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Abstract

Clinoptilolite, a natural zeolite, was used for the synthesis of a high surface area clinoptilolite—iron oxide system, in order to be used for the
removal of Cu?* ions from drinking water samples. The solid system was obtained by adding natural clinoptilolite in an iron nitrate solution under
strongly basic conditions. The Clin—Fe system has specific surface area equal to 151 m? g~! and is fully iron exchanged (Fe/Al=1.23). Batch
adsorption experiments were carried out to determine the effectiveness of the Clin and the Clin—Fe system in removal of copper from drinking
water. Adsorption experiments were conducted by mixing 1.00 g of each of the substrates with certain volume of water samples contaminated
with 10 different Cu concentrations (from 3.15 x 10 to 315 x 1072 M or from 2.00 to 2000 ppm Cu). For our experimental conditions, the
maximum adsorbed Cu amount on Clin was 13.6 mg g~! whereas on the Clin—Fe system was 37.5mgg~'. The main factors that contribute to
different adsorption capacities of the two solids are due to new surface species and negative charge of the Clin—Fe system. In addition, the release
of counterbalanced ions (i.e. Ca?*, Mg2+, Na* and K*) was examined, as well as the dissolution of framework Si and Al. It was found that for
the most of the samples the Clin—Fe system releases lower concentrations of Ca, Mg and Na and higher concentrations of K than Clin, while the
dissolution of Si/Al was limited. Changes in the composition of water samples, as well as in their pH and conductivities values were reported and

explained.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The contamination of water resources with heavy metals
that can cause serious problems to human beings, to animals
and to plants. For this reason numerous researchers work at
present on this field and try to find the appropriate solution for
each specific aquatic system. Because the elimination and the
removal of toxic metals from water resources concentrate the
researchers’ interest, many different methods and technologies,
such as chemical precipitation; ultra filtration; adsorption and
ion-exchange; reverse osmosis; electrodialysis, have been tested
and developed [1]. Owing to the fact that many of these methods
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suffer from some drawbacks, such as high capital and operational
costs and problem of disposal of residual metal sludge, many
researchers have focused their studies on the synthesis and the
use of low cost adsorbent materials to purify water contaminated
with metals [1-4].

Zeolites have been widely used in heavy metals adsorption
experiments [5] due to their unique physical and chemical prop-
erties (crystallinity, thermal stability, well-defined cage structure
of molecular size, ion-exchange, etc.). Moreover, they have large
specific surface area (SSA) and contain high concentrations of
exchangeable cations, which give them high cation exchange
capacity (CEC). The advantage of zeolites over resins, apart
from their much lower cost, is their ion selectivity. Owing to
zeolites structural characteristics and their adsorbent properties,
they have been applied as chemical sieves, water softeners and
adsorbents [6].

Recently, a very simple and low cost iron-overexchanged
clinoptilolite system was synthesized and tested for its effec-
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Table 1
Copper adsorption capacities of Clin and of the Clin—Fe system in the presence
of KCl at different pH values

Substrate Cu adsorption capacity (mgg~"!)

pHkc1 2.97 pHkc1 5.78 pHka 10.12
Clin ~0 7.30 22.0
Clin—Fe system 27.9 39.3 40.3

tiveness in removal of Mn%* ions from drinking water [7]
and in Cu* ions adsorption from KCI solutions with differ-
ent pH values [8]. This Clin—Fe system has specific surface
area equal to 151 m? g~!, which is almost five times higher
than that of untreated clinoptilolite (30.98 m? g~!). The exper-
imental results obtained for the removal of Mn?* ions from
drinking water revealed that the Clin—Fe system has a noticeably
higher Mn adsorption capacity (27.12mg g~ ') than clinoptilo-
lite (7.69 mg g~ ') and that, after the treatment with the Clin-Fe
system, the water samples had significantly lower hardness
because the new system acted simultaneously as water softening
material.

