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Oil and oil products pose a serious threat to all components of the environment and people. The
most effective for cleaning water environments and solid surfaces from oil and oil products are
sorption processes using natural and synthetic materials. This study is aimed at studying the
sorption properties of natural zeolite of the clinoptilolite type, modified with an ammonium chloride
solution with a concentration of 0.1...1.0 mol/dm®. The effect of modification and fractional
composition of clinoptilolite on the lyophilic properties with respect to oil, the mass of sorbed oil,
the sorption rate in the initial period of the process, and the sorption capacity were studied. It was
shown that, unlike the native form of clinoptilolite, modified sorbent samples in the entire size range
are well wetted by oil, followed by complete wetting of the surface of the modified zeolite. With an
increase in the dispersion of clinoptilolite, the mass of sorbed oil naturally increases. At the same
time, the largest increase in the mass of sorbed oil is observed with a decrease in the average
particle size of clinoptilolite from 0.375 to 0.175 mm. It was found that during about 200...240 min
of the oil sorption process, the sorption capacity of clinoptilolite increases (up to 0.5...0.7 g/g for
different samples). However, further, during the next 2500...2600 min, the calculated sorption
capacity formally decreases (up to 0.45...0.6, g/g) with a simultaneous increase in the mass of
sorbed oil. Such a formal contradiction is due to the fact that the height of the working layer of
clinoptilolite, and therefore the mass of zeolite participating in the sorption, is increasingly
increasing. At the same time, during the sorption of oil, which is a polycomponent substance, oil is
separated into components on clinoptilolite. Lighter fractions move (chromatographed) faster
through the sorbent layer than heavier ones. The studies have confirmed the positive effect of
modifying clinoptilolite with ammonium chloride solutions on its sorption capacity. The resulting
sorbents have prospects for use in water purification technologies, oil spill cleanup on water
surfaces and some solid surfaces.
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pollution are inevitable. One cannot ignore
the leakage of oil products during hostilities,
in particular, those caused by russia‘s

1. Introduction

Oil and its products still make up the

main share of the market of strategic
resources and fuels in the world economy. In
the chain of production, transportation,
storage and processing of oil and oil products,
their spills and, as a result, environmental

aggression against Ukraine.

Primary pollution of one of the
components of the natural environment (for
example, water or soil) with oil or oil
products causes pollution of adjacent
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environmental spheres: the atmosphere,
caused by the evaporation of volatile toxic
components (BTEX — benzene, toluene,
ethylbenzene, xylene); soil pollution due to
sorption and the action of capillary
phenomena; pollution of water systems
(surface and underground) after oil products
enter the soil, etc. Therefore, due to the
presence of toxic aromatic and other
compounds in their composition, oil and oil
products are considered one of the most
dangerous pollutants in the environment.
Their spillage negatively affects aquatic
ecosystems (Gicheva at al. 2024) not only due
to the high toxicity of the components, but
also that prevents gas exchange between
water and air, leading to oxygen deficiency in
the aquatic environment. A significant part of
oil pollution is due to the formation of fairly
stable emulsions of "oil in water" due to the
use of surfactants in technological processes
of extraction, transportation, processing, etc.
(Dinari at al. 2020).

Oil negatively affects the physical
properties of the soil, namely: it causes
clogging of soil pores, as a result of which
soil permeability decreases, its aeration and
water infiltration in it worsen, and bulk
density increases. As a result, this negatively
affects plant growth (Ongarbayev at al. 2022).
Oil also significantly reduces the activity of
enzymes in the soil.

In addition to the harmful effects on
aquatic ecosystems and aquatic biota and
humans (Tan at al. 2021), a large-scale spill
of oil or oil products can significantly affect
the regional economy, causing damage to
fisheries and tourism (Zaro at al. 2021).

The intensive development of industry,
the increasing use of oil as a natural resource
and the increasing risks of environmental
pollution by it and oil products necessitate the
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further search for rational and economically
feasible methods for their removal from
various natural environments, wastewater and
industrial waste.

Among the numerous methods for
cleaning different environments from oil and
oil products the most common are sorption
(Bandura at al. 2017, Rahman at al. 2020).
Materials of plant (biosorbents) and mineral
origin are used as sorbents (Oluwatoyin at al.
2021, Buaban at al. 2024) . High sorption
capacity is inherent in synthetic products
(zeolites (Krol at al. 2020, Koahlak at al.
2023, Kordala at al. 2024, Liu at al. 2020),
polymeric materials (Duman at al. 2021),
etc.). However, their rather high cost
significantly limits the scope of their
application. Therefore, to reduce the cost of
oil and petroleum products extraction, wastes
from various technological processes are
used, for example, ash, pyrocarbon, etc.
(Hrynyshyn at al.2024).

