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a b s t r a c t

Natural Bulgarian clinoptilolite from the south-eastern Rhodopes mountain was modified through treat-
ment with hydrochloric acid with various normality, both single and repeatedly, as well as through
a charring of a preliminary obtained NH4-form. The parameters concerning the uptake of the ion-
exchangeable cations (Ca2+, Na+ and K+), as well as the uptake of aluminium from the natural material were
calculated on the basis of the chemical contents. The highest extent of cations removal was attained in the
case of the treatment with NH4Cl solution, while the highest aluminium deficiency was established in the
samples treated by hydrochloric acid solutions with increasing concentration. Sulfur dioxide adsorption
on the obtained decationised and dealuminised samples was studied according to the frontal-dynamic
method. The parameters of the breakthrough curves, namely breakthrough time, saturation time and
dsorption
ulfur dioxide

some of the statistical moments of the curve distribution, were determined. The dynamic adsorption
capacities were also specified. Comparing the momentum values it was established that as a result of the
natural zeolite treatment with NH4Cl and with low concentrated acid, the diffusion resistance decreases
because of the dominant exchange of the presenting exchangeable cations in the samples with the smaller
size protons and because of enlargement of the pores opening. Intensified dealuminisation was observed
when more concentrated acid solutions are used. The capacity is enhanced, probably due to an increase

in the total pore volume.

. Introduction

The adsorptive purification of flue gases from sulfur dioxide has
any advantages. The sorbents used have to possess high capacity

ersistent at multi-cycle exploitation, stability at high tempera-
ure and acid treatment, selectivity to SO2 in the presence of other
as mixture components (especially water vapour). Some grades
f highly siliceous zeolites, investigated for SO2 adsorption, meet
hese requirements [1–15]. One part of the literature sources cited
eals with the applicability of natural zeolites [11–15] possessing
ome disadvantages, mainly unstable chemical composition and
mpurities. However, they are widely available, low cost, and char-
cterized with high mechanical strength. Some of them, especially
he highly siliceous ones, possess higher thermal and mechanical

tability compared to their synthetic analogues [16,17].

Thermal and chemical treatment could improve the industrial
pplicability of natural zeolites due to changes in their composition,
tructure and properties [17].

∗ Corresponding author. Tel.: +44 028 90974295; fax: +44 028 90976524.
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Zeolite heating at moderate temperature as a compulsory step
before the gas adsorption results in more available adsorption space
because of the “zeolite” water separation.

Acid treatment is among the most common and simple meth-
ods for zeolite modification. Hydrochloric acid solution treatment
leads to decationisation (obtaining the so-called “hydrogen form”
zeolites), dealuminisation and sometimes destruction of the crys-
tal lattice. Dissolving of some amorphous materials that block the
pores of natural zeolites is another consequence from the acid mod-
ification [17–20]. The effectiveness of acid treatment depends on
the chemical contents, structure, mineral purity, and the working
conditions. The effect of hydrochloric acid on the various grade of
zeolites is different. As an example, the HCl acid modification of
the natural materials mordenite and erionite conducted at similar
conditions led to weak decationisation and almost no dealumini-
sation of mordenite, while the extent of alkaline and alkaline earth
metals uptake, as well as of aluminium from erionite was more
than 90% [21]. The cations content, the nature of the mineral as

well as the impurities have significant influence on the effect of the
acid modification of structurally identical natural zeolites [22,23].
It was observed that as a result of the treatment with HCl acid
solutions with various concentrations a different extent of deca-
tionisation and dealuminisation was achieved [24]. Another group

ghts reserved.
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tration in the model gas mixture C0 0.7 vol.% (or 0.183 kg SO2 m ).
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f investigations indicated the influence of the acid modification
ime [19,25], the heating of the samples before [24] and after [15,26]
he treatment process, as well as the preliminary treatment with
ater [27] or with other chemical solutions, e.g. KOH [28] or NH4Cl

26]. The effect of multistage zeolites acid modification was also
stablished [18].

