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Abstract

The study investigates the structural, thermal, and adsorption properties of
natural diatomite and its modified forms (thermally and acid-treated) for oil
spill remediation. X-ray diffraction analysis revealed amorphous silica alongside
crystalline phases. Thermogravimetric analysis showed mass losses at 80—300 °C
(removal of adsorbed water) and 430-700 °C (dehydroxylation), with an 8.63%
total mass loss. Acid treatment with 0.5N H,SO, significantly altered the chemical
composition, increasing the SiO, content to 88.8% while dissolving CaO, Na,O,
and MnO.. Infrared spectroscopy confirmed the removal of hydroxyl groups and
structural changes following treatment. Nitrogen adsorption analysis revealed
enhanced porosity in the acid-modified diatomite (D-H,S0,-400), showing a BET
surface area of 80.0 m?/g and a uniform pore size distribution of 19.0 nm. Scanning
electron microscopy revealed preserved skeletal structures with improved
porosity. Oil sorption tests showed that D-H,50,-400 exhibited the highest
adsorption capacity (optimal at 4 g, 30 um particle size), achieving maximum
uptake within 2 minutes. Overall, these findings confirm that thermal and acid
treatments enhance the sorption efficiency of diatomite, making it a promising
low-cost and environmentally friendly material for oil spill remediation.

1. Introduction

methods and resources. Regardless of the type of
petroleum product involved, the immediate priority

Accidental spills of petroleum products pose
a serious threat to the environment. These inci-
dents may occur during oil extraction, processing,
or transportation. In recent years, their ecological
consequences have become increasingly evident,
with oil spills significantly disrupting ecosystems and
damaging habitats [1]. The long-term environmental
impact remains difficult to predict, as oil contami-
nation interferes with natural processes and alters
the living conditions for a wide range of organisms
[2]. Addressing such spills requires a comprehensive
response strategy that combines various technical
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is localized containment to prevent further spread
and reduce the extent of environmental damage [3].

The removal of petroleum product spills involves
several methods: thermal, mechanical, biological,
and physicochemical [4]. Mechanical oil recovery is
one of the primary methods for eliminating oil and
petroleum product spills. It is most effective in the
first few hours after a spill, as the oil layer remains
relatively thick at this stage. This is crucial, as fac-
tors like a thin oil layer, widespread distribution, and
the constant movement of the surface layer due to
currents and wind hinder the process of separating
oil from water. Additionally, complications may arise
when cleaning oil and petroleum product contami-
nation in port areas and shipyards. These areas are
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often polluted with debris-such as boards, splinters,
and other floating objects — that complicate the
cleanup process [5].

The thermal method of oil spill remediation is
based on the ignition of the oil layer. This method
can be applied when the oil layer is thick enough and
immediately after the spill, before emulsions with
water have formed [6].

The biological method of oil spill remediation is
applied after the mechanical and physicochemical
methods have been used, when the oil film thick-
ness is greater than 0.1 mm [7]. The physicochem-
ical method involving the use of sorbents and dis-
persants is effective when mechanical collection of
oil and petroleum products is not possible, such as
when the oil film is too thin or when oil spills present
a real threat to the most ecologically sensitive areas
[8, 9].

Every year, humanity spends millions of dollars
on the aftermath of oil and petroleum product spills.
Therefore, the technology for oil and petroleum spill
remediation is particularly relevant today. Naturally,
such a technology must meet modern requirements
— it should be as accessible and convenient as possi-
ble, environmentally friendly, and economically fea-
sible [10, 11].

We have conducted a search and analysis of pat-
ent and scientific-technical literature on the reme-
diation of emergency oil spills [12—15]. The analysis
of methods and techniques for localizing and reme-
diating oil and petroleum product spills suggests
that the most effective solution to the problem is
the use of sorbents — substances that absorb or
adsorb oil. Currently, there are approximately two
hundred different sorbents known worldwide, used
in oil spill remediation. These sorbents are classified
according to their composition into inorganic, natu-
ral and synthetic organic, and biological categories
[16]. During the extraction, transportation, and pro-
cessing of ail, significant quantities of oil and petro-
leum products are spilled due to various accidents.
As a result, the land becomes saturated with oil, or
an oil film forms on the surface of the sea [17]. Be-
tween 1970 and 2018, during the transportation of
oil by sea, an average of 5.87 million tons of oil was
spilled into the sea due to accidental tanker acci-
dents and damage [18].

