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Aqueous interactions of natural zeolitic material in as-received and modified forms were studied. The
zeolitic materials was interacted with acidic (hydrochloric acid, lactic acid, acetic acid) and basic (sodium
hydroxide) solutions. Ion exchange, adsorption, complex formation, precipitation and cation hydrolysis
were possible interaction mechanisms affected by the amount and cation content of zeolite and pH.
The dominant mechanisms seemed to be ion exchange and adsorption in HCl solution when zeolite
was used in the as-received form, but dissociation of outer-sphere complexes when modified zeolite
was used. In lactic acid, acetic acid as well as the basic solution, cation hydrolysis and complex formation
were additional mechanism in the interactions.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Natural zeolitic material is a crystalline, hydrated aluminosili-
cate of alkali and alkaline earth metals, having an infinite, open,
and three dimensional structure. The primary building unit of the
zeolite framework is a tetrahedron consisting of silicon or alumi-
num atom at the center with oxygen atoms at the corners. The
main cations (Na+, K+, Ca2+, Mg2+) in the channels of the framework
can be substituted easily and also can compensate the positive
charge deficiency of tetrahedral aluminum resulting from substitu-
tion of Al3+ by Si4+ [1,2]. Additionally the hydrogen ions compen-
sate the deficiency and therefore zeolite surface acts as a proton
donor [3]. Low cost, high exchange capacity, catalytic and adsorp-
tion properties, stability as well as severity in physical properties
provide its utilization for quite a number of applications such as
water purification, waste treatment, food processing, cosmetics,
electro coating, agricultural and pharmaceutical applications [4].
All of these aqueous systems require optimum proton concentra-
tion ([H+]) for high efficiency. The variation of the pH (�Log [H+])
in an aqueous system is controlled by many factors such as the
type and particle size of the ion exchanger, concentration of the
aqueous solution, type of the cation and the anion, hydrodynamics
of the aqueous system and heat of solution [5].

Natural zeolitic material has mostly been studied as ion exchan-
ger in the literature. Trgo and Peric [6] examined the removal of
zinc ions from water. The removal of zinc in the acidic condition
was due to the ion exchange and partly adsorption of H+ ions to
ll rights reserved.

: +90 232 7506645.
ioglu-Ozkan).
the zeolite resulting in an increase in the pH. In basic condition
the removal of zinc ions from the solution was due to the complex-
ion of zinc with hydroxyl ions resulting in precipitation and also
the attack of OH ions to the zeolite structure. These behaviors
caused a decrease in the pH. Ponizovsky and Tsadilas [7] showed
that ion exchange was the only possible mechanism for the lead
retention on clinoptilolite rich natural zeolitic material in various
pH values. Doula and Ioannou [8] investigated the effects of elec-
trolyte anion on Cu adsorption– desorption by clinoptilolite rich
natural zeolitic material. Three different electrolytes KCl, KNO3,
and K2SO4 were used for desorption. It was observed that the sur-
face was able to hold the Cl� and NO�3 ions via a surface complex-
ation mechanism and this process enhanced the adsorption of Cu2+

due to the increase in surface negative charge.
The application of zeolitic material in fermentation [9,10] and

biological media [11,12] has been also reported. In the study of
Castellar et al. [9], zeolitic material improved the production of
ethanol by maintaining pH around 3.7 in fermentation media. This
led to the consumption of all of the glucose in the fermentation so
that higher ethanol concentration could be obtained in the pres-
ence of zeolite. Thus, zeolite could act as a pH regulator in fermen-
tation media. This was explained with its ion exchange property. In
the other study reported by Rivera et al. [13] the zeolitic material
was used as an antacid for gastric disturbances. It was found that
both natural zeolitic material and its Na2CO3 treated form raised
the pH to the accepted range for gastric disturbance.

The aim of this study is to investigate the aqueous interactions
of natural zeolitic material in acidic and basic solutions. In the
study, the cation and proton/hydroxyl content of zeolite and the
solution was used in order to yield information about the interac-
tions mechanisms.

http://dx.doi.org/10.1016/j.micromeso.2010.03.001
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http://www.sciencedirect.com/science/journal/13871811
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1.1. Theoretical background

In aqueous interactions, natural zeolitic material tends to
change the pH of the medium via proton transfer mechanisms.
These mechanisms in the acidic or basic region can be examined
by the reactions of adsorption and/or ion exchange, dissociation,
cation hydrolysis and complex formation. The adsorption reaction
can be associated with the exchange reaction (Reaction (1)) be-
tween HþðaqÞ and surface or near-surface cations M, such as Na+,
K+, Ca2+, Mg2+. The adsorption of H+ on the zeolite surface caused
an increase in the solution pH. The adsorption reaction (Reaction
(2)) associated with the ion exchange results in the protonation
of neutral surface as expressed with the following equations.