Low siliceous zeolites are unstable to the acid activity and the
ecationisation is conducted by means of other methods [29]. More
ften ion exchange with soluble ammonium salts (usually NH4Cl) is
he initial stage, followed by heating of the samples rich in ammo-
ium ion to eliminate ammonia and to obtain hydrogen forms.
his method of decationisation is applied also for highly siliceous
eolites. The influence of the concentration of the modification
olution and the reaction time are also taken into consideration
14,19,30].

Literature reports a combined treatment method consisting in
ecationisation of zeolite particles with NH4Cl solution as a first
tage, followed by heating and dealuminisation of the hydrogen
orms with HCl solution [26]. An alternative method with a reverse
equence of the cited procedures is also possible [25].

The changes in the zeolites chemical composition and structure
s a result of the decationisation and dealuminisation steps lead to
hanges of the minerals properties.

Due to the limited space taken by the proton, the hydrogen forms
f some HCl acid or NH4Cl modified zeolites demonstrate higher
apacity to a number of adsorbates, e.g. SO2 [14,15,31]. The expan-
ion of the pore opening influences the adsorption kinetics and the
iffusion resistance in the zeolite hydrogen forms decreases dur-

ng SO2 adsorption [1,31]. The acidic treatment of the zeolites is
lso used as a stage of the blocking and deblocking of the pores
o obtain a zeolite membrane for the application in the separa-
ion processes [32]. The substitution of the present alkaline and
lkaline earth cations with protons or OH-ions undoubtedly would
ffect the molecular-sieve properties. The same effect is expected
n the case of catalysis with the modified zeolites [25,26]. The
ype of cations changes the ionic density of the lattice [20] thus
trongly influencing the adsorption of polar molecules because
long with the dispersive interaction an electrostatic interaction
s introduced.

The partial dealuminisation of the zeolite framework changes
he microporosity. A second variety of larger size micropores
s developed [26], the total micropore volume is increased and
he secondary specific surface area is significantly enlarged
15,28].

The increase of the molar ratio (siliceous module) n = SiO2/Al2O3
n the framework leads to the increase of the thermal stability [4,17]
nd the hydrophobicity [4]. The synthesised zeolites are attractive
ainly due to their extremely high mole ratio SiO2/Al2O3 (over

00), which makes them hydrophobic and increases their selec-
ivity, e.g. to SO2 uptake from humid mixtures [3,6], while the high
hermal stability facilitates the thermal desorption [4].

Literature cites that the hydrogen forms of some zeolites (those
ith a high siliceous module SiO2/Al2O3) exhibit higher capacity

nd lower diffusion resistance compared to the precursor during
O2 adsorption. Partial dealuminisation could enlarge the pore vol-
me thus improving the zeolite thermal stability, increasing the
ydrophobicity and making the minerals more appropriate adsor-
ents for SO2 from flue gases.

Natural clinoptilolite is highly siliceous zeolite with a mole ratio
iO2/Al2O3 of about 10. The cations compensating the negative
harge of the framework are: Na2+, K+, Ca2+ and Mg2+. Depending

n their location the quantity of some of them is dominating.

The high acid stability of the natural clinoptilolite allows both
Cl acid and NH4Cl modification. The extent of the changes depends
n the cation content, on the impurities amount and content, as well
s on the modification process conditions.
g Journal 152 (2009) 389–395

The aim of this study is to investigate the effect of HCl acid and
NH4Cl modification of clinoptilolite on its chemical content and
adsorption behaviour towards SO2.

2. Experimental

The material used in this study is Bulgarian clinoptilolite taken
from the south-eastern Rhodopes mountain with mineral purity
of 90%. The chemical analysis (Table 1) shows a prevailing content
of calcium and potassium ions (Ca2+, K+). To avoid the operations:
grinding, impurity separation from the zeolite, and granulation
after the acid treatment, the samples were sieved and the fraction
1.6–2 mm was modified and used in the adsorption investigations.
In other cases various size particles of natural material were used
in the experiments of HCl acid and NH4Cl modification [15,19,24].