In regard with the copper adsorption from KCl solutions [8]
under different pH values (2.97, 5.78, and 10.12) the obtained
results were also very interesting (Table 1). Copper adsorp-
tion was significantly higher for the Clin—Fe system than for
untreated clinoptilolite. Owing to the presence of various Fe for-
mations in internal and external positions of Clin, the Clin—Fe
system has higher specific surface area and thus, higher adsorp-
tion capacity than untreated Clin. As it was shown [8] the
Clin—Fe system has also high negative surface charge and this is
probably the reason for the adsorption of Cu under acidic con-
ditions (pHkcy=2.97). Due to its negative surface charge the
Clin—Fe system adsorbed from the acidic solution not only cop-
perions but also large quantity of H* ions stabilizing the solution
pH at the basic region. Adsorption of Cu under this pH value
was not detected for untreated clinoptilolite.

In the following, we synthesize again this Clin—Fe system
in order to test it in removal of Cu®* ions from contaminated
drinking water samples.

2. Materials and methods
2.1. Clinoptilolite

The clinoptilolite used in the present investigation comes
from a layer situated in Thrace (North Greece). This
material has been used in the past for metal adsorption
experiments [5,9,10] and consequently its physicochem-
ical properties are well known. The estimated cation
exchange capacity (C.E.C.) of Clin, with respect to
its formula (Nao_zKo‘éMg()jC32‘0A16.2Si29‘8072'19.6H20), is
2.35mequiv. g~!. The powder XRD study showed that zeolite,
feldspars and total micas + clays are present through the tuff
whereas, the clinoptilolite used in the present study comes from
the layer with the higher clinoptilolite content (up to 90%). Its
specific surface area (SSA) is equal to 30.98 m?g~! and the
average pore diameter is <20.0 A [5].

Before the synthesis of the new system as well as, the adsorp-
tion experiments the zeolite was finely ground and sieved to
<0.02 mm.

2.2. Clinoptilolite—Fe oxide system

The Clin—Fe system was synthesized by following the method
of pure goethite preparation, as described by Schwertmann and
Cornell [11]. The change made in this study concerns the pres-
ence of clinoptilolite, which was added in the experimental
flasks.

The system was prepared by mixing 20.0 g of clinoptilolite,
100 ml of freshly prepared 1 M Fe(NO3)3 solution, and 180 ml
of 5M KOH solution in a 21 polyethylene flask. The addition
of KOH solution was rapid and with stirring. The suspension
was diluted to 21 with twice distilled water and was held in a
closed polyethylene flask at 70 °C for 60 h. After the appropriate
period the reaction vessel was removed from the oven, and the
precipitate was centrifuged, washed (until free of NO3™ ions)
and finally dried.

After the 60-h period a dark red precipitate was obtained. The
specific surface area of the Clin-Fe system is 151 m? g~! and
the average pore diameter is <20.0 A.

Spectroscopic methods (XRD, EPR, FTIR and TG/DSC)
were used for the characterization of the Clin—Fe oxide system
and were fully detailed elsewhere [8,12].

Elemental analysis of the Clin—Fe system revealed that it
contains 14.1% Fe as amorphous iron species. Its Si/Al ratio is
almost equal to the respective ratio of the parent material, and
its Fe/Al ratio is equal to 1.23, meaning that the material is fully
iron exchanged as well as, it contains an additional fraction of
Fe ions that do not act as charge balancing species.

2.3. Water sample

The water sample used comes from the Athens drinking water
network and its physicochemical analysis is shown in Table 2.

The concentrations of Na and K were measured by using
a Korning 410 flame photometer, while, Si and Al by using a
Varian Liberty 220 ICP emission spectrometer. Ca and Mg were
volumetrically determined and from these two concentrations
the value of sample hardness (in ppm CaCO3) was estimated.

2.4. Stock copper solutions

Ten stock copper solutions from 40 to 40,000 ppm were pre-
pared by dissolving Cu(NO3),-3H,0 in twice distilled water.
Their pH values ranged from 5.56 to 3.08, whereas their con-
ductivities from 157 uScm~! to 80.8 mScm~!.