Ion exchange reaction : ½S—OM�z þHþðaqÞ $ ½S—OH�z þMðaqÞ ð1Þ
Zeolitic Material (as-received) 

Chemical treatment 
and filtration

CL2 CL1 

Washing and 
Centrifuging 
Adsorption on neutral surface : ½S—OH�z|fflfflfflfflffl{zfflfflfflfflffl}
Neutral Surface

þHþðaqÞ $ ½S—OHþ2 �z|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Protonated Surface

ð2Þ

where; S is surface central metal (Si, Al). These protonated surfaces
cannot be stable in strong acidic solutions and Al and Si can be pro-
gressively removed from the zeolitic material framework [14] by
the dissociation reaction as represented below.

Dissolution of framework :½Al—OHþ2 �z þHþðaqÞ $ Al3þ
ðaqÞ þH2O ð3Þ

½Si—O��z þHþðaqÞ $ Si—OH ð4Þ

The cations can also be hydrolyzes and precipitate as metal
oxides.

Cation hydrolysis:

½S—OM�z þ ½Hþ OHðaqÞ� $ ½S—O��Z þ ½H
þ þMOH�ðaqÞ

$ ½S—OH�z þMOH ð5Þ

Adsorption of hydroxyl ion by natural zeolite surface also
causes the deprotonation of the surface as represented below.

Deprotonation of the zeolite surface :
½S—OH�z|fflfflfflfflffl{zfflfflfflfflffl}

Neutral Surface

þOH�ðaqÞ $ ½S—O��z|fflfflfflfflffl{zfflfflfflfflffl}
Deprotonated Surface

þH2O ð6Þ

As a result of these reactions (Reactions (5) and (6)), zeolite
acquires an overall negative charge, due to the increasing predom-
inance of both Si–O� and Al–O� groups and a decrease in the solu-
tion pH is observed. To maintain charge neutrality, the produced
negative charge is counterbalanced by cations through complexion
mechanisms; inner and outer-sphere (Reactions (7) and (8),
respectively). The following reactions represent these two mecha-
nisms for the cation in the solution.

Formation of Inner-sphere complex :

½S—OH�z þMþ
ðaqÞ $ ½S—OM�z þHþðaqÞ ð7Þ
Centrifuging

CL1* CL2*CL2 CL1 

Aqueous interactions          

Solid Liquid  

Fig. 1. Flow diagram of the experimental procedure.
Formation of Outer-sphere complex :

ðS—O�Þz þMþ
ðaqÞ $ ðS—O�Þ:::Mþ ð8Þ

Actually the formation of (S–O�) site is required for outer-
sphere complexion. It is rapid and reversible. On the other hand in-
ner-sphere complexion leads to more stable surface groups due to
the formation of covalent bonds. Hydrogen cations are released as
products and the process causes a total decrease in the solution pH.
It is slow and irreversible [8,15].
2. Experimental

2.1. Materials

In this study two sedimentary natural zeolitic materials (CL1
and CL2) from Gördes (Turkey) deposit were used. The materials
were ground and dry sieved to obtain the average particle size at
30.2 and 23.6 lm for CL1 and CL2 zeolites, respectively. Some of
these zeolites were stored for aqueous interactions. The rest of
the zeolites were treated chemically to obtain CL1* and CL2*. In
preparation of CL1* and CL2*, natural zeolitic materials CL1 and
CL2 were treated with 0.5 M Na2CO3 solution (the solid to liquid
ratio: ½) for 1 h. This treatment was conducted at 100 �C under re-
flux condition. The chemically treated CL1 was filtrated and sub-
mitted to the washing step which consisted of a 5 min agitation
in deionize water. After centrifugation (Hettich micro 220R) at
9000 rpm for 20 min and drying at 120 �C for a night, one of the
modified zeolitic material (CL1*) was obtained. The same proce-
dure was applied to CL2, except for the washing step, and other
modified zeolite CL2* was obtained (Fig. 1). The effect of modifica-
tion was compared into aqueous solution in terms of cation espe-
cially sodium and H+/OH+ transition.
2.2. Methods

2.2.1. Aqueous interactions
Zeolitic materials CL1, CL2, CL1* and CL2* were interacted with

different electrolyte solutions (HCl, C2H4O2, C3H6O3 and NaOH) at
the solid/liquid ratios of 0.5, 1, 2, 5, 10 (g/100 ml). The codes for
the zeolites and the concentration of the electrolyte solution used
in this study were presented in Table 1. The aqueous solution was
used without adjusting pH.

Aqueous interaction experiments were conducted at 37 �C for
acidic solutions and 27 �C for basic solutions respectively, in a
water bath shaker with a rate of 200 rpm. The pH of the solutions
was monitored by using pH meter (744 Metrohm). Solid and liquid
parts were separated at equilibrium by using centrifuge (Sigma
6K15). Then the solid part was dried at room temperature and kept
in plastic beaker and the liquid part was stored for analysis in an
ICP-AES (Varian ICP 96). The experimental procedure was summa-
rized as a flow diagram in Fig. 1.



