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Abstract: The purification of waste cooking oils (WCOs) through clay-based adsorption
is an established recycling method, yet the relationship between clay composition and
adsorption efficiency remains an area of active research. The aim of the present research
work was to assess the performance of Maghnia bentonite in WCO decoloration and to gain
information about the specific refining process. Thus, natural bentonite from the Maghnia
region (Algeria) was investigated as an adsorbent for WCO refining for biolubricant pro-
duction. The adsorption efficiency was evaluated under different conditions, achieving up
to 70% decolorization at 10 wt% clay after 4 h of treatment. Structural characterization of
the bentonite before and after adsorption was conducted using FI-IR spectroscopy, powder
X-ray diffraction (XRD), and X-ray fluorescence (XRF) to assess compositional and mor-
phological changes. FT-IR analysis confirmed the adsorption of organic compounds, XRD
indicated minor alterations in interlayer spacing, and XRF revealed ion exchange mecha-
nisms, including a reduction in sodium and magnesium and an increase in calcium and
potassium. Adsorption kinetics followed a pseudo-second-order model, with desorption
effects observed at prolonged contact times. The pHPZC of 8.3 suggested that bentonite
adsorption efficiency is enhanced under acidic conditions. The high decoloration capacity
of Maghnia bentonite, combined with the availability and the low cost of the material,
suggests a possible industrial application of this material for WCO refinement, especially
in lubricant production.

Keywords: waste cooking oil; decoloration; bentonite; adsorption; ion exchange

1. Introduction

The increasing consumption of fried foods in households and the food industry has
led to a significant rise in the production of waste cooking oils (WCOs). Improper disposal
of WCOs can cause severe environmental pollution, particularly by contaminating water
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sources and contributing to soil degradation. However, their recycling offers an opportunity
to integrate these waste materials into a circular economy, reducing environmental impact
while generating valuable by-products. WCOs are mainly composed of triglycerides,
along with varying amounts of free fatty acids (FFAs), oxidation products, volatile organic
compounds, and contaminants such as metals and food residues [1,2]. Their purification
is crucial for repurposing them in industrial applications, including biofuels, lubricants,
and chemical feedstocks [3-6]. Among the various purification methods, adsorption
using natural and modified clays has gained significant attention due to its efficiency,
cost-effectiveness, and environmental sustainability [7].

Among the various purification methods, adsorption using natural and modified clays
has emerged as a highly effective and sustainable approach [8]. Bentonite, in particular,
has been widely used for decolorization and impurity removal in vegetable oil refining
due to its high surface area, cation exchange capacity, and controllable adsorption proper-
ties [9,10]. Several studies have demonstrated that the adsorption efficiency of bentonites
depends on their structural and textural characteristics, which influence their ability to
retain specific organic molecules [11,12]. Different bentonites, depending on their composi-
tion and activation treatments, exhibit selective affinities for various impurities, making
them versatile materials for (waste) oil purification [13-16]. For example, bentonite clay
was used at different concentrations to treat mustard oil, which was used in the continuous
frying of potato chips. Response surface methodology was employed to optimize the
effects of process parameters (contact time, heating time, and adsorbent concentration)
on residual free fatty acid (FFA) levels. The optimized conditions were determined as
10 h for contact time and heating time, and 0.4 g/L for adsorbent concentration, which
helped maintain FFA levels below the permissible limit. The results indicated that FFA
adsorption followed a pseudo-second-order model, with strong agreement between the
calculated and experimental data. The Langmuir adsorption model was found to be suit-
able for correlating the equilibrium data in this study [17]. Egbuna et al. [18] reported an
investigation of the adsorption mechanism involved in the bleaching of palm oil using
activated clay. A locally sourced clay from Inyi, Oji River Province, in Enugu State was
activated with Tetraoxosulphate (VI) acid. Based on the obtained results, a mechanism for
the bleaching of palm oil using the activated clay was developed, and the stability of the
oil was assessed through various parameters, including a free fatty acid (FFA) content of
0.12%, peroxide value (PV) of 3.0 meq/kg, anisidine value (AV) of 4.55 meq/kg, iodine
value (IV) of 48, iron (Fe) content of 4.3 x 10> ppm, and phosphorus content of 0.015 ppm.
The findings indicated that the acid activation enhanced the bleaching efficiency of the
activated clay [19].