2.5. Cu?* adsorption experiment

The adsorption experiment was divided into two stages.
Firstly, several samples of 1.00g of each solid were equili-
brated with 95.0 ml of water sample (referred to as “equilibrium
period”). This period lasted for 48 h and after this period the
sample pH values were measured.
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Table 2
Chemical analysis results of water samples before and after their contact with Clin and the Clin—Fe system

pH Cond.? Ca Mg K Na Si Al Hardness®
Water® 7.80 275 773 x 1074 270x107% a0 1.80 x 104 297 x 1073 1.05x 1073 104
Clin 7.53 293 8.40 x 1074 278 x 1074 4.00 x 1073 5.00x 1074 3.36x 1074 1.10 x 107 112
Clin-Fe 8.14 395 148 x 1074 9.09 x 1073 2.86x 1073 251 %1074 8.16 x 107 2.41x 107 23.9

The concentrations of Ca, Mg, Na, K, Si, and Al are in mol -
4 Conductivity in wscm™!
® In ppm CaCOs.
¢ Water samples before treatment.

Chemical analysis was carried out for some of these equili- cess is a dynamic one and occurs when aluminosilicates
brated water samples in order to verify the changes caused by materials, such as clinoptilolite, are embedded in aquatic solu-
the contact with the adsorbents, as well as to verify the exact tions.
solution composition before the addition of the Cu2* solutions. The motion of Si and Al, which are framework cations, from

During the second experimental stage (referred to as “Cu  the substrate toward solution is a solid dissolution process and
adsorption”) 5.00 ml of each of copper stock solutions were can cause a defect to zeolite framework structure and contami-
added to the above-mentioned samples, at concentrations nation of water samples [13,14].
such that the total mixture contained 0, 3.15x 1073, The new system not only retains its Ca and Mg but also
7.87 x 1079, 1.58 x 1074, 3.15x 1074, 7.87 x 1074, adsorbs these ions from the solution, decreasing so the total
1.58 x 1073, 3.15x 1073, 7.87x1073, 158 x 1072 and hardness of the samples. Na* release as well as the dissolu-
3.15x 1072 mol1~! Cu (or 0, 2.00, 5.00, 10.0, 20.0, 50.0 tion of Si and Al is also limited. The solution concentration
100, 200, 500, 1000 and 2000 ppm Cu). The samples at this of K* ions is increased due to the dissolution of K* ions
second stage were equilibrated for 48h, were centrifuged deposited on Clin—Fe sites during the synthesis procedure,
for 10min at 15,000 rpm and then their pH values and their  as it will be better explained in the following. However,
conductivities were measured. Copper concentrations were despite this process, the new system uses its available active
measured in the liquid phase by using a SpectrAA 300 Varian sites to retain Ca and Mg from solution, as well as water
flame atomic spectrometer. The concentrations of adsorbed molecules. After the equilibration all the samples, treated with
Cu species were calculated from the difference in measured the Fe—Clin system, were characterized by basic pH, whereas
and initial concentrations of the species in solution. The the final solutions pH values for Clin samples were stabi-
solution concentrations of Ca, Mg, Na, K, Si and Al were also lized at 7.53. The increase in solution pH corresponds to H*
measured. adsorption, whereas the decrease in solution pH corresponds

All experimental stages took place in triplicate, inawaterbath ~ to H* release. By considering that the new system adsorbs
at constant temperature (25 °C), and under a N, atmosphere by larger H* amounts, as well as experimental data from previ-

placing the water bath in a glove box. The relative standard devi- ous adsorption experiments [7] we conclude that the negative
ations (R.S.D.) for concentration and pH measurements were 0.8 surface charge of the Fe—Clin system is higher than that of
and 2.1%, respectively. Clin.

