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Abstract

This study experimentally demonstrates that a bentonite—vermiculite composite (1:2 mass
ratio) is the most effective formulation for the treatment of crude oil-contaminated wastew-
ater. The sorbents were characterized using XRD, SEM/EDS, (-potential, DLS, and
TGA/DSC to evaluate their structural, surface, and adsorption-related properties. Ki-
netic analysis showed that the adsorption process followed the pseudo-second-order (PSO)
model (R? = 0.96-0.99), suggesting that surface interactions and intraparticle diffusion
within the layered composite governed the overall adsorption rate. Thermodynamic analy-
sis revealed negative Gibbs free energy values (AG < 0) and a moderately positive enthalpy
change (AH = 26 kJ-mol 1), confirming that adsorption is spontaneous and endothermic,
with contributions from physical interactions, ion exchange, and hydrophobic effects. After
adsorption, the (-potential shifted toward less negative values, indicating partial surface
charge neutralization by hydrocarbon species. TGA /DSC data further confirmed strong
oil retention and preserved structural stability of the sorbents, while the DSC-derived
enthalpy increased from 2.0 k]J-g~! to 141.6 kJ-g ! after hydrocarbon uptake, indicating
pronounced energetic effects associated with sorbate incorporation. Techno-economic
evaluation under industrially relevant conditions (Q = 120,000 L-h~1; Cy = 392 mg-L 1)
showed effective oil removal to residual concentrations below regulatory discharge limits
at a low treatment cost.

Keywords: bentonite clay; vermiculite; wastewater; adsorption; green technologies

1. Introduction

Environmental contamination of water and soil with harmful substances has become
an increasingly pressing global challenge. Oil and petroleum-derived products, including
gasoline, diesel fuel, fuel oil, kerosene, lubricants, paraffins, and sulfates, are among the
major pollutants entering natural water bodies as a result of industrial discharges associated
with oil production, refining, and transportation. This issue is particularly relevant in
several regions in Kazakhstan, where petroleum contamination of aquatic ecosystems has
been widely reported [1]. Once released into the environment, oil and its components may
exert toxic effects on living organisms, disrupt aquatic and terrestrial ecosystems, and alter
the physical, chemical, and biological properties of affected environmental matrices [2].
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Given that water and soil underpin habitats for plants and animals, contamination of these
resources poses a substantial ecological risk.

At present, the removal of petroleum products from water remains an important scien-
tific and practical task. Considerable research efforts have been directed toward identifying
efficient and low-cost sorbent materials for the purification of oil-polluted water [3-7].
Sorption-based technologies are particularly attractive due to their operational simplic-
ity, technical accessibility, and relatively low cost; therefore, the development of effective
sorbents and optimization of sorption-based treatment processes remain highly relevant.

Natural mineral materials exhibit sorption activity even in their native state, largely
owing to surface adsorption and the swelling behavior of clay-rich sedimentary minerals.
However, many studies indicate that additional activation of mineral sorbents can be
beneficial, as it enables tailoring of the pore structure and enhancement of the cation-
exchange capacity, thereby improving adsorption performance in water treatment [1,8,9].
At the same time, the feasibility of using both natural and modified sorbents should be
evaluated under environmentally realistic conditions.

A review of the scientific and patent literature suggests that one of the most promising
approaches for treating wastewater contaminated with petroleum products is sorption
using mineral-sedimentary materials such as zeolites and natural clays. These sorbents
are relatively inexpensive, readily available, and, in many cases, suitable for reuse or safe
disposal, making them economically attractive for large-scale oil-spill remediation and
industrial wastewater treatment [4,5].

In this context, the present study evaluates natural mineral sorbents, including ben-
tonite clay and vermiculite, in their raw form and after acid activation. Particular attention
is paid to the effect of activation on the specific surface area and textural characteris-
tics of the materials, as well as to their adsorption performance in removing petroleum
contaminants and heavy metals from polluted water and soils.

The findings of this study are expected to contribute to the development of efficient,
affordable, and environmentally sustainable sorbents suitable for practical application in
petroleum-contaminated environments.

2. Materials and Methods
2.1. Materials

Iodine standard solution (0.05 N; Sigma-Aldrich, St. Louis, MO, USA), sodium thiosul-
fate standard solution (0.1 N; Merck, Darmstadt, Germany), potassium iodide (analytical
grade; 10 wt.% aqueous solution; Sigma-Aldrich, St. Louis, MO, USA), starch indicator
(1 wt.% aqueous solution; Fluka, Buchs, Switzerland), and distilled water (laboratory grade)
were used for iodometric determinations. For chemical oxygen demand (COD) analysis,
potassium dichromate (K;Cr,Oy), sulfuric acid (H,SOy), silver sulfate (Ag,SO4), mercury
(I) sulfate (HgSO4), ammonium iron(Il) sulfate hexahydrate (NH4),Fe(SO4),-6H0), and
1,10-phenanthroline (C1,HgN») (analytical grade; all Sigma-Aldrich, St. Louis, MO, USA)
were used as received. Methylene blue (C16H;3CIN3S; analytical grade; Sigma-Aldrich, St.
Louis, MO, USA) solutions were prepared in the range of 10-100 mg-L ! using distilled
water unless otherwise stated.

The bentonite clay was supplied by LLP “Tagbent” (Kamenogorsk, Kazakhstan),
whose raw material base is the Taganskoe deposit located in the East Kazakhstan Region of
the Kazakhstan. Expanded vermiculite was purchased from LLP “Avenue” (Kamenogorsk,
Kazakhstan); its raw material base originates from the Kulantau deposit in the Tulkubas
District of the Turkestan Region (Kazakhstan).

A formation water sample containing crude oil was collected from the Kumsai oil field
in the Aktobe Region (Kazakhstan). The sampling date was 3 October 2023.
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2.2. Experimental Methods
2.2.1. lodine Sorption Activity

The iodine sorption activity was determined by adsorption of iodine from aqueous
solution followed by iodometric titration of residual iodine with sodium thiosulfate. Briefly,
a sorbent portion (m = 0.10 g) was contacted with 50.0 mL of iodine standard solution
(0.05 N) and agitated on a magnetic stirrer for 30 min at room temperature (20-25 °C). The
suspension was filtered, and the filtrate was titrated with sodium thiosulfate standard
solution (0.1 N) in the presence of KI (10 wt.% aqueous solution) and starch indicator
(1 wt.% aqueous solution) to determine the residual iodine concentration. The iodine
sorption activity, A, (mg-g~!), was calculated as:

A, = (Co—C)-V-M 1)
m

Cp and C are the initial and residual iodine concentrations (mol-L™1), respectively;
V is the solution volume (L); M is the molar mass of iodine (I,, 253.8 g-mol’l); and m is the
sorbent mass (g).

2.2.2. Methylene Blue Adsorption Capacity (AMB, mg-g~1)

The sorption capacity toward methylene blue (MB) was determined by batch adsorp-
tion followed by UV-V is analysis of the residual dye concentration. A sorbent mass of
0.05-0.10 g was mixed with 50.0 mL of MB solution (10-100 mg-L~!) and agitated for
60 min at 20-25 °C. The solid phase was separated by filtration, and the absorbance of
the solution was recorded at 664 nm. Residual MB concentrations were obtained from a
calibration curve. UV-Vis spectra were recorded on a ZUZI 4201/20 (Auxilab, Beriain,
Spain) double-beam spectrophotometer using 10 mm quartz cuvettes. The MB uptake, App
(mg-g 1), was calculated as:

(G —-C)V

m

)

Amp =

Co and C are the initial and equilibrium MB concentrations (mg-L~!); V is the solution
volume (L); and m is the sorbent mass (g).