Despite these advances, most studies have focused on synthetic modified bentonites,
often requiring complex activation procedures that may limit their industrial applicabil-
ity. Moreover, the correlation between the morphological properties of bentonite and its
adsorption efficiency remains an area of active research. In this context, the present study
investigates, for the first time, the purification potential of a commercially available Alge-
rian bentonite from the Maghnia region for WCO treatment. The adsorption performance
of this natural clay is evaluated under different conditions, using oil decolorization as a key
performance indicator. A comprehensive characterization of the bentonite before and after
adsorption is conducted using Fourier transform infrared (FT-IR) spectroscopy, powder
X-ray diffraction (XRD), and X-ray fluorescence (XRF). The structural and compositional
changes are analyzed to better understand the adsorption mechanisms involved, providing
insights into the industrial feasibility of using commercial Algerian bentonite for large-scale
WCO purification. Thus, this study aims to evaluate the adsorption efficiency and structural
behavior of natural Maghnia bentonite as a low-cost and sustainable clarifying agent for
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the purification of waste cooking oils, with a focus on decolorization performance and the
underlying physicochemical interactions.

2. Materials and Methods
2.1. Raw Materials

Edible frying oil under the commercial brand “Elio” (Algerian market) and composed
of a blend of 80% soya and 20% sunflower oils was used for the present study. The oil was
used for at least ten cycles of deep frying. A natural bentonite clay extracted from a natural
cave in the Maghnia region in western Algeria and commercialized by National Company
of Non-Ferrous Mining Products (ENOF) was used for the present study.

2.2. Adsorption Protocol

An amount of 100 g of waste cooking oil was placed in a glass beaker (for typical
experiments, a 250 mL beaker volume was sufficient). Then, the mixture was stirred using
a Lab Tech® Daihan Labtech Co., Ltd. (HTDS, USA) equipped with a magnetic bar. The
experiments were conducted at room temperature. After processing, the mixture was
centrifuged with an Apogee Swing-3000 Horizontal Centrifuge (HTDS, USA) at 2700 rpm
for 15 min.

2.3. UV-VIS Color Analysis

For UV-VIS analyses, a Perkin-Elmer spectrophotometer (model Lamda 45) (HTDS,
USA) dual beam, operating over a range of 200-700 nm, was used. The samples were
analyzed in a cuvette with 1 cm of path length.

The adsorption performance of the bentonite was measured by decoloration yield,
which was calculated according to Equation (1) [20].

Ag— A
0

Yields (%) =

x 100 1)

In Equation (1), the terms A and Ay represent, respectively, the absorbance of the
treated and untreated oil at Apax = 269.05 nm. The value of A corresponds to 0.744 nm.

2.4. FT-IR Analysis

A Perkin Elmer Frontier FT-IR spectrometer was used across a range of 4000-400 cm ™
with a resolution of 1 cm™! (Model SPECTRUM 100, from the USA manufacturer repre-
sented, in Algeria, by the commercial company HTDS), for the spectroscopic characteriza-

1

tion of the bentonite prior to and after processing.

2.5. X-Ray Diffraction (XRD) Analysis

Powder XRD (PXRD) analyses were conducted using a PROTO diffractometer (HTDS,
USA) equipped with a CuK radiation source (A = 1.540593) at various angles of incidence
at a voltage of 30 kV and an intensity of 20 mA (scan time 2 h and 36 min.).

Data were collected at room temperature (25 °C), from 5.00° to 80° in 26 with a step
size of 0.05°.

2.6. X-Ray Fluorescence Analysis
Elemental chemical analyses of the clay samples (before and after oil processing) were
carried out using a BRUKER M4 TORNADO micro-XRF benchtop instrument (HTDS, USA),

with a 50 KV wavelength dispersion equipped with a Rh X-ray tube and a polycapillary
lens with a 20 um spot.
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Waste Cooking Oils

2.7. pH at Point of Zero Charge (pHPZC) Determination

The pHPZC of the pristine and exhausted bentonite samples was determined to
evaluate changes in surface charge properties due to the adsorption of waste cooking oil
(WCO). The pHPZC was measured using the drift method, where bentonite samples were
suspended in 0.01 M NaCl solutions with initial pH values ranging from 2 to 12. The
suspensions were stirred for 24 h, and the final pH was recorded.

A general summary of the process herein studied and the related analytical techniques

involved is reported in Scheme 1.

Maghnia bentonite

10 wt%, 4h Refined vegetable oil

» UV-VIS - assessing the efficiency in decolouration
FT-IR - detecting chemical modifications in the bentonite

PXRD - XRF - pHPZC - mecchanism of absorption and related conditions

Scheme 1. General workflow.