Because the K* released concentrations are higher than the
retained concentrations of the other cations, a final increase
3. Results and discussion in samples conductivity values were measured for the Clin-Fe
system.
3.1. Equilibrium period
3.2. Cu** adsorption
During the equilibrium period the chemical composition of
the water samples was changed due to their contact with Clin Copper adsorption by the two substrates was examined by
and Clin—Fe system, as reported in Table 2. using extent range of Cu initial concentrations. The concentra-
The two substrates changed the composition of the water  tions used were exceedingly higher than the quality standard
samples; however the characteristics of these changes were of 2.00 ppm (3.15 x 10™> M) for drinking water (EU Directive
different. The solution concentrations of Ca2*, Mg2+, Nat, 98/83/EK), but the aim of the study was to test the adsorp-
K* and framework Si/Al were slightly increased when Clin  tion abilities and capacities of the two substrates under extreme
was used as a substrate. Especially for Na* ions, the increase conditions.
in their solution concentration is mainly due to the disso- Fig. 1 presents the adsorbed Cu amounts in relation to the
lution of zeolites impurities, but also due to ion-exchange solution Cu concentrations and Fig. 2 the percentage of adsorbed
process. The limited release of Ca, Mg and K was assumed Cu concentrations for both substrates. It seems that Clin and
to occur through ion-exchange reactions, mainly between the Clin—Fe system retain almost the entire Cu concentration
these surface cations and water molecules as well as with from the contaminated water samples when the initial metal
Na* jons from impurities dissolution. Generally, this pro- concentration is lower than 100 ppm. For Cu concentrations



M.K. Doula, A. Dimirkou / Journal of Hazardous Materials 151 (2008) 738-745 741

08 -,
=
E —&— Clinoptilolite
; —©— Clinoptilolite-Fe system
061 o~ O o)
."l
i
;
H
04
0]
‘
A e W mmmmmmmmmm——— = mm E 2
02 1-*
0.00 0.005 0.010 0,015 0.020 0.025 0.030
C,mol L

Fig. 1. Adsorbed Cu concentrations (X) in relation to solution Cu concentrations
(C) for all samples treated with Clin and the Clin—Fe system.
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Fig. 2. Percentage adsorption of Cu for Clin and for the Clin—Fe system.

higher than 100 ppm the Clin—Fe system can adsorb significantly
larger Cu amounts than its parent material although the percent-
age of adsorption is gradually decreased for both substrates.
This behavior was also revealed from the experimental data of
Fig. 1; the samples, with initial Cu concentrations within 2.00
and 200 ppm, which were treated with the Clin—Fe system had

Table 3

final Cu solution concentrations lower than 2.00 ppm. On the
contrary, for the treatment with Clin only the samples with ini-
tial Cu concentrations lower than 50.0 ppm had accepted final
Cu solution concentrations.

However, clinoptilolite has a satisfactory adsorption behav-
ior and is capable to adsorb Cu?* species from the contaminated
samples. The graph of Fig. 1 consists of two regions. In the
first, the amount of adsorbed Cu increases gradually up to
0.21 molkg™! (13.6mgg~"). The second is a plateau region
where Cu adsorption is almost constant. This specific concentra-
tion value is considered as the maximum Cu adsorption capacity
of clinoptilolite under our experimental conditions. The maxi-
mum percentage adsorption of Cu reaches almost 100%, while
the lowest is 6.67%.

A two-region graph with a plateau characterizes also the
adsorption of Cu by the Clin—Fe system. Its adsorption capacity
is equal to 0.59 molkg™! (37.5mgg~") which is almost three
times higher than that of Clin.

The adsorption of the Clin—Fe is also higher than that of
other natural materials, as they presented in literature; Na-
montmorillonite has Cu capacity equal to 3.04mgg~! [2];
clinoptilolite from Western Anatolia has capacity 8.96 mg g~!
[1]; sepiolite has 6.90 mg g_1 [15]. There are of course materi-
als, mainly synthetic, which have higher Cu capacity than that
of the Clin—Fe system, for example zeolite 4A has capacity
49.9mg g~! and resin Valfor 100 has 51.1 mgg~" [16].

