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Abstract

Introduction. The modern industrial and environmental challenges require the identification of optimal sorbents for
water purification from organic contaminants. Sorbents like activated carbon and silicon dioxide have been widely used,
but the problem of selecting the optimal sorbent that can adequately purify water remains relevant. There is information
in the scientific literature about potential use of sorbents from natural zeolite-containing minerals for this purpose.
However, this approach is not well developed; the materials are poorly studied and, as a result, are rarely used to solve
environmental problems. This work aims to fill this gap by studying the sorption properties of a natural sorbent based
on zeolite-containing rocks of the Tatarsko-Shatrashan deposit.

Materials and Methods. The method of ascending liquid column chromatography became the basis for this study. The
sorption material was loaded into a chromatographic column with a length of 120 mm and an inner diameter of 3 mm.
The model organic substances in the vial moved along the length of the sorption layer. Trichloroethane, ethyl acetate,
methyl ethyl ketone, dichloroethane, and trichloroethylene were used as model compounds. We summarized the
significant data in tables and visually represented it in graphs.

Results. The technological characteristics of natural sorbents obtained on the basis of zeolite-containing rocks of the
Tatarsko-Shatrashan deposit have been experimentally investigated. The absolute retention time of the studied sorbates,
as well as their sorption capacity in relation to zeolite-containing rocks of the Tatarsko-Shatrashansky deposit, were
determined. The dependence of the retention time of model organic substances on the length of the sorption layer,
which was determined by the physical-chemical nature of the sorbate under study, has been established. From the same
point of view (as components of the dependence), the boiling points of model organic substances, dipole moments,
refractive indices, and densities were considered. The experimental data were statistically processed, and the absolute
and relative errors of a single measurement were determined. All sorbates considered in the framework of this scientific
work showed significant or high sorption capacity. The recorded minimum was 34% (methyl ethyl ketone); the
maximum was 72% (ethyl acetate). At the same time, ethyl acetate had an extremely short retention time
in a 10-centimeter sorption layer (26 min). The longest retention time was for methyl ethyl ketone (314 min). Its
sorption capacity was minimal (34%).

Discussion and Conclusion. The prospects of the studied material for the purification of surface and waste water
from major pollutants in the natural environment have been experimentally proven. It has been determined that
zeolite-containing rocks from the Tatarsko-Shatrashan deposit can adsorb 34—72% of organic compounds that pollute
water. They can be used in technological processes for the purification of natural and wastewater from major
environmental pollutants.

Keywords: zeolite-containing rocks, model organic substances, sorption capacity, liquid chromatography, water
purification from organic pollutants
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AHHOTANUA

Beeoenue. CoBpeMeHHas! IPOM3BOJICTBEHHASI M 3KOJIOTMYECKas ITOBECTKA CTABUT 3aJady BBISBICHUS ONTHMAJIBHBIX COP-
OEHTOB JUIsl OYMCTKH BOJBI OT OPraHWYECKHX 3arpsA3Hsomux BemecTs. [lInpokoe npakTuieckoe NprIMEHEHNE Oy YN
TaKue COpOEHTHI, KaK aKTUBHUPOBAHHBIN yTroJib, THOKCUA KpeMHHUs U Jip. OTHAKO COXpaHseT aKTyaJbHOCTb Mpo0diieMa To-
HCKa ONTUMAIBFHOTO MO CEJIEKTUBHOCTH copOeHTa. OH JODKEH NPUEMIIEMO WITH XOPOIIO OYMINIATH BOAY OT TJIaBHBIX Opra-
HMYECKHX 3arps3HuTenield. B Hay4HOI JuTepaType ecTh CBEJCHHS O MEPCIeKTHBaX MCIOJIb30BAHHS B PACCMATPUBAEMBIX
HEJIAX COPOSHTOB U3 MPHUPOIHBIX IEOIUTCONEpKAIIMX MUHEpaoB. OJJHAKO TaKoi MOJXOJ HEIOCTaTOYHO MPOpadoTaH,
MarepHalibl MaJIOM3yUeHbl U, KaK CIIEJICTBUE, PEIIKO MCIIOJIB3YIOTCS JUIsl pelleHus dKoiorndeckux mpobnem. Ilpencras-
JIEHHasl Hay4Hasl paboTa MpHU3BaHa BOCIOIHUTH 3TOT mpoben. Ee mens — nccnenoBanne cOpOIMOHHBIX XapaKTEPHCTHK
MIPUPOIHOTO COPOEHTA HAa OCHOBE IIEONMTCOIepKamX nopos Tarapcko-11laTpamaHcKoro MeCTOpOKaeHHSI.