Table 1
Experimental conditions.

Codesb Starting zeolite Zeolite (w/v) pH0
a pHe

a

Aqueous medium: (0.01 M HCl) CL1 (Si/Al = 4.03)
0.2 (CL1)H 0.2 2.00 2.15
1 (CL1)H 1.0 2.00 2.29
2 (CL1)H 2.0 2.00 2.43
5 (CL1)H 5.0 2.00 2.84
10 (CL1)H 10.0 2.00 3.36

Aqueous medium: (0.01 M HCl) CL1* (Si/Al = 4.04)
0.2 (CL1*)H 0.2 2.00 2.26
1 (CL1*)H 1.0 2.00 3.92
2 (CL1*)H 2.0 2.00 8.16
5 (CL1*)H 5.0 2.00 8.67
10 (CL1*)H 10.0 2.00 9.03

Aqueous medium: (0.01 M C2H402)
5 (CL2)A 5.0 2.00 2.33

Aqueous medium: (C3H603)
5 (CL2)L4 5.0 4.00 6.97

Aqueous medium: (C3H603) CL2* (Si/Al = 3.82)
5 (CL2*)L2 5.0 2.00 2.85
5 (CL2*)L4 5.0 4.00 10.21
5 (CL2*)L5.5 5.0 5.50 10.21

Aqueous medium: (0.0148 M NaOH) CL2 (Si/Al = 3.83)
1 (CL2)S 1.0 11.17 8.21
5 (CL2)S 5.0 11.17 8.63
10 (CL2)S 10.0 11.17 8.39

a pH0 and pHe are the initial and equilibrium pH of the solution respectively.
b In the codes, the number on the left hand side of the parenthesis indicates the zeolite % (w/v). The H, A, L and S on the right hand side of the parenthesis indicates the

media HCl, C2H4O2, C3H6O3 and NaOH, respectively. The number on the right hand side of the L (for lactic acid) denotes the initial medium pH.

Table 2
Cation content of zeolitic materials (mmol/g) and the transferred amounts.

Cations (mmol/g) (mmol/100 ml) (meq/100 ml)

Codes Na K Ca Mg Fe [H+]t [M]t

Aqueous medium Hydrochloric acid (HCl)
CL1 (initial) 0.23 0.70 0.32 0.46 0.28
0.2 (CL1)H 0.09 0.54 0.06 0.27 0.27 0.29 0.24
1 (CL1)H 0.13 0.64 0.21 0.35 0.28 0.49 0.60
2 (CL1)H 0.15 0.66 0.25 0.38 0.28 0.63 0.84
5 (CL1)H 0.18 0.68 0.28 0.41 0.28 0.86 1.22
10 (CL1)H 0.21 0.69 0.30 0.44 0.28 0.96 0.99
CL1*(initial) 1.18 0.60 0.23 0.40 0.25
0.2 (CL1*)H 0.44 0.48 0.00 0.23 0.24 0.45 0.39
1 (CL1*)H 0.68 0.58 0.19 0.33 0.25 0.98 0.74
2 (CL1*)H 0.81 0.59 0.22 0.39 0.25 1.00 0.84
5 (CL1*)H 0.96 0.60 0.23 0.39 0.25 1.00 1.20
10 (CL1*)H 1.05 0.60 0.23 0.39 0.25 1.00 1.52

Aqueous medium Acetic acid (C2H4O2)
CL2 (initial) 0.30 0.77 0.39 0.46 0.29
5 (CL2)A 0.28 0.76 0.36 0.43 0.28 0.53 0.76

Aqueous medium Lactic acid (C3H6O3)
5 (CL2)L4 0.29 0.76 0.39 0.46 0.28 0.01 0.07
CL2*(initial) 1.55 0.65 0.38 0.41 0.26
5 (CL2*)L2 1.09 0.63 0.31 0.33 0.25 0.86 3.90
5 (CL2*)L4 1.22 0.64 0.37 0.37 0.25 0.01 2.15
5 (CL2*)L5.5 1.24 0.64 0.37 0.37 0.25 0.0003 2.09

[OH�]t [M]t

Aqueous medium Sodium hydroxide (NaOH)
1 (CL2)S 0.22 0.75 0.38 0.33 0.29 0.15 0.39
5 (CL2)S 0.28 0.76 0.38 0.43 0.29 0.15 0.48
10 (CL2)S 0.29 0.76 0.39 0.44 0.29 0.15 0.50

[M]t: total cation transferred to the solution (meq/100 ml).
[H+]t: the proton transferred in acidic solution (mmol/100 ml).
[OH�]t: the hydroxide transferred in basic solution (mmol/100 ml).
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Fig. 2. Change in pH of HCl solution after the addition of (a) as-received (b) modified zeolite (pH0 = 2, T = 37 �C).
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Fig. 3. Change in the cation and proton transferred amount in HCl solution. Zeolite form (a) as-received (b) modified.

