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Abstract
Involving a succession of oil refining stages for edible oil production, a notable constraint lies in the necessity to employ
diverse adsorbents at various steps within these processes. This study investigates the synthesis of mesoporous silica
aerogels from rice husk ash, comparing their efficacy in physical sunflower oil refining with earth clay (Bentonite) and
commercial silica (Trisyl). Tetraethyl orthosilicate (TEOS) impact during aging was analyzed using scanning electron
microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), and N2 adsorption-desorption analyzer to examine
alterations in the structure of silica aerogels. The surface areas of TEOS-doped silica aerogel (TSA) and non-TEOS-doped
silica aerogel (NTSA) were 296.18 and 267.06 m²/g. Mesoporous silica aerogels were evaluated for their ability to reduce
free fatty acids (FFA), peroxide value (PV), phosphorus, and color pigments in sunflower oil. TSA and NTSA demonstrated
significant FFA removal, with TSA at 3 wt.% achieving the highest performance of 32.2%. TSA also effectively reduced PV
and phosphorus compared to NTSA, Bentonite and Trisyl, exhibiting performance similar to Bentonite in the bleaching
process. TEOS-doped silica aerogels have shown promise as adsorbents for impurity removal in sunflower oil and has
emerged as the potential adsorbent that can comprehensively and effectively meet the requirements of many edible oil
physical refining applications in a singular step.
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Highlights
● Mesoporous silica aerogel synthesis from rice husk ash with/without TEOS-doping.
● Mesoporous silica aerogels were compared to commercial adsorbents.
● For the first time mesoporous silica aerogels were used for oil adsorption with promising results.
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● TEOS-doped silica aerogel was used to remove acids and peroxide in oil purification effectively.
● TEOS-doped silica aerogel performed effective color and phosphorus removal in oil purification.

1 Introduction

Aerogels are remarkable materials with a porous and
lightweight structure in the class of nano/micromaterials.
Over recent years, aerogels have gained significant attention
due to their exceptional physical, chemical and morpholo-
gical properties. Aerogels are preferred in many various
application areas due to aforementioned properties, for
example: filler material for varnishes and paints, catalyst
carrier, injection agent, catalyst support adsorbent in the
industry [1–4]. One type of aerogel, silica aerogels, consists
of cross-linked chains of silicon dioxide (SiO2) and contains
many air-filled pores typically ranging in size from