3. Results
3.1. Adsorption Kinetics Assessment

Adsorption experiments were conducted using four different bentonite concentrations
(5 wt%, 10 wt%, 20 wt%, and 30 wt% relative to the WCO mass). The variation in oil
color over time was monitored using UV-VIS spectroscopy for up to 36 h. The results are

presented in Figure 1.
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Figure 1. Decoloration yields over time during the processing of WCO with different amounts of clay.

As shown in Figure 1, a similar adsorption behavior was observed over time for the
5 wt%, 10 wt%, and 20 wt% bentonite treatments. In all three cases, maximum decoloriza-
tion was achieved after 4 h of stirring, with the highest decolorization yield (71%) obtained
at 10 wt% bentonite. However, beyond this point, adsorption efficiency declined, likely
due to particle agglomeration, which reduces the available surface area for adsorption.
Additionally, these agglomerates may create diffusion barriers, preventing oil impurities
from reaching active sites on the clay particles, thus diminishing the overall adsorption
capacity [20-22]. Between 4 and 12 h, a noticeable decrease in adsorption efficiency was
observed, suggesting desorption phenomena or complex interactions between the oil com-
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ponents and the clay surface. This behavior indicates that the adsorption mechanism is
likely physical and reversible, with prolonged stirring leading to the release of previously
adsorbed molecules. However, for extended contact times (>12 h), a secondary increase in
adsorption efficiency was observed for the 5 wt%, 10 wt%, and 20 wt% samples. This could
be attributed to the reintroduction of oil impurities into the interlayer spaces and external
surfaces of the clay.

When 30 wt% of bentonite loading was used, the kinetic profile differed significantly.
The maximum decolorization yield was only achieved after 11 h of contact time, with oscil-
latory adsorption—desorption kinetics observed between 0 and 25 h. This result suggests
that excessive clay loading may lead to particle clustering, reducing adsorption efficiency
in the early stages of treatment.

Overall, these findings confirm that bentonite is an effective adsorbent for WCO
treatment, with optimal decolorization occurring at 10 wt% clay concentration within 4 h
of treatment. However, prolonged contact times and excessive clay dosages may negatively
affect adsorption efficiency due to agglomeration and potential desorption mechanisms.

3.2. Chemical Modification Investigation Through FTIR

The structural characteristics of both pristine and exhausted bentonite samples were
analyzed using Fourier transform infrared (FT-IR) spectroscopy, as shown in Figure 2.

—— RCAOT
pristine clay|

T (%)

4000 3000 2000 1000

Wavenumber (cm™)

Figure 2. FTIR spectra of pristine clay (red line) and after oil processing (exhausted clay, black line)
between 400 and 4000 cm L.

The absorption profiles before and after waste oil processing are in line with the same
analysis reported for similar bentonites [23,24]. In particular, the most relevant bands were
attributed to O-H and Si-O bonds: stretching vibrations of the structural OH groups of
montmorillonite show typical bands between 3700 and 3200 cm ™!, the bending vibration
of adsorbed water (-OH) is observed at 1640 cm™!, and, finally, the perpendicular Si-O
vibrations are observed near 1100 cm~!. Comparison of the FT-IR spectra of the samples
before and after oil processing (pristine and exhausted clay) indicates a decrease in the Si-O
intensity and disappearance of the two O-H bands. On the other hand, new absorption
bands appear at 2925 and 2855 cm ™!, which can be attributed to the asymmetric and
symmetric stretching of the -CH, moiety. An additional band, situated at 1740 cm ™!, is
characteristic of C=0 stretching. These spectral modifications suggest that the adsorption
process involves strong interactions between the clay’s surface functional groups and the
organic compounds in WCO, leading to structural changes in the bentonite. The presence of
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hydrocarbon and carbonyl bands in the exhausted clay confirms the retention of oil-derived
impurities, reinforcing the clay’s effectiveness as an adsorbent.

3.3. Structural Investigation by Powder X-Ray Analysis

Powder X-ray diffraction (PXRD) analysis was conducted to investigate the crys-
tallographic structure of the bentonite before and after adsorption. The corresponding
diffractograms are shown in Figure 3, while the major identified phases and their respective
diffraction angles (20) are summarized in Table 1.

900

600 + —— RCAOT

gl

Intensity

Figure 3. PXRD diffractograms of pristine (red line) and exhausted (black line) clays.

Table 1. PXRD phase attribution for pristine and exhausted clays.

