the Langmuir constant (dm>/mg), and ¢ is
the initial concentration (mg/dm’). According to the
value of Ry it is possible to assess irreversibility of the
sorption process: as the value of R, closer to zero, the
process is more irreversible. When the value of k; is
infinitely large, which means that the bond between a
sorbent and a sorbate is infinitely strong, the sorption

process is irreversible (R, = 0). The dependence of R, on
¢ in the investigated range of cd** concentration in
distilled water is presented in Fig. 3. It can be seen that
R, for the Cd** sorption from distilled water has very
low values, which indicate favorable sorption and high
degree of irreversibility.

0087

0.04+

: : —
0 20 40 60 80 100
3
¢; (mg/dm”)

Figure 3. The dependence of R, on the initail Cd** concentration.

In the case of the sorption from saline water, the
Freundlich constant ki had the lowest value for the
seawater, slightly larger for the artificial seawater and
the largest for the NaCl solution, meaning that the
sorption capacity of Fe(lll)-zeolite decreased in the
following order: NaCl solution > artificial seawater >
> natural seawater. These results are in accordance
with the conclusions made from studying the influence
of pH; value on sorption capacity and according to
sorption isotherms obtained for different types of
water.

The Freundlich parameter n is a sorption intensity
parameter, where the strength of sorption bonds is
higher when n is higher. In that way, the value of n is an
indication of the favorability of adsorption. Values of n
> 1 represent favorable nature of adsorption [24-28].
According to the values of n for cd** sorption from
saline water (Table 2) it can be concluded that the
sorption was a favorable process and that bonds
between Cd** and Fe-zeolite surface were stronger in
NaCl solution than in natural and artificial seawater.
Obviously, the presence of higher-valence ions in
seawaters, such as Ca’" and Mg”" influenced the
strength of bonds between Cd* and the surface sites
on the adsorbent.

Table 2. The Langmuir and Freundlich parameters and the correlation coefficients for cd* sorption onto Fe(lll)-zeolite from different

types of water

Type of water

Langmuir parameters

Freundlich parameters

Gm/mgg’ ki /dm’mg’ R’ ke / ((mg/g) (mg/dm’)") 1/n R’
Distilled water 68.027 2.10 0.997 4.328 0.335 0.767
Natural seawater 43.478 0.017 0.864 1.090 0.702 0.993
NaCl solution 53.763 0.071 0.912 2.268 0.466 0.984
Artificial seawater 9.091 0.122 0.127 1.305 0.744 0.919
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Effect of contact time

The effect of contact time on Cd** sorption onto
Fe(lll)-zeolite from different types of water is presented
in Fig 4. As it was expected, the extent of Cd* removal
increased with the contact time. The Cd** uptake was
rapid at the beginning, then was slow in the case of the
sorption from distilled water, NaCl solution, and arti-
ficial seawater, while the sorption from seawater was
slow at the beginning, and then increased. Such differ-
ence in time-dependence of sorption from seawater
and other types of water can be explained by the pre-
sence of some organic compounds in natural seawater
which can influence the rate of sorption.

Figure 4. The effect of contact time on the cd” sorption onto
Fe(lll)-zeolite from different tyf)es of water. Concentration of
cd* solution was 100 mg/dm”.

Kinetics models

The sorption kinetics data were analyzed by three,
most widely used kinetics models, i.e., the pseudo-first
order, pseudo-second order, and intra-particle diffu-
sion models. The kinetic constants and correlation coef-
ficients of these models are given in Table 3.

The pseudo-first order model is based on the
assumption that the sorption rate is proportional to the
number of free sites, while in the case of the pseudo-

-second-order kinetic model, the rate of sorption is
proportional to the square of the number of unoccu-
pied sites. According to the values of correlation coef-
ficients (Table 3), it can be seen that pseudo-first order
model can be applied for all the types of water, but for
distilled water a slightly higher correlation coefficient
was obtained for the pseudo second order model. In
addition, pseudo-second-order model fits well the
kinetics data of the Cd** adsorption from NaCl solution
and artificial seawater, while in the case of natural
seawater the correlation coefficient is very low. In that
way, kinetics analysis showed that the mechanism of
Cd(Il) sorption from natural seawater differs from the
sorption mechanism out of distilled water, NaCl
solution and artificial seawater.

Sorption of any metal ion from aqueous phase onto
porous materials proceeds by a multi-step process, and
the rate of the sorption is controlled by either the film
diffusion (external mass transfer) or the intra-particle
diffusion rate or both [24,25,29-32]. In order to iden-
tify the diffusion mechanism, the intra-particle diffu-
sion model (Eq. (7)) was applied and dependences g
versus t°* for all types of water are presented in Fig. 5.
All the dependences consisted of two linear portions,
indicating that the two stages occurred during sorption.
The first portion is attributed to the boundary layer
diffusion and the second one to the region where the
intra-particle diffusion is involved in the sorption pro-
cess [24,25,29-32]. Figure 5 shows differences between
natural seawater and other types of water: the first
linear part is longer for natural seawater than for other
types of water, which means that boundary layer dif-
fusion was included in sorption from seawater more
than from other types of water. It can be supposed that
some components from natural seawater, for example
organic components, sorb at the surface of the sorbent,
block some active sites at the outer surface of the
sorbent and increase boundary layer.

