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© Abstract. Significant quantities of wastewater are generated in dyes synthesis processes and in technologies involving
their use, which are toxic to living organisms, making the purification of industrial wastewater from organic colouring
substances a pressing issue nowadays. The aim of this study was to investigate the prospects of using natural clinoptilolite
from the Sokyrnytske deposit and its activated forms in the purification processes of wastewater from direct dyes. Natural
clinoptilolite was activated by treatment with 5% H,SO, and HCI aqueous solutions and heating at 300°C for two hours.
The impact of activation conditions on the structural adsorption properties of clinoptilolite has been determined using
a comprehensive thermal analysis method. The adsorption of the direct violet dye by natural and activated clinoptilolite
has been investigated using spectrophotometric methods at pH 7 and a light wavelength of 550 nm, corresponding to
the maximum value of light absorption coefficient. According to the results of thermal analysis, activated clinoptilolite
samples exhibited a more developed specific surface area and a higher presence of hydroxyl groups, which can serve as
active adsorption sites on the surface. The results of the violet dye adsorption have corresponded to the monomolecular
Langmuir theory, indicating the energetic homogeneity of the adsorption centres. By linearizing the Langmuir adsorption
isotherm equation, adsorption characteristics of natural and activated clinoptilolite with a 5% HCI aqueous solution
relative to the direct violet dye have been determined. Activated clinoptilolite has shown increased sorption capacity
(9.53 mmol/kg) compared to natural clinoptilolite (2.28 mmol/kg). The improvement in adsorption characteristics of
activated clinoptilolite has been explained by its partial dealumination, resulting in the appearance of meso- and macropores
capable of retaining dye molecules. The use of a 30% H,SO, aqueous solution in activation processes and heating above
400°C has caused mineral degradation, confirmed by electron images of its surface. Practical value of the study lies in the
recommendation to apply activated clinoptilolite in the purification processes of wastewater from organic pollutants
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@ Introduction

One of today’s problems is the reduction of the world’s
freshwater reserves. Particularly harmful pollutants in the
hydrosphere are organic compounds. Among such pollut-
ants, organic dyes, which are widely used in the technolog-
ical processes of the light, food, pulp and paper industries,
occupy a prominent place. In textile production, direct an-
ionic dyes are widely used. These dyes are characterized by
affinity for both cellulose fibres and amphoteric fibres (silk,
leather, fur). According to M.G. Koval (2022), depending
on the type of dye and the method of dyeing the fabric,
from 20 to 50% of dyes enter the wastewater at the end of
the production cycle. When washing dyed fabrics, the un-
fixed dye is washed off the surface of the fibre and enters the
wastewater in significant quantities, many times exceeding
the norms of maximum permissible concentrations. Ac-
cording to a study by J. Pavlovi¢ et al. (2022) the presence of
dyes in water bodies reduces light transmission, negatively
affects photosynthesis, disrupts self-purification processes
and causes significant damage to aquatic ecosystems.

There are many technologies for wastewater treatment
from organic pollutants. Researchers N.M. Tolstopalo-
va et al. (2019) include chemical (coagulation, ozonation,
photochemical reactions, electrochemical destruction,
electrochemical coagulation), physical (adsorption, mem-
brane separation, ion exchange) and biological treatment
to traditional methods of removing dyes from the aqueous
phase. In particular, N. Oz et al. (2021) investigated mem-
brane microfiltration technology in details. According to
spectrophotometric studies, the discoloration effects of dye
solutions were 91-95%, 94-98% and 96-99% at light wave-
lengths of 436 nm, 525 nm and 620 nm. M. Madani (2021)
described the technology of electrochemical treatment of
effluents from direct dyes, investigated the influence of
various factors on the efficiency of dye removal - the dura-
tion of purification, the pH of the medium, the presence of
sodium chloride in the dye solution. Scientists T.V. Solo-
dovnik ef al. (2019) investigated the influence of the con-
ditions of coagulation and flocculation processes on the
degree of purification of dyed model solutions, similar in
composition to wastewater of textile enterprises, using a
natural flocculant - chitosan in combination with inor-
ganic coagulants.

During the period of hostilities and limited funds for
water protection measures, it is important for enterprises to
choose the most optimal wastewater treatment technology.
One of the important methods of elimination of hydro-
sphere pollutants is the technology of adsorption treatment
of effluents with the use of mineral sorbents. Scientists
S. Matiiuk & V. Gribinko (2019) claim that the sorption
method allows to remove a trace amounts of contaminants,
makes it possible to remove substances of an extremely
wide nature from wastewater, regardless of their chemical
resistance. Mineral sorbents of natural origin such as zeo-
lites and clay minerals, which are characterized by a suffi-
ciently high sorption capacity, cation exchange properties,
availability and low cost, are widely used for wastewater
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treatment. Natural sorbents are widespread in Ukrainian
deposits and are effectively used in various sectors of the
national economy. Significant deposits of zeolite rocks are
found in Transcarpathia and the mountainous Crimea.
The most significant industrial importance among them
belongs to the Sokyrnytske zeolite deposit. O.I. Ivanen-
ko et al. (2020) note that the reserves of zeolite deposits of
the Sokyrnytske deposit amount to 125.6 million tons, of
which 39.5 million tons are high-quality zeolites. Clinop-
tilolite is one of the varieties of zeolites that belongs to the
heulandite group and is widely used in practice.

