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Abstract. This work reveals a method of complex
thermal and chemical activation of natural clinoptilolite
from Sokyrnytsky deposit. The chemical activation of a
mineral was carried out by HCI solutions treatment at
various ratios of liquid-to-solid phases. With the use of
thermal and infrared (IR) spectroscopic analyses, the
adsorption property of a natural and activated clino-
ptilolite has been examined for water vapor. The ability of
complexly activated clinoptilolite to adsorb direct dyes
from their aqua solutions has been investigated. The
constants of isotherms of monomolecular adsorption by
Langmuir have been determined. Activated clinoptilolite
has been suggested to be used for the treatment of
wastewater containing organic impurities.

Keywords: zeolite, thermal analysis, adsorption, direct
dyes.

1. Introduction

The water resources potential of Ukraine provides a
basis of social, ecological and economic well-being of the
nation. Wastes from chemical, food, pulp, and paper
industries are the main sources of contamination by organic
substances, particularly by surface-active agents and dyes.
The production of dyes is related with using a large amount
of water. On average, manufacturing of 1 ton of dyes
consumes approximately 100225 tons of water. In fabrics
dyeing, 10-40% of used dyes, depending on the type,
come into wastewater [1]. Important is the assessment of
surface water objects that are under the influence of
contamination components effluents [2], and analysis of
opportunities for natural purification of effluents that are
filtered from accumulation pounds, in the “aeration nature
zone — wastewater” system [3]. The existence of a large
number of organic contaminants leads to the death of fish,
forage resources in bodies of water, impairs the taste and
smell of water, and inhibits water self-purification in
reservoirs. One of the ways to prevent environment
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pollution by wastewater is the application of modern
efficient treatment technologies, such as ultrasound and
vibration cavitation [4, 5], membrane technologies [6, 7],
electrodialysis [8, 9], adsorbtion on natural sorbents of
mineral [10, 11] and plant [12, 13] origin, as well as aerobic
biological methods [14, 16]. An effective method of
preventing surface water bodies pollution by hydrobionts is
to collect and use them for the production of energy carriers
(biogas, biodiesel) [17, 18].

The efficiency of wastewater treatment with natural
adsorbents using an example of natural zeolites has been
examined. Unlike carbon adsorbents, natural zeolites are
cheap enough. They are characterized by high mechanical
strength, chemical resistance and porosity. The specificity
in properties of these adsorbents is postulated by the
structure of a three-dimensional aluminosilicate
framework and by the existence of a developed system of
cavities and channels within which a complex of
exchangeable cations and water molecules are retained.
Owing to their unique features, natural zeolites are widely
used in various industries [19].

However, in a number of cases natural zeolites
(principally clinoptilolite) cannot be used for sewage
treatment because of the pores in their structure which size
is smaller than that of organic pollutants. Thus, the
diameter of clinoptilolite channels can range from 0.38 to
0.62 nm whilst the sizes of solvated direct-dye ions are
greater than 1 nm [20].

For controlling molecular sieve properties, zeolites
are subjected to thermal and chemical activations. In the
process of thermal activation (that may be usefully
undertaken in a filtration process, the kinetics of which
was given in [21]), free cations migrate into inaccessible
areas of the zeolite framework. This allows for an increase
in the size of channels and overcoming difficulties
associated with a molecular sieve effect. Nevertheless,
thermal activation is a reversible process. The activated
zeolite rapidly reproduces its original structure by losing
enhanced adsorption properties that were acquired [22].
Chemical treatment provides irreversible changes in the
structure of zeolite, causes the decationation of samples by
converting them to H'forms. Chemical activation is
performed by using mineral acids. An increase in the acid
concentration can initially lead to an improvement in the



Use of Activated Clinoptilolite for Direct Dye-Contained Wastewater Treatment

adsorption features of zeolite, and then can cause
destruction of its three-dimensional framework.

Therefore, the aim of the work was to
experimentally find a way of activating natural zeolite in
order to obtain a highly effective adsorbent, which can be
used to remove organic contaminants from wastewater.

2. Experimental

A naturally occurring zeolite, that is, a clinoptilolite
(sample 1), a thermally activated clinoptilolite (sample 2)
and a complexly (both thermally and chemically)
activated clinoptilolite (samples 3 and 4) have been
investigated in this work.