However, natural mineral materials are
most often used, in particular, shungite (Fujita
at al. 2021, Jurgelane at al. 2021, Danehpash
at al. 2018), kaolinite (Halilu at al. 2017),
perlite. However, most of the research has
been conducted using natural clinoptilolite,
which belongs to the zeolite group and is
widespread in many countries of the world, as
a sorbent for oil and oil products (Liu 2022,
de Magalhaes at al. 2022, Hrynyshyn at al.
2024). To increase the sorption capacity of
natural materials, they are modified with
organic substances, in particular, salts of
quaternary ammonium bases.

Based on a brief review, we concluded
that further research into the processes of
sorption of oil and oil products using natural
clinoptilolite from the Sokyrnytsia deposit is
promising.
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The aim of the work was to study the
sorption capacity of natural clinoptilolite
modified with ammonium ions.

2. Materials and Methods

The studies used natural clinoptilolite
from the Sokyrnitsa deposit. The clinoptilolite
content in the rock, determined by X-ray
diffraction  analysis (AERIS Research
diffractometer with CuKo radiation; British-
Dutch company Malvern Panalytical), was
8240.5%. The zeolite crushed in a ball mill
was sieved using a standard set of sieves
(DSTU 1SO 3310-1:2017, Ukraine). Later,
fractions of 0.1...0.25; 0.25...0.5; 0.5...1.0;
1.0...1.5; 1.5...2.5 mm were used. The zeolite
was modified with NH4Cl solutions
(technical, China) with a concentration of 0.1;
0.5 and 1.0 mol/dm? at a mass ratio of solid
phase: solution = 1:10 and stirring for 180
min. Modified clinoptilolite was separated by
filtration and kept at a temperature of 25 °C
until a constant mass was reached.
Clinoptilolite was placed in glass cartridges
(clinoptilolite layer height 200 mm), which
were vertically immersed to a depth of 5 mm
in oil.

The studies also used crude oil from the
Borislav  field (average characteristics:
specific density — 863 kg/m?; paraffins — 15%;
resins — 17 %, asphaltenes — 4.3 %).

The lyophilic properties of clinoptilolite
in relation to oil were studied by the method
of a lying drop with fixation of the side
projection by photography (with subsequent
processing of the photo image to determine
the contact angle) and photographing the drop
from above to determine its ability to spread
or absorb by the surface of the sorbent, and
the sorption capacity of zeolite in relation to
oil was determined by the weight method.
The above studies were performed at
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temperatures of 20, 30 and 40 °C. For this
purpose, oil and cartridges with sorbent were
exposed in a thermostat. The studies were
conducted in the “bottom-up” sorption mode,
which simulated the process of oil sorption
from the surface of water or some solid
surfaces.

3. Results and discussion

Previous studies have established that
clinoptilolite fractions smaller than 1.0 mm at
temperatures of 20...25 °C are poorly wetted
by oil (Fig. 1) (Hrynyshyn at al. 2024).
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Fig. 1. Photo (processed) of an oil drop
on clinoptilolite (native form) with a
dispersion of 0.25...0.5 mm immediately after
its application (Hrynyshyn at al. 2024).

It was found that all fractions of
clinoptilolite modified with NH4Cl solutions
have a high lyophilicity with respect to oil.
Immediately after application, a drop of oil
wets the surface of the zeolite. For example,
for the fraction 0.25...0.5 mm after
application of the drop, the value of the
contact angle was 65...70° (Fig. 2).

Fig. 2. Photograph of an oil drop on
clinoptilolite with a dispersion of 0.25...0.5
mm immediately after its application
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In just 12...15 seconds, the oil drop
spreads over the surface of each of the sorbent
samples (regardless of the method of
modification and dispersion) and s
simultaneously absorbed by the clinoptilolite
layer (Fig. 3 a, b). In this case, the value of
the contact angle of contact approaches 0°,
which is characteristic of complete wetting of
the surface.
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Fig.3. Photos of the projection (in plan)
of an oil drop in plan on modified
clinoptilolite with dispersion, mm:
a—-025.05b-15.25

Immediately after immersion in oil of
the lower part of the cartridge (5 mm), filled
with sorbent, its movement was observed
upward by the clinoptilolite layer. During the
first 30...45 min, 70...75% of the total
amount of absorbed oil is sorbed (Fig. 4).
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Fig.4. Dependence of the mass of oil
sorbed by clinoptilolite (fraction 1.0...1.5
mm) on time: 1 — native form; 2-4 — modified
with NH4Cl solution, M:
2-01;3-05;4-10
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For clinoptilolite of native form
(fraction 1.0...1.5 mm), as well as modified
with 0.1, 0.5 and 1.0 M NH4CI solutions, this
mass is 1.10, 1.63, 1.77 and 1.85 g,
respectively. As can be seen, the mass of oil
sorbed by modified clinoptilolite samples
differs slightly — by 11...13 %. While the
mass of oil sorbed by the modified sorbent is
1.5...1.7 times greater than by the native form
of zeolite.