2.2.3. Batch Adsorption Experiments

Prior to use, bulk adsorbent samples were dried at 120 °C for 2.5 h to remove physically
adsorbed moisture Batch adsorption experiments were performed under static conditions
in glass conical flasks by contacting 50.0 mL of model wastewater (pH 6.86) with 1.0 g
of adsorbent. The model wastewater was prepared by dispersing 2.0 mL of a petroleum
emulsion (density, 0.869 g-cm~3) in 500 mL of distilled water to obtain a homogeneous
oil-in-water system prior to use. The suspensions were stirred magnetically at 200 rpm
for 30 min at (25 £ 2) °C. After equilibration, the solid phase was separated by vacuum
filtration, and the filtrates were analyzed for residual petroleum contamination via COD
(expressed as mg O,-L~!). The equilibrium adsorption capacity, ge (mg O,-g~!), was
calculated according to Equation (3) following the procedure reported in [2,10]:

_ CODy — CODEV
m

de ©)
where CODy and CODe are the initial and equilibrium COD values (mg O,-L ™), respec-
tively; V is the solution volume (L); and m is the adsorbent mass (g); V—volume of the
solution, L; m—mass of the adsorbent (g). All adsorption tests were conducted in triplicate
(n = 3). The experimental results are presented as mean values accompanied by standard
deviations; the relative error did not exceed 5%.
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2.2.4. (-Potential, DLS Size, and Electrokinetic Stability Parameters (PALS/DLS)

(-potential measurements were performed at (25 & 2) °C using a NanoBrook Omni
analyzer (Brookhaven Instruments Co., Nashua, NH, USA) equipped with electrophoretic
light scattering in phase analysis light scattering (PALS) mode and dynamic light scattering
(DLS) for hydrodynamic sizing. Adsorbent suspensions were prepared in aqueous KCl
solutions spanning an ionic-strength range of I = 0-1.0 M. In each experiment, 0.0010 g of
adsorbent (bentonite or bentonite-vermiculite composite (1:2) was dispersed in 50.0 mL of
KCl at the required concentration and homogenized to obtain a uniform suspension. The
suspensions were characterized before and after sorption under the same electrolyte condi-
tions. During suspension preparation and the sorption stage, samples were mechanically
agitated on a digital orbital shaker OS-20 V.1AW (Biosan, Riga, Latvia) for 24 h at 25 °C
and 150 rpm to ensure homogeneous dispersion and to approach adsorption equilibrium.
All electrokinetic measurements were carried out at pH ~ 6.0.

The C-potential (), regarded as an operational electrokinetic parameter according
to IUPAC, was calculated from the electrophoretic mobility (ue) using the Smoluchowski
approximation (ka > 1) [11-14]:

_Ho—7
G—TSO 4)

&+ &0
p=T= 5
Iz ” 4 ()

where p.—electrophoretic mobility; e,—relative permittivity (dielectric constant) of the
medium; ep—vacuum permittivity (electric constant); 7—dynamic viscosity of the medium
DLS hydrodynamic size and characteristic radius.

Hydrodynamic size was measured by dynamic light scattering (DLS) at the corre-
sponding ionic strength (KCl = 0.001M) to assess adsorption-induced dispersion and to
define the characteristic length scale for electrokinetic analysis. The characteristic aggregate
radius was taken as: a = d;,/2. Changes in d}, before and after sorption were attributed
to variations in interparticle interactions governed by electrostatic screening and surface
charge state.

Double-Layer Thickness, xa Criterion, and lonic-Strength Dependence

To justify the applicability of the Smoluchowski limit, the Debye length Ap and Debye
parameter k were calculated for a symmetric 1:1 electrolyte (KCl) as:

1
[ &€gRT \?
Ap = (2F2LI*) (6)

I*—ionic strength. The dimensionless parameter:
ka =k-a (7)

The dimensionless parameter ka was used to assess model validity and electrokinetic
stability: increasing ionic strength raises ka, reflecting diffuse-layer compression and
reduced interparticle repulsion, in agreement with DLS trends.

Dukhin Number (Du) to Assess Surface-Conductivity Contributions

Because ( is obtained from . using an electrokinetic model, the potential influence
of surface conductivity (conductivity of the electrical double layer) was evaluated via the
Dukhin number Du [15-20]. In its general form

kU’

Du =
km”"

(8)
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k’—surface conductivity (i.e., conductivity of the electrical double layer); x,,—
bulk electrical conductivity of the solution; a—characteristic particle size (typically the
particle radius)

2 3m zF{
 2g,e9R*T?
- 3yF2D (10)

D—ion diffusion coefficient (diffusion coefficient of ions).

2.3. Structural and Thermal Characterization

Structural and thermal characterization was performed to elucidate the morphology,
phase composition, and thermal stability of the sorbents before and after adsorption. The
composition and morphology of the mineral samples before and after sorption were exam-
ined using a ZEISS Crossbeam 540 scanning electron microscope (Carl Zeiss Microscopy
GmbH, Oberkochen, Germany). Powdered samples were mounted on carbon adhesive
substrates and analyzed without conductive coating at an accelerating voltage of 10-15 kV.

X-ray diffraction (XRD) analysis was carried out on a D6 PHASER diffractometer
(Bruker AXS GmbH, Karlsruhe, Germany) using Cu-K« radiation (A = 1.5406 A) over the
20 range of 5-80°.

Thermogravimetric analysis (TGA) was conducted using a NETZSCH STA 449 F3
Jupiter simultaneous thermal analyzer (NETZSCH-Gerédtebau GmbH, Selb, Germany);
approximately 15-20 mg of sample was heated from 10 to 1300 °C at a rate of 10 °C-min~!
under a flowing argon atmosphere.

2.4. Adsorption Isotherm, Kinetic, and Thermodynamic Models

Adsorption isotherms (Langmuir and Freundlich) were applied to examine the re-
lationship between the equilibrium adsorbate concentration in solution and its uptake
by the adsorbent [21]. The Langmuir model assumes monolayer coverage on a homo-
geneous surface with a finite number of identical sites and no lateral interactions is de-
fined by Equation (11), whereas the empirical Freundlich model describes adsorption on
energetically heterogeneous surfaces and allows for multilayer uptake is articulated in
Equation (12). Adsorption kinetics were evaluated using the pseudo-first-order (PFO)
and pseudo-second-order (PSO) rate equations to quantify the time-dependent adsorption
behavior and to identify the rate-controlling mechanism (Equations (13) and (14)) [22]. Ther-
modynamic parameters were determined to assess the feasibility and energetic nature of
the adsorption process: the Gibbs free energy change (AG) was calculated from the relevant
equilibrium constant, while the enthalpy (AH) and entropy (AS) changes were obtained
from the slope and intercept of the Van’t Hoff plot according to the Van't Hoff relationship
(Equations (15) and (16)) [23].

_ QmaxKLCe
Q=7 +K.C, (1)
Q. = K;C —er. (12)
Qr = Qi(1—ehy) (13)
ko Q?t
Qt - m (14)

Q¢ and Q. are the adsorption capacities at time t (min) and at equilibrium, respec-
tively, mg-g~1; k; and k; are the rate constants of the corresponding models, respectively,
(min~1), (g mg_1 -min~1).

AG = —RTInK, (15)
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AH1 AS
In(K) = —— %+ % (16)

2.5. Techno-Economic Calculation Method

For a single-stage adsorption treatment of oil-contaminated wastewater [24], the
required amount of sorbent material m was calculated using Equation (17):
Q:(G—C)

m= o= (17)

The adsorption coefficient k was determined using Equation (18):

a
k=— (18)
Ck
For multistage adsorption treatment with sequential addition of the adsorbent into the
aqueous phase, the adsorbent dosage for each stage was determined, and the total required
amount of sorbent material was calculated using Equation (19):

_ Q¢S

my = C 1 (19)

The oil concentration after treatment, C, is determined using the following equation:
=0

C=(=—F"]C 20

(Q thktm) " 20)

The number of treatment stages, 1, was determined using the following equation:

_ 1gCo — 1gC
Ig(Q +k-my) —1gQ

n (21)

The total consumption of sorbent material, 111y, was calculated using the following equation:
my = n-my (22)

m—required mass of sorbent for single-stage treatment (g); k—adsorption coeffi-
cient; Cy—initial oil concentration in wastewater (mg-L’l); C—oil concentration after
treatment (mg-L~!); n—number of adsorption stages; my—total sorbent consumption for
multistage treatment (t).

To evaluate the technological feasibility and economic efficiency of the proposed ad-
sorption process, additional calculations were performed to estimate sorbent consumption,
treatment cost, and environmental damage reduction.