The natural clinoptilolite from Sokyrnytsky deposit
was used for investigation. The chemical composition of
mineral (wt %) comprises SiO; 70.21; Al,O3 12.27; Fe,0;
1.2; FeO 0.55; TiO; 0.14; MnO 0.073; P,05 0.033; K,O
3.05; Na,O 1.77; SO; 0.10; CaO + MgO 10.604.

The composition corresponds to the following
formula:
0.2Na,0:0.26K,0-0.43Ca0-0.2Mg0-9.57Si0,-Al,05-0.09F ¢, 0;.

The particle size of natural clinoptilolite was
0.25 mm.

The thermally activated clinoptilolite was obtained
by heating natural clinoptilolite in air. Thermal activation

Direct green (DG)

Direct violet (DV)

For the investigation of direct dyes adsorption,
clinoptilolite of 0.62 g was mixed with 20 ml of dye
solution. The dye concentration in the solution was
50 g/m’. The resulting suspension was shaken at AVU-6
for 12 h at the oscillation frequency of 100 min™”. The
initial and equilibrium concentrations of dyes in the
solution were determined using a photoelectric
colorimeter KF-77. The suspension was precipitated until
clinoptilolite was completely detached from the dye
solution. The liquid phase was filtered off.

Dye adsorption by clinoptilolite samples was
investigated in a region of concentrations below the
critical concentration of micelle formation. The surface
tension of dye aqueous solutions was measured by the
ring method.
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of clinoptilolite was carried out at the temperature of
573 K for 2 h [23].

In the process of complex activation, clinoptilolite
samples have been pretreated with 5% HCI solutions
within twenty-four hours at the ratio of solid-to-liquid
phases of 1:5 (sample 3) and 1:10 (sample 4). The
samples were then kept in air at 573 K.

The thermal analysis of clinoptilolite samples was
done on a Q-1500 D derivatograph of system F. Paulik, J.
Paulik and L. Erdey at the temperatures from 293 to
1273 K. The samples were analyzed dynamically at the
heating rate of 10 K/min under atmosphere of air. The
weight of samples 1 and 2 was equal to 500 mg and that
of samples 3 and 4 amounted to 400 g. TG sensitivity was
100 mg, DTG sensitivity was equal to 500 uV, and that of
DTA 100 pV. AL,O; was used as a standard. Before
conducting thermal studies, the clinoptilolite samples have
been saturated with water vapor for two hours at room
temperature and at the relative pressure of water vapor
p/ps=04.

Registration of infrared spectra was recorded on
Avatar 320 FT-1R device in the range of 4000400 cm’
in the form of KBr tablets.

The adsorption property of those clinoptilolite
samples that underwent complex activation was
investigated by using dyes:

o

3. Results and Discussion

Thermal analysis is one of the main research
techniques for zeolites. With this method, the nature of
bound warter, the character of dehydration process on
heating samples and their thermal stability are determined.
Data from thermogravimetric (TG) and differential
thermal analyses (DTA) give a deep insight into the nature
of processes that occur in zeolite when heated.

Thermograms for the samples of clinoptilolite are
shown in Figs. 1-4. The TG curves show a mass loss of
samples on heating. The DTA curves determine the sign
and define a quantity of the thermal effect. The curves of
differential thermogravimetric analysis (DTG) are a result
of TG curve differentiation, corresponding to the rate of
mass loss of samples at an appropriate temperature.
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Thermolysis of the clinoptilolite samples comprises
four stages. At the first stage, which occurs at the
temperatures from 293 to 483 K, the physically adsorbed
moisture is released, which is followed by a rapid mass
loss of the samples and a deep endothermic effect that
appears on the DTA curve.

At the first stage, the ability of the clinoptilolite
samples to adsorb is estimated by the loss of mass
(Table 1). Thermolysis data reveal that sample 2
demonstrates higher absorption in comparison with
sample 1. Such feature of sample 2 can be attributed to the
thermal activation that involves diffusion of exchangeable
cations in internal channels of the zeolite structure. This
process is accompanied by the growth of crystalline
interior of the mineral and enhanced ability to adsorb
water molecules [24].

Complexly activated samples 3 and 4 exhibit
greater adsorption property for water vapor as compared
with samples 1 and 2. Treating clinoptilolite with HCI
solution leads to the removal of exchangeable cations Na',
K, Ca®" from its structure and to the conversion of
clinoptilolite into the H" form. These changes cause a rise
in the size of channels, making them more readily
accessible to water molecules [25].