Identified Phase Plane [hkl] Pristine (20) Exhausted (20)
Montmorillonite (001) 6.67 6.35
Illite (002) 19.85 19.89
Montmorillonite /Illite (110) 20.79 2091
Quartz/Illite (020) 26.63 26.69
Calcite/Illite (002) 27.59 /*
Illite (110) 34.99 34.89
Quartz/Illite (200) 36.51 /¥
Quartz/Illite / 45.55 45.89
Quartz/Illite / 50.15 50.11
Montmorillonite /Illite (060) 61.86 61.82
* Not detected.

The PXRD pattern of the pristine bentonite confirmed the presence of montmorillonite,
the dominant mineral phase, with its characteristic peak at 6.67° (001). This phase is
responsible for the clay’s high cation exchange capacity and large interlayer spacing, which
facilitate the adsorption of organic molecules. Additional peaks corresponding to illite
(19.85° and 34.99°), quartz (26.63°), and calcite (27.59°) were also detected, consistent
with the typical composition of natural bentonite [23,25]. After the adsorption process, no
major phase transformations were observed, indicating that the bentonite’s fundamental
crystalline structure remained stable. However, notable changes in peak intensity and
slight shifts in diffraction angles were detected, particularly for the montmorillonite (001)
reflection, which shifted from 6.67° to 6.35°. The d-spacing change, calculated by Bragg’s
law, corresponded to 0.67 A (from d = 13.24 A to d = 13.91 A after oil adsorption). This
appears to indicate the intercalation of organic molecules contained in waste oils (fatty
acids, oxidized polymers, etc.) between the clay layers. This intercalation causes the layers
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to swell, increasing the interlayer distance and thus shifting the 20 angles toward smaller
values (because (d) and 26 are inversely proportional according to Bragg’s law) [26,27].

The increase in d-spacing after adsorption onto bentonite clay of large molecules
such as diuron or cresol was previously studied, and the observed results confirm the
incorporation of molecules in the interfoliar space during adsorption. This shift suggests
a reduction in interlayer spacing, likely due to the incorporation of organic molecules
within the clay’s layered structure [28]. Additionally, a slight increase in the intensity of
montmorillonite and illite peaks suggests that oil adsorption may have influenced crystal
packing and surface interactions, leading to partial reorganization of the clay layers. The
disappearance of certain calcite and quartz peaks in the exhausted clay suggests that these
minor phases may have been involved in secondary adsorption mechanisms, such as
chemical interactions with oil impurities [29].

The observed structural modifications support the hypothesis that WCO adsorption
occurs primarily through surface adsorption, in which organic impurities contained in the
oil attach to external clay surfaces, reducing the peak intensity [30]. Then, some organic
compounds may penetrate the interlayer spaces, altering the basal spacing. Also, peak
shifts and intensity changes can be promoted by exchange mechanisms between organic
molecules and interlayer cations (e.g., Na*, Ca®*). These findings align with previous
studies on clay-based oil refining, where bentonite adsorption is primarily a physical
process, with limited structural damage to the crystalline framework.

3.4. Structural Investigation Through XRF Analysis

X-ray fluorescence (XRF) analysis was conducted to determine the elemental compo-
sition of the bentonite before and after the adsorption of waste cooking oil (WCO). The
results, summarized in Table 2, reveal notable changes in the concentrations of key ele-
ments, providing insights into the adsorption mechanism and the interaction between the
clay and oil impurities.