The annual consumption of adsorbent material, P (kg-year~!), was calculated using
the following equation:

P=m.n (23)

mc—mass of adsorbent required to load a single adsorption filter (kg); n—number of
adsorption filters used for wastewater treatment; f,,—annual operating time (h-year1); O;—
volumetric flow rate of the liquid (m3-h~1); Cy—initial concentration of oil in wastewater (g-m_3 ).
The annual cost of producing the sorption material, Z (thousand USD), was estimated
based on the unit price of the adsorbent and its annual consumption according to the

following equation:
Z=CP (24)
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C—cost of the adsorbent (thousand USD-t~!); P—annual consumption of adsorbent
material (t-year™1).

The specific cost of water treatment per cubic meter using the adsorbent, Z; 3
(USD-m~3), was calculated using Equation (25):

Zis = é (25)

The quantitative assessment of environmental and economic damage caused by oil and
petroleum product contamination of water resources was carried out using a methodology
based on a regulatory formula officially approved and recommended by the environmental
protection authorities of the Kazakhstan. The economic damage associated with exceeding
permissible discharge limits for oil and petroleum products was calculated as follows:

D = (Cf — Cjim)-V-K-5-10-K;-K, (26)

D—economic damage caused by oil and petroleum product pollution of water re-
sources (USD); Cy—actual concentration of oil and petroleum products in wastewater
(mg-L~1); Cj;,,—permissible discharge limit for oil and petroleum products (mg-L~!);
V—volume of wastewater discharged during the assessment period (not exceeding
90 days) (million m?®); K—relative hazard coefficient; S—charge rate for the discharge
of one conditional ton of pollutants approved by local authorities for the current
year (USD-conditional ton~!); 10—penalty factor; K;—environmental hazard coefficient;
Ky—environmental risk coefficient.

3. Results and Discussion

3.1. Adsorption Performance
3.1.1. Equilibrium Adsorption Isotherms and Comparative Performance

The adsorption performance of the prepared materials was evaluated in relation
to their specific surface area and pore-volume characteristics (Figure 1). The sorption
properties of the investigated natural and composite adsorbents (bentonite, vermiculite,
and their mixtures) were assessed using the iodine number and methylene blue adsorption
methods [25-29]. The resulting values were compared with literature data for commercial
adsorbents, as summarized in Table 1.

Table 1. Comparative characteristics of the adsorption performance of commercial and
studied sorbents.

Specific Surface Area (m?/g)

Pore Volume Methylene Blue Iodine Number

Adsorbent Iodine Methylene Blue (cm®/g) Adsorption (mg-g—1) (mg-g~1) Reference
Adsorption Adsorption
Activated carbon 1056-1452 6000-10000 0.3-1.0 300-500 800-1100 [30,31]
(powder)
Biochar 50-300 100-400 0.10-0.45 0.10-0.45 0.10-0.45 [32]
Natural zeolite 52.8-132 200-1000 0.1-0.3 10-50 40-100 [33]
(clinoptilolite)
Bentonite 7.12 £ 0.02 1500.4 + 0.02 1.1253 75.02 & 0.02 54 4 0.01 -
Vermiculite 13.72 £ 0.02 300 & 0.02 0.225 15.0 £ 0.03 10.4 £ 0.01 -
Bentonite Vermiculite (1:1)  14.78 = 0.02 600 + 0.02 0.45 30.00 & 0.02 11.2 +0.01 -
Bentonite Vermiculite (1:2) ~ 21.38 = 0.02 936.4 £ 0.02 0.7023 46.82 & 0.02 16.2 £ 0.01 -
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Figure 1. Equilibrium adsorption isotherms showing the dependence of adsorption capacity
(e, mg-gfl) on the equilibrium adsorbate concentration in solution (Ce, mg~L*1) for mineral sorbents:
a bentonite-vermiculite composite (b + v: (1:1) and (1:2), pure bentonite (b), and vermiculite (v).

The equilibrium adsorption capacity (g., mg g~ ') was calculated using Equation (1),
following the procedure reported in [10,25].

All curves display a shape commonly associated with predominantly physical ad-
sorption: as the adsorbate concentration increases, the incremental rise in g. progressively
diminishes and the isotherms approach a plateau. This behavior reflects gradual occupation
of available sorption sites and the finite maximum uptake for each sorbent.

Among the tested sorbents, the bentonite—vermiculite composite exhibits the highest
adsorption capacity across the entire concentration range. Its isotherm shows a steep
increase at low C, followed by a more gradual approach to saturation at higher concentra-
tions, which is consistent with a heterogeneous surface featuring sites of different affinities
and suggests a beneficial interaction between the composite components. In particular,
the high surface activity of bentonite combined with the developed pore structure of
vermiculite likely enhances the overall uptake, enabling efficient removal even at low
contaminant concentrations.

Bentonite shows an intermediate performance: g, increases more gradually than for
the 1:2 composite and reaches a lower maximum value, which may be attributed to a lower
specific surface area and a narrower distribution of effective adsorption sites.

The adsorption isotherm of vermiculite (v) exhibits the lowest adsorption capacity
among the investigated materials, which is evidenced by the smallest slope of the isotherm
over the studied concentration range. The uptake is governed primarily by physisorption
on the external surface and within the pore structure and may additionally involve surface
precipitation of residual metal oxide species. The adsorption isotherm of the bentonite—
vermiculite composite (1:1) coincides with that of the 1:2 composite at the initial stage of
adsorption; however, at higher loadings its uptake decreases, which can be attributed to
progressive surface deactivation of the sorbent.

Overall, the isotherms demonstrate that the bentonite—vermiculite (1:2) composite is
the most efficient sorbent for removing organic contaminants from aqueous media. Its
superior performance results from a combination of multiple adsorption mechanisms,
well-developed porosity, and high surface reactivity. The use of such composite mineral
sorbents provides a substantial improvement in purification efficiency compared with the
application of individual minerals [26-29].
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The comparative analysis indicates that the bentonite-vermiculite composite (1:2)
exhibits the most balanced and promising overall properties, with a specific surface area
of 936.4 m? /g (MB-based) and a pore volume of 0.7023 cm®/g, which are comparable to
those of activated carbon (800-1500 m?/ g; 0.3-1.0 cm3/ g) [30-34]. Although the iodine
adsorption capacity is relatively low (21.38 m?/g), the high methylene blue uptake suggests
a predominance of mesopores, which are particularly effective for the adsorption of rela-
tively large organic molecules, including petroleum hydrocarbons and dye compounds. In
contrast, biochar typically exhibits lower surface areas (50-300 m?/g) and MB adsorption
capacities (10-45 mg-g~!), consistent with a less developed porous structure [35]. Overall,
the composite shows adsorption characteristics superior to biochar and approaching those
of activated carbon, while remaining more accessible and environmentally benign. These
results are also consistent with literature reports that composite sorbents often outperform
single-component materials in the removal of petroleum pollutants from water [36].

3.1.2. Effect of Contact Time on Adsorption Capacity

The effect of contact time on the adsorption capacity of bentonite and the bentonite—
vermiculite composite was investigated to evaluate the adsorption kinetics and determine
the time required to reach equilibrium (Figure 2). For both sorbents, the adsorption capacity
increased rapidly during the initial stage of the process, followed by a gradual decrease in
the adsorption rate until equilibrium was attained.

45
40 E/_,I- LT -
35 ‘ TR
30 ==
25
20 i}
15
10
5

0
0 20 40 60 80 100

ge(mg 02:g7)

t, min

—8—qc(b+v) (mg/g) de(b) (mg/g)

Figure 2. Effect of contact time on adsorption capacity of bentonite and bentonite-vermiculite composite.

The fast uptake observed within the first 20-30 min can be attributed to the availability
of a large number of vacant active sites on the sorbent surface, enabling rapid adsorption
driven by surface diffusion and external mass transfer. As adsorption proceeds, the number
of accessible sorption sites decreases, leading to a slower increase in adsorption capacity
due to progressive site saturation and diffusion limitations within the pore structure.

The bentonite-vermiculite composite exhibits a higher adsorption capacity through-
out the entire contact time range compared to pure bentonite. This behavior indicates
a synergistic effect between bentonite and vermiculite, resulting from the combination
of layered clay minerals and expanded porous structures, which facilitates both surface
adsorption and intraparticle diffusion. Similar kinetic trends have been reported for com-
posite mineral sorbents used for the removal of petroleum hydrocarbons and organic dyes,
where equilibrium is typically achieved within 30-60 min under batch conditions [37,38].

https://doi.org/10.3390/pr14030540


https://doi.org/10.3390/pr14030540

Processes 2026, 14, 540

10 of 30

The attainment of adsorption equilibrium within a relatively short contact time demon-
strates the practical applicability of the proposed composite sorbent for wastewater treat-
ment, as reduced residence times are advantageous for industrial-scale processes.