2.1. Zeolite modification

The HCl modification of clinoptilolite was conducted following
a methodology offered for a highly siliceous natural zeolite [22].
In the experiments 100 g samples were first rinsed with distilled
water and were subjected to 4 h treatment at the boiling tempera-
ture of the water bath with 1500 ml acid with various normality
(1, 2, 3, 4, 5, 6, 8N). Then the particles were filtered and rinsed
with hot distilled water to a negative reaction for Cl−. The sam-
ples obtained were named Series 1 including Z1H, Z2H, Z3H, Z4H,
Z5H, Z6H and Z8H. Series two is a second set of materials with
a single, double, threefold, fourfold and fivefold modification of
the zeolite with 1N HCl acid solution was conducted. The sam-
ples obtained were named Z1H, Z1H2t, Z1H3t, Z1H4t and Z1H5t.
The chemical composition of the modified forms is presented in
supplementary information Table 1. The siliceous ions in highly
siliceous zeolites practically were not extracted during the acid
treatment [33]. On the basis of the high molar ratio SiO2/Al2O3
(9.34) of the zeolite applied, it could be accepted that the SiO2
quantity in the solid phase would not change reasonably during
the treatment procedure. Thus, the composition of the samples
obtained would be better represented as a relative mass concentra-
tion related to SiO2 (supplemntary information Table 1). A similar
approach was applied by other authors [25].

In addition, a clinoptilolite sample was threefold treated with
1N HCl acid solution and NH4Cl solution at boiling temperature and
constant agitation at liquid–solid phase ratio of 33:1. The duration
of each operation was 90 min. After filtration and rinsing with hot
distilled water to a negative reaction for Cl−, the obtained NH4-form
was heated to 360 ◦C at a rate of 5 ◦C min−1. Then the temperature
was kept constant for 1 h. During this procedure ammonia is lib-
erated and a decationised form of the zeolite—ZNH4 (series 3) was
produced. Its chemical composition is also given in supplementary
information Table 1.

2.2. SO2 adsorption

The samples obtained were examined as adsorbents for SO2
removal. The experiments were conducted in a standard reactor
[34] in dynamic conditions at: temperature 25 ◦C, diameter of the
thermostated column D 19.5 mm, adsorbent bed height L 200 mm,
particle diameter d 1.6–2 mm, gas flow rate in the whole column
section w 0.158 m s−1, fixed-bed porosity ε 0.65, SO2 initial concen-

−3
Dry air, preferred for flue gas modeling purposes, was used as a
carrier gas [4]. The water and gases filling the zeolite pores were
preliminary separated with dry air and by programmed heating of
the adsorbent bed to 350 ◦C at 5 ◦C min−1 rate. The temperature was
kept constant for 4 h.
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Table 1
Chemical composition of the natural clinoptilolite (mass%).
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The obtained modified zeolite forms were tested as adsorbents
for SO2 removal by means of the breakthrough curves method. The
experimental data for the first sample series are presented in Fig. 1,
while those for the second series and for ZNH4 in Fig. 2.
omponent SiO2 Al2O3 Fe2O3 CaO

ass% 64.2 11.67 1.03 7.42

. Results and discussion

.1. Zeolite modification

For the estimation of the extent of dealuminisation and deca-
ionisation of the treated samples, the following parameters are
alculated:

= SiO2

Al2O3
(1)

= No − Nn

No
× 100 (2)

M = Co
M − Cn

M

Co
M

× 100 (3)

cat =
∑

Cn
M

Nn
× 100 (4)

here n, molar ratio of siliceous and aluminium oxides (siliceous
odule) [mol mol−1]; m, dealuminisation extent [%]; AM, decation-

sation extent related to the available gram equivalent cations for
ach M in the initial zeolite (M means Ca, Mg, Na or K, respec-
ively) [%]; Zcat, cation equivalent of the alkaline and alkaline earth
ations [%]; No, gram atoms of Al in the initial clinoptilolite; Nn,
ram atoms of Al in the modified sample; Co

M , gram equivalents of
he corresponding cation (M) in the initial clinoptilolite; Cn

M , gram
quivalents of the corresponding cation (M) in the modified sample.
he indexes used mean: o, untreated clinoptilolite; n, acid con-
entration for modification in the first series, or how many times
odification is applied in the second series samples.