Mamepuanst u memoost. bazoBbIM JUII JTAHHOTO HCCIEAOBAHUS CTAT METOA BOCXOISIIEH XHIKOCTHOW KOJIOHOYHOM
xpomarorpadun. CopOIMOHHBIN MaTepHaln 3arpy’kaln B XpoMaTtorpaduuecKkyio KOJOHKY UIMHOHM 120 MM U BHYTpeH-
HUM JHaMeTpoM 3 MM. MoJenbHbIE OPraHUIEeCKHE BEIIECTBA B BUAJIE NTEPEMELIAINCEH 110 JUIMHE COPOIIMOHHOTO Citos. B
Ka4yeCTBE MOJIEIbHBIX COCIUHEHHH HCIIOIBb30BAIN TPUXJIOPAITAH, ITUIIAIETAT, METHJIITWIKETOH, IUXJIOPITAH U TPH-
XJIOPITHIICH. 3HAYMMBIE TaHHBIE 0000IIEHBI B BUIE TAOIHI ¥ rpaMIeCcKH BU3YaJIM3UPOBAHBI.

Pezynomamut uccnedosanus. DKCIEPUMEHTAIBFHO HCCIEIOBAHBl TEXHOJIOTMYECKHE XapaKTEPUCTUKU MPUPOIHBIX COp-
OEHTOB, MOJYYEHHBIX Ha OCHOBE LeoJHTcoAepKammx nopox Tarapcko-Illatpamanckoro Mectopoxxaenus. Omnpeznere-
HbI a0COJIIOTHOE BpeMsl yJEPIKUBAHUS HCCIIEAYEMBIX COPOATOB, a TaKkKe MX COPOLMOHHAS €MKOCTh 110 OTHOLIEHUIO K
LeonuTcoaepxkamuM nopogaM Tarapcko-IllaTpamaHcKoro MecTOpPOXIECHUs. YCTaHOBJIEHA 3aBUCHMOCTb BPEMEHHU
yIepKUBaHUS MOJENBHBIX OPraHUYECKHX BEIIECTB OT [UIMHBI COPOIMOHHOIO CJO0s, KOTOpas ompenensercs (pU3MKO-
XMMHYECKOH NpHpoaol Hcciemyemoro copbata. C 3TOil ke TOYKH 3peHHs (KaK COCTABISIOIINE 3aBUCHMOCTH) pac-
CMOTPEHBI TEMIIEPATYPhI KUTIEHHUS MOJEIBHBIX OPraHMYECKUX BEIIECTB, TUMOJIBHBIE MOMEHTHI, TIOKAa3aTeNIN MPEeIoMIIe-
HUSI ¥ TUIOTHOCTH. ODKCIIEPUMEHTAIbHBIC JaHHBIC CTATUCTHYECKH 00paboTaiy, ONpeAenniIn aOCONOTHYIO U OTHOCH-
TEJIFHYIO TIOTPEIIHOCTh €MHUYHOTO M3MepeHus. Bee copOaThl, paccMOTpeHHBIE B paMKax JaHHOW HaydHOH paboTEI,
TTOKA3aJIM 3HAYMMYIO WIIN BBICOKYIO COPOILIMOHHYIO €MKOCTb. 3a(pMKCHPOBAaHHBIH MUHUMYM — 34 % (METHIISTHIIKETOH),
MakcuMyM — 72 % (3tunanerar). [Ipu 3ToM y 3THIIanierara SKCTpEMIFHO MaJIOe 3HaUEeHHE BPEMEHH YJCpP)KUBAHUS B
10-canTMETpOBOM cOpOIOHHOM ciioe (26 MuH). CamMoe POJOIDKUTENIFHOE BPeMsl yJIEp)KUBAHUS — Y METHIDTHIIKE-
ToHa (314 muH). Ero copbionnas emxkocts — MuHUManbHas (34 %).