The specific properties of this adsorbent are caused
by the structure of the three-dimensional aluminosilicate
framework, the presence of a developed system of cavities
and channels, which contain a complex of exchangeable
cations and water molecules. However, natural zeolites are
not able to absorb molecules of organic pollutants, the size
of which is larger than the size of the voids of the mineral.
To improve the adsorption properties, zeolites are subject-
ed to various types of activation. It is stated in the work
of A. Ivanchenko et al. (2021) that under the influence of
chemical activation, which proceeds as a result of the ac-
tion of mineral acids, partial dealumination of the mineral
occurs, which is accompanied by a change in the structural
and adsorption parameters — specific surface area and pore
size. Scientists I. Fediv et al. (2022) noted that one of the
most common methods of improving the sorption prop-
erties of zeolites is thermal treatment at elevated temper-
atures, which causes water desorption and the release of
zeolite channels.

However, the results of research on the adsorption
properties of zeolites are still not sufficiently complete and
systematized. The method of activation of zeolites, which
makes it possible to form a system of channels in the min-
eral capable of retaining molecules of surface-active sub-
stances and dyes in the process of adsorption, requires a
more detailed study. The efficiency of mineral modification
depends on the nature and concentration of the acid, the
contact time of the acid with the sample, the ratio of lig-
uid and solid phases, the temperature at which activation
is carried out. It is also necessary to take into account the
peculiarities of the structure of adsorbate molecules. In
particular, the ability of zeolites to adsorb dye molecules is
influenced by the property of dyes to dissociate and, under
certain conditions, to form associates. Therefore, the aim of
the work was to investigate the effect of complex thermal
and chemical activation with the participation of solutions
of chloride and sulfate acids on the structural and adsorp-
tion characteristics of one of the types of zeolite, Transcar-
pathian clinoptilolite, for use in the process of wastewater
treatment from dyes.

© Materials and Methods

In this work, the natural zeolite clinoptilolite of the
Sokyrnytske deposit of the Zakarpattia Region (Ukraine)
was studied. Chemical composition of the mineral
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Influence of chemical activation...

(wt. %): SiO, - 70.21; ALO, - 12.27; Fe O, - 1.2; FeO - 0.55;
TiO, - 0.14; MnO - 0.073; PO, - 0.033; K,O - 3.05; Na,O -
1.77; SO, - 0.10; CaO, MgO - 10.604. The composition of
clinoptilolite corresponds to the formula: 0.2Na O -0.26K,
0-0.43Ca0-0.2Mg0-9.57Si0, - ALO, - 0.09Fe O..

Natural clinoptilolite with an average grain size of
0.25 mm (sample 1) was activated by treatment with a 5%
solution of H,SO, (sample 2) and a 5% solution of HCl
(sample 3) at a ratio of solid and liquid phases of 1:10 dur-
ing the day. After activation, the solid residue was washed
with distilled water until a negative reaction to CI-,SO >
ions. Samples treated with mineral acids were kept for two
hours at a temperature of 300°C.

Thermal analysis of clinoptilolite samples was per-
formed on a Q-1500 derivatograph of the Paulik-Pau-
lik-Erdey system (MOM, Hungary) in the temperature
range of 20-1000°C. The samples were analysed in a dy-
namic mode with a heating rate of 10°C per minute in

an air atmosphere. The mass of the sample of natural
clinoptilolite was 500 mg, the mass of activated samples
was 400 mg. The sensitivity according to the scale of TG
(thermogravimetric curves) was equal to 100 mg, accord-
ing to the scale of DTG (differential thermogravimetric
curves) — 500 uV, and sensitivity according to the scale
of DTA (differential thermal analysis curves) — 100 uV.
Measurement error of mass loss was + 0.5%. The reference
substance was Al O,. Before conducting thermal studies,
clinoptilolite samples were saturated with water vapour for
two hours at room temperature. The specific surface area
of natural and activated zeolite samples was approximately
calculated based on the mass loss during their dehydroxy-
lation. To determine SSA, the area (0.21-107'® m?), which
accounted for one chemisorbed water molecule was taken
into account (Vasilechko et al., 2000). Direct violet (DV)
dye was used to study the adsorption capacity of clinop-
tilolite samples (Fig. 1).