The second stage of thermolysis in the temperature
range from 473 to 683 K fits with the discharge of water
molecules that are coordinately linked with cations of the
minerals crystalline lattice. This process is followed by the
gradual mass loss of samples and by an endothermic
effect on the DTA curve.
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The third stage of thermolysis occurs at
temperatures from 653 to 798 K, revealing surface
dehydroxylation due to splitting out of OH groups. The
nature of activation is strongly pronounced as evidenced
by the appearance of an insignificant endothermic
maximum on the DTA curve within a given range of
temperature.

At the fourth stage in the temperature range of
781-1273 K there is a destruction and amorphization of
the zeolite crystal structure and completion of surface
dehydroxylation. This process is followed by a significant
endothermic effect that appears on the DTA curve [26].

Considering the mass loss at the third and fourth
stages, the specific surface area of samples of
clinoptilolite is calculated on the basis of Eq. (1) [20]:

Srmm :nSO/m (1)
where S, is an area corresponding to one chemisorbed
water molecule (S, = 0.21 10"®m*molecule); n is a
quantity of chemisorbed water molecules; m denotes the
weight of a clinoptilolite sample, kg.

The samples of activated clinoptilolite are noted for
an interphase surface found to be more developed when
compared with the sample of natural clinoptilolite. A
specifically well-developed phase boundary is typical of
sample 4, which can be ascribed to changes caused by
complex activation. Acid affects not only the cationization
of the sample. Under the influence of H™ ions clinoptilolite
is partially dealuminated. Not only increases the volume of
internal channels of the mineral, but a number of
micropores and transition pores also appears [24].

Table 1
Results of thermolysis of thermally activated samples of clinoptilolite
Sample Weight of Temperature Mass Total mass Tinax of main Specific surface | Adsorption pro-
P sample, mg range, K loss, mg loss, mg endothermic effect area, m’/g perty, mmol/g

293-473 31

1 500 473673 13 54 125 140.5 34
673-781 45
781-1273 5.5
293473 42
473-653 15.5

2 500 653793 3 68.5 160 1545 4.6
793-1273 4.5
293-473 34
473475 13

3 400 475793 4 54 140 154 4.72
793-1273 4.5
293-483 37
483-683 16

4 400 683798 15 64 162 199 5.13
798-1273 6.5
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Fig. 1. Thermogram of sample 1
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Fig. 3. Thermogram of sample 3

The effect of activation on physico-chemical
properties of the clinoptilolite samples is confirmed by data
from the IR spectroscopic analysis. The results of the said
analysis for the investigated samples are represented in
Figs. 5-8. A wide band that becomes apparent in IR spectra
of samples in a high-frequency region of 3800-3500 cm’" is
referred to valence vibrations of OH groups of adsorbed
water [27]. This water is retained on the surface of
clinoptilolite by oxygen atoms due to hydrogen bonds. For
the activated samples of clinoptilolite, this band is found to
be deeper. The data obtained are supported by the results of
thermal analysis (Table 1). The samples of activated
clinoptilolite show a higher adsorption capacity for water
vapor in comparison to the sample of natural clinoptilolite.

The band that appears in the IR spectrum of a
clinoptilolite sample at 2359.82 cm™ is associated with
stretching vibrations of isolated hydroxyl groups that exist
on the surface of sample 1. Similar bands on spectra of the
samples of activated clinoptilolite are shifted to a region
of higher frequencies. For sample 2, the band of stretching
vibrations of isolated hydroxyl groups is shown at
2360.37 cm’l, for sample 3 — at 2365.41 cm’l, and for
sample 4 — at 2364.00 cm’™.