Such extensive marine pollution causes irre-
versible damage to the ecosystem, disrupting the
physical, chemical, and biological balances in the
environment. Therefore, the remediation of oil and
petroleum product spills is one of the most urgent
and important tasks.

The objective of this study is to develop an en-
vironmentally sustainable and efficient technology
for treating oil-contaminated water using a sorbent
derived from domestic diatomite. Owing to its high-
ly porous structure, diatomite is utilized across var-
ious industries: as an oil sorbent in environmental
applications [19], a filtration agent in the food and
pharmaceutical sectors [20], a fungicidal material in
agriculture [21], a catalyst support in chemical pro-
cesses [22, 23], and an insulating material in con-
struction [24]. By leveraging the unique properties
of diatomite a natural, abundant, and eco-friendly
mineral this research aims to develop a cost-effec-
tive solution that minimizes environmental impact
while effectively removing oil and petroleum-based
contaminants from aquatic environments. The
proposed technology holds promise as a safer and
more sustainable alternative to conventional oil
spill remediation methods. This study introduces a
novel approach using locally sourced diatomite as
a sustainable, cost-effective sorbent for oil spill re-
mediation. Unlike previous works, it focuses on op-
timizing domestic diatomite’s properties for aquatic
environments, providing an eco-friendly alternative
to conventional and imported sorbents through en-
hanced performance and accessibility.

2. Experimental
2.1 Method for preparing the sorbent

Natural diatomite from the Aktobe deposit
(Kazakhstan) was selected as a sorbent for oil re-
moval from water surfaces. To achieve the desired
physicochemical properties, the material under-
went chemical and thermal treatment. The prepa-
ration process included drying, fractionation, and
impurity removal. Sulfuric acid was used as a mod-
ifying agent, with optimized treatment conditions
involving specific temperature, duration, filtration,
and washing to a neutral pH. The modified samples
were further ground and fractionated by particle
size [25].

Experimental batches of diatomite processed un-
der various conditions were obtained to investigate
its chemical composition and physicomechanical
properties. As a sorbent material, natural diatomite
(D) was first thermally treated at 400 °C (D-400) for
4 h, then mixed with sulfuric acid (0.5N H,SO,: di-
atomite = 1:3). The mixture was heated at 90-100 °C
with continuous stirring for 3 h (300 RPM), followed
by filtration, washing to neutral pH, and fine grind-
ing (D-400-H,S0,) [26].
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2.2 Physicochemical characteristics of the diatomite

Thermogravimetric analysis (TGA) was performed
using an STA 449C Jupiter instrument (NETZSCH,
Germany) over a temperature range of 40-1000
°C under ambient air conditions. The heating rate
was set at 5 °C per minute. The microstructure of
the samples was examined using scanning electron
microscopy (SEM) with a Hitachi SU8010 electron
microscope at an accelerating voltage of 5 kV. In-
frared (IR) spectra of the samples were recorded
using a Perkin Elmer Spectrum 65 spectrometer in
the range of 400-4000 cm™ with a scanning res-
olution of 4 cm™. The spectra were obtained from
pressed KBr pellets prepared at a ratio of 1 mg of
sample to 200 mg of KBr. The elemental composition
of diatomite was analyzed using X-ray fluorescence
(XRF) spectroscopy with a sequential spectrometer
Axios Max (PANalytical, Netherlands). The maxi-
mum tube voltage was 25 kV, and the maximum
anode current was 144 mA. Textural properties of
the synthesized samples were determined based
on nitrogen adsorption-desorption isotherms at
77 K, obtained using a volumetric analyzer ASAP 2020
(Micromeritics, USA). The specific surface area was
calculated using the Brunauer-Emmett-Teller (BET)
method, while the average pore diameter was esti-
mated by the Barrett-Joyner-Halenda (BJH) method
from the desorption branch of the isotherm. Prior to
the measurements, the samples were degassed at
200 °C under a residual pressure of 10° mmHg for
4 hours. X-ray diffraction analysis (XRD) was carried
out using a D8 Advance powder X-ray diffractometer
(Bruker) with CuKa radiation (A = 0.15406 nm). The
measurement conditions were: scanning step size —
0.1°, counting time — 2 sec per point, tube voltage
and current — 40 kV and 40 mA, respectively. The
scanning range was 26 = 4-80°.