The differences in chemical behavior; in adsorption of Cu?t
ions, in counterbalanced ions release and in Si/Al dissolution
of the two substrates are owed to the different surface species,
which are located on the two substrates. The new material, due to
the presence of the Fe oxides located in the zeolite channels or on
its external sites, is characterized by the presence of additional
active sites (-Fe—OH), which are influenced by the solution pH
and are potential adsorption sites [17]. Owing to the presence of
non-crystalline Fe formations located in cationic positions in the
zeolite channels, of Fe binuclear and in general iron complexes in
extra-framework positions, as well as of amorphous iron oxides
FeO, located at the surface of the zeolite crystal, the Clin—Fe
system has higher SSA and thus, higher adsorption capacity
than untreated Clin [18]. The higher adsorption detected for the
Clin—Fe system is also due to its high negative surface charge

[7].

Conductivities, pH and hardness values for all water samples treated with Clin and the Clin—Fe system after Cu adsorption

Co (ppm) Clinoptilolite Clinoptilolite—Fe system
pH Conductivity (us cm™!) Hardness (ppm CaCO3) pH Conductivity (ps cm™1) Hardness (ppm CaCO3)

2.00 7.62 294 109 8.64 428 422
5.00 7.62 284 108 8.63 410 37.0
10.0 7.40 304 116 8.51 427 44.1
20.0 7.10 323 120 8.45 471 51.3
50.0 6.53 384 135 8.14 595 85.8
100 5.89 490 150 7.73 786 136
200 5.34 816 161 6.92 1113 255
500 5.02 1812 164 5.41 1941 402
1000 4.89 3400 158 5.06 3490 415
2000 4.76 6240 164 4.87 6390 463
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3.3. Conductivity and samples pH

Table 3 presents the conductivities and pH values for all
water samples after Cu?* adsorption experiment. For Clin all
the samples have pH values between 4.76 and 7.62. The sam-
ples’ conductivities maintain also low. Extremely high increase
in samples conductivities was reported only for the three higher
Cu concentrations. The range of solution pH values is wider for
the Clin—Fe system than for untreated Clin; the higher pH value
is 8.64 while the lower is 4.87. Moreover, all the samples treated
with Clin have lower solution pH value than the samples treated
with the Clin—Fe system. This different behavior is owed partly
to the different surface species, which are located on the two sub-
strates and partly to higher release of H* ions from the surface
of the Clin—Fe system as a result of the higher Cu** adsorption
(Egs. (4) and (5)).

Generally, zeolites and zeolite systems tend to neutralize the
solutions, acting either as proton acceptors or as proton donors,
exhibiting thus an amphoteric character. During Cu adsorption
process the H* ions participate in many reactions in the solu-
tion and in the solid phase. Hydrogen ions were added to the
water samples along with Cu®* solutions and their concentra-
tions were increased as higher Cu®* concentrations were used.
These H* species together with those released from the surface
(Egs. (3)—(5)) as aresult of surface reactivity (e.g. H" exchange,
surface complexation), participate in a lot of solution and sur-
face processes. They are capable to provoke surface protonation
(Egs. (1) and (2)) but also to affect all reactions in which H* or
OH™ are involved:

=S-OH + Hy" = =S-OH,* (1
=S-O~ +H, " = =S-OH 2

where S corresponds to the surface central metal (i.e. Siand Al).

By considering the decrease in solution pH values for both
substrates, we could conclude that the two solids release H* dur-
ing Cu adsorption experiments. However, after the appropriate
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calculations, and by considering the concentration of H* in equi-
librated solutions (before and after adsorption), as well as the
concentration of H* added along with Cu stock solutions [9] it
was confirmed that both substrates adsorbed H* from solutions.
Thus, the continuous decrease in solution pH values is owed to
the continuous increase in Hyq* by external addition. By trying
to neutralize the surrounding environments the two solids adsorb
H™ ions from solutions and despite the final decrease in solution
pH values, the calculations proved that the predominant process
is the adsorption of H*.

Especially for the Clin—Fe system, it was calculated that it
adsorbs larger amounts of Hyq* than Clin for all Cu concen-
trations due to its higher negative surface charge, as it was
confirmed also from our previous work [7,8].