222 I. Polatoglu, F. Cakicioglu-Ozkan / Microporous and Mesoporous Materials 132 (2010) 219–225



Ta
bl

e
3

Th
e

po
ss

ib
le

re
ac

ti
on

s
fo

r
aq

ue
ou

s
in

te
ra

ct
io

n
s

of
fo

r
ze

ol
it

ic
m

at
er

ia
l

in
ac

id
ic

an
d

ba
si

c
so

lu
ti

on
s.

Io
n

ex
ch

an
ge

A
ds

or
pt

io
n

D
is

so
ci

at
io

n
/i

n
n

er
-s

ph
er

e
co

m
pl

ex
at

io
n

C
at

io
n

h
yd

ro
ly

si
s

A
qu

eo
us

m
ed

iu
m

H
yd

ro
ch

lo
ri

c
ac

id
(H

Cl
)

0.
2

(C
L1

)H
ð0
:2

4Þ
A
þ
ð0
:2

4Þ
H
þ ða

qÞ
$
ð0
:2

4Þ
B
þ
ð0
:2

4Þ
M
ða

qÞ
ð0
:0

5Þ
B
þ
ð0
:0

5Þ
H
þ ða

qÞ
$
ð0
:0

5Þ
C

1
(C

L1
)H

ðx
ÞA
þ
ðx
ÞH
þ ða

qÞ
$
ðx
ÞB
þ
ðx
ÞM
ða

qÞ
ð0
:4

9
�

xÞ
B
þ
ð0
:4

9
�

xÞ
H
þ ða

qÞ
$
ð0
:4

9
�

xÞ
C

ð0
:6

0
�

xÞ
A
þ
ð0
:6

0
�

xÞ
H

2
O
$
ð0
:6

0
�

xÞ
D
þ
ð0
:6

0
�

xÞ
½H
þ
þ

M
O

H
� ða

qÞ

2
(C

L1
)H

ðx
ÞA
þ
ðx
ÞH
þ ða

qÞ
$
ðx
ÞB
þ
ðx
ÞM
ða

qÞ
ð0
:6

3
�

xÞ
B
þ
ð0
:6

3
�

xÞ
H
þ ða

qÞ
$
ð0
:6

3
�

xÞ
C

ð0
:8

4
�

xÞ
A
þ
ð0
:8

4
�

xÞ
H

2
O
$
ð0
:8

4
�

xÞ
D
þ
ð0
:8

4
�

xÞ
½H
þ
þ

M
O

H
� ða

qÞ

5
(C

L1
)H

ðx
ÞA
þ
ðx
ÞH
þ ða

qÞ
$
ðx
ÞB
þ
ðx
ÞM
ða

qÞ
ð0
:8

6
�

xÞ
B
þ
ð0
:8

6
�

xÞ
H
þ ða

qÞ
$
ð0
:8

6
�

xÞ
C

ð1
:2

2
�

xÞ
A
þ
ð1
:2

2
�

xÞ
H

2
O
$
ð1
:2

2
�

xÞ
D
þ
ð1
:2

2
�

xÞ
½H
þ
þ

M
O

H
� ða

qÞ

10
(C

L1
)H

ðx
ÞA
þ
ðx
ÞH
þ ða

qÞ
$
ðx
ÞB
þ
ðx
ÞM
ða

qÞ
ð0
:9

6
�

xÞ
B
þ
ð0
:9

6
�

xÞ
H
þ ða

qÞ
$
ð0
:9

6
�

xÞ
C

ð0
:9

9
�

xÞ
A
þ
ð0
:9

9
�

xÞ
H

2
O
$
ð0
:9

9
�

xÞ
D
þ
ð0
:9

9
�

xÞ
½H
þ
þ

M
O

H
� ða

qÞ

0.
2

(C
L1

* )H
ð0
:3

9Þ
A
þ
ð0
:3

9Þ
H
þ ða

qÞ
$
ð0
:3

9Þ
B
þ
ð0
:3

9Þ
M
ða

qÞ
ð0
:0

6
�

xÞ
B
þ
ð0
:0

6
�

xÞ
H
þ ða

qÞ
$
ð0
:0

6
�

xÞ
C

ð8
:2

0
�

10
�

11
ÞE
þ
ð8
:2

0
�

10
�

11
ÞH

2
O
$
ð8
:2

0
�

10
�

11
ÞF
þ
ð8
:2

0
�

10
�

11
ÞO

H
�

1
(C

L1
* )H

ð0
:7

4Þ
A
þ
ð0
:7

4Þ
H
þ ða

qÞ
$
ð0
:7

4Þ
B
þ
ð0
:7

4Þ
M
ða

qÞ
ð0
:2

4
�

xÞ
B
þ
ð0
:2

4
�

xÞ
H
þ ða

qÞ
$
ð0
:2

4
�

xÞ
C

ð8
:2

2
�

10
�

9
ÞE
þ
ð8
::