Oobcyrncoenue u 3axkntoyenue. DKCIEPUMEHTAIBHO JJOKa3aHa MEPCIEKTUBHOCT UCCIEYEMOTo MaTepuana JJisi OYUCTKH
MOBEPXHOCTHBIX M CTOYHBIX BOJ OT IVIABHBIX 3arpsA3HUTENCH NMPUPOTHON Cpeibl. Y CTAaHOBJICHO, YTO I[EOIUTCOIEepPKA-
ume nopoasl Tarapcko-Illarpamanckoro MECTOPOKICHHUS MOTYT aacopoupoBath 34—72 % 3arpsA3HAIONIMX BOMY Opra-
HUYECKHUX COCIMHEHMH. FIX MOKHO MCIOIb30BaTh B TEXHOJIOTMYECKUX MPOLIECCaX OUYMCTKU MPUPOIHBIX M CTOYHBIX BOJ
OT OCHOBHBIX 3arpsI3HUTENIEH OKpYXKarollel IPUPOAHON Cpeabl.

KiaroueBble c/I0Ba: IIEONUTCOACPIKAIME MOPOABI, MOJCIBHBICE OPTaHMYECKHE BEIISCTBA, COPOIIMOHHAs E€MKOCTb,
KUIKOCTHASI XpoMaTorpadusl, OYUCTKA BOABI OT OPTaHUIECKHUX 3arpsSI3HIIOIINX BEIIECTB
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BaarogapHocTH. ABTOpHI OiaromapsAT 3aBeayromiero kadeapoi 3HeprooOecredeHns MPeInpusiTHH, CTPOUTEIHCTBA
3IaHUA M COOpYXEHWH, NI.T.H., mpodeccopa Wmpmaa B.K. 3a momomp B OpraHu3amuil HAYyIHOTO HCCIICIOBAHHSA,
MIpeIoCTaBICHHE JTAO0OPATOPHOTO 000PYIOBAHUS, MAaTEPHAJIOB B peakTHBOB. Criacmbo peleH3eHTy 3a KOMIETEHTHYIO
9KCIEPTU3y M PEJaKIMOHHON KOMaHJe >KypHana «be30macHOCTh TEXHOT€HHBIX M IPHPOIHBIX CHCTEM» 3a LIEHHBIE
PEKOMEHIAIUH 1O YITyUYIICHHUIO CTAaThH.

Jas mutupoBanmnsa. Taneesa A.B., Caurupesa F0.B., Xuz0ymmmn P.H., Hlnekosa I.A., HoBukor B.®. [TpupoaHsrii
COpOEGHT Ha OCHOBE IeoduTComepKamux mopon Tarapcko-lllaTpamaHcKOro MECTOPOKIACHUS [UIS  OYHUCTKH
MMOBEPXHOCTHBIX M CTOYHBIX BOJI OT OPTaHUYCCKUX 3arPs3HUTEIICH. he30nacHocms mexHO2eHHbIX U NPUPOOHBIX CUCTEM.
2025;9(2):112-120. https://doi.org/10.23947/2541-9129-2025-9-2-112-120

Introduction. One of the conditions for environmental safety is the protection of water bodies from anthropogenic
and natural pollution. A special case of this problem is the negative impact of organic compounds such as petroleum
products, phenols, aromatic hydrocarbons, and organochlorine [1]. These pollutants spread relatively quickly in water
over considerable distances and harm the environment even in neighboring regions, which can lead to irreversible
changes in the ecosystem [2]. Phenol and its derivatives are especially dangerous for the environment and humans, as
many of them are mutagens and teratogens capable of disrupting the endocrine system [3]. In addition, under certain
conditions, the phenol molecule is transformed into compounds with a higher hazard class [4]. Biodegradation of
phenol can accelerate in summer, when aerobic microorganisms intensively oxidize organic compounds [5]. The
limiting stage of this process is the mass transfer of oxygen molecules from the gas phase to the aqueous phase [6]. In
addition to phenols, other classes of organic compounds can be found in surface waters: aromatics and alkylaromatics,
alkanes, carboxylic acids, hexachlorane, hexachlorobenzene, benz(a)pyrene, acetatanaphthene, fluorene, phenanthrene,
anthracene, fluoranthene, pyrene, benz(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(g,h,i)perylene, indeno(1,2, 3-cd)pyrene [7].