The band that is attributed to bending vibrations of
OH groups is observed on the IR spectrum of the sample
of natural clinoptilolite at 1635 cm™. The bands for
bending vibrations of OH groups of activated
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Fig. 4. Thermogram of sample 4

clinoptilolite samples are shifted to higher frequencies,
and comparatively are more intense than the sample of
natural clinoptilolite. For sample 2, this band is observed
at 1636.79 cm’', for complexly activated samples — at
1636.80 cm™ (sample 3), and 1636.59 cm™ (sample 4).
The existence of a greater number of OH groups on the
surface of the activated samples is confirmed by the
thermal analysis data. In terms of the loss of mass as a
result of the detachment of hydroxyl groups in the high-
temperature region, the specific surface of the samples is
identified. As compared to the samples of natural clino-
ptilolite, S; is greater for those of activated clinoptilolite.
The strong band that becomes apparent on the IR
spectrum of natural clinoptilolite at low frequencies of
1054.96 cm™ is attributed to the internal and external
vibrations of (Si, Al-O bonds of aluminosilicate
framework of the mineral. For the samples of activated
clinopillolite, this band is deeper and is shown at 1062 cm’*
(sample 2), 1050.34 cm™ (sample 3) and 1082.30 cm™
(sample 4). Considerable deepening of the bands of
intratetrahedral vibrations on the spectra of the samples of
complexly activated clinoptilolite indicates the partial
decomposition of Si—~O—Al linkages in samples 3 and 4.
The decomposition of (Si, Al)-O bonds in samples 3 and
4 under the influence of HCI solutions causes the
beginning of zeolite dealuminization, which is
accompanied by an increasing number of channels in the
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structure of the mineral coupled with its specific surface.
A change in the nature of the bands for natural
clinoptilolite in the course of its activation is well
consistent with thermolysis data. Complexly activated
sample 4, obtained at the lower content of solid phase, is
noted for the largest value of S.

After conducted physical and chemical researches,
it has been, therefore, found that as a result of complex
activation of natural clinoptilolite it is possible to obtain a
mineral with a developed specific surface and better
ability to adsorb water molecules.

The samples of clinoptilolite after exposure to
complex activation were researched for the ability to
adsorb molecules of direct dyes.

A large quantity of water-soluble dyes referred to
different types (acidic, basic, direct, etc.) is currently pro-

Viktoria Kochubei et al.

duced. The ability of dye molecules to be adsorbed on the
surface of a mineral essentially depends on their spatial
arrangement, the existence of functional groups, and their
ability to associate. Therefore, the effectiveness of the use
of sorbents in the processes of water purification and in
ensuring water resources security largely depends on a
dye type.

Adsorption of dyes on the surface of minerals may
occur under the influence of intermolecular forces that are
physical in nature. The adsorption of direct dyes on the
surface of complexly activated clinoptilolite can also take
place under the effect of forces of chemical nature not
least because of the formation of ionic bonds that arise
between the H form of a modified clinoptilolite and an
organic ion of a dye [25].
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Fig. 5. IR spectrum of sample 1
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The ability of direct dyes to be adsorbed onto the
surface of complexly activated clinoptilolite samples was
proved by using the IR spectroscopic analysis.

On the spectrum of samples 3 and 4 that contained
an adsorbed dye of DG and DV in the region of 3600—
3400 cm™ we observe the appearance of additional bands
corresponding to the symmetric and asymmetric
stretching vibrations of the N-H bonds that are present in
amino groups of the dye [28]. The appearance of
additional bands in the region of 1600-1500 cm™ is
referred to bending vibrations of the N—H bonds of the
NH, groups. The bands observed at 1500-1480 cm
correspond to the vibrations of the —C=C— bonds of the
aromatic ring of the dye. On IR spectra of samples of
activated clinopilolite there is an increase in band intensity
in the region of 1200-1000 cm” caused by stretching
vibrations of the C—N bonds of the adsorbed dye [29].

Figs. 9 and 10 show the adsorption isotherms of
DG and DV dyes on the surface of samples 3 and 4 of
activated clinoptilolite. The values of dye adsorption were
defined according to Eq. (2):
CG-Cy )

m
where C; and C, are initial and equilibrium concentra-
tions of dyes in the solution, respectively, mmol/m’; V is a

A=

A, mmol/kg
g 1
2 2
1 4
0

0 20 40 60 80 100

G, mmol/m’

Fig. 9. Adsorption isotherms of dyes on the surface of
sample 3: direct violet (1) and direct green (2)

volume of dye solution, m’; m denotes the weight of
activated clinoptilolite sample, kg.

The dye adsorption was investigated in a
concentration region below the critical concentration for
micelle formation (Ccyy). The latter was identified by the
break in the curve o = f{Inc). The critical concentration
for micelle formation for the solution of direct green dye
and for that of direct violet was 370 and 174 mmol/m’ R
respectively.