3.4. Movement of counterbalanced ions

Figs. 3 and 4 present the amounts of Ca%*, Mg?*, Na* and K*
(in equiv. 1) released during Cu adsorption, as a function of
initial Cu concentrations. They also present the overall release
of positively charged ions from the two adsorbents, as well as the
overall adsorption of positively charged ions (i.e. H* and Cu®*).
During adsorption stage, release of the counterbalanced Ca*,
Mg?*, Na* and K* ions takes place, partly as a consequence
of Cu?* adsorption. The retention of Cu?* is undoubtedly the
process, which determines and forces directly and indirectly
the release of counterbalanced ions. Cu?* species can occupy
the exchangeable sites of counterbalanced ions through an ion-
exchange process and can form outer-sphere complexes [13]:

(=S-07)p- - -C3—" " +Cu**
= (=5-07 ) - -Cu*t + (3 —n)C"t ©)

where C is the counterbalanced ion with charge n+ (n=+1 or
+2).

But metals can also form inner-sphere complexes with sur-
face sites. During inner-sphere complexation, hydrogen ions are

=h

A

50 100 200 500 1000 2000
Initial Cu concentration, ppm

Fig. 3. Concentrations of released Na*, Mg?*, Ca?* and K* ions, total adsorbed cations (H* and Cu®*) and total desorbed cations during Cu adsorption by Clin.
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Fig. 4. Concentrations of released Na*, Mg?*, Ca>* and K* ions, total adsorbed cations (H* and Cu*) and total desorbed cations during Cu adsorption by the

Clin—Fe system.

released as products, and the process causes a total decrease in
solution pH [13]:

=S-OH + Cu’t =2 =S-0-Cut +H* 4)
=2S-OH + Cu’T = (=5-0),—Cu + 2H" 3)

The results obtained from the release of Na* and K* ions
during Cu adsorption are the same with those obtained during
Mn adsorption experiments by the two solids [7]. Briefly, the
released concentrations of Na* and K* maintain almost constant
during Cu adsorption for all Cu initial concentrations and it is
supposed that almost the entire concentrations of these ions were
released during equilibrium stage and they do not participate in
ion-exchange reactions. Owing to the impurities content of Clin,
which are dissolved and enriched the solution with ions, the
release of Na™ ions is higher for Clin. Copper adsorption by the
Clin—Fe is characterized by higher release of K* ions basically
due to the synthesis procedure of this system: the Clin—Fe system
was in contact for 60 h with a 5 M KOH solution and thus, high
concentrations of this ion were deposited on system sites, which
are dissolved mainly during equilibrium stage but also during
adsorption. Only for Cu concentrations higher than 100 ppm the
release of K* ions follows the increase in Cu adsorption (Fig. 4).

The observation that the concentrations of K* and Na* ions do
not significantly vary as a function of Cu adsorption is evidence
that they neither influence nor are affected by the adsorption
of Cu. This specific behavior of K* and Na* ions influences
also the relation between released and retained equivalents of
positive charges which is not stoichiometric (Eqgs. (3) and (4)).

For Cu initial concentrations lower than 100 ppm the release
of both Ca®* and Mg?* is higher from the surface of Clin
than from the surface of the Clin—Fe system. Owing to this
limited release the samples treated with the Clin—Fe system
have significantly lower values of hardness (Table 3) than the
samples treated with Clin, although the two substrates had
almost the same behavior in Cu adsorption. For Cu concentra-

tions > 100 ppm the release of Ca>* and Mg?* is increased for
the samples treated with the Clin—Fe system with simultaneous
increase in the values of samples hardness, although this increase
is not noticeably high. The reason for the increase in release of
Ca and Mg is the increase in adsorbed Cu concentrations. By
increasing initial Cu concentrations, the two solids are forced to
adsorb even higher metal concentrations. Clin does not respond
satisfactory to this demand whereas, the Clin—Fe system suc-
ceeds to adsorb even larger Cu concentrations by simultaneous
increase in Ca and Mg release.