Source [8] provides information collected over 15 years on the contamination of organic compounds in the bottom
sediments of the Belaya River. Analysis of the ecological status of surface waters in various regions of Russia [9] has
revealed that in many cases, water resources do not meet the standards. As a rule, cities rely on surface water for their
water supply. Water utilities treat and chlorinate this water [10], which can lead to the formation of organochloride
compounds that pollute drinking water. These compounds can be removed through various methods, such as sorption,
which uses activated carbon and synthetic zeolite materials to remove toxic impurities from water. Recent studies
indicate that natural zeolite minerals have promising potential for this purpose due to their well-developed systems of
macro- and micropores that effectively remove organic compounds from water [11]. A system of cavities and channels
run through the three-dimensional alumino—silico—oxygen framework of natural zeolites. The huge inner surface and
cavernous structure of zeolite-containing rocks ensures strength of adsorption processes, which is sufficient for efficient
wastewater treatment by industrial enterprises from toxic impurities. However, natural zeolite rocks are not well
studied, which hinders their widespread use in solving environmental problems [12].

The aim of this study is to experimentally investigate the technological properties of natural sorbents based on
zeolite-containing rocks of the Tatarsko-Shatrashansky deposit.

Materials and Methods. A natural sorbent based on zeolite-containing rocks from the Tatarsko-Shatrashansky
deposit has been studied (Table 1).

Table 1
Chemical composition of the natural sorbent [12]

Elements % wt
Silicon dioxide SiO, 66.00
Titanium dioxide TiO» 0.35
Aluminum oxide Al,O3 6.19
Iron oxide Fe,O 2.65
Manganese oxide MnO 0.01
Calcium oxide CaO 17.00
Magnesium oxide MgO 1.45
Sodium oxide Na,O 0.16
Potassium oxide K>O 1.43
Phosphorus oxide P,Os 0.13
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The natural elements under consideration are thermally stable and acid resistant. The total cation exchange
capacity — 130.0 mg-eq /100 g. Calcium plays a major role in the metabolic process. Table 2 provides the main
characteristics of the material under study.

Table 2
Characteristics of the natural sorbent under study
Indicators Physical and mechanical properties
Appearance Granules of light gray or white color
Porosity 37.25-55.72%
Density 2.03-2.37 g/em?
Mechanical crushing strength At 200 °C — 46 kg/cm?, at 2500 °C — 59 kg/cm?
Vibration wear 0.96%
Bulk weight 0.4-1.2 g/cm?
Volume weight 1.10 g/cm®
Effective pore diameter 0.4 Nm (4A°)
Thermal resistance Higher than 450°C
Solubility in water Insoluble

To prepare the sorbent, rocks containing zeolite from the Tatarsko-Shatrashansky deposit were mechanically
activated. They were crushed in a ball mill; the fractions were separated, and then treated with a 1:1 solution of
hydrochloric acid. Next, the resulting material was washed with water until a neutral reaction was achieved and
subjected to heat treatment at 450-500°C for 5 hours. The sorbent obtained was placed in 150 mm long glass
chromatographic columns with an inner diameter of 3 mm. Vials containing the model liquids under study, organic
substances with various physical and chemical properties, were attached to the bottom of the columns. As the model
organic substances passed through the sorption layer of the zeolite-containing rock, their movement up through the
channels and pores was recorded. The time of passage was measured every 10 millimeters of the sorbent and kinetic
curves were plotted for the dependence of the retention of model organic substances on the height of the sorption layer.

Sorption properties were determined by the formula:

A="27 400%, (1)
my
where 4 — sorption capacity of the material under study, %; m; — mass of the initial adsorbent; m, — mass of the
adsorbent saturated with an organic solvent.

For statistical processing of experimental data, the absolute and relative errors of a single measurement were

determined with a confidence probability of 0.95. Table 3 provides the results for hexane sorption.