The pristine bentonite was primarily composed of silicon (5i) and aluminum (Al),
which are characteristic of montmorillonite’s aluminosilicate framework. Other significant
elements included Fe, Mg, Ca, Na, and K, which are commonly found in natural ben-
tonites [31-34]. The presence of minor elements such as Ti, S, and transition metals (Ru, Rh,
Pd) suggests that the clay contains traces of accessory minerals such as quartz, feldspars,
and iron oxides [35]. Following the adsorption process, notable shifts in the elemental
composition were observed, indicating ion exchange, surface interactions, and possible
structural modifications, confirming the XRD analysis. Looking at the variation in the
elements’ amounts, a reduction in Si, Al, and Mg content was observed. Silicon decreased
from 53.39% to 48.87%, while aluminum dropped from 20.50% to 17.65%, suggesting a
partial dissolution of the clay matrix due to prolonged interaction with WCO, leading
to the displacement of aluminosilicate units or their coverage by organic molecules [30].
The decrease in magnesium (Mg) from 4.57% to 3.03% further supports the hypothesis
of cation exchange and leaching effects, as Mg?* is a common exchangeable cation in
montmorillonite. The increase in Ca and K content suggests that cation exchange between
clay interlayer sites and oil-derived species may occur, replacing leached Mg?* and Na*
ions. The rise in the Fe amount (10.02% to 12.30%) could indicate oxidation reactions or
the adsorption of metal-containing impurities from the oil. In fact, the observed increase
in iron content may partially stem from the oxidation of structural Fe?" to Fe* within the
montmorillonite layers, induced by interaction with oxidized oil components or oxygen
exposure during treatment. Additionally, peroxides and aldehydes formed during the
degradation of triglycerides in WCO may promote redox reactions with Fe species in the
clay, leading to increased surface retention and possible complexation. This may be linked
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to the mobilization of Fe from structural sites followed by surface re-precipitation as iron
oxides or hydroxides, consistent with the increase detected by XRFE. The adsorption process
can disrupt the metal-oxygen bonds in clay, leading to the release of structural cations such
as Fe. This is particularly relevant when oils contain complexing agents that can interact
with these metals [36].

Table 2. Element compositions of pristine and exhausted clays.

Elements Pristine Clay (wt%) * Exhausted Clay (wt%) *
Na 1.88 n.d.
Mg 4.57 3.03
Al 20.50 17.65
Si 53.39 48.87

S 0.54 0.64
2.95 3.68
Ca 1.63 5.42
Sc 0.00 0.00
Ti 0.85 1.09
A% 0.03 0.04
Mn 0.22 0.29
Fe 10.02 12.30
Zn 0.02 0.03
Rb 0.03 0.04
Sr 0.11 0.11
Y 0.01 -
Zr 0.05 0.04
Ru 0.73 1.60
Rh 1.92 3.20
Pd 0.56 1.96
Ga - 0.01
Total 100 100

* Standard deviation = £0.02°; n.d. stands for not detected.

It is also worth highlighting the disappearance of Na, likely due to its high mobility
and tendency to be replaced by larger cations (Ca?*, K*) during the adsorption process. A
cation exchange capacity (CEC) of 59.27 meq/100 g was determined using the methylene
blue (MB) method. Finally, the appearance of Ga, albeit in trace amounts, suggests possible
contamination or selective adsorption of trace metals from WCO, which may be present
due to cooking vessel interactions or residual food processing [37].

The observed elemental variations support three primary adsorption mechanisms:
(I) ion exchange, (II) surface precipitation and complexation, (III) physical entrapment and
diffusion-limited adsorption [38,39].

(I)  The loss of Na and Mg, coupled with an increase in Ca and K, suggests that interlayer
cations in the clay were replaced by metal-containing organic species from WCO. This
mechanism is common in bentonites used for oil purification.
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(I) The increase in Fe, Rh, and Pd content implies that clay surface sites interacted with
oil impurities, leading to the retention of transition metals and possibly oxidation
processes.

(II) The reduction in Si and Al suggests that some oil components penetrated the clay’s
structure, covering active sites and altering the elemental composition.

3.5. Adsorption Investigation: pH at Point of Zero Charge (pHPZC)

The point of zero charge (pHPZC) is a critical parameter in adsorption studies, as
it defines the pH at which the net surface charge of the adsorbent is neutral. Below this
pH, the surface is positively charged, favoring the adsorption of anionic species, whereas
above this pH, the surface becomes negatively charged, promoting cationic adsorption [40].
The pHPZC value corresponds to the pH where the final pH equals the initial pH (i.e.,
where the surface exhibits zero net charge). The results are plotted in Figure 4, showing the
intersection of the curve with the neutral charge axis at pH 8.3.

A pH

PHpzc =83

0 T T T T T T T T
4 6 8 10
] pH,

Figure 4. Zero load point plot.

The pHPZC value of 8.3 is consistent with values reported for natural montmorillonite-
rich clays, which typically range between 6.4 and 8.5, depending on the mineral composition
and exchangeable cations. This suggests that the pristine bentonite primarily exhibits neg-
atively charged sites at neutral to slightly alkaline pH, making it favorable for cationic
adsorption under these conditions. After WCO adsorption, no significant shift in pHPZC
was observed, indicating that the adsorption process primarily involved physical inter-
actions rather than strong chemisorption or ion exchange mechanisms. However, minor
changes in surface charge distribution could be inferred from the altered adsorption kinetics
observed in other sections.