3.1.3. Effect of pH on Adsorption Capacity

The influence of solution pH on the adsorption capacity of bentonite and the bentonite—-
vermiculite composite was examined over a wide pH range to assess the role of surface
charge and adsorbate—adsorbent interactions (Figure 3). The adsorption capacity of both
materials shows a pronounced dependence on pH, with a noticeable increase in adsorption
efficiency from acidic to near-neutral conditions.

45
40
35
30
25
20
15
10

5

0

ge(mg O2-g-")

pH

—8—qc(b+v) (mg/g) qe(b) (mg/g)

Figure 3. Influence of pH on the adsorption performance of mineral sorbents.

At low pH values, adsorption is suppressed due to competition between hydrogen
ions (H*) and organic molecules for active sorption sites, as well as partial protonation of
surface functional groups, which reduces electrostatic attraction. As the pH increases to
near-neutral values (pH 6-8), adsorption capacity reaches a maximum, indicating favorable
electrostatic interactions and enhanced accessibility of adsorption sites.

At higher pH values, the adsorption capacity tends to stabilize or slightly decrease,
which may be associated with increased electrostatic repulsion between negatively charged
sorbent surfaces and dissociated organic species, as well as possible changes in the aggre-
gation state of oil-derived compounds. The bentonite-vermiculite composite consistently
exhibits higher adsorption capacities across the entire pH range, confirming its enhanced
surface reactivity and buffering capacity compared to individual minerals.

These observations are consistent with previous studies reporting that clay-based and
composite sorbents exhibit optimal adsorption performance in neutral or slightly alkaline
environments when treating oil-contaminated waters and organic pollutants [38]. The
broad pH tolerance of the composite sorbent highlights its suitability for real wastewater
systems, where pH conditions can vary significantly.

3.1.4. Effect of Sorbent Dose on Equilibrium Adsorption Capacity (g.)

To evaluate the effect of sorbent dosage on the adsorption of an oil-in-water emulsion,
sorbent masses in the range of 0.50-0.95 g were tested while maintaining pH at 6.86; all
experiments were performed at 25 °C with a contact time of 30 min and an initial oil
concentration of 100 ppm, the suspension was agitated using a magnetic stirrer at 150 rpm,
and the adsorption progress was monitored by measuring the residual concentration via
chemical oxygen demand (COD) at 10 min intervals; the results are presented in Figure 4
as the dependence of the equilibrium adsorption capacity, g, (mg-g~!), on sorbent mass.
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Figure 4. Effect of sorbent dose on adsorption capacity (g.) for determining the optimal sorbent mass
during oil removal from water: bentonite-vermiculite composite (b + v) and bentonite (b).

Figure 4 shows that increasing the sorbent dose from 0.5 to 1.0 g leads to a mono-
tonic decrease in the equilibrium adsorption capacity g, (mg-g~') for both the bentonite-
vermiculite composite (b + v) and pristine bentonite (b). Within the investigated range,
the data are well represented by linear trendlines (R? 2 0.96 for b + v and R? ~ 0.94 for b),
indicating a robust and reproducible dose effect under the selected experimental conditions.
The observed decline in g, with increasing sorbent mass is typical for systems operated at a
fixed initial pollutant loading and can be attributed to the redistribution of a finite sorbate
amount over a larger sorbent mass “capacity dilution”, as well as to partial masking of
accessible surface sites and mass-transfer limitations promoted by particle aggregation at
higher dosages.

A comparative assessment further demonstrates that the composite (b + v) consistently
outperforms bentonite in terms of g, across the entire dose interval: the difference is more
pronounced at low dosages (0.5-0.7 g), whereas the curves converge as the dose approaches
1.0 g, suggesting that the relative contribution of the composite’s structural advantages
becomes less significant under sorbent-excess conditions. The higher g, values for b + v are
plausibly associated with the incorporation of vermiculite, which increases the fraction of
readily accessible oil-binding sites through a more developed pore architecture (including
mesoporosity), thereby enhancing hydrocarbon retention and reducing the propensity
for secondary release under mechanical agitation. These findings are consistent with
previous reports on vermiculite-based (including modified) sorbents for oil-contaminated
water treatment, which highlight high oil affinity and a strong dependence of retention
performance on oil concentration and modification route [10,21].

At higher sorbent dosages, particle aggregation and bed compaction become more
likely, which may partially block accessible active sites, reduce the effective interfacial area,
and deteriorate mass transfer in the suspension (localized diffusion limitations, increased
viscosity, and restricted access to the pore network). Consistent trends have been reported
in the adsorption-based treatment of oil-contaminated waters, where increasing the sorbent
mass typically enhances the overall removal efficiency but is accompanied by a decrease in
the specific adsorption capacity; for bentonite-driven oil-emulsion treatment systems, in
particular, sorbent dosage has been shown to markedly affect both extraction performance
and the equilibrium characteristics of the oil phase [2,22].
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3.2. Structure and Surface Characterization
3.2.1. Surface Morphology and Elemental Composition (SEM/EDS)

The crystalline structure of bentonite is governed by a layered TOT-type architecture,
in which a central octahedral sheet composed of aluminum and/or magnesium oxides
is sandwiched between two external tetrahedral silica sheets; the oxygen ions of the
octahedral layer are oriented toward the tetrahedral [38—40]. Surface hydroxyl groups
of the clay packets act as reactive sites, which determines their importance for targeted
functionalization and chemical modification of sorbent surfaces [41].

The influence of mineral composition on adsorption performance during the removal
of petroleum products from aqueous media was evaluated through an integrated analysis
of both the solid and liquid phases of the studied samples.

According to spectroscopic and microscopic analyses, the investigated bentonite
sample is a finely dispersed Na-montmorillonite with a dominant aluminosilicate TOT
structure (T = Si, Al), in good agreement with previously reported [42]. A high oxygen con-
tent (51.73 wt.%) together with substantial amounts of silicon (17.04 wt.%) and aluminum
(7.76 wt.%) confirms the phyllosilicate nature of the material (Figure 5a).
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Figure 5. Energy-dispersive X-ray spectroscopy (EDS) analysis of bentonite: (a) pristine sample
(before sorption); (b) bentonite after sorption.

The cation-exchange behavior and the occurrence of isomorphous substitutions are
governed by the presence of minor components: Na (1.05 wt.%), Mg (1.18 wt.%) and Fe
(2.66 wt.%). These elements reflect substitution mechanisms typical for montmorillonites
(Mg?* — AI%* in octahedral sites; Fe®* /Fe?* — AI3* in tetrahedral positions), leading to
the development of an excess negative charge within the TOT layers. Charge compensation
is achieved by interlayer Na* and Mg?* cations, which ensures a high cation-exchange
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capacity and, consequently, a pronounced ability of bentonite to bind polar components of
hydrocarbon mixtures via ion-exchange and dipole-ion interactions [5,43].

SEM micrographs of pristine bentonite reveal a well-developed submicron porosity
formed by randomly oriented platy particles, which provides a high specific surface area
and facilitates access to interlayer channels that are essential for the adsorption of organic
compounds. The presence of dispersed amorphous domains is observed in the micro-
graphs as light gray regions (Figure 5a). According to EDS mapping, Si, Al, and O are uni-
formly distributed, confirming the homogeneous aluminosilicate nature of montmorillonite,
whereas local enrichments in Na, Mg, and Fe may be associated with minor inclusions
that form additional active sites. The atomic fractions of O (65.53 at.%), Si (12.71 at.%), and
Al (4.70 at.%) correspond to the composition of dioctahedral montmorillonite [38]. Traces
of K and Ti observed in the EDS spectrum are attributed to secondary contamination
introduced during drilling operations, where metallic components of drilling equipment
may contribute minor elemental inputs to the aquatic environment. Due to their very low
concentrations, these elements do not significantly affect the sorption properties of the
studied material (Figure 5b).