Table 3
Absolute and relative errors in the measurement of hexane on the tested sorbents
Error
Measurement criteria
absolute, A relative, § %

5 7.16 13.64

10 6.40 12.12

20 5.29 11.96

30 5.15 10.78

Technosphere Safety

115



https://bps-journal.ru

116

Safety of Technogenic and Natural Systems. 2025;9(2):112—-120. eISSN 2541-9129

Results. Table 4 provides information on physical-chemical properties of model organic substances (sorbates).

Table 4
Characteristics of model sorbates*

Model sorbates Formula T d np*° t10 A n
Trichlorethane CHCl; 74 1.453 1.4463 152 45 1.15
Ethyl acetate C4H30; 77.1 0.900 1.3720 26 72 2.48
Methyl ethyl ketone C4Hz0 79.6 0.805 1.3800 314 34 2.84
Dichloroethane C,H4Cl, 83.5 1.253 1.4400 61 62 1.80
Trichloroethylene C,HCl; 87.2 1.464 1.4800 88 56 0.85
Hexane CeH4 68.0 0.660 1.416 59 46 0.05

where *d — density, g/cm?; Tkun — boiling point, °C; np*® — refractive indices at 20°C; ¢ — retention time of model
organic substances in a 10-centimeter sorption layer, min; 4 — sorption capacity, %; u — dipole moment, D

As a result of the experiments (Table 4) the retention time of ethyl acetate was extremely low (26 min).
Trichloroethane, which had a lower boiling point (74°C), was washed out of the column later than ethyl acetate with
a boiling point of 77.1°C. Obviously, this could be explained by the higher molecular weight of trichloroethane
(M =119.4 g/mol) compared to ethyl acetate (M = 88.11 g/mol). In this case, the order in which the components exit
was not determined by their boiling points. This dependence was more complicated. It took into account the
chemical nature of the model organic substances used, as well as the possibility of their adsorption and desorption by
the pores of the material under study. At the same time, despite the low retention time of ethyl acetate, its sorption
capacity was relatively high (72%) compared to other organic substances studied. The sorption capacity of all the
studied organic substances was quite high (34—72%), which made it possible to use these materials to purify water
from organic compounds.

To evaluate the kinetic characteristics of the sorption process, dependencies were constructed linking the
retention time of model sorbates and the height of the sorption layer in the ranges from 0 to 5 cm (Fig. 1) and from 5
to 10 cm (Fig. 2).

¢, min

45

|
40 /

) /]’
., //

} //

. //

. SA <

1 2 3 4 5 l,cm

Fig. 1. The effect of retention of model sorbates on the nature of sorption processes (sorbent layer from 0 to 5 cm):
1 — methyl ethyl ketone; 2 — trichloroethane; 3 — trichloroethylene; 4 — dichloroethane

As it can be seen from Figure 1, the dependence had a parabolic character. Obviously, this was due to the fact that at
the initial moment of time (up to 5 mm of the sorption layer) there was no equilibrium between the organic liquid and
the solid. It was established after sorption, and an almost linear pattern was observed at a distance of more than 5 cm.
The exception was methyl ethyl ketone, which had a sufficiently high value of the dipole moment (i = 2.84D)
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Fig. 2. Dependence of the retention time of model organic substances on the height of the sorption layer of zeolite-containing rock
(from 5 to 10 cm): 1 — methyl ethyl ketone; 2 — trichloroethane;
3 — trichloroethylene; 4 — dichloroethane; 5 — ethyl acetate

It should be noted that for all the organochlorine compounds studied (trichloroethane, dichloroethane,
trichloroethylene), the angles of inclination of straight lines were almost identical (Fig. 2). This indicated the additivity
of the sorption process for organochlorine compounds.

An important parameter of an organic molecule is the dipole moment. It characterizes the asymmetry of charge
distribution in an electrically neutral molecule, which makes it possible to form electric dipoles with the same charge
values +g and —g. The dipole moment of a molecule is determined as a result of vector addition of the dipole
moments of individual bonds. The dipole moments of organic compounds characterize the polar properties of a
molecule, as well as determine the direction and strength of intermolecular electrostatic interactions and the sorption
properties of porous materials.