The adsorption of WCO, which contains neutral and slightly polar compounds, did
not significantly alter the charge properties of bentonite. Since oil impurities do not
strongly ionize in aqueous media, electrostatic attraction was not the dominant adsorption
mechanism, supporting the idea that van der Waals forces and hydrophobic interactions
played a more significant role. At pH < 8.3, the surface is positively charged, which could
enhance interactions with anionic contaminants (e.g., fatty acid residues from WCO). At
pH > 8.3, the bentonite surface is negatively charged, meaning that the adsorption of
additional anionic species would be hindered due to electrostatic repulsion.

The relatively high pHPZC suggests that bentonite can be an effective adsorbent for
polar organic contaminants in neutral to acidic conditions, but its efficiency may decrease
in highly alkaline environments. Studies on acid-activated bentonites often report a shift in
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pHPZC to lower values (e.g., pH 4-6) due to increased surface acidity and enhanced cation
exchange capacity. The lack of pHPZC shift in this study confirms that the commercial
Maghnia bentonite retains its natural charge properties and does not undergo significant
structural modification during WCO adsorption. The high pHPZC (8.3) suggests that this
bentonite is best suited for treating WCO with acidic or neutral impurities, such as free
fatty acids and oxidized compounds [41-46].

The summary of the main results of the present study is reported in Table 3.

Table 3. Summary of main findings.

Category Parameter/Observation Key Findings
Adsorption Performance Optimal bentonite dosage 10 wt%
Optimal contact time 4h
Maximum decolorization yield 70-71%

Adsorption kinetics model

Pseudo-second-order

High clay loading effect

Agglomeration — reduced efficiency;
oscillatory kinetics at 30 wt% clay

Structural Changes

FT-IR: Functional group interactions

Disappearance of OH bands, appearance
of -CH; and C=0 bands in exhausted clay

FT-IR implication

Adsorption of hydrocarbon
impurities confirmed

PXRD: Montmorillonite (001) peak shift

From 6.67° to 6.35° — suggests interlayer
incorporation of organics

PXRD: General structural stability

No major phase changes;
slight reorganization

Elemental Composition

XRF: Decrease in Si, Al, Mg

Indicates surface coverage and leaching

XREF: Disappearance of Na

Suggests ion exchange with
oil-borne cations

XRF: Increase in Ca, K, Fe, transition
metals (Rh, Pd)

Confirms ion exchange, surface
adsorption, and possible oxidation

Adsorption mechanisms (from XRF +
PXRD + FTIR)

(I) Ion exchange, (II) surface adsorption,
(III) physical entrapment

Surface Properties

pHPZC

8.3—favors adsorption under
acidic/neutral conditions

pHPZC shift post-adsorption

Negligible—implies predominantly
physical adsorption

4. Conclusions

This study evaluated the potential of Maghnia Algerian bentonite as an effective
adsorbent for refining waste cooking oils (WCOs). The results demonstrated that the clay
achieved up to 70% decolorization under optimal conditions (10 wt% bentonite, 4 h of
treatment). The adsorption efficiency was influenced by the clay concentration, contact time,
and structural properties, with excessive bentonite loading leading to agglomeration effects.

Structural characterization provided key insights into the adsorption mechanism.
FT-IR analysis confirmed the retention of oil-derived impurities, the XRD data suggested
minimal crystalline changes, and the XRF results highlighted shifts in the elemental compo-
sition, supporting ion exchange and surface adsorption mechanisms. Adsorption kinetics
followed a pseudo-second-order model, indicating strong interactions between the oil and
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the clay surface. Additionally, the pHPZC of 8.3 suggested that adsorption is pH-dependent,
with enhanced efficiency in acidic conditions.

These findings demonstrate the viability of Maghnia bentonite as a natural, cost-
effective adsorbent for WCO purification, offering an environmentally friendly alternative
to chemical refining processes. Future studies should explore strategies to improve adsorp-
tion efficiency, including clay modification techniques (e.g., acid activation or surfactant
functionalization) and regeneration methods to enhance reusability in industrial applica-
tions. In the context of the continuous search for sustainable alternatives to the current
state of the art, the employment of natural clay, such as the Maghnia one, without any
particular activation (such as classic acidic bentonite activation) represents an interesting
solution for industry. However, despite the easiness of the process, the recyclability of
the material should be explored to consistently increase the performance in terms of sus-
tainability. Regarding the scalability of the process, as the employment of bentonites is an
already assessed methodology, even in small industrial productions, it would not represent
an issue.
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