The investigation of the bentonite-vermiculite (1:2) composite revealed an “expanded”
aluminosilicate oxide profile with the following hierarchy: SiO, > Al,O3 > (MgO + Fe; O3 +
NayO) (+TiO,) (Figure 6b—d). The increased intensity of the Mg and Fe signals compared
to Na-bentonite confirms the contribution of vermiculite, while the weak Ti signal indicates
the presence of natural titanium-containing phases [5,44].

Figure 6. SEM micrographs of bentonite-based sorbents: (a,b) bentonite before adsorption and
(c,d) after adsorption of oil-contaminated water.

Elemental mapping (Figure 7b) demonstrates a mosaic structural organization: Si, Al,
and O constitute the primary matrix; Mg- and K-rich regions correspond to vermiculite-
enrich domains, and localized Fe and Ti clusters may form as potential Lewis acid sites.
SEM analysis (Figure 8a,b) reveals a distinct two-phase morphology, where dense montmo-
rillonite aggregates coexist with lamellar vermiculite domains. This structural arrangement
forms slit-like pores and microcracks, providing an efficient surface for mass transfer.
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Figure 7. Energy-dispersive X-ray spectroscopy (EDS) analysis of the bentonite—vermiculite (1:2)
composite: (a) pristine sample (before sorption); (b) composite after sorption.

Figure 8. SEM micrographs of the bentonite—vermiculite (1:2) composite before sorption: (a,b) before
adsorption and (c,d) after adsorption of oil-contaminated water.
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The higher intensities of the Mg and Fe signals relative to Na-bentonite confirm the
contribution of vermiculite, whereas the weak Ti signal can be attributed to the presence of
naturally occurring Ti-bearing phases [45].

According to quantitative EDS data, the combined content of SiO, and Al,O3 accounts
for approximately 60 wt.%, whereas the contents of MgO and Fe,Oj3 are each on the order
of ~7 wt.%. The Na,O content decreases to below 1 wt.%, while TiO, is detected at a level
of 1-1.5 wt.%. An Mg/Na ratio greater than 7 reflects partial substitution of interlayer
Na* by Mg?* and the formation of a mixed Na*/Mg?* cation-exchange system. Overall,
the incorporation of vermiculite transforms the initial Na-bentonite into a more functional
sorbent combining ion-exchange and acidic sites, which is consistent with literature reports
on the enhanced performance of such composite materials [46].

The stability of the positions of the main diffraction maxima (shift < 0.05°) and the
preservation of the complete set of characteristic reflections indicate retention of the mixed-
layer nature of the composite and the absence of phase transformations (in particular, of the
“vermiculite — smectite” type). Overall, adsorption of petroleum products is accompanied
by partial loosening and dispersion of the structure with increased microdefect density;,
while simultaneously promoting the formation of a more ordered packet arrangement.
This combination of increased effective surface area (due to fragmentation) and enhanced
mechanical stability (due to layer compaction and rearrangement) substantiates the high
potential of the composite for repeated use in cyclic wastewater treatment processes [45].

3.2.2. Crystal Structure and Phase Composition (XRD)

To quantify sorbent structural transformations arising from interactions with petroleum-
derived species, lattice characteristics were evaluated using X-ray diffraction data. The
XRD patterns (10-90° 26°) of pristine bentonite (b (pure)) and the bentonite-vermiculite
composite (b + v (pure)) confirm the preservation of the layered aluminosilicate framework
and the successful contribution of the vermiculite phase in the composite (Figure 9). For
b (pure), the diffractogram is dominated by reflections typical of bentonite-rich clays, with
a pronounced peak near 20° ~ 26.6° attributable to quartz and a set of moderate-intensity
features in the ~19-37° region associated with the clay mineral matrix and common ac-
cessory phases. Compared with b (pure), b + v (pure) exhibits a denser set of reflections
and a noticeable enhancement of peaks in the ~24-37° range, alongside more distinct
high-angle features in the ~50-62° window (including an intensified contribution around
~58-60° 20°), consistent with the expected diffraction signature of vermiculite in layered
mineral assemblages; these changes support that vermiculite provides additional ordered
silicate domains superimposed on the bentonite background. After petroleum uptake,
b + v (after) retains the main peak positions observed for b + v (pure), indicating that
no new crystalline phases form and that the mineral skeleton remains structurally stable
under sorption conditions; however, the pattern shows a systematic increase in the diffuse
background (most evident across ~20-35°) and a redistribution of relative peak intensities
within the highlighted regions. Such behavior is consistent with partial surface coverage
and pore/interlayer filling by an X-ray-amorphous organic fraction (hydrocarbon film),
which elevates the scattering baseline and attenuates certain reflections without shifting
their 20° positions. Notably, because the present scan starts at 10° 26°, the basal (001)
reflections of vermiculite at low angles are not captured; therefore, the XRD discussion here
emphasizes framework stability and phase contributions rather than direct quantification
of interlayer expansion.
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Figure 9. XRD patterns of the bentonite—vermiculite composite mixture before and after sorption.

The phase-level interpretation of the present patterns is consistent with prior XRD-
based analyses of bentonite-containing composites (Table 2). In particular, Li et al. showed
that the characteristic reflections of bentonite (including quartz and montmorillonite contri-
butions) are retained after processing and remain discernible after loading an organic phase,
supporting the view that the mineral framework is preserved while the guest phase is
incorporated primarily through physical confinement/interaction rather than the formation
of new crystalline products [47-49]. In the present study, the retention of the principal peak
positions from b + v (pure) to b + v (after), accompanied by an increased diffuse background
and a redistribution of relative peak intensities, is consistent with behavior commonly re-
ported for mineral-organic composite systems. Specifically, the sorbed organic fraction is
expected to contribute predominantly X-ray-amorphous scattering and to partially attenu-
ate selected reflections through surface coverage and filling of pores and interlayer spaces,
while leaving the underlying mineral peak positions essentially unchanged [47]. A similar
approach is also adopted in recent oil-sorption designs that incorporate bentonite into hy-
drophobic composite sponges (e.g., PDMS/ZIF-8 /bentonite), where XRD is used to verify
that bentonite retains its characteristic reflections in the composite and thus serves as a
structurally robust mineral component within the multifunctional sorbent architecture [48].

Table 2. XRD-derived structural parameters of bentonite and bentonite-vermiculite composite before
and after sorption.

Sample Crystallite Size (Scherrer), A Crystallite Size (W-H), A Lattice Microstrain (¢) Crystallinity, %
b initial 792.88482 488.86618 0.00015 44.74884
b + v before 915.72601 530.20084 0.00032 45.03035
b + v after 1294.53314 607.70830 —0.00040 32.21380

Collectively, these comparisons support that the mineral skeleton in b and b + v
remains intact under the employed conditions, whereas the post-sorption changes for
b + v (after) are best attributed to the presence of an X-ray—-amorphous hydrocarbon frac-
tion and altered scattering at the mineral-organic interface rather than to mineralogical
phase transformation.
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3.3. Electrokinetic and Colloidal Behavior

At the work [16] showed that cation-exchange reactions within the vermiculite struc-
ture are a key factor governing its wettability, allowing the surface to shift from su-
perhydrophilic behavior toward a more hydrophobic state. This result suggests that
introducing vermiculite into a bentonite matrix may tune the composite sorbent’s sur-
face characteristics by decreasing overall hydrophilicity and strengthening hydrophobic
interfacial interactions.

To substantiate this effect more rigorously, it is advisable to evaluate the location of the
slipping plane within the electrical double layer of colloidal systems, which can be assessed
through measurement and interpretation of -potential values [16].

As reported in several studies [13,19], variations in pH exert only a minor influence
on the (-potential of both bentonite and its mixture with vermiculite. Bentonite particles in
aqueous media were shown to exhibit no isoelectric point and to maintain a negative ¢-
potential across the entire pH range of 2-12 [20,21], in agreement with previous findings [21].
The electrokinetic parameters of the pristine and sorption-loaded samples are summarized
in Table 3. Under the measurement conditions (pH 6.86, 1 mM KCl, 25 °C), the pristine
bentonite and the bentonite-vermiculite composite exhibited comparably high negative ¢-
potentials (—37.0 and —38.6 mV, respectively), indicating well-developed negative surface
charge and electrostatic stabilization of the suspensions. The electrophoretic mobility
followed the same trend, which is consistent with the Smoluchowski relationship (px¢) for
aqueous dispersions. According to Table 3, sorption from oil-contaminated water induces
distinct changes in the electrical surface charge characteristics of the investigated minerals.