2.3 The oil sorption tests

To absorb the crude oil layer, 200 ml of artificial
tap water was poured into a 250 ml beaker. Then,
crude oil was added to form a layer of a specified
thickness. After that, the sorbent was spread over
the surface of the oil layer. After a certain absorption
time, the sorbent was removed using a net. These
tests were carried out in a static system without
stirring. All sorption experiments were performed in
triplicate, and the sorption capacity of the sorbent
was calculated using the following equation.

weight of sorbent (g)

Oil sorption capacity = — :
weight of adsorbed oil (g)

TG (%)

3. Results and Discussion
3.1 Characterization of the diatomite

The XRD pattern of natural diatomite is shown in
Fig. 1. The pattern of the untreated diatomite sam-
ple (D) exhibits a broad halo, indicating the presence
of amorphous silica. Superimposed on this diffuse
background are several distinct diffraction peaks
corresponding to crystalline phases. The peak at
20 = 21.57° is characteristic of cristobalite, while the
reflection at 20 = 23.46° corresponds to a-tridymi-
te. A prominent peak at 20 = 26.56° is attributed to
a-quartz. Additionally, the reflection at 206 = 29.31°
(d = 3.041 A) indicates the presence of calcite in the
sample.

Thermogravimetric analyses were conducted to
assess the physical-mechanical properties and ther-
mal stability of the initial diatomite sample. The
analysis results are shown in Fig. 2.
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Fig. 1. X-ray diffraction pattern of the initial diatomite.
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Fig. 2. Thermal (TG-DTA) curves of the initial diatomite.
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As shown in Fig. 2, the mass of the sample pri-
marily decreases in the temperature ranges of 80—
300 °C and 430-700 °C. The DSC curve of this sample
exhibits three endothermic peaks at 119 °C, 250 °C,
and 515 °C. The endothermic peaks at 119 °C and
250 °C are attributed to the removal of surface and
physically adsorbed water from the diatomite. The
endothermic effect at 515 °C is explained by the re-
moval of chemically bound water or the elimination
of hydroxyl groups from the structure of kaolinite
and montmorillonite [27]. As the temperature in-
creases, a distinct exothermic effect is observed on
the thermogram, with a minimum at 750 °C, which
is attributed to the crystallization of diatomite parti-
cles. The total mass loss of the sample, determined
from the TG curve in the temperature range of
20-1000 °C, is 8.63%.

Prior to their use as adsorbents, clay mineral ores
such as diatomite, montmorillonite, and bentonite
typically undergo thermal and chemical treatments
to increase their specific surface area, modify pore
structure, and enhance adsorption capacity [28, 29].
In this study, the elemental composition of natural,
thermally treated, and acid-treated diatomite sam-
ples was analyzed using X-ray fluorescence spectrom-
etry. Based on the elemental analysis, the chemical
composition of each sample was calculated, and the
average oxide content is summarized in Table 1.

As seen in Table 1, the results of the X-ray fluo-
rescence analysis show that the main components
of the natural diatomite are SiO, (74.52%) and Al,O,
(13.85%). Upon treatment of the diatomite with
0.5 N H,S0O,, along with a reduction in the mass frac-
tions of K,O, Fe,0;, MgO, and Al,O,, certain oxides
(Ca0O, Na,O, and MnO,) completely dissolve from
the diatomite.

Figure 3 shows the IR spectra of diatomite sam-
ples (D, D-400, D- H,S0,-500) in the frequency range
of 400-4000 cm™.