The values of intra-particle diffusion rate constant,
k., calculated from the second linear part of the
dependence g; versus £ (Fig. 5) are presented in Table
3. The highest value of k4 was obtained for distilled
water, probably because there are no other dissolved
substances that could slow down the Cd** diffusion in
the pores.

Table 3. The kinetic parameters and correlation coefficients for the cd” sorption onto Fe(lll)-zeolite from different types of water

Type of water  Pseudo-first order constants

Pseudo-second order constants

Intra-particle diffusion model constants

k;x10° / min™? R’ g./mgg"  ky/gmgtmint R ke /g mg " min®? R
Distilled water 4.61 0.90 64.27 1.67-10* 0.98 1.82 0.96
Seawater 3.90 0.96 47.62 2.59-10° 0.52 1.29 0.90
NaCl solution 3.68 0.93 33.33 2.67-10" 0.95 1.01 0.98
Artificial 3.23 0.99 23.92 1.01-10° 0.99 0.50 0.99

seawater
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Figure 5. Weber—Morris intraparticle diffusion model plot for
the Cd** sorption onto Fe(lll)-zeolite from different types of
water.

CONCLUSIONS

The sorption potential of zeolite modified by
iron(lll) oxide to cadmium ions from different types of
water was evaluated. It was shown that the sorbent
capacity and sorption mechanisms are highly inf-
luenced by the presence of competitive ions in water.
The sorbent capacity at initial pH 7 decreased in the
following order: distilled water > NaCl solution > arti-
ficial seawater > natural seawater. The Freundlich iso-
therm model provides the best fit to the sorption equi-
librium data obtained from saline waters, which indi-
cates heterogeneity of the sorbent surface and the
multilayer adsorption. The sorption was a favorable
process and bonds between cadmium ions and Fe(lll)-
-zeolite surface were stronger in NaCl solution than in
natural and artificial seawater. In the case of sorption
from distilled water, the sorption equilibrium data
were best fitted by the Langmuir model, indicating
homogeneous and monolayer sorption. Kinetics anal-
ysis showed that both boundary layer diffusion and
intra-particle diffusion influenced the rate of the sorp-
tion from all types of water. In the case of the sorption
from natural seawater, the intraparticle diffusion was
significant at longer contact times than in the case of
other types of water.
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(Naucni rad)

U ovom radu je ispitivana sorpcija cd® iz prirodne morske vode, laboratorijski
pripremljene morske vode, destilovane vode i rastvora NaCl, iste jonske jacine kao
morska voda, na zeolitu modifikovanom gvoZde(lll)-oksidom. Pokazano je da sorp-
cija zavisi od vremena, pocetne koncentracije cd® i pH vrednosti. Sorpcioni
kapacitet Fe(lll)-zeolita za cd” pri pocetnoj pH 7 opada u slede¢em nizu: destilo-
vana voda > NaCl rastvor > laboratorijski pripremljena morska voda > prirodna
morska voda. Modelovanje rezultata ispitivanja sorpcije u ravnoteznim uslovima
je pokazalo da se adsorpcija iz destilovane vode moze opisati Langmirovim
modelom, $to ukazuje na homogenu sorpciju i formiranje monosloja na povrsini
Fe(Ill)-zeolita. Rezultati sorpcije iz slanih voda se bolje opisuju Frojndlihovim nego
Langmirovim modelom, $to ukazuje na viSeslojnu sorpciju na heterogenoj povrsini
sorbenta. Vrednosti Frojndlihovog parametra n pokazuju da je sorpcija cd** na
Fe(lll)-zeolitu favorizovan proces i da su veze izmedu cd®i povrsine Fe(lll)-zeolita
jace u NaCl rastvoru nego u prirodnoj i laboratorijski pripremljenoj morskoj vodi.
Kineti¢ka analiza sorpcije je pokazala da se mehanizam sorpcije iz prirodne morske
vode razlikuje od mehanizma sorpcije iz ostalih ispitivanih tipova vode. Kineticki
model unutarcesti¢ne difuzije je pokazao da i difuzija kroz granicni sloj i unutar-
Cesti¢na difuzija odreduju brzinu sorpcije. Difuzija kroz granicni sloj je u veéoj meri
zastupljena kod sorpcije iz morske vode nego u slucaju sorpcije iz drugih ispiti-
vanih tipova vode.

260

Kljucne reci: Sorpcija ® Kadmijum jon e
Fe(Ill)-zeolit ® Morska voda e Modelo-
vanje




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