Table 3. Electrokinetic parameters of bentonite-vermiculite (1:2) and bentonite suspensions before
and after sorption (KCl background; I = 25.9-26.8 mM, pH 6.0, 25 °C): ({), (1), D, and o.

Sample Condition (¢), mV (u), (um s~ 1)/(V em—1) D, 10710 m? s—1 o, mC m—2
Bentonite— pure —38.6 = 1.1 —3.01 4+ 0.09 7.74 +£0.23 —15.6
Vermiculite after sorption —233+27 —1.82 £0.20 4.67 + 0.51 —-8.9
Bentonit pure —-370£14 —2.89 £0.11 743 £0.28 —15.1
cntonite after sorption —359+29 —2.80 +0.27 7.20 + 0.69 —14.3

A markedly different behavior was observed after sorption. For vermiculite-bentonite,
sorption led to a pronounced decrease in the absolute (-potential from —38.6 to —23.3 mV,
accompanied by a decrease in |pt| (—3.01 to —1.82) and a substantial reduction in the mag-
nitude of surface charge density o (—15.6 to —8.9 mC-m~2) (Table 3). This pattern indicates
partial charge neutralization and strong electrostatic screening induced by surface cover-
age with the sorbed phase and redistribution of counter-ions in the interfacial region. In
contrast, bentonite remained largely electrokinetically stable after sorption: -potential and
o changed only slightly (—37.0 to —35.9 mV; —15.1 to —14.3 mC-m~?2), suggesting that the
net negative surface charge was preserved and that the electrical double layer remained suf-
ficiently repulsive to prevent major destabilization (Table 3). After sorption, the {-potential
shifts toward less negative values (=—20 mV), which can be rationalized by partial replace-
ment of interlayer Na* /K* with protonated organic cations and by shielding of negatively
charged surface sites through adsorption of Fe- and Ti-containing colloids. Despite this
attenuation, ¢ remains below —15 mV, implying that the dispersion retains a non-negligible
electrostatic repulsion and therefore does not fully lose colloidal stability [16-21].

To connect charge-state changes with hydrodynamic restructuring, the diffusion-based
hydrodynamic radius Ry, was calculated using the Stokes-Einstein relation, revealing a clear
divergence between the samples. Bentonite—-vermiculite exhibited strong hydrodynamic
growth after sorption (D: 7.74 x 10712 — 4.67 x 10712 m?.s71; Ry,: 31.7 — 52.5 nm;
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Dy, = 63 — 105 nm), consistent with formation of an adsorbed layer and/or aggregation
driven by reduced electrostatic repulsion at lower ||. By contrast, bentonite showed
only a minor change in Ry, (33.0 — 34.1 nm), supporting the conclusion that sorption
did not substantially destabilize the suspension. This interpretation is further reinforced
by the DLS intensity-weighted particle size distributions: because intensity weighting
strongly overemphasizes larger particles, the appearance or amplification of micrometer-
scale modes indicates the presence of even a small fraction of large agglomerates. This
behavior is mechanistically consistent with the pronounced post-sorption attenuation of
surface charge and the increase in hydrodynamic diameter of the bentonite-vermiculite
composite, as well as with heteroaggregation between vermiculite- and bentonite-derived
platelets. Finally, the electrostatic context can be rationalized using Dukhin analysis.
Using the effective ionic strength derived from conductivity (I =~ 26 mM), the Debye
length shortens to Ap ~ 1.88nm, giving k, ~ 5.3 x 102 for a = 1 um and small Dukhin
numbers (Du ~ 10~3), with a pronounced reduction for bentonite-vermiculite after sorption
(0.00259 — 0.00126) but only minor change for bentonite (0.00241 — 0.00233) (Table 4).

Table 4. Debye length and Dukhin parameters for bentonite and bentonite-vermiculite composite
(1:2) suspensions before and after sorption (effective ionic strength; KCl background), including
reduced Dukhin number (Du *) and Du calculated fora =1 pm.

Sample Condition Ap, hm Du * ka (=a/Ap) Du
VermiculiteB , pure 1.88 1.376 531.9 0.00259
ermiculite-bentonite after sorption 1.88 0.669 531.9 0.00126

Bentonit pure 1.86 1.293 537.6 0.00241

centonite after sorption 1.89 1.233 529.1 0.00233

Reporting both nominal (1 mM KCL; Ap ~ 1.9nm) and effective Dukhin parameters
is therefore essential: while the nominal values enable standardized comparison to the
background electrolyte, the effective values capture the real screening environment created
by ion exchange and dissolved species in clay suspensions, and thus better explain why
bentonite-vermiculite undergoes charge-driven destabilization and hydrodynamic growth
during oil sorption, whereas bentonite maintains interfacial charge and colloidal stability.

3.4. Adsorption Kinethics Investigation

To gain further insight into the adsorption mechanism, kinetic modeling was per-
formed based on the equilibrium concentration data [49]. The experimental results were
evaluated using both the pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic
models, and the corresponding fitting curves are presented in Figure 10.

The sorption kinetics of petroleum products on bentonite and on the bentonite—
vermiculite mixture were examined using the PFO and PSO models at 293, 303, and
313 K. The corresponding linearized kinetic plots are presented in Figure 10a,b, while
the derived rate constants are summarized in Table 5. For bentonite, the PFO model
(Figure 10a) shows satisfactory linearity over the entire contact-time range, as evidenced
by high determination coefficients (R? ~ 0.9). The PFO rate constants decrease with in-
creasing temperature, indicating a reduction in the apparent sorption rate upon heating.
This trend may be attributed to the weakening of physical interactions between petroleum
molecules and the surface active sites of bentonite, as well as partial disruption of weakly
bound adsorption complexes at elevated temperatures. In contrast, the PSO model for ben-
tonite (Figure 10b) exhibits less pronounced linearity than the PFO model, particularly at
303 and 313 K, suggesting that sorption on bentonite is governed predominantly by physi-
cal adsorption and diffusion-controlled processes rather than by chemisorption implied
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by the PSO formalism. For the bentonite-vermiculite mixture, the kinetic behavior differs
markedly. As shown in Figure 10b, the PSO model provides higher R? values than the PFO
model, especially at higher temperatures, indicating that vermiculite incorporation alters
the sorption mechanism by enhancing the contribution of adsorption at active sites and in-
terlayer interactions. The PSO rate constants for the bentonite—vermiculite mixture (Table 5)
are generally higher than those of pristine bentonite, confirming an overall acceleration
of the sorption process. This enhancement can be ascribed to the well-developed layered
structure of vermiculite, an increased specific surface area, and the emergence of additional
binding sites that facilitate stronger interactions with petroleum fractions. Overall, the
comparative kinetic analysis demonstrates that petroleum product sorption on bentonite is
better described by the PFO model, whereas the PSO model is more appropriate for the
bentonite-vermiculite mixture. These findings confirm that vermiculite incorporation not
only increases sorption capacity but also modifies the kinetic mechanism of sorption.
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Figure 10. Kinetic model plots for petroleum product absorption on the bentonite and bentonite—
vermiculite composite at 20 £ 5, 30 & 5, and 40 + 5 °C, fitted with PFO (a) and PSO (b) models.

Table 5. Rate constants of oil products sorption on bentonite and bentonite-vermiculite mixture at

different temperatures.

Values
Model T, (K) - 5 . :
Bentonite Bentonite—Vermiculite Mixture

. 293 9.96 x 102 3.79 x 1072
Pseudo first-order 303 9.63 x 102 7.57 x 102
k (min™%) 5 5 5

313 8.76 x 10 8.46 x 10
293 2.89 x 1074 513 x 1074

Pseud d-ord

Siu(g(}ffgcf’;ingﬁ)er 303 267 x 1074 3.57 x 1075
3132 1.03 x 103 1.80 x 10~*

A survey of the literature indicates that the PSO equation often provides a good
representation of kinetic adsorption data, for example, for the uptake of the water-soluble
fraction (WSF) of diesel fuel on organozeolite [50]. Similarly, for crude oil-in-saline water
emulsions, Bahia et al. reported that the PSO model better describes higher-concentration
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emulsions, whereas the PFO model may capture low-concentration conditions; importantly,
their thermodynamic interpretation suggests that the process is predominantly governed
by physisorption [51]. Therefore, an improved PSO fit alone should not be regarded as
conclusive evidence of chemisorption. In studies addressing the use of mineral sorbents
for petroleum product removal, numerous cases have likewise been reported in which
PSO is identified as the most suitable kinetic model alongside conventional isotherm
approaches [52,53]. At the same time, PFO-type behavior has also been documented for
bentonite-containing systems, where uptake is largely controlled by physisorption and
mass-transfer limitations rather than by an idealized surface-reaction step [54,55].