22
�

10
�

9
ÞH

2
O
$
ð8
:2

2
�

10
�

9
ÞF
þ
ð8
:2

2
�

10
�

9
ÞO

H
�

2
(C

L1
* )H

ð0
:8

4Þ
A
þ
ð0
:8

4Þ
H
þ ða

qÞ
$
ð0
:8

4Þ
B
þ
ð0
:8

4Þ
M
ða

qÞ
ð0
:1

6
�

xÞ
B
þ
ð0
:1

6
�

xÞ
H
þ ða

qÞ
$
ð0
:1

6
�

xÞ
C

ð1
:4

5
�

10
�

4
ÞE
þ
ð1
:4

5
�

10
�

4
ÞH

2
O
$
ð1
:4

5
�

10
�

4
ÞF
þ
ð1
:4

5
�

10
�

4
ÞO

H
�

5
(C

L1
* )H

ðx
ÞA
þ
ðx
ÞH
þ ða

qÞ
$
ðx
ÞB
þ
ðx
ÞM
ða

qÞ
ð1
�

xÞ
B
þ
ð1
�

xÞ
H
þ ða

qÞ
$
ð1
�

xÞ
C

ð4
:6

8
�

10
�

4
ÞE
þ
ð4
:6

8
�

10
�

4
ÞH

2
O
$
ð4
:6

8
�

10
�

4
ÞF
þ
ð4
:6

8
�

10
�

4
ÞO

H
�

ð1
:2

0
�

xÞ
A
þ
ð1
:2

0
�

xÞ
H

2
O
$
ð1
:2

0
�

xÞ
D
þ
ð1
:2

0
�

xÞ
½H
þ
þ

M
O

H
� ða

qÞ

10
(C

L1
* )H

ðx
ÞA
þ
ðx
ÞH
þ ða

qÞ
$
ðx
ÞB
þ
ðx
ÞM
ða

qÞ
ð1
�

xÞ
B
þ
ð1
�

xÞ
H
þ ða

qÞ
$
ð1
�

xÞ
C

ð1
:0

7
�

10
�

3
ÞE
þ
ð1
:0

7
�

10
�

3
ÞH

2
O
$
ð1
:0

7
�

10
�

3
ÞF
þ
ð1
:0

7
�

10
�

3
ÞO

H
�

ð1
:5

2
�

xÞ
A
þ
ð1
:5

2
�

xÞ
H

2
O
$
ð1
:5

2
�

xÞ
D
þ
ð1
:5

2
�

xÞ
½H
þ
þ

M
O

H
� ða

qÞ

A
qu

eo
us

m
ed

iu
m

A
ce

ti
c

ac
id

(C
2
H

4
O

2
)

5
(C

L2
)A

ðx
ÞA
þ
ðx
ÞH
þ ða

qÞ
$
ðx
ÞB
þ
ðx
ÞM
ða

qÞ
ð0
:5

3
�

xÞ
B
þ
ð0
:5

3
�

xÞ
H
þ ða

qÞ
$
ð0
:5

3
�

xÞ
C

ð0
:7

6
�

xÞ
A
þ
ð0
:7

6
�

xÞ
H

2
O
$
ð0
:7

6
�

xÞ
D
þ
ð0
:7

6
�

xÞ
½H
þ
þ

M
O

H
� ða

qÞ

A
qu

eo
us

m
ed

iu
m

La
ct

ic
ac

id
(C

3
H

6
O

3
)