The initial rate of oil sorption by native
and modified forms of clinoptilolite is 0.087;
0.120; 0.121 and 0.123 g/cm?min (87; 120;
121 and 123 g/m?-min).

The equilibrium of the sorption process
occurs after about 40...48 h, when the change
in the cartridge mass does not exceed 0.1 g.
At the same time, the maximum mass of
sorbed oil for clinoptilolite (1.0...1.5 mm) of
the native form, modified with 0.1, 0.5 and
1.0 M NH4CI solutions, is equal to 1.49, 1.95,
2.13 and 2.31 g, respectively. The mass of
sorbed oil, compared with the native form,
increases by 31, 43 and 55%, respectively.

With an increase in the dispersion of
clinoptilolite, the mass of sorbed oil naturally
increases (Fig.5).
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Fig.5. Dependence of the mass of
sorbed by clinoptilolite (fraction 0.25...0.5
mm) oil on time: 1 — native form; 2-4 —
modified with NH4Cl solution, M:
2-0.1;3-05;4-1.0
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It is obvious that the initial oil sorption
rate increases. For the original and modified
oil samples, it is equal to 0.134; 0.151; 0.167
and 0.179 g/cm?min (134; 151; 167 and 179
g/m?-min).

The maximum mass of oil sorbed by oil
(native and modified forms) for the fraction
0.25...0.5 mm is equal to 2.27, 2.85, 3.22 and
3.93 g, respectively. Thus, the mass of sorbed
oil increases compared to the original
clinoptilolite by 25, 42 and 73%.

A further increase in the dispersion of the
sorbent causes a significant increase in the
sorbed oil in both native and modified forms
(Fig.6).
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Fig.6. Dependence of the mass of
sorbed oil on the average diameter (mm) of
clinoptilolite: 1 — native form; 2, 3 — modified
with NH4ClI solution, M: 2 -0.1; 3—-0.5

As expected, an increase in the average
size of clinoptilolite leads to a natural
decrease in the sorption capacity of
clinoptilolite, since the sorption process
occurs as a typical heterogeneous one in the
“liquid-solid” system. At the same time, in all
cases, the modification of zeolite provides an
increase in the mass of sorbed oil.

Diffusion processes inside the solid
particle of clinoptilolite have a significant
impact on oil sorption, especially for
paraffinic oil. This is confirmed by the
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positive effect of temperature on the sorption
capacity of clinoptilolite: an increase in
temperature by every 10 degrees caused an
increase in the sorption capacity by 10...15%.
At the same time, as shown above, the effect
of temperature on the lyophilic properties of
clinoptilolite modified with NH4Cl solutions
in the range of 20...40 °C is practically not
noticeable, because all sorbent samples are
well wetted even at a temperature of 20 °C.

To characterize sorbents, a parameter
such as sorption capacity (sorption capacity)
is usually used. Determining the value of the
sorption capacity of clinoptilolite in its
various forms made it possible to establish the
features of oil sorption.

The sorption capacity was calculated by
the formula

SC =

My _ Myl

Mygin h-S-p’

Moil — the mass of sorbed oil, g;

Mmin — the mass of clinoptilolite in the oil-
sorbed layer, g;

h — height of the working layer of the
sorbent, cm;

S — the cross-sectional area of the
cartridge, cm?;

p— the density of the sorbent, g/cm?®.