The values of the parameters calculated on the basis of Eqs.
1)–(4) are presented in supplementary information Table 2.

The quantity of Mg2+ in the untreated and the treated samples
s relatively low, therefore, the examination of its decationisation,
nalogous to the other cations, would lead to incorrect conclusions.
n other investigations [35,36] Mg2+ decationisation also is not con-
idered even when its quantity is commensurable with that of other
ations. The difficulties of their separation in the solution probably
ither due to occupation of difficult to access sites in the zeolite
tructure, or due to the fact that they are constituents of amor-
hous, poorly soluble impurities like MgCO3 or MgOH, are outlined
36].

The results from the investigations show that a considerable
mount of calcium and sodium cations migrate in the solution at
nce during the first treatment with 1N HCl acid, while the uptake of
otassium cations for both samples series is uniform but at a lower
xtent. A low rate and an extent of uptake of potassium ions are
stablished when zeolites are treated both with HCl acid and with
H4Cl solutions [16,19,24,33,36]. The probable reason is the pres-
nce of these ions in sites which are hard to access for ion-exchange
ites, and due to the larger ion radius of K+ (0.133 nm compared
o 0.098 nm for Na+ and 0.104 nm for Ca2+) their migration in the
olution occurs at a lower rate.

Obviously, from the extent of decationisation related to
he present gram equivalent cations in the initial zeolite AM
supplementary information Table 2), the following selective order
f uptake is formed, which assigns to both experimental series and
o the NH4Cl modified sample:

a2+ > Na+ > K+
MgO Na2O K2O TiO2 Loss at ignition

0.35 2.36 3.84 0.34 8.66

It is shown that during the acid modification of various natural
highly siliceous zeolites, like mordenite, erionite, and clinoptilolite,
the sodium ions that are most weakly bonded to the lattice are easily
removed [19,33,37,38]. According to the results published by other
authors [14,35], it can be calculated that predominantly calcium
ions are removed. Possibly the discrepancy stated could be due to
the presence of soluble impurities, different ratio of the exchange-
able ions in the natural material, as well as to the influence of
the modification conditions. For example, various orders of uptake,
depending on the concentration of the modification solution, were
obtained when clinoptilolite was treated with NH4Cl solution [19].
A more clear quantitative idea of the substitution of the alkaline
and alkaline earth cations from the zeolite structure with protons
or hydroxide ions could be withdrawn on the basis of the Zcat func-
tion. Obviously, the cation deficiency is the highest for series 3, and
the lowest for series 1. Consequently it could be concluded that
the highest extent of decationisation is obtained for NH4Cl mod-
ification and the lowest—for the treatment with increasing acid
concentration solutions.

The extent of samples dealuminisation increases with the
increase in the concentration of the acid. It is established that
during the multiple treatment with 1N HCl the dealuminisation
was detected even at a lower extent, while during the threefold
NH4Cl treatment no dealuminisation was registered. These ten-
dencies could be observed also from the changes in the silicate
module due to the chemical modification. The modification accom-
plished in this study did not lead to a high extent of decationisation
and a high molar ratio SiO2/Al2O3, as it was demonstrated in
some other investigations at the same working conditions [22,24].
The reason might be due to the prevailing calcium ions in the
material used and to the influence of the impurities. Possibly, the
slight effect of the acid treatment is a result not only from equi-
librium but also from kinetic factors, as the experiments were
conducted with comparatively large particles, not with powdered
material.