5
(C

L2
)L

4
ðx
ÞA
þ
ðx
ÞH
þ ða

qÞ
$
ðx
ÞB
þ
ðx
ÞM
ða

qÞ
ð0
:0

1
�

xÞ
B
þ
ð0
:0

1
�

xÞ
H
þ ða

qÞ
$
ð0
:0

1
�

xÞ
C

ð1
�

10
�

5
ÞB
þ
ð1
�

10
�

5
ÞM
þ ða

qÞ
$
ð1
�

10
�

5
ÞA
þ
ð1
�

10
�

5
ÞH
þ ða

qÞ
ð0
:0

7
�

xÞ
A
þ
ð0
:0

7
�

xÞ
H

2
O
$
ð0
:0

7
�

xÞ
D
þ
ð0
:0

7
�

xÞ
½H
þ
þ

M
O

H
� ða

qÞ

5
(C

L2
* )L

2
ðx
ÞA
þ
ðx
ÞH
þ ða

qÞ
$
ðx
ÞB
þ
ðx
ÞM
ða

qÞ
ð0
:8

6
�

xÞ
B
þ
ð0
:8

6
�

xÞ
H
þ ða

qÞ
$
ð0
:8

6
�

xÞ
C

ð6
:0

8
�

10
�

10
ÞE
þ
ð6
:0

8
�

10
�

10
ÞH

2
O
$
ð6
:0

8
�

10
�

10
ÞF
þ
ð6
:0

8
�

10
�

10
ÞO

H
�

/

ð0
:1

4Þ
B
þ
ð0
:1

4Þ
M
þ ða

qÞ
$
ð0
:1

4Þ
A
þ
ð0
:1

4Þ
H
þ ða

qÞ

ð3
:9

0
�

xÞ
A
þ
ð3
:9

0
�

xÞ
H

2
O
$
ð3
:9

0
�

xÞ
D
þ
ð3
:9

0
�

xÞ
½H
þ
þ

M
O

H
� ða

qÞ

5
(C

L2
* )L

4
ðx
ÞA
þ
ðx
ÞH
þ ða

qÞ
$
ðx
ÞB
þ
ðx
ÞM
ða

qÞ
ð0
:0

1
�

xÞ
B
þ
ð0
:0

1
�

xÞ
H
þ ða

qÞ
$
ð0
:0

1
�

xÞ
C

ð1
:6

2
�

10
�

2
ÞE
þ
ð1
:6

2
�

10
�

2
ÞH

2
O
$
ð1
:6

2
�

10
�

2
ÞF
þ
ð1
:6

2
�

10
�

2
ÞO

H
�

/

ð1
:6

2
�

10
�

2
ÞB
þ
ð1
:6

2
�

10
�

2
ÞM
þ ða

qÞ
$
ð1
:6

2
�

10
�

2
ÞA
þ
ð1
�

62
�

2
ÞH
þ ða

qÞ

ð2
:1

5
�

xÞ
A
þ
ð2
:1

5
�

xÞ
H

2
O
$
ð2
:1

5
�

xÞ
D
þ
ð2
:1

5
�

xÞ
½H
þ
þ

M
O

H
� ða

qÞ

5
(C

L2
* )L

5.
5

ðx
ÞA
þ
ðx
ÞH
þ ða

qÞ
$
ðx
ÞB
þ
ðx
ÞM
ða

qÞ
ð3
�

10
�

4
�

xÞ
B
þ
ð3
�

10
�

4
�

xÞ
H
þ ða

qÞ
$
ð3
�

10
�

4
�

xÞ
C

ð1
:6

2
�

10
�

2
ÞE
þ
ð1
:6

2
�

10
�

2
ÞH

2
O
$
ð1
:6

2
�

10
�

2
ÞF
þ
ð1
:6

2
�

10
�

2
ÞO

H
�

/

ð1
:6

2
�

10
�

2
ÞB
þ
ð1
:6

2
�

10
�

2
ÞM
þ ða

qÞ
$
ð1
:6

2
�

10
�

2
ÞA
þ
ð1
�

62
�

2
ÞH
þ ða

qÞ

ð2
:0

9
�

xÞ
A
þ
ð2
:0

9
�

xÞ
H

2
O
$
ð2
:0

9
�

xÞ
D
þ
ð2
:0

9
�

xÞ
½H
þ
þ

M
O

H
� ða

qÞ

D
ep

ro
to

n
at

io
n

O
u

te
r-

sp
h

er
e

co
m

pl
ex

at
io

n
In

n
er

-s
ph

er
e

co
m

pl
ex

at
io

n
C

at
io

n
h

yd
ro

ly
si

s

A
qu

eo
us

m
ed

iu
m

So
di

um
hy

dr
ox

id
e

(N
aO

H
)