With an increase in the concentration of
the NH4Cl solution with which clinoptilolite
was modified, the height of the working layer
of the sorbent of the 0.25...0.5 mm fraction
increases from 96 mm (native form) to 122,
147 and 164 mm (for the sorbent modified
with 0.1, 0.5 and 1.0 M solutions). At the
same time, the increase in the height of the
working layer at the end of the sorption
process decreases, which can be explained by
the establishment of equilibrium in the system
of processes that include capillary
phenomena, sorption and the action of
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gravitational forces (Fig. 7). However, with
an increase in the average size of clinoptilolite
particles, the height of the working layer
significantly decreases (Fig. 8).
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Fig.7. Dependence of the height of the

working layer of clinoptilolite (fraction

0.25...0.5 mm) on time: I — native form; 2-4 —

modified with NH4ClI solution, M:
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Fig. 8. Dependence of the height of the
working layer of clinoptilolite (fraction
1.0...1.5 mm) on time: 1 — native form; 2-4 —
modified with NH4Cl solution, M:
2-0.1;
3-05;4-1.0

Thus, for the 1.0...1.5 mm fraction, the height
of the working layer for the modified forms of
clinoptilolite are very close (42...45 mm), and
compared to the native form, the height of the
layer increases by only 1.1...1.2 times. These
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results can be explained by a significant
reduction in the contact area of the liquid and
solid phases and the balancing of the action of
capillary forces by the force of gravity acting
on the oil, in particular its heavy components.

These considerations are confirmed by
visual observations of the formation of the
working layer of the sorbent. During the first
hours, the oil, which has an intense dark
brown to black color, moves up the
clinoptilolite layer (its initial color is light
gray), coloring it — it acquires a uniform dark
brown color. However, after 3...4 hours, the
formation of a much lighter layer is observed
above the dark layer, which also moves up.
This process is most visualized for small
fractions of clinoptilolite. Obviously, this is
due to the polyfractionation of oil. Its
components with a lower molecular weight
(lower boiling points) are more easily sorbed
and move through the clinoptilolite layer, and
heavier ones are correspondingly slower. This
feature of oil sorption explains the conditional
decrease in the capacity of clinoptilolite
relative to it during the sorption process.

In particular, for the 1.0...1.5 mm
fraction at the beginning of the process (up to
approximately 240 min) an increase in the
sorption capacity is generally observed (Fig.
9). However, by the time the sorption
equilibrium is established, i.e. before its
termination, the value of this parameter
decreases (Fig. 10) precisely due to the
increase in the height of the working layer
due to the movement of lighter oil
components through it.

For the fraction of 0.25...0.5 mm, a
formal decrease in the sorption capacity is
observed after 15 minutes. It should be borne
in mind that the mass of absorbed oil is
70...75% greater than for the fraction of
1.0...1.5 mm, the height of the working layer
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is 3...4 times greater. Therefore, for smaller
fractions of clinoptilolite, the effect of
separation (chromatography) of oil into
components is more pronounced.
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Fig.9. Dependence of the sorption
capacity of clinoptilolite (fraction 1.0...1.5
mm) on time (0...240 min): 1 — native form;
2-4 — modified with NH4Cl solution, M:
2-0.1;3-05;4-10
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Fig.10. Dependence of the sorption
capacity of clinoptilolite (fraction 1.0...1.5
mm) on time (0...2880 min): 1 — native form;
2-4 — modified with NH4Cl solution, M:
2-0.1;3-05;4-1.0

To confirm the high capacity of
modified clinoptilolite for oil, a series of
experiments were conducted using a
clinoptilolite layer only 50 mm high in order
to avoid the effect of chromatographic light
fractions. Under these conditions, the sorption
capacity of clinoptilolite modified with 0.1,
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0.5 and 1.0 M NH4CI solutions was 0.72, 0.81
and 0.99 g/g, while for the native form it was
0.48 g/g.

4. Conclusions

Modification of natural clinoptilolite
with ammonium chloride solutions ensures
good wetting of all its fractions with oil,
which quickly causes complete wetting of the
zeolite: in this case, the value of the contact
angle tends to zero.

With a decrease in the average particle
size of clinoptilolite from 2.0 to 0.175 mm,
the mass of sorbed oil (under experimental
conditions) increases by 3.6 times.

The initial rate of oil sorption increases
both with an increase in the dispersion of
zeolite and with an increase in the
concentration of the modification solution.

During sorption, oil is separated on
clinoptilolite into a number of fractions:
lighter and heavier. At the same time, the
height of the working layer of zeolite
increases significantly, which causes a formal
decrease in the sorption capacity of
clinoptilolite.

The results obtained should be used to
calculate the consumption of modified
clinoptilolite for water purification or oil spill
elimination, as well as the time during which
these processes can be implemented.