Figure 3 shows the dependence of the retention time of model sorbates (#y,) on their boiling points (7, °C) and
dipole moments (y, D).

320
tys, MIN
220
270
120
170
20
70
u
2.0
0 P — - 0.0

74.0 79.6 Tkun, °C

Fig. 3. Dependence of the retention time of model organic substances on their boiling points and dipole moments:
1 — trichloroethane; 2 — ethyl acetate; 3 — methyl ethyl ketone; 4 — dichloroethane; 5 — trichloroethylene

As it can be seen from Figure 3, the release time of ethyl acetate (2) and methyl ethyl ketone (3) differed
significantly, although they had similar values of dipole moments and boiling points. Methyl ethyl ketone retained
significantly longer (#y, =314 min) than ethyl acetate (#y; =26 min), dichloroethane (#,; =61 min), trichloroethylene
(tyx = 88 min), and trichloroethane (#,; = 152 min). Let us note that according to the Rorschneider classification in the
sorbate—sorbent system, methyl ethyl ketone determines the dispersion interaction. Obviously, the Van der Waals
forces play a leading role in this process, and the sorption time is more significant. This is also due to the fact that
methyl ethyl ketone is characterized by a higher polarity (dipole moment — p =2.84D), as well as a higher boiling
point (Tun = 79.6°C).

The refractive index also determines the polarity of the model organic substances. It is related to molecular
refraction, and is a measure of the electronic polarizability of the shell of a substance molecule.
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Figure 4 shows the dependence of the retention time of the model sorbates on their boiling temperatures (7, °C)

and refractive indices (np>°).
320
1y, Min
220
270
120
170
20
70
nDZO
/ 1,42
0 1,36

74.0 79.6 T, °C

Fig. 4. Dependence of the retention time of model organic substances on their boiling points and refractive indices:
1 — trichloroethane; 2 — ethyl acetate; 3 — methyl ethyl ketone; 4 — dichloroethane; 5 — trichloroethylene

As it can be seen from Figure 4, ethyl acetate and methyl ethyl ketone were similar in two parameters:

— boiling points (77.1°C and 79.6°C respectively);

— refraction (1.37 and 1.38 respectively).

Methyl ethyl ketone is characterized by a higher retention time compared to other sorbates studied. Apparently, this
is due to the higher energy of the orientational interaction of methyl ethyl ketone with the sorbent surface.

Figure 5 allows us to consider the density of sorbates in relation to retention time and boiling point.

320
tyr, MIN 3
220
270
2 120
170 4
1
20
70
z d
/12
/1
0 » - 0.8

74.0 79.6 Tkun, °C

Fig. 5. Dependence of the retention time of model organic substances on their boiling points and density:
1 — trichloroethane; 2 — ethyl acetate; 3 — methyl ethyl ketone; 4 — dichloroethane; 5 — trichloroethylene

Thus, within the framework of this scientific work, it was found that the sorption capacity of the materials under
consideration varied from 34% to 72%. Ethyl acetate (C4HgO,) had a particularly high rate (72%). Its other
characteristics were: dipole moment — 2,48; retention time of model organic substances in a 10-centimeter sorption
layer — 26 min; refractive index at 20°C — 1.3720; boiling point — 77.1°C; density — 0.9 g/cm>. Methyl ethyl ketone
was similar to ethyl acetate in terms of boiling point, density, refraction, and dipole moment. However, among the
sorbates considered, its sorption capacity was minimal (34%), and the retention time was the longest (314 min).

Discussion and Conclusion. The results of the study indicate that a high-quality sorbent can be produced using
zeolite-containing rocks from the Tatarsko-Shatrashansky deposit. This material has the potential to purify water from
major organic pollutants. It was found that, the best result in terms of sorption capacity was to remove ethyl acetate if
necessary. The sorbent in question takes 72% of this substance from the water. The minimum is associated with methyl
ethyl ketone. In this case, the lowest but acceptable sorption capacity (34%) is established.

Thus, the sorption properties of natural zeolites are considered to be good. The findings of this scientific study can
be applied in technological processes for water purification from major contaminants.
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