1
(C

L2
)S

ð0
:1

48
ÞB
þ
ð0
:1

48
ÞO

H
� ða

qÞ
$
ð0
:1

48
ÞD
þ
ð0
:1

48
ÞH

2
O

ð0
:1

48
ÞD
þ
ð0
:1

48
ÞN

aþ ð
aq
Þ
$
ð0
:1

48
ÞD
::
:N

aþ
ð6
:1

6
�

10
�

7
ÞB
þ
ð6
:1

6
�

10
�

7
ÞN

aþ ð
aq
Þ
$
ð6
:1

6
�

10
�

7
ÞG
þ
ð6
:1

6
�

10
�

7
ÞH
þ ða

qÞ
ð0
:3

9Þ
A
þ
ð0
:3

9Þ
H

2
O
$
ð0
:3

9Þ
D
þ
ð0
:3

9Þ
½H
þ
þ

M
O

H
� ða

qÞ

5
(C

L2
)S

ð0
:1

48
ÞB
þ
ð0
:1

48
ÞO

H
� ða

qÞ
$
ð0
:1

48
ÞD
þ
ð0
:1

48
ÞH

2
O

ð0
:1

48
ÞD
þ
ð0
:1

48
ÞN

aþ ð
aq
Þ
$
ð0
:1

48
ÞD
::
:N

aþ
ð2
:3

4
�

10
�

7
ÞB
þ
ð2
:3

4
�

10
�

7
ÞN

aþ ð
aq
Þ
$
ð2
:3

4
�

10
�

7
ÞG
þ
ð2
:3

4
�

10
�

7
ÞH
þ ða

qÞ
ð0
:4

8Þ
A
þ
ð0
:4

8Þ
H

2
O
$
ð0
:4

8Þ
D
þ
ð0
:4

8Þ
½H
þ
þ

M
O

H
� ða

qÞ

10
(C

L2
)S

ð0
:1

48
ÞB
þ
ð0
:1

48
ÞO

H
� ða

qÞ
$
ð0
:1

48
ÞD
þ
ð0
:1

48
ÞH

2
O

ð0
:1

48
ÞD
þ
ð0
:1

48
ÞN

aþ ð
aq
Þ
$
ð0
:1

48
ÞD
::
:N

aþ
ð4
:0

7
�

10
�

7
ÞB
þ
ð4
:0

7
�

10
�

7
ÞN

aþ ð
aq
Þ
$
ð4
:0

7
�

10
�

7
ÞG
þ
ð4
:0

7
�

10
�

7
ÞH
þ ða

qÞ
ð0
:5

0Þ
A
þ
ð0
:5

0Þ
H

2
O
$
ð0
:5

0Þ
D
þ
ð0
:5

0Þ
½H
þ
þ

M
O

H
� ða

qÞ

x:
st

oi
ch

io
m

et
ri

c
co

ef
fi

ci
en

t
fo

r
io

n
ex

ch
an

ge
re

ac
ti

on
.

A
:
½S

—
O

M
� z

,B
:
½S

—
O

H
� z

,C
:
½S

—
O

H
þ 2
� z

,D
:
½S

—
O
�
� z

,E
:
½S

—
C

O
2� 3
� z

,F
:
½S

—
H

C
O
� 3
� z

,G
:
½S

—
O

N
a�

z
.

I. Polatoglu, F. Cakicioglu-Ozkan / Microporous and Mesoporous Materials 132 (2010) 219–225 223



224 I. Polatoglu, F. Cakicioglu-Ozkan / Microporous and Mesoporous Materials 132 (2010) 219–225
3. Results and discussions

3.1. Identification and modification of zeolitic materials

In this study, natural zeolitic materials were used in as-received
(CL1 and CL2) and modified forms (CL1* and CL2*). The zeolitic
minerals used in this study were heulandite–clinoptilolite rich
intermediate species with Si/Al of 4.03 and 3.83 and M++/M+ of
0.84 and 0.79 for CL1 and CL2, respectively, according to the clas-
sification of Alietti [16]. In this classification, the ranges of Si/Al andP

Mþþ=
P

Mþ for heulandite–clinoptilolite are 3.45–4.35 and
0.73–2.06, respectively.

P
Mþþ and

P
Mþ are the sum of the diva-

lent cations and the monovalent cations, respectively.
The total exchange capacities (TEC) of CL1 and CL2 were in-

creased from 2.49 to 3.04 meq/g and 2.77 to 3.78 meq/g, respec-
tively with chemical treatment. The TEC value represents the
amount of exchangeable cations, which are considered to be
Na+, K+, Ca2+ and Mg2+. CL1 has less exchangeable cations to com-
pensate the positive charge deficiency resulting from low Al con-
tent. So the CL1 has higher Si/Al ratio and lower exchange
capacity when compared with the CL2. With the chemical treat-
ment applied to CL1 and CL2, Si/Al ratio was not significantly
modified.

Comparison of the initial cation content of the CL1, CL2, CL1*

and CL2* show that only the Na+ content of the zeolites was in-
creased with modification (Table 2). For CL1 and CL2, the Na+

content were increased to 0.95 and 1.25 mmol/g. while the cat-
ion (K+, Ca++ and Mg++) exchanged were decreased to 0.40 and
0.24 meq/g with modification. As a result the increase in sodium
2
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was higher than the decrease in the cations exchanged in zeolite.
This can be explained with the formation of sphere complexes
with cations on surface during the chemical treatment (modifi-
cation) as stated in literature [5]. The washing step applied in
the preparation of CL2* caused to dissolve some of the
complexes.

3.2. Interactions in aqueous media

3.2.1. Aqueous medium: HCl
Fig. 2a and b display the pH evolution of the dilute HCl solution

(0.01 M). Increase in the solution pH was high when high amount
of zeolite was used. As seen from Fig. 2b, the modified zeolites
equilibrated the acidic solution at basic region (pHe > 7) with a
sharp increase in the solution pH when 2%, 5% and 10% (w/v) zeo-
lite were used. This can be explained with the dissociation of out-
er-sphere complexes (S—CO2�

3 ) in acid and the tendency to gain
protons from acidic solution to form slightly soluble, dissociated
bicarbonate ion, HCO�3 (Reaction (9)).