At room temperature (293 K, (20 °C)), the thermodynamic parameters indicate that
incorporating vermiculite into the bentonite—vermiculite mixture (1:2) renders the process
thermodynamically more favorable, as reflected by the Gibbs free energy of activation (AG)
for binding water-dissolved hydrocarbon contaminants on the sorbent surface. The AG
values for the bentonite-vermiculite mixture are close to zero and formally negative for the
PSO-based evaluation, whereas for pristine bentonite within the PFO model AG remains
positive. The entropy of activation (AS) suggests opposite trends: for bentonite PFO,
AS < 0 points to a more ordered transition state, consistent with immobilization of
petroleum fractions and the formation of a structured adsorption layer; in contrast, the pos-
itive AS values obtained for bentonite PSO and for the bentonite-vermiculite mixture PFO
imply an entropically favorable contribution, which may be associated with reorganization
of the hydration shell and redistribution of the sorbate within the more complex composite
structure. Based on the sign of AH at 293 K, bentonite PFO exhibits an exothermic character,
whereas the bentonite—vermiculite mixture PFO and bentonite PSO display an endothermic
contribution, in line with an increased role of transport and structural-rearrangement steps
in the composite sorbent. Overall, in the 20-25 °C range the bentonite-vermiculite mix-
ture shows the “softest” thermodynamic profile in terms of AG, highlighting its practical
promise for petroleum product sorption without additional heating (Table 6).

Table 6. Apparent activation energy (E,) and thermodynamic parameters (AS°, AH®, and AG®)
obtained from PFO and PSO kinetic fits for petroleum product sorption on bentonite and the bentonite—
vermiculite mixture at 293-313 K.

Sorbent Kinetic Model E, (kJ-mol—1) T (K) AS (J-mol—1.K-1) AH (J-mol-1) AG (J-mol—1)
293 —0.0670 —9.754 2.858
Bentonite Pseudo-first-order (PFO) —4.882 303 —0.0325 88.450 —26.802
313 —0.0320 —5.168 1.617
293 0.0610 42.857 —0.122
Bentonite Pseudo-second-order (PSO) 47.730 303 —0.0301 —918.929 —24.629
313 —0.0320 —5.297 0.009
5 . 293 0.0475 25.984 0.003
e“to,mtl‘?t* Pseudo-first-order (PFO) 31.856 303 —0.0303 —595.843 —14.675
vermiculite 313 —0.0320 —5.283 132 x 1075
5 . 293 —0.2421 —46.507 —-9.19 x 1075
e““?mtl‘?t* Pseudo-second-order (PSO) —41.636 303 ~0.0350 792.161 11.625
vermicuiite 313 —0.0320 —4.994 —3.20 x 1075

In this context, the bentonite results-characterized by an exothermic enthalpy term
(AH < 0 at 293 K under the PFO treatment) and a negative entropy change (AS < 0)-
indicate that the uptake is primarily governed by physisorption and is accompanied
by increased ordering at the solid-liquid interface (i.e., formation of a more structured
adsorbed layer). This reading is consistent with the observations reported by Bahia et al.
for oil-containing aqueous systems, where physisorption is likewise reflected in a “less
random” thermodynamic profile [52]. Obradovi¢ et al. reported that hydrocarbon uptake by
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organoclays increases with greater interlayer expansion and a more favorable organization
of the modifier within the clay structure [56,57]. This finding supports our hypothesis
that introducing layered vermiculite into bentonite can enhance petroleum uptake by
generating more effective interlayer and surface sorption domains, without requiring
chemical modification of the sorbent. The calculated activation energy values are in good
agreement with those reported in the literature [58]. Notably, the activation energy of
bentonite is approximately an order of magnitude different from that of the composite,
indicating that composite formation substantially alters the interfacial energetics and is
associated with a more energetically demanding surface process.

3.5. Thermal Behavior

Thermogravimetric analysis was employed to assess the thermal behavior of the
sorbents and to quantify mass losses associated with dehydration, desorption, and the
thermal decomposition of retained petroleum products. Measurements were conducted
from 10 to 1300 °C, and the results are summarized in Figure 11 and Table 7.
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Figure 11. TG curves of sorbents after sorption: (a) bentonite; (b) bentonite-vermiculite mixture (1:2).
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Table 7. Thermogravimetric analysis (TGA) results for bentonite (b) and bentonite—vermiculite
composite (b + v) before and after sorption.

Sample Total Mass Loss (10-1300 °C), %  Residual Mass at 1300 °C, %
b (initial) 6.31 93.68
b (after) 38.78 61.21
b + v (initial) 6.59 93.40
b + v (after) 32.04 67.95

For oil-loaded bentonite (Figure 11a, Table 7), the TG curve exhibits a pronounced
overall weight decrease, corresponding to a total mass loss of 38.79% and a residual mass of
61.21% at 1300 °C. The profile is characterized by a dominant mass-loss step at intermediate
temperatures, followed by a slow, gradual decline toward high temperatures. This behav-
ior is consistent with the progressive removal of the sorbed petroleum fraction through
volatilization and thermal decomposition of hydrocarbons, together with overlapping
contributions from bound water release and intrinsic clay transformations (e.g., dehy-
droxylation) occurring at elevated temperatures. For the oil-loaded bentonite—vermiculite
composite (Figure 11b, Table 7), the mass loss is also substantial but lower than that of
bentonite, reaching 32.04% with a residual mass of 67.96% at 1300 °C. While the general
curve shape remains similar, the higher final residue and reduced total loss indicate that
the composite either retains a slightly smaller net amount of oil under the same conditions
and/or immobilizes a larger fraction in a thermally more persistent form, reflecting stronger
confinement and interfacial interactions within the composite’s heterogeneous surface and
interlayer domains. A side-by-side evaluation of the TGA results shows that oil uptake
causes a substantial rise in mass loss for both sorbents, consistent with the accumulation of
an organic fraction. However, after sorption the bentonite-vermiculite composite retains a
higher residual mass and undergoes a smaller total mass loss than bentonite, suggesting
the formation of adsorption complexes with greater thermal stability. This behavior likely
reflects synergistic effects between the composite constituents, a higher density of effective
sorption sites, and a more homogeneous incorporation of petroleum compounds within
the sorbent structure.

Following oil uptake, both sorbents exhibit a marked rise in total mass loss (38.79%
for bentonite and 32.04% for the composite), which can be ascribed to the progressive
volatilization/oxidative decomposition of the retained hydrocarbon fraction over a wide
temperature interval. In spite of this common trend, the bentonite-vermiculite compos-
ite leaves a higher final residue (67.96% vs. 61.21%) and shows a lower overall loss
than oil-loaded bentonite. This difference can be rationalized by considering the high-
temperature response of vermiculite reported by Balima et al., who demonstrated that
compressed K-vermiculite undergoes densification and a concomitant reduction in porosity
upon heating above ~800 °C [58]. Such structural evolution may reduce mass-transport
pathways for oxygen and volatiles at late stages of heating and enhance confinement of
heavier hydrocarbon fractions within the evolving mineral domains, leading to an increased
apparent residue-without implying the formation of new crystalline phases within the
clay framework [59,60].