NH,

N—N

OH

HO

Figure 1. Structural formula of direct violet

Source: created by the authors

The surface tension of aqueous dye solutions and the
critical micelle concentration (CMC) were measured by ring
tear-oft method. To study the adsorption, 0.62 g of clinop-
tilolite was mixed with 20 ml of DV dye solution of the prop-
er concentration. That suspension was shaken periodically
during 12 hours. Next, the suspension was precipitated un-
til the clinoptilolite was completely separated from the dye
solution, the liquid phase was filtered out. The adsorption
value of the DV dye was determined by the difference in
the concentrations of the initial and equilibrium solutions.

Concentrations of dye solutions were found using the
Perkin Elmer-402 spectrophotometer (Perten, USA) in the
range of light wavelengths of 195-900 nm. The operating
range of light wavelengths for adsorption studies was estab-
lished by determining the dependence of thelightabsorption
coeflicient on the light wavelength at different pH values.

To measure pH, an ionometer I-160MI (Tensor,
Ukraine) was used, commutated by a system of electrodes
ES-10603 and ESr-10103. In the preparation of alkaline
solutions (pH 13), 0.5 ml of M NaOH was added to 10 ml
of DV dye solution with a concentration of 50 mmol/m?,
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and in the preparation of acidic solutions (pH 1-2), 0.2 ml
of 1.0-10™* M HCl and 0.15 ml of 1,0-10™* M H,SO, were
added to 10 ml of dye solution. The adsorption capaci-
ty of natural and activated clinoptilolite was evaluated by
modelling experimental data with the Langmuir equation
(Alvarez-Ayuso & Garcfa-Sdnchez, 2003):

A Kc
T 14+Kc

(1)

where A - the adsorption value; A_ - adsorption capac-
ity of the monolayer or the limit value of monomolecu-
lar sorption; K - the constant of adsorption-desorption
equilibrium; ¢ - the equilibrium concentration. In order
to study the effect on the structure of clinoptilolite at high
temperatures and acid solutions of higher concentrations,
additional studies were carried out. Clinoptilolite was heat-
ed at a temperature of 500°C for two hours, in some studies
the mineral was activated with a 30% solution of H,SO,.
Surface images of natural and activated clinoptilolite sam-
ples were obtained using an electron microscope JSM T 220
A Scanning microscope (JEOL, Japan).
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@ Results

Thermal analysis is one of the important methods for stud-
ying the properties of a substance. On the basis of thermal
analysis data, it is possible to get a visual idea of the nature

Kochubei et al.

of water bound by a mineral, and by the nature of its loss
when heated, to investigate the influence of various factors
on its properties. Figure 2 shows a thermogram of clinop-
tilolite activated with a 5% H_SO, aqueous solution.
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Figure 2. Thermogram of a sample activated with 5% H,SO, aqueous solution (sample 2)

Source: created by the authors

At the first stage of thermolysis of clinoptilolite sam-
ples, there was a separation of physically adsorbed, struc-
tured water, which is coordinatedly bound to exchange-
able cations, and water, which is localized on the surface
of the mineral due to hydrogen bonds with surface OH
groups (hydroxyl groups). This process was accompanied
by a significant loss of sample mass, the appearance of a
clear extremum on the DTG curves and a deep endother-
mic effect on the DTA curves.

At the second stage of thermolysis of the samples,
dehydroxylation of the surface occurred, which was

accompanied by cleavage of OH groups and gradual loss
of sample mass. The process culminated in the destruc-
tion of the structure of the mineral. A broad endothermic
effect appeared on the DTA curve. The loss of samples’
mass at the second stage of thermolysis is proportional to
the content of surface OH groups, which are able to serve
as adsorption-active centres of the mineral.

Figure 3 shows a comparison of the TG curves of
natural and activated clinoptilolite samples. Table 1 pre-
sents the results of complex thermal analysis of clinop-
tilolite samples.

400 1
380 1
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Figure 3. TG curves

Note: 1 - sample 1; 2 - sample 2; 3 - sample 3
Source: created by the authors
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Table 1. Results of thermal analysis of natural and activated clinoptilolite samples

Sample Stage Sample weight, mg  Temperature interval, °C Weight loss, mg Specific surface area, m*/g

I 20-508 48.5

1 — 500 77.26
IT 508-1,000 5.5
I 20-525 55.1

2 D 400 96.57
II 525-1,000 55
I 20-525 57.5

3 D 400 114.13
II 525-1,000 6.5

Source: created by the authors

As can be seen from Table 1, activated clinoptilolite
samples were characterized by a higher content of hy-
droxyl groups and a more developed specific surface area.
The increase in SSA under the action of mineral acids can
be explained by partial dealuminization of clinoptilolite,
which was accompanied by an increase in pore volume,
the appearance of secondary porosity and, accordingly,
the number of additional adsorption-active centres (Va-
silechko et al., 2015).