As shown in Fig. 3, the IR spectra of all diatomite
samples exhibit strong absorption bands at 1031 and
1103 cm?, which correspond to the valence vibra-
tions of the Si-O-Si bond. We can also observe weak-
er absorption bands for Si-O-Si bonds in tetrahedral
coordination (799 cm™) and bands associated with
the valence deformation vibrations of OH groups
(3441 and 1632 cm™) from physically adsorbed wa-
ter molecules. Notably, these IR spectra are in good
agreement with the data presented in works [30, 31].

From Fig. 3b, after thermal and acid treatment
of the initial diatomite (Fig. 4a), peaks correspond-
ing to the absorption bands of SiOH, Al-AlI-OH (915
cm?), and OH groups associated with kaolinite (3621
and 3694 cm™) disappear, indicating a dehydration
process. During acid activation of the diatomite, the
intensity of the Si-O-Al absorption band (536 cm™)

Table 1. Comparison of the chemical composition of treated diatomite samples with the original

Diatomite Oxide content, mass %
samples Sio, Al,O, Fe,0, TiO, Na,0 CaOo K,O MgO MnO,
D 74.52 13.85 4.54 0.90 1.34 0.44 1.48 0.83 0.08
D-400 77.12 11.82 4.16 0.90 1.24 0.31 1.42 0.78 0.06
D-400-H,S0O, 88.79 8.92 0.52 0.90 0.00 0.00 0.65 0.32 0.00
16 16
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Fig. 3. IR spectra of diatomite samples: (a) raw diatomite and (b) thermal and acid treated diatomite.
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Fig. 4. Adsorption isotherms and pore size distribution of diatomite samples: (a) D, (b) D-400 and (c) D- H,SO4-400.

decreases due to the removal of the hexacoordinat-
ed aluminum cation from the octahedral layer [32].
When diatomite is modified with acids, Ca** and Mg?*
ions in the crystal lattice are replaced by hydrogen
ions, resulting in the formation of the H-form of the
adsorbent. While the original structure of the crystal
lattice is preserved, the nature and porosity of the
surface undergo significant changes [33].

Figure 4a and 4b illustrate the adsorption iso-
therms for diatomite samples (D, D-400, D-HCI-500)
and the corresponding differential pore size distribu-
tion curves obtained using the BJH method.

The nitrogen adsorption isotherms of the original
and thermally treated diatomite exhibit minimal gas

uptake (Fig. 4a), indicating weak adsorption. Howev-
er, in the relative pressure region, the isotherm of
the acid-modified diatomite (D-H,SO,-400) displays a
sharp increase in adsorption. The corresponding iso-
therm curve for D-H,S0,-500 features a pronounced
hysteresis loop, suggesting enhanced porosity and a
more uniform pore size distribution.

BET surface area analysis showed that the specif-
ic surface areas of the raw diatomite (D), thermally
treated (D-400), and acid-modified (D-H,50,-400)
diatomite samples were 10.0, 17.0, and 80.0 m?/g,
respectively. Furthermore, BJH pore size distribution
analysis revealed an average pore diameter of 19.0
nm (Fig. 4b).
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Fig. 5. SEM images of the diatomite samples: (a) D, (b) D-400 and (c) D-H,S04-400.

The SEM images (Fig. 53, b, c) show that there are
observable differences in the surface structures of
the raw and modified diatomite samples; however,
the original skeleton and crystalline lattice structure
are preserved. Notably, the samples depicted in Fig.
5a and 5b exhibit a well-developed porous struc-
ture, indicating the successful formation of porosity
during the modification process.