Figure 12 presents the DSC curves of the oil-loaded sorbents, b (after) and b + v (af-
ter), recorded under nitrogen. Compared with the pristine materials (Table 8), b (after)
shows a shift in the main endothermic event to higher characteristic temperatures
(Tonset = 359 °C; Tpeak ~ 407 °C) accompanied by a lower enthalpy (AH = 41.7 k]~g’1),
which is consistent with partial replacement of bound water by the sorbed petroleum
phase and a reduced dehydration contribution, while the remaining heat-flow response
reflects thermally driven transformations of the retained organic fraction [60-62]. Ther-
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mal analysis studies commonly distinguish water desorption at lower temperatures from
organic-matter degradation at higher temperatures in clay-containing systems, supporting
this coupled interpretation of dehydration and organic-fraction transformations [61]. By
contrast, b + v (after) exhibits a much stronger and broadened high-temperature event span-
ning 360-545 °C, with _Tpeai ~ 470 °C and a markedly higher enthalpy (AH = 141.6 kJ-.g !,
Table 8), indicating a more energy-demanding transformation pathway for the retained
petroleum fraction and stronger interfacial association within the composite’s hetero-
geneous surface and interlayer domains. This behavior aligns with reports that clays
interacting with multiple organic fractions can produce enhanced and distributed ther-
mal signals in the organic-degradation region, reflecting mineral-organic synergy and a
broader spectrum of thermally stable bound organics. Importantly, vermiculite is expected
to remain structurally robust over this temperature interval, while its most pronounced
structural and textural evolution (densification with reduced porosity) is reported to occur
only above ~800 °C; therefore, the intensified DSC response of b + v (after) up to 545 °C is
most plausibly governed by the retained hydrocarbons and their interfacial binding rather
than by vermiculite framework breakdown [58]. Overall, the DSC comparison indicates
that incorporating vermiculite into bentonite promotes the formation of thermally more
persistent mineral-organic associations after sorption, consistent with stronger confinement
and a wider distribution of interaction environments for petroleum-derived species.
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Figure 12. DSC curves of bentonite (a) and bentonite-vermiculite (b) sorbents before and after sorption.
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Table 8. DSC transition parameters for bentonite and bentonite-vermiculite sorbents before and
after sorption.

Sample Tonset O TPeak (W(®) Tendset (®) AH (kJ'gil)
b (initial) 250 375 467 74.64
b (after) 359 407 474 41.73
b + v (initial) 317 353 382 2.00
b + v (after) 361 470 545 141.59

3.6. Technological Performance and Techno-Economic Assessment

To assess the economic feasibility of adsorption-based treatment of oil-contaminated
wastewater using a bentonite—vermiculite mixture, the required amount of sorbent was
calculated based on the initial parameters presented in Table 9. The process throughput
and wastewater flow rate (Q = 120,000 L-h~!) were adopted from real operational data
of industrial facilities and correspond to the values previously reported in [23]. This
flow rate corresponds to the typical wastewater volumes encountered at petrochemical
installations in Kazakhstan and was therefore used as a realistic baseline parameter for
calculating sorbent dosages and assessing the technological efficiency of the adsorption
treatment process.

Table 9. Input parameters for calculating the amount of adsorbent material required for multistage
treatment of oil-contaminated wastewater.

Parameter, Units Value
Throughput, Q (m3-h~I(m3s~1)) 120 (0.033)
Adsorption capacity, a (mg O,-g 1) 19.6
Initial oil concentration, Cy (mg/L) 392
Final oil concentration, Cy (mg/L) 0.35

Note: Values in parentheses correspond to units converted to SI (m3-s~1).

The input parameters used for the techno-economic calculations are summarized
in Table 9, while the calculated technological and performance indicators are presented
in Table 10.

Table 10. Calculated technological indicators for multistage adsorption treatment.

Parameter, Units Value
Adsorption coefficient, k 56
Required adsorbent mass (single stage), m (kg) 2397
Number of adsorption stages, n 1
Total adsorbent consumption, my (t) 12.38
Annual adsorbent consumption, P (kg-year~!) 2618
Annual cost adsorbent, Z (thousand USD) 389,658
Specific treatment cost, Z; m3 (USD-m~3) 0.15
Estimated economic damage reduction, D (USD) 5,355,726
Note: All calculated indicators were obtained using Equations (17)—(26) based on the input parameters summa-

rized in Table 9.

The results of the technological calculations demonstrate that the bentonite-vermiculite
mixture can be effectively applied to reduce the concentration of oil contaminants in wastew-
ater from an initial value of 392 mg-L~! to 0.35 mg-L~!. This concentration range is typical
for wastewater generated by oil-refining and petrochemical facilities and is described in
the literature as difficult to remove due to the presence of stable emulsified oil forms [63].
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The specific adsorption capacity depends on the material modification. A specific
adsorption capacity of 19.6 mg O,-g~! reflects the oil uptake capability of natural layered
materials based on bentonite and vermiculite [64].

The calculation of the adsorption coefficient k and the number of treatment stages n
made it possible to describe the dynamics of oil concentration reduction during adsorbent
addition. The value of n indicates surface heterogeneity characteristic of mineral sorbents
and the formation of multisite adsorption, which is consistent with the Freundlich ad-
sorption model. An n-value below unity suggests a high affinity of the adsorbent toward
organic pollutants and gradual surface saturation with increasing adsorbent dosage [65,66].

The main advantages of the bentonite—vermiculite mixture are its chemical stability,
low cost, and environmental safety compared to synthetic adsorbents. Natural materials
demonstrate high stability under real wastewater conditions, making them more suitable for
industrial applications [67,68]. The obtained values indicate the feasibility of economically
justified operation of the treatment system with a throughput of 120,000 L-h~!, which is
consistent with the conclusions reported by [69].

An important aspect of the economic efficiency of the composite lies in its enhanced
sorption performance, which reduces the required sorbent mass and the frequency of its
replacement. The sorbent exhibited both physical stability and chemical selectivity due to
the synergistic effect of bentonite and vermiculite, which are known for their high specific
surface area, cation-exchange capacity, and hydrophobic interactions with petroleum com-
pounds. Similar properties have been reported in studies evaluating the performance of
modified mineral adsorbents for oil-contaminated wastewater treatment [70,71].

The conducted techno-economic analysis demonstrated the high efficiency and feasi-
bility of using the bentonite-vermiculite composite for the treatment of oil-contaminated
wastewater. In particular, the protective sorbent layer retained its activity for 51 h, while
the annual material consumption amounted to 2618 tonnes, indicating good industrial
scalability and operational reliability.

The cost assessment of sorbent production indicates that the total required expenditure
amounts to USD 389,658. The unit cost of wastewater treatment is estimated at USD
0.15 per m®. The obtained values demonstrate that the bentonite-vermiculite composite
sorbent is more economically efficient than many conventional sorbents, including activated
carbon. Yasir et al. (2024) reported that the average treatment cost using activated carbon
ranges from USD 0.70 to 1.20 per m3, whereas biochar-based sorbents exhibit an economic
efficiency of approximately EUR 0.89 per m® under optimized reuse conditions [70,72].

In addition, the assessment of the potential environmental damage indicates that
oil contamination of water bodies could result in losses exceeding USD 5,355,726. These
findings emphasize the economic feasibility of employing the proposed adsorbents in
wastewater treatment systems. The obtained results are consistent with previous techno-
economic evaluations demonstrating that low-cost adsorbents can provide both economic
efficiency and environmental justification when applied at large scale [73,74].

Overall, the performed calculations demonstrate the high technological efficiency of
adsorption-based wastewater treatment for oil removal using the bentonite-vermiculite
mixture. The application of the proposed composite adsorbent not only ensures eco-
nomic effectiveness but also contributes to a reduction in anthropogenic environmen-
tal impact, confirming its suitability for practical use in environmental engineering and
pollution control.

4. Conclusions

This study demonstrates that the bentonite-vermiculite composite (1:2 mass ratio) is
an effective and environmentally benign mineral sorbent for removing petroleum products
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from contaminated water. Adsorption equilibrium, kinetic, and thermodynamic analyses
indicate that oil uptake is mainly governed by physisorption and ion exchange and is well
described by the PSO model. SEM/EDS and XRD confirmed preservation of the layered
aluminosilicate structure after adsorption, while (-potential and DLS revealed controlled
surface charge attenuation and aggregation behavior associated with hydrocarbon binding.
TGA /DSC results supported strong sorbate-sorbent interactions and maintained thermal
stability of the oil-loaded materials. Techno-economic assessment under industrially rel-
evant conditions confirmed process feasibility and cost efficiency, achieving effective oil
removal at a low treatment cost. Overall, the 1:2 composite ratio is suitable for industrial
wastewater treatment and offers potential for cyclic utilization within a resource-efficient
circular process concept.
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