S—CO2�
3 þH2O$ S—HCO�3 þ OH� ð9Þ

Cation content of the zeolites (Table 2) was used for the com-
parison of the transferred amounts. As seen from Table 2, the
transferred proton [H+]t increases with increasing the amount of
CL1 zeolite used in HCl solution. The total amount of cations
(Na+, K+, Ca++, Mg++) transferred to the solution, [M]t was not equal
to the proton transferred to the zeolite [H]t. The cations transferred
were mostly Na+ especially for the modified zeolite structure and
Ca2+ ion due to its location in larger channels of the zeolite. The
 (min.)
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amounts of cation transferred and proton depending on the zeolite
amount were calculated and presented in Fig. 3a and b for as-re-
ceived (CL1) and modified (CL1*) forms of zeolite, respectively.
The curves in this figure intersected at 0.42% and 2.85% zeolite
amounts when as-received and modified ones were used, respec-
tively. Up to these threshold values the proton is transferred via
ion exchange and adsorption (Reactions (1) and (2)). After these
threshold point the cation hydrolysis also involve the mechanism.
In other words, with increasing the zeolite amount, cation concen-
tration of the acidic solution was increased and high amount of H+

is adsorbed onto the negatively charged zeolite surface (Reaction
(5)). This led to a decrease in proton concentration and thus an in-
crease in the solution pH (Table 1). Dissolution of Al, Si and Fe from
zeolite lattice was not observed [17]. The possible reactions in zeo-
litic material-the acid and basic solution system were summarized
in Table 3.

3.2.2. Aqueous media: C2H4O2 and C3H6O3

The time evolution of acetic acid (C2H4O2) and lactic acid
(C3H6O3) solution pH in the presence of zeolite (5% w/v) were also
studied. Zeolite increased the pH of the acetic acid solution from 2
to 2.33 in 480 min (8 h) [17]. Ion exchange (Reaction (1)), adsorp-
tion (Reaction (2)) and cation hydrolysis (Reaction (5)) were
responsible mechanisms in the acetic acid media. Since the amount
of the cation transferred was higher than that of the proton trans-
ferred (Table 2).

The time evolution of lactic acid solutions pH is represented in
Fig. 4. The initial pH (pH0) of the lactic acid solutions were 2, 4 and
5.5. As seen from Fig. 4, the pH of the solution increased rapidly in
the first minute then decrease and reached the equilibrium in a
very short time (10 min). Ion exchange and adsorption for the ra-
pid increase in pH, inner sphere complex formation for the de-
crease in pH are the responsible mechanisms. Addition of the
modified form of the zeolitic material (CL2*) to the lactic acid solu-
tion at pH0 of 4 and 5.5 resulted in an increase in the pHe to about
10 due to the dissociation of outer-sphere complexes. In the pres-
ence of the hydroxide ion, the cation hydrolysis and the precipita-
tions are also expected mechanisms. On the other hand, the total
cation transferred [M]t is significantly higher than the proton
transferred when modified zeolite was used in lactic acid solution
(Table 2).

3.2.3. Aqueous medium: NaOH
Fig. 5 shows the change in the pH of the basic solution with the

addition of the zeolite. The more the zeolite was used the more the
decrease in the solution pH was observed within initial period of
times (the small figure). However this order was changed in the
following time period. Therefore zeolite amount was effective on
the rate of decrease of the solution pH while ineffective on the
equilibrium pH (about 8.5). The decrease in the solution pH with
the addition of zeolite can be expressed by adsorption reaction
(Reaction (6)). In NaOH solution, the OH� ions were completely ad-
sorbed on the zeolite structure for hydrolysis of the cation (Reac-
tion (5)). Since the cation removed from the zeolite is higher
than the transferred amount of hydroxide from solution
([M]t > [OH�]t) for all zeolite amounts. This reaction leads to form
inner and outer-sphere complexes (Reactions (7) and (8)) by using
Na+ ions initially present in the solution ([Na+]i: 0.148 mmol/
100 ml) which causes decrease in pH of basic solutions.

4. Conclusions

The interactions of the zeolitic material in as-received and mod-
ified forms were investigated in the aqueous media of HCl, C2H4O2,
C3H6O3 and NaOH. The zeolitic material used in the study in-
creased the pH of the acidic solutions and decreased the pH of
the basic solution because of its amphoteric behavior. In the time
evolution of the acidic solution pH, the modified form of the mate-
rial was more effective than the as-received form. The zeolite con-
tent of the solutions was also effective on the change in pH.
Generally the proton or hydroxide ions which entered the zeolite
could not equal to the cations released from the zeolite structure.
Therefore ion exchange was not a unique reaction in the aqueous
media. In the acidic media at low zeolite concentration, ion ex-
change and adsorption, which caused considerable decrease in
the proton concentration of the solution to form the protonated
surface, were possible mechanisms. At high zeolite concentration,
cation hydrolysis and complexion were additional reactions. Disso-
ciation was very specific reaction for modified forms of zeolitic
material in acidic media. Especially in the lactic acid solution, the
high amount of cation release may be result from the complex for-
mation of lactate as sodium or calcium lactate on the surface. The
decrease of the solution pH in NaOH solution was due to deproto-
nation, cation hydrolysis and/or inner-outer surface complexion of
Na+ ion on the zeolite surface.
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