3.2 Oil sorption tests

The dependence of sorption capacity on (a) dif-
ferent types of diatomite, (b) the mass of activated
diatomite, (c) particle size of activated diatomite,
and (d) contact time is presented in Fig. 6. As shown
in Fig. 6a, the acid-activated diatomite sample
(D-H,S0,-400) demonstrated the highest sorption
capacity for crude oil from the Kumkol oil field. This
enhanced performance can be attributed to the
combined effects of thermal treatment and acid

activation, which significantly influence the mor-
phological structure and surface properties of the
diatomite. Figure 6b indicates that a diatomite mass
of 4 g yielded the maximum oil sorption capacity.
Although the same oil mass was used in all experi-
ments, the increased adsorption capacity with 4 g
of adsorbent (Fig. 6b) is attributed to enhanced oil
retention resulting from better surface interaction
and saturation efficiency at this dosage. These find-
ings highlight the importance of optimizing sorbent
characteristics and conditions to achieve maximum
efficiency. In Fig. 6¢c, the sorption efficiency of var-
ious particle size fractions (all at 4 g) was assessed
using the optimized diatomite dosage. The results
show that particles with an average size of 30 um
exhibited the highest sorption capacity. Moreover,
as illustrated in Fig. 6d, the maximum oil uptake
was achieved within just 2 min of contact time, in-
dicating the rapid sorption kinetics of the activated
diatomite.
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Fig. 6. Dependence of sorption capacity on (a) different types of diatomite, (b) the mass of activated diatomite, (c)
particle size of activated diatomite, and (d) contact time.

After each adsorption cycle, the modified di-
atomite was mechanically squeezed to recover the
absorbed oil. For the next 6 cycles, the sorbent was
washed with toluene after mechanical squeezing.
The washing process involved three rinses with tol-
uene to ensure the complete removal of residual oil
from the sorbent. After washing, the sorbent was
again squeezed to remove excess solvent and then
dried at 90-100 °C for 50 minutes. The dried sorbent
was subsequently reused for the next adsorption cy-
cle. Figure 7 presents the reusability performance of
the modified diatomite in sorption applications. The
oil recovery performance of modified diatomite de-
creased gradually over seven consecutive adsorption
cycles. Initially, the sorbent recovered approximate-
ly 1.6 g of oil per gram of sorbent, corresponding
to 100% efficiency. However, with each regener-
ation cycle — including mechanical squeezing, tol-
uene washing, and drying — the recovery capacity
diminished. By the seventh cycle, the recovered oil
dropped to around 1.12 g, indicating a 30% decline
in efficiency. This reduction may be attributed to

partial pore blockage, structural degradation of the
diatomite, or incomplete solvent removal. Despite
this decline, the sorbent retained a relatively high
level of reusability, demonstrating its potential for
multiple-cycle applications in oil spill remediation or
recovery processes.

Sorption capacity (g/g)
= B & &8 &

N
PN
1

1 2 3 4 5 6 7
The number of reuses (cycle)

Fig. 7. Evaluation of the reusability of modified
diatomite sorbents.
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Fig. 8. Sorption of spilled oil from the water surface using activated diatomite (D-H,504-400).

Figure 8 illustrates the adsorption process of oil
from the water surface using modified diatomite.
Notably, the sorbent demonstrates rapid adsorp-
tion, reaching maximum oil uptake within 2 min,
and exhibits excellent buoyancy, which enhances
its performance in aquatic environments.

Thermal and acid treatments significantly alter
the elemental composition of diatomite. Specifical-
ly, modification with 0.5 N sulfuric acid leads to an
increase in SiO, content, accompanied by a reduc-
tion in Al,O;, Fe,0;, Na,0, Ca0, and MgO levels. The
results indicate that acid treatment enhances the
oil sorption capacity of the studied natural mineral
materials, with the extent of improvement varying
depending on the type and concentration of the
acid used.

4, Conclusions

This study demonstrated that thermal and acid
modifications significantly enhance the structural
and sorption properties of natural diatomite. Acid
treatment with 0.5 N H,SO, notably increased the
Si0O, content while reducing the concentration of
impurities, resulting in greater surface area and
improved porosity. Among the samples, the ac-
id-modified diatomite (D-H, SO,-400) exhibited the

highest oil sorption capacity, particularly for 30 um
oil droplets, achieving maximum adsorption within
just 2 minutes. In addition to its rapid sorption ki-
netics, the material maintained excellent buoyan-
cy, making it highly effective for cleaning oil spills
from water surfaces. These findings underscore the
potential of modified diatomite as a low-cost, effi-
cient, and environmentally sustainable sorbent for
petroleum spill remediation.
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