Spent clinoptilolite, i.e. saturated with
oil or oil products, is not advisable to
regenerate due to additional energy costs.
Such a sorbent, especially a dispersed one,
can be used as an additive to the charge in the
manufacture of ceramic products, for
example, bricks.
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JIO®LJIBHI TA COPBLIMHHI BJACTUBOCTI
MOUPIKOBAHOI'O KVHHOIITHUJIOJITY AK COPBEHTY 1JIA
OYUIIEHHA BOAA BIJIl HA®TU TA HAOTOIIPOAYKTIB

Cmanicnas I} punumunl, 3enosiii 3nart
! Hamionansuuii yHiBepcuTeT «JIbBiBChKA MOMITEXHIKa», YKpaiHa

stanislav.o.hrynyshyn@Ilpnu.ua, zenovii.o.znak@Ipnu.ua

Hagma i nagpmonpooykmu cmarnoename cepiiosny 3aepo3y Oiisi YCiX KOMNOHEHMi8 0O0GKILIA ma
mooetl. Haubinbw epexmusnumu 015l 0uUUeHHs: B0OHUX cepedosuly i meepoux NO8epXoHb B0
Hagpmu i Hapmonpooykmis € npoyecu copoyii 3 GUKOPUCNAHHAM NPUPOOHUX | CUHMEMUYHUX
mamepianie. Lle 0ocnioocenns cnpsamosane Ha SUGUEHHSI COPOYIIHUX 81ACMUBOCIEN NPUPOOHO20
yeonimy muny KIUHONMULONIM, MOOUPDIKOBAHO20 PO3UUHOM AMOHIIO XIOPUOY 3 KOHYEHMPAYieo
0,1...1,0 monv/om®. Bugueno eniue moougixysanna i gpaxyiiino2o cknady KIUHONMULONIMY Ha
piogineui  enacmusocmi wooo Hagmu, macy copboganoi Hagmu, weuoxicmes copoyii y
noYamkosutl nepiod npoyecy, copoyiiny emuicmo. Ilokazano, wo Ha 8i0OMiHY 6i0 HamusHoi hopmu
KAUHONMUNLONIMY MOOUQPIKO8ani 3pasku copboenmy 8 Ycbomy OianazoHi posmipié 0obpe
3mMouyromscs  Hagmoio  axc 00 00CACHEHHA egheKkmy PpO3IMIKAHHA HaApmu  noeepxuero
Moougikoeanozo yeonimy. 3i 30inbuieHHAM OUCNEPCHOCMI KIUHONMULOAIMY Maca copOo8aHoi
Hagmu 3akonomipno 3spocmae. Ilpu yvomy Haubinbwuil npupicm macu copboeanoi Hagpmu
cnocmepieaemuvcs 3i 3SMEHUEHHAM CepeoOHb020 PO3MIpY 4acmMUHOK KAuHonmunorimy 6io 0,375 oo
0,175 mm. Buseneno, wo enpoodossc oauzvxo 200...240 xe npoyecy copbyii nagpmu copoyitina
emuicms Kaunonmuaonimy spocmac (0o 0,5...0,7 2/2 ona pisnux 3paskig). OOHax Haoaui npoo0eHc
nacmynnux 2500...2600 x6 pospaxosana copoOyitina €MHICMb HOPMATLHO 3MEHUYEMbCA (00
0,45...0,6, 2/2) 3a oomouacnozo 36invuwienns macu copbosanoi Hagpmu. Taxe ¢hopmanvhe
NPOMUPIuYsL 3yMOGIIeHe MUM, WO BUCOMA NPAYIOI0Y020 Wapy KIUHONMUIONIMY, a omokce i maca
yeonimy, axka bepe yuacms y copoyii, Oeodani 3pocmac. Ilpu ypomy nio yac copoyii nagpmu, ska €
NONIKOMHOHEHMHOIO PeY08UHOI0, HA KIUHONMUNLONIMI 6i00y8acmvcsi po30inenHs Hagmu Ha
Komnonenmu. Jlecwi ¢ppaxyii weuouie nepemiugyromscs (Xxpomamozpaghyromscs) umapom copoenmy
Hidic eadxcyi. Bukonanumu oocniodcenHamu niomeepodceHo NOUMUBHUU 6NIUE MOOUQDIKY8AHHS
KAUHONMULONIMY POSYUHAMU AMOHIIO XA0puody Ha 1o2o copoyiiny 30amuicms. Ompumani
copbenmu Maoms nepcneKmusU 3acmocy8ants y MexHoI02IAX OUUUeHHs 800, NiKeioayii po31usie
Hagmu Ha nO8epxXHi 800U I OeAKUX MEEPOUX NOBEPXHSIX.

Knrwouosi cnosa: kiunonmunonim, moougikayis, nagpma, copoyis, copoyiina emMHicms, OUUWEHHS
800U.