Ion-exchange process is more likely to predominate for
both substrates when initial concentration of Cu is lower than
7.87 x 107* M (or 50.0 ppm) and the release of Ca®* and Mg>*
is higher than adsorbed Cu concentrations. When Cu concentra-
tion becomes higher than 50.0 ppm the amounts of released Ca
and Mg are lower than the adsorbed amounts of Cu. Especially
for Clin and Cycy > 100 ppm, the total adsorbed Cu concentra-
tions are significantly higher than the total amounts of desorbed
cations (including K* and Na* ions). On the contrary, for the
Clin—Fe and the same concentration range, the total adsorbed
Cu concentrations are higher than the sum of released Ca and
Mg concentrations. This observation is probably an indication
that Cu ions form inner-sphere complexes with Clin, while the
extent of ion-exchange reactions between Cu and the sites of
the Clin—Fe are wider than the respective with the sites of Clin.
Nevertheless, the fact that the inner-sphere complexation is more
obvious for Clin and for high Cu concentrations does not exclude
the formation of such complexes for lower Cu concentrations
and for both substrates.

By considering that K* and Na' ions do not signif-
icantly affect the adsorption, one concludes that except
ion-exchange between Cu?* ijons and Ca**/Mg?* ions,
there is also another type of Cu retention on system’s
surface. Thus, it is possible that Cu ions form inner-
sphere complexes with surface sites as described by Egs.
(4) and (5).
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Fig. 5. Dissolution of framework Si and Al for Clin and the Clin—Fe system vs. Cu?* initial concentrations.

The release of Mngr ions is almost constant for Clin, although
there is a slight increase in Mg solution concentration as Cu
retention becomes higher. On the contrary, the release of Ca’*
is noticeably high for Clin and it seems that the increase in its
presence in equilibrated solutions is affected by Cu adsorption.
For the Clin—Fe system the release of Ca and Mg is low for low
Cu concentrations and increase gradually with the increase in
Cu adsorption and in Cu initial concentration.

The dissolution of zeolite framework can also affect and con-
trol the presence of Ca and Mg (but also of other cations) in
solutions. Under specific experimental conditions Si and Al from
the framework move toward solution, and this process is char-
acterized as dissolution and depends mainly on the solution pH,
on the extent of surface protonation and on the nature of solu-
tion ions [13]. Generally, the dissolution of framework Si and
Al causes the local distraction of the framework and the release
of more counterbalanced cations. Fig. 5 presents the concentra-
tions of Si and Al found in solutions after Cu adsorption. The
dissolutions of Si is higher for Clin than for the Clin—Fe system,
whereas the dissolution of Al is higher for low Cu initial con-
centrations and possibly the increased presence of Ca and Mg
ions in solutions is owed to this difference in Al/Si dissolution.

4. Conclusions

The Clin—Fe system used for the adsorption of Cu from drink-
ing water samples was synthesized by mixing clinoptilolite with
aquatic solution of Fe(NOj3)3 under strongly basic conditions
(5M KOH).

For one-round purification experiment and for the specific
solid/sample ratio used (1/100) the results indicate that both Clin
and the Clin—Fe system have a satisfactory adsorption behavior.
Thus, for Cu initial concentrations lower than 100 ppm the two
substrates adsorb almost the entire quantity of Cu species from
solutions, however, the samples treated with the Clin—Fe sys-
tem had significantly low hardness, and it seems that except
the adsorption of Cu* ions, the Clin-Fe system acts simulta-

neously as water softening material. The adsorption of Cu is
decreased for both solids as the initial concentrations of the
metal are increased but this decrease is higher for Clin than
for the Clin—Fe system.

For the experimental conditions used, the Cu adsorption
capacity of Clin was 13.6mgg~!, while of the Clin-Fe was
37.5mgg !

The high Cu adsorption capacity of the Clin—Fe system is
owed to Fe-clusters located on its surface, to high surface neg-
ative charge as well as, to its high specific surface area.

Despite the high adsorption of Cu®* ions, the Clin—Fe sys-
tem maintains the chemical parameters of the water samples
to very satisfactory values. One should also point out that these
results were obtained from only one-round sample treatment and
one expects significantly better results from an integrated water
treatment process.

The good behavior in adsorption experiments along with the
fact that the Clin—Fe system is inexpensive, easily synthesized
and regenerated and harmless for human beings, as well as for
the environment could characterize it as a very promising metal
adsorbent.
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