3.2. SO2 adsorption
Fig. 1. Breakthrough curves for SO2 adsorption on samples treated with various
concentration HCl solutions.
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Table 2
Breakthrough curve parameters.

Sample Name t0.1 (min) t0.9 (min) �′
1 (min) �2 (min) � a0.1 (mg cm−3) a0.9 (mg cm−3)

Series 1
0 Z 29.0 61.0 38.64 140.97 0.0472 51.10 73.34
1 Z1H 30.0 43.3 37.73 54.64 0.0192 59.62 74.94
2 Z2H 35.0 54.2 38.38 51.17 0.0174 66.31 72.67
3 Z3H 42.0 60.0 39.91 49.85 0.0156 63.20 74.35
4 Z4H 46.5 66.8 50.35 77.55 0.0153 79.75 93.82
5 Z5H 43.0 66.0 47.83 60.62 0.0147 75.75 89.12
6 Z6H 40.2 63.0 44.91 53.44 0.0133 74.94 83.67
8 Z8H 26.5 35.0 27.43 23.03 0.0080 49.78 51.47

Series 2
1 Z1H 30.0 43.3 37.73 54.64 0.0192 59.62 74.94
2 Z1H2t 33.0 50.0 37.17 49.84 0.0196 62.66 69.27
3 Z1H3t 34.2 53.0 37.71 54.33 0.0181 64.13 70.56
4 Z1H4t 37.0 55.0 36.80 55.88 0.0179 68.93 71.77
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5 Z1H5t 35.5 56.5 40.59

eries 3
1 ZNH4 42.0 60.0 44.26

Almost all of the breakthrough curves for the treated samples
how higher breakthrough time and their slope is larger when
ompared to the natural clinoptilolite curve. This statement is true
specially for the first series samples. To assess the influence of
he equilibrium and kinetic factors, the following parameters were
eported from the experimental curves: the breakthrough time t0.1,
he saturation time t0.9 (the time necessary to achieve relative SO2
oncentrations at the fixed-bed exit C/C0 = 0.1 and C/C0 = 0.9, respec-
ively); the first �′

1 and the second �′
2 initial and the second central

2 statistic moments of the breakthrough curves, as well as the
educed second central � statistic moment were determined by Eqs.
5)–(8); the dynamic adsorption capacity to breakthrough a0.1 (Eq.
9)) and to saturation a0.9 (Eq. (10)) were calculated. The values
btained are presented in Table 2.

′
1 = 1

C0
·
∫ ∞

0

(C0 − C) · dt (5)

′
2 = 2

C0
·
∫ ∞

0

(C0 − C) · t · dt (6)

2 = �′
2 − (�′

1)2 (7)

�2
=
2 · (�′

1)2
(8)

0.1 = C0 · w0 · ε · t0.1

L · (1 − ε)
− ε

1 − ε
· C0 (9)

ig. 2. Breakthrough curves for SO2 adsorption on samples multiply treated with
N HCl and NH4Cl solutions.
48.55 0.0197 66.47 75.96

62.93 0.0161 56.36 83.11

a0.9 = C0 · w0 · ε · �′
1

L · (1 − ε)
− ε

1 − ε
· C0 (10)

In Eqs. (5) and (6) C is the current SO2 concentration in the gas
mixture at the fixed-bed exit, and t is the current time.

The first initial moment �′
1, which is the value of the integral of

the breakthrough curve, at equal gas flow flux and bed height is a
measure for the adsorption capacity. The second central moment �2
is a function of equilibrium and also of kinetic factors and represents
the concentration curve dispersion with time at the bed exit. Often
for convenience, the relative breakthrough curve dispersion, i.e. the
reduced second central moment �, is used when evaluating only the
kinetic parameters.