Additional OH groups in the process of chemical ac-
tivation of clinoptilolite can appear during the interaction
of exchangeable H* ions with frame oxygen atoms. The
action of temperature can also affect the content of the
adsorption centres of the mineral. It is known that an in-
crease in temperature causes the diffusion of exchangeable

cations into the internal channels of the zeolite structure.
Additional OH groups can appear due to the interaction of
polarized water molecules, which are coordinately bound
to mobile cations (Melnyk et al., 2022).

The choice of the optimal temperature for thermal ac-
tivation of clinoptilolite was established in separate studies.
The sample, thermally activated at a temperature of 300°C,
had the highest adsorption capacity relative to water va-
pour. Heating of clinoptilolite to a temperature of 400°C
caused deterioration of its structural and adsorption char-
acteristics. The result obtained was explained by the partial
destruction and amorphosis of the mineral structure. The
beginning of the destruction of the clinoptilolite structure
at temperatures above 400°C was confirmed by electron
microscope images of its surface (Fig. 4).

20KV

X1,000

Figure 4. Electronic images of the clinoptilolite surface

Note: a - natural; b - heated at 550°C
Source: created by the authors

Clear crystal faces were observed on the surface of the
natural clinoptilolite sample, and there was a system of
voids and channels. When the clinoptilolite sample was
heated to 550°C, defects and disturbances of the crystal
lattice appeared, which were accompanied by a decrease
in the size of elementary cells. The faces of the mineral
became fuzzy and blurred. Under the influence of high
temperatures, the surface of the mineral was “sintered”
and its structure was destroyed.

The concentration of the acid greatly influences the
chemical activation efficiency of zeolite. According to
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the authors X. Chen & W.V. Srubar (2020) found that
H,SO, solutions of low concentration (< 5%) are capa-
ble of causing decation and slight dealuminization of
zeolite, which is accompanied by an increase in its in-
ternal crystalline space and an increase in the number
of adsorption centres. Sulfate acid solutions of higher
concentrations (= 25%) can cause significant changes
in the structure of clinoptilolite and deterioration of its
adsorption characteristics. Figure 5 shows a comparison
of surface images of clinoptilolite samples activated with
5% and 30% H,SO, solutions.

Ecological Safety and Balanced Use of Resources, 2023, Vol. 14, No. 2
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Figure 5. Electronic surface images of activated clinoptilolite
Note: a - activated with 5% H,SO, aqueous solution; b — activated with 30% H,SO, aqueous solution

Source: created by the authors

Treatment with a 30% H,SO, solution caused certain
changes in the surface of the sample - the edges of the min-
eral became less clear, and the appearance of the surface
blurred, which indicated the initial destruction of the struc-
ture of the mineral. When clinoptilolite was treated with a
5% H,SO, solution, no significant changes were observed
in the image of the sample surface. The processes of partial
dealuminization of clinoptilolite under the influence of ac-
ids of low concentrations (5% H,SO, solution and 5% HCIl
solution) were confirmed by infrared spectroscopy. Acid
solutions caused only a slight dealuminization of clinoptilo-
lite with partial destruction of Si-O-Al bonds, as evidenced
by the displacement of the absorption bands of valence in-
tra-tetrahedral oscillations from 1054.00 cm™ (sample 1)
to 1074.08 cm™ (sample 2) and 1082.30 cm™' (sample 3).
Natural and activated 5% HCI clinoptilolite, which was

appropriate to the highest specific surface area, was studied
for its ability to adsorb molecules of DV dye. Adsorption
of the dye was carried out below the CMC. Dyes are colloi-
dal surfactants that are able to form associates in solution.
The dissolution of dyes in water takes place due to the in-
teraction of polar groups with water. At low concentrations,
the dye molecules are adsorbed on the surface of the liq-
uid. This process is accompanied by a decrease in the sur-
face tension of the solution. When a critical concentration
is reached, a saturated monomolecular layer formed by dye
molecules is formed on the surface of the liquid, and dye
associations — micelles — begin to form in the solution. Due
to the appropriate orientation of the dye molecules in the
micelles, the surface tension of solutions at concentrations
higher than CMC ceases to change. The CMC of the DV
dye was found by breaking in the curve o= f (Inc) (Fig. 6).
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Figure 6. Dependence o = f (Inc) for a DV dye aqueous solution

Source: created by the authors

For a DV dye aqueous solution, the CMC was
0.36 mol/m’. The pH of the medium significantly affects

the optical properties of dye solutions. Ionization of the
electron-donor amino group of direct dyes occurs with

Ecological Safety and Balanced Use of Resources, 2023, VVol. 14, No. 2 43 \
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an increase in the acidity of the medium and consists in
the attachment of a proton to a nitrogen atom. In this
case, the neutral group is converted into a cation (Ya-
hodynets et al., 2019). As a result of the disappearance
of the lone pair of electrons, the amino group ceases to
be an electron donor substituent and the dye molecule

interacts with light as if this substituent does not exist.
This can lead to a shift in the maximum light absorption
to the long-wavelength region and a decrease in the in-
tensity of light absorption. Figure 7 shows the depend-
ence of light absorption coefficients on the wavelength
of light at different pH values.

1.6 ~

1.2 A

10/1.104
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Figure 7. Dependence of light-absorption coefficients of DV solutions on light-wavelength at different pH values
Note: 1 - pH 1-2 when adding 1.0-10* M HCI; 2 - pH 1-2 when adding 1.0-10* M H,SO; 3 - pH 7

Source: created by the authors

As can be seen from Figure 7, the DV aqueous solu-
tion at pH 7 (curve 3) was characterized by a symmetrical
band of n-nt" transitions with a maximum light absorp-
tion coefficient (1.18 - 10*) at a wavelength of 550 nm.
At pH 1-2, when hydrochloric acid dye was added to
the solution (curve 1), the absorption band became less
intense and asymmetrical, the maximum of the light
absorption coefficient (0.63 - 10*) was appropriate to a
wavelength of 560 nm. At pH 1-2, when (curve 2) was
added to the H,SO, solution, the maximum of the asym-
metric band was manifested at a wavelength of 600 nm,

it corresponded to the value of the light absorption co-
efficient of 0.68-10%.

The influence of the alkaline environment on the val-
ue of the light absorption coefficient was insignificant and
the appearance of the spectrum (curve 3) of the DV dye
solution practically did not change. Therefore, the adsorp-
tion of DV dye by natural and activated clinoptilolite was
carried out at pH 7 at a light wavelength of 550 nm. Figure
8 shows the isotherms of adsorption of the DV dye by sam-
ples 1 and 3. To depict the dependence A =f(c), the equilib-
rium concentrations of the DV dye in solution were used.
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Figure 8. DV dye adsorption isotherms

Note: 1 - sample 1; 2 - sample 3
Source: created by the authors
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As can be seen from Figure 8, the adsorption of the
DV dye corresponded quite well to the monomolecular ad-
sorption of Langmuir. By linearization of the Langmuir ad-
sorption isotherm equation, its constants were found - the
estimated value of the limiting monomolecular adsorbtion

Kochubei et al.

A_ and the adsorption-desorption equilibrium constant
K (Table 2). High values of correlation coefficients (R?)
of experimental and theoretical data evidenced about the
possibility of using the Langmuir equation for modelling
sorption isotherms.

Table 2. Isotherm parameters of adsorption of DV dye by natural and activated clinoptilolite

Sample A_, mmol/kg K, m*/mmol R?
Sample 1 2.28 0.031 0.98
Sample 2 9.53 0.008 0.99

Source: created by the authors

As can be seen from the above data, activated sam-
ple 3 was characterized by a greater adsorption capacity
relative to the DV dye. The result can be explained by the
fact that in the shallow dealuminization of clinoptilolite,
caused by the action of acid, meso- and macropores appear
in its structure, which are able to sorb dye molecules. The
effect of temperature (300°C) can cause the migration of
exchangeable cations to inaccessible areas of the mineral
framework, releasing the volume internal crystalline space,
which acquires the ability to be filled with adsorbate mole-
cules. Activated clinoptilolite was characterized by a great-
er adsorption capacity not only in relative to organic dyes,
but also to water vapour. This was evidenced by a greater
mass loss of activated samples at the first stage of thermoly-
sis in the temperature range of 20-525°C (Table 1).

Adsorption of the dye on the active sites of clinop-
tilolite can occur not only under the influence of disper-
sive forces but also as a result of chemical interactions.
Donor-acceptor interactions can occur between the OH
groups of clinoptilolite (Brensted acid sites) and NH,
groups of the DV dye with the participation of protons of
the hydroxyl group and an unshared pair of electrons of
the nitrogen amino group. Thus, the results of the physical
and chemical studies confirm that the activated clinoptilo-
lite of the Sokyrnytske deposit is an effective absorbent for
wastewaters.

© Discussion

It is also worth to analyse other works on this topic, which
consider types of absorbents other than clinoptilolite.
Adsorption materials used in wastewater treatment tech-
nologies include activated carbon obtained from various
natural materials, solid agricultural waste, clays, silica
materials, zeolites, etc.

N. Ahmad et al. (2023) stated that activated carbon
is one of the best adsorbents for the extraction of direct
dyes and anionic surfactants from wastewater. Scientists
from India N.M. Andal & K. Thangamani (2016) studied
the sorption capacity of activated carbon obtained by heat
treatment of the bark of the Prosopis juliflora shrub. The
sorption capacity of carbon relative to the direct black dye
was high and amounted to 500 mg/g. Researchers E. Chas-
ova & O. Demchyshyna (2019) conducted a study of the

Ecological Safety and Balanced Use of Resources, 2023, VVol. 14, No. 2

ability of activated carbon obtained from various raw mate-
rials to adsorb anionic surfactants. The sorption capacity of
stone activated carbon relative to sodium dodecyl sulfonate
was 0.42 mol/g, and wood activated carbon was 0.37 mol/g.
The data above shows that activated carbon can effectively
extract direct dyes as a sorbent. However, its high cost and
the need for regeneration have limited its widespread use.
Much more accessible and cheaper to extract are sorbents
of mineral origin, the most important representatives of
which are zeolites, including clinoptilolite, which was stud-
ied in this study, and clay materials.

Clays are an important class of mineral adsorbents due
to their availability and high sorption capacity. Bentonite
clays are especially widely used, the main rock-forming
mineral of which is montmorillonite (MMT). As stated by
the authors of V. Kochubei et al. (2022), montmorillonite is
a layered aluminosilicate that has a mobile crystal lattice.
In the cavities between the layers there are exchangeable
cations that can be easily exchanged for other organic and
inorganic cations. Ionogenic organic dyes are colloidal
compounds, which are divided into anionic (direct, acidic)
and cationic (basic) according to the sign of the ion charge.
Bentonite clays are able to actively absorb cationic dyes by
the interlayer space, the adsorption of which occurs by the
mechanism of ion exchange. Direct diazo dyes, which in-
clude DV, in water dissociate into an organic anion, which
MMT is able to absorb only by the side faces due to active
groups = Al - OH, which dissociate in an aqueous medi-
um by the main mechanism. According to Q. Zhang et
al. (2019) the adsorption capacity of Shandong Yihe Phar-
maceutical’s Na-montmorillonite with respect to methyl
violet cationic dye was 1.35 mmol/g, and 0.08 mmol/g to
anionic methyl orange dye.

The effect of the pH of the medium on the adsorption
capacity of nanomontmorillonite by Nanosav Company
(Iran) relative to the dye direct red 23 was investigated by
the authors S.M. Pormazar & A. Dalvand (2020). The max-
imum extraction of direct dye from synthetic textile waters
was achieved at pH 2. According to the authors, under these
conditions, protonation of the active groups of the adsorbent
surface occurred, which ensured an increase in the elec-
trostatic attraction of dye anions to the positively charged
areas of the MMT. The maximum extraction of direct red
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23 dye from a solution with a concentration of 0.05 g/l was
2.5 mg/g. According to the results of the research, the sorp-
tion capacity of Transcarpathian zeolite (2.28 mmol/kg) is
significantly inferior to the adsorption characteristics of
bentonite clays. The lower sorption capacity of zeolites is ex-
plained by the peculiarities of their structure — the presence
of a rigid crystal lattice, which is not able to expand when
absorbing large organic compounds and their associates.

However, the ability of zeolites to take part in adsorp-
tion processes is largely determined by the conditions of
formation of the host rock, the nature of exchangeable cat-
ions, and the structural characteristics of the mineral. The
adsorption characteristics of zeolite are significantly influ-
enced by the way it is modified. As confirmed in the studies
carried out by the authors of this work, the action of a 5%
HCIl aqueous solution can cause a threefold increase in the
adsorption capacity of Transcarpathian clinoptilolite rela-
tive to the DV dye (Table 1). Similar results were obtained
by the authors of R. Ebrahimi et al. (2018), who investigat-
ed the effect of acid activation on the adsorption properties
of Iranian clinoptilolite relative to the dye direct red 23. The
adsorption of the dye was subject to Langmuir’s theory. The
action of phosphoric acid caused an increase in the adsorp-
tion capacity of zeolite from 0.3 mmol/kg (natural zeolite)
to 0.6 mmol/kg. Activation with sulfate acid provided an in-
crease in the adsorption capacity of zeolite to 0.9 mmol/kg.
The mean free energy of adsorption was 8.2-8.9 kJ/mol and
indicated that the adsorption of the dye was able to proceed
by the mechanism of weak chemisorptions.

The authors H. Unlii & N.J.M. Horing (2022) noted
that natural zeolites have a three-dimensional rigid frame-
work that has a negative charge and are characterized by
low adsorption capacity relative to direct dyes. To improve
the adsorption characteristics of zeolites relative to anionic
azo dyes, scientists proposed to modify its surface with a
quaternary amine - hexadecyltrimethylammonium bro-
mide (CTAB). As a result of this modification, the surface
of the zeolite acquired a positive charge, which led to an
increase in sorption capacity relative to anionic dyes. Thus,
the modification of Turkish zeolite with CTAB caused
an increase in its sorption capacity with respect to active
black dye 12.93 mg/g (natural zeolite) to 61 mg/g, relative
to active red dye 15.94 mg/g (natural zeolite) to 111 mg/g,
relative to active yellow dye from 13.15 mg/g to 89 mg/g.
Based on the data, it can be confirmed that surface modi-
fication with quaternary amines is more effective than the
acid modification in this article. However, it is known that
CTAB is a cationic surfactant that can pollute the hydro-
sphere, which makes the method proposed by the authors
of the study safer for the environment.

A. Ivanchenko et al. (2021) noted that textile dyes can-
not be completely removed from wastewater by traditional
methods of water treatment, which leads to the introduc-
tion of sorption post-treatment into the complex technolog-
ical scheme. For the final stage of purification, the authors
proposed to use zeolite activated with 7% HCI, H,SO, and
H,PO, aqueous solutions. It was noted that zeolite activated
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by HCl was characterized by the highest efficiency of extrac-
tion of anionic dye methylene orange and the best results in
the release of elements Al, K, Na, Ca, Mg, Fe, which was ac-
companied by an increase in the internal crystalline space
of the mineral and the number of active sites. Similar results
of hydrochloric acid on the structural and adsorption char-
acteristics of Transcarpathian clinoptilolite were confirmed
by the thermal analysis data (Table 1) given in this paper.

Like bentonites, zeolites are characterized by a selective
ability to adsorb cationic dyes, which is largely determined
by the acidity of the medium. M.M. Mahmoudi et al. (2019)
noted that at pH > 8 modified with a 5% H,SO, aqueous
solution, Iranian clinoptilolite was characterized by in-
creased sorption capacity against the cationic dye methyl-
ene blue. A decrease in pH caused a decrease in the nega-
tive charge of the surface, which favoured the adsorption of
anionic forms of substances. Adsorption of direct DV dye
by Transcarpathian clinoptilolite of the Sokyrnytske depos-
it was carried out at pH 7. Probably, a decrease in pH can
cause an increase in the sorption capacity of clinoptilolite
relative to anionic dyes, which may be an interesting object
of further research.

Thus, in terms of adsorption characteristics, natural
zeolites are inferior to some mineral sorbents. But the sur-
face occurrence, low cost of extraction and large reserves of
natural deposits in Ukraine can ensure the widespread use
of these minerals in adsorption technologies for wastewater
treatment.

© Conclusions

According to the results of thermal studies, the chemi-
cal activation of the Transcarpathian clinoptilolite of the
Sokyrnytske deposit caused an increase in the specific
surface area due to the appearance of secondary porosity.
According to thermal analysis, the specific surface area of
natural clinoptilolite was 77.26 m?/g. The action of a 5%
H,SO, aqueous solution led to an increase in the specific
surface area of the mineral to 96.57 m?/g, and a 5% HCI
aqueous solution up to 114.13 m*/g.

Complex thermal and chemical activation of clinop-
tilolite caused the appearance of additional adsorption
centres, which can serve as hydroxyl groups of the mineral.
The appearance of additional OH groups during chemical
activation of the mineral with 5% H_ SO, and HCI aque-
ous solutions is due to the interaction of exchangeable H*
ions with oxygen frame atoms. Additional hydroxyl groups
during heat treatment of clinoptilolite arise as a result of
the diffusion of exchange ions into the internal channels of
the mineral structure and their interaction with polarized
water molecules. The use of mineral acids of higher con-
centration (=25%) in the process of activation and heating
to temperatures above 400°C caused the destruction of the
clinoptilolite structure.

Adsorption of DV dye with natural and activated
clinoptilolite was carried out at pH 7, which corresponded
to the maximum value of the light absorption coeflicient.
In adsorption studies, the initial concentrations of DV dye
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solutions did not exceed the CMC (0.36 mol/m?), at which
the dye is able to exist in solution in the form of associates.
Data of adsorption of DV dye by natural and modified 5%
HCl aqueous solution clinoptilolite were consisted with the
Langmuir’s theory, which testified to the monomolecular
mechanism of adsorption and the energy homogeneity of
the adsorption centres of the mineral.

Clinoptilolite activated by the action of 5% HCI aque-
ous solution was characterized by a higher adsorption ca-
pacity (9.53 mmol/kg) relative to the DV dye, compared
to natural clinoptilolite (2.28 mmol/kg). The use of hy-
drochloric acid in chemical activation processes caused

Kochubei et al.