As it can be seen from Figs. 9 and 10, the adsorption
of direct dyes on the samples of activated clinoptilolite
follows well the theory of Langmuir monomolecular
adsorption. By linearizing the equation of the Langmuir
adsorption isotherm, the constants were found — a limit
value of the monomolecular adsorption 4., and the constant
of adsorption-desorption equilibrium K (Table 2).

Sample 4 has a comparatively better adsorption
property for direct dyes than sample 3. Through the
whole range of concentrations under investigation, the
adsorption value for this sample is higher as compared to
sample 3 (Figs. 9 and 10). Sample 4 is characterized by
larger values of constants of the adsorption-desorption
equilibrium. The results of the adsorption property of the
samples are in good agreement with the data from the
thermal and IR spectroscopic analyses. Sample 4 has the
most effective surface of phase boundary (Table 1).
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4 1
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Fig. 10. Adsorption isotherms of dyes on the surface of
sample 4: direct violet (1) and direct green (2)
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Table 2
Langmuir isotherm constants
Sample Dye A, mmol/kg K, kg/mmol
3 DG 2.35 0.0100
4 DG 3.50 0.0594
3 DV 7.50 0.0071
4 DV 9.53 0.0076

Variations in values of 4., and K of direct dyes can
be ascribed to the fact that the nature of direct dyes affects
their ability to be adsorbed on the surface of zeolite. Dye
molecules of DG and DV have various amounts of
hydrophilic groups able to participate in the formation of
solvates with solvent molecules. Dye molecules of DG are
more susceptible to solvation in aqueous solution than
those of DV. This may explain lower values of A, of the
DG dye when compared with the DV dye as well as the
rate of curves of adsorption isotherms of dyes. For the DG
dye, the adsorption value rapidly increases in the low-
concentration region when filling large zeolite pores and
gradually rises in the region of high concentrations. In the
said region, the DV dye exhibits a better adsorption
capacity owing to the smaller size of solvates that can
penetrate the adsorbent finer pores.

4. Conclusions

As a result of the performed physico-chemical
studies it has been proved that in the process of the
complex (thermal and chemical) activation of
clinoptilolite the mineral with enhanced adsorption
features has been obtained. Comprehensive application of
chemical and thermal treatment brings about irreversible
changes in the structure of zeolite, which is followed by
the growth of its specific surface. The transition of
clinoptilolite into the H" form, which is followed by an
irreversible clearance of an interior of the mineral, enables
it to adsorb ions of direct dyes.

The investigation results make it possible to assert
that complexly activated clinoptilolite can be used in
water purification processes. For this reason, this sorbent
is recommended for the absorption of surfactants from
wastes of chemical, pulp and paper industries.
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BUKOPUCTAHHA AKTUBOBAHOI'O
KIIMHONTWIOJITY JUIsA OYMIIEHHA CTTYHHUX
BO/J B1J ITPIMUX BAPBHUKIB

Anomauin. 3anponoHosano memoo KOMNIEKCHOI MepMIYHOT
ma ximiunoi akxmueayii npupoonoco kiuxnonmunonimy CoxkupHuyb-
K020 pooosuwja. XiMiuHy akmusayito MiHepay npoeoowi HACTIOOK
06pobnenns pozyunamu HCI 3a pisnoeo cnigsionowentst piokoi ma
meepooi gpaz. 3 euxopucmannsm mepmiunoco ma 149-cnexkmpo-
CKONIYHO20 AHANI3I8 0OCIIONCEHA A0COPOYIUHA 30amHICMb NPUPOO-
HO20 Ma AKMUBOBAHO2O KIUHONMUIONIMY BIOHOCHO NApi6 BOOU.
Hocnioxcena 30ammicmo KOMIIEKCHO AKMUBOBAHO20 KAUHONMUWIO-
simy aocopbyeamu npsimi 6apeHuKu i3 IX 0OHUX po3uuHie. Buznaueni
KOHCMaHmu  i30mepmu  MOHOMONEKYIApHOL  adcopbyii Jlenemiopa.
3anpononosano 3acmocosysami AKMUEOBAHUI KIUHONMUNONIM Ost
OUULYEHHSI CMIYHUX 800 10 OP2AHIYHUX 3A6PYOHEHD.

Knrouosi cnosa: yeonim, mepmiunuil ananis, aocopoyis,
npsimi 6apeHUKU.