There are some interesting effects resulting from the clinoptilo-
lite modifications made with regard to the saturation adsorption
capacity a0.9. The increase of the adsorption capacity of the ZNH4
sample is about 13%. It was established that the adsorption capacity
of the samples from the first series at 4, 5 and 6N HCl treatment
increases but the capacity of the samples treated with 8N HCl
decreases. The sample Z4H characterizes with the highest a0.9 value
(28% higher than that of the natural clinoptilolite). The dealumin-
isation of the same sample is 24%. Concerning the second series,
there is no tendency of significant change in �′

1, respectively in the
adsorption capacity. As the series 1 and 2 differ mainly in the extent
of dealuminisation, probably the outlined changes in the adsorp-
tion capacity are due to an increase of the total pore volume when
more aluminium is removed. About 50% of the initial aluminium ion
amount was removed when the zeolite was modified with 8N HCl
solution. The tendency of adsorption capacity decrease at higher
extent of dealuminisation, probably is due to a change in the ratio
between the strong electrostatic and the weak Van-der Waals inter-
action between the zeolite surface and the polar SO2 molecule. The
same effects at increasing of SiO2/Al2O3 ratio are observed more
often for water vapours adsorption [6]. A partial destruction of the
crystal lattice is not excluded.

The dynamic adsorption capacity to breakthrough a0.1 is attrac-
tive from a point of view concerning the practical application of
zeolites for SO2 removal from flue gases, when the process is carried
out to meet the required concentration. The values of a0.1 increase
to a greater extent when compared to a0.9 (e.g. with 56% for Z4H),
except for the sample Z8H. The tendency here is the same—decrease

of a0.1 after 24% dealuminisation extent.

Comparing the values of the reduced second order central
moment � a sharp decrease in all samples is observed. One possi-
ble reason might be the expansion of the pore openings as a result
of decationisation, i.e. formation of the so-called “open structures”,
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Fig. 3. Breakthrough curve for SO2 adsorption on natural clinoptilolite.

hich will lead to a decrease of the diffusion resistance. The type
f the cation and its localisation in the crystal lattice define the size
f the framework channels openings.

To examine the influence of the samples modification with HCl
nd NH4Cl solutions on their equilibrium and kinetic relations the
reakthrough adsorption curves in the region from t0.1 to t0.9 were
escribed according to the equations proposed by Hashimoto and
iura [38] for a Freundlich type isotherm, a linear driving force

nd a constant pattern concentration front. The calculations for
he natural clinoptilolite are based on earlier data for the equi-
ibrium and kinetic parameters [39] of the system studied namely
or the parameters of Freundlich equation a = Ak · Cn

0 , Ak = 66.2 and
= 0.6 (at concentration of sulfur dioxide a, in mg g−1), Reynolds
umber = 18, Biot number = 25.9 and well describe the adsorption
xperiment on the natural material (Fig. 3).

To obtain the calculated curves of the treated samples the fol-
owing corrections were made:

1. The equilibrium coefficient Ak from the Freundlich model a =
Ak · Cn

0 is corrected with the ratio of �′
1 for the treated sample

and the untreated natural clinoptilolite.
. The Biot number is corrected with the ratio of � for the treated

sample and the untreated natural clinoptilolite.2 The Biot num-
ber (Bi = ˇ·R/D) evaluates the dominating influence of surface or
intraparticle diffusion. When the experiments are conducted at
a constant rate of the gaseous phase, as in the case, the verifi-
cations of the Biot number values would register only changes
concerning intraparticle diffusion.

. Both parameters Ak and Biot number are corrected.

The breakthrough curves shown in Fig. 4a–e are prepared with
he corrections of the parameters presented in Table 3.

The plots in Fig. 4a–e show that due to the last correction the
est fits between the calculated and the experimental results are
btained. The statistic moments method could be applied for expla-
ation of the changes occurring in the zeolite sample during its
hemical modification.