The absorption of direct anionic dyes by zeolites can
proceed by the mechanism of weak chemisorption, com-
plicated by electrostatic repulsive forces that occur between
the negatively charged surface of zeolite and the anions of
direct dyes. The protonation of the zeolite surface, caused
by a decrease in the pH of the medium, is greatly able to im-
prove the sorption capacity of zeolite. Therefore, the pur-
pose of further research may be to study the effect of the
pH of the medium on the efficiency of extraction of anionic
dyes from their aqueous solutions.
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© AHoTauif. V npouecax cunTe3y GapBHUKIB i TEXHOMOTIAX i3 iX BUKOPUCTAHHAM YTBOPIOIOTHCA 3HAYHI Ki/IBKOCTI
CTIYHMX BOJI, SIKi € TOKCMYHVMMIU I10 BiIHOLIEHHIO /IO KMBMX OPraHi3MiB, 110 pOOUTH OUYMIEHHS IPOMMCIOBMX CTOKIB
Bifj OpraHiuHMX 3a0apB/IIOIOYNMX PEYOBMH AKTYA/[bHOI IPOOIEeMOI ChOrofieHHs. Meroo poborn 6yrno mocmipnTn
MIepCIeKTUBY BUKOPUCTAHHA IPUPOJHOrO KIMHONTIIONITY COKMPHUIIBKOTO POJOBMINA Ta JIOTO aKTMBOBAaHUX (HOpPM
y Ipoliecax OYMIIEHHA CTOKIiB Bifj ImpaAMux 6apBHMKIB. AKTUBaLlig IPUPOJHOIO KIVHONTIWIONITY 37i/ICHIOBAIach
06pobkoro 5 % soguumy posunnamyu H,SO, i HCl Ta HarpiBaHHAM BIPOROBX IBOX TOXMH 3a Temmeparypu 300°C.
BB yMoB akTuBalii Ha CTPYKTYpHO-aicOpOLiiiHI XapaKTepUCTUKU KIMHOITUIONITY BCTAHOB/IIOBABCA METOLIOM
KOMIUIEKCHOTO TEPMIYHOro aHajisy. Amcopbuis 6apBHUKA NpsMOro (ioseToBOr0 MPMPOJHMM Ta AKTMBOBAHNIM
KIMHOITIJIONITOM JOCTiKYBalacsa CIeKTpodoTOMEeTPIIHNM MeTofioM 3a pH 7 3a jomxumHu cBiTI0BOI XBui 550 HM,
AKiJl BIiONOBimanmo MakcMMalbHe 3Ha4eHHA KoedillieHTa CBITIONOITIMHAHHA. 3a pe3y/lIbTaTaMU TEPMIiUYHOro aHaji3y
aKTMBOBAHI 3PasKy KIVHOITWIOJITY BiA3HAYa/mmCs GiIbII POSBIHEHOIO IIMTOMOIO IIOBEPXHEIO TA HASBHICTIO 6i/bIIOL
KIBKOCTI TiIPOKCIIBHMX TPYIL sIKi 3HATHI CIYXUTK afcOpOLiHO-aKTMBHUMU LEHTpaMIU IIOBepxHi. Pesymprartn
apgcop6uii 6apBHMKa IPsIMOTO (io/IeTOBOrO IMiAIOPSIKOBYBAINCh MOHOMOJIEKY/IAPHIl Teopil JIeHrMiopa, 1o CBigImio
IIPO eHepreTHIHY OFHOPiAHICTD afcopbuiuux rentpis. [llnsaxom mineapusauii piBHsAHHA i30TepMu afcop6iii Jlenrmiopa
3HAXOAMIN afCOPOLIIHI XapaKTepPUCTUKY IPUPOZHOrO i1 aKTUBOBAHOTO 5 % BogHuM posunzoMm HCl kmuHonruomity
BifHOCHO OapBHMKa NpsiMOro (¢ioneToBOro. AKTMBOBAHMII KIMHONTWIONIT Bifi3HAUaBCS MifIBUIIEHOI0 COPOLiiTHOI0
€MHICTIO (9,53 MMOJIB/KT) Y IOPIBHAHHI 3 IPUPOZHUM KIMHONTIWIONITOM (2,28 MMob/Kr). [TokpalieHHa agcopOLiitHnx
XapaKTEePUCTUK aKTUBOBAHOTO K/IMHOITWIONITY MOACHIOBA/IM JIOTO YaCTKOBYUM JleaTIOMiHyBaHHAM, II0SBOIO B CTPYKTYPi
Me30- Ta MaKpoIlop, 3IaTHUX yTPMMYBaTK MOJIeKyIu OapBHMKA. 3aCTOCYBaHHA B IIpollecax akrusauii 30 % BopgHOro
posuuny H SO, Ta HarpisanHs jio Temmneparyp sumux 400°C BUKINKAIO JIETPA/IAIliio MiHEpaTy, IO Mi/ITBEPIKYBANTOCh
e/IEKTPOHHUMU 300pa)KeHHsAMM Jioro moBepxHi. IIpakTMyHa IiHHICTD [OCIJKEHHs MOJATAa€E B pPeKOMeHAaLil
3aCTOCOBYBATI aKTMBOBAHWIT KIMHONTIIONIT Y IIPOLI€CAX OYMIEHHsI CTIYHMX BOJ Bifi OpraHivHuX 3a6pygHeHDb

© Kniouosi cnoga: neonit; aficopbenT; 6apBHUKM; TEPMiTHUIT aHAi3; KOeilliEHT CBIT/IONMOITMHAHHS; aficOpOiliHi
XapaKTePUCTUKNI
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