Once again it is confirmed that the decationisation resulting

rom the treatment of the natural clinoptilolite with NH4Cl (Fig. 4e)
r with low concentrated HCl solutions (Fig. 4a), even multiple
reated (Fig. 4d) where the dealuminisation is insignificant, the
dsorption capacity is nearly unchanged, while the diffusion resis-

2 The reduced second central moment used in the recent investigations is valid for
inear equilibrium. For nonlinear isotherm and formed steady mode of the adsorp-
ion wave-front movement � should be corrected [40]. However, as though it is not
sed for the calculation of diffusion coefficients but only for qualitative comparison
f the diffusion resistance, it is accepted that the application of � in this study is
orrect. The latter conclusion will be confirmed later by the coincidence between
he calculated and the experimental breakthrough curves.

Fig. 4. Breakthrough curves for SO2 adsorption on samples treated with various
normality HCl acid and NH4Cl: (a) 2N; (b) 4N; (c) 6N; (d) 1N three times; (e) NH4Cl.



394 S.J. Allen et al. / Chemical Engineerin

Table 3
Values of the coefficients Ak and �, used in the breakthrough curves calculations.

Sample Correction Values of Ak Values of Bi

Z2H (Fig. 4a)
Calc, Ak 65.8 25.9
Calc, � 66.2 9.6
Calc, Ak , � 65.8 9.6

Z4H (Fig. 4b)
Calc, Ak 86.3 25.9
Calc, � 66.2 8.4
Calc, Ak , � 86.3 8.4

Z6H (Fig. 4c)
Calc, Ak 77.0 25.9
Calc, � 66.2 7.3
Calc, Ak , � 77.0 7.3

Z1H3t (Fig. 4d)
Calc, Ak 64.6 25.9
Calc, � 66.2 9.9
Calc, Ak , � 64.6 9.9

Z

t
c
f

4

t

C

i
t
s
m

c
o
t
m
s
i
s

s
c
T
a
r
z
o

b
i

t

l
n
a

A

t

[

[

[
[

[

[

[

[

[

[

[
[

NH4 (Fig. 4e)
Calc, Ak 75.8 25.9
Calc, � 66.2 8.8
Calc, Ak , � 75.8 8.8

ance is considerably altered. In such cases the breakthrough curves
an be precisely modeled through a correction only of the kinetic
actor �, and not the equilibrium one Ak.

. Conclusion

After the treatment of the zeolite with HCl acid or NH4Cl solu-
ions the following selective order of cation uptake is formed:

a2+ > Na+ > K+

The magnesium ions content in the initial material is small, so
ts participation in the ion-exchange process can be excluded. Due
o its large size and its location in the zeolite structure, the potas-
ium ions poses low extent and low rate of uptake during acid
odification of the samples.

During the treatment of clinoptilolite with increasing acid con-
entration solutions, beside decationisation, progressive uptake
f aluminium ions from the solution is observed. At multiple
reatment of the samples with 1N HCl significant change in the alu-

inium amount is detected only during the first modification. The
ilicate module does not alter under the impact of NH4Cl solutions,
.e. the treatment with these solutions does not cause dealumini-
ation.

Due to an increase in the adsorption volume, the dealumini-
ation up to about 24% leads to a slight growth of the adsorption
apacity a0.9, i.e. to saturation of the adsorbent samples with SO2.
he further increase of the dealuminisation extent diminishes the
dsorption capacity. The probable reasons might be changes of the
ole of the electrostatic and Van-der Waals interactions between the
eolite surface and the polar SO2 molecule, as well as a destruction
f the crystal lattice of the material.

The adsorption capacity increases to a higher extent until the
reakthrough point a0.1 but the tendency is the same—its decreas-

ng after 24% dealuminisation.
The decationisation of the zeolite decreases the diffusion resis-

ance as a result of pore openings expansion.
The treatment of the natural clinoptilolite with NH4Cl or with

ow concentrated HCl solutions the adsorption capacity remains
early unchanged, while the diffusion resistance is considerably

ltered.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.cej.2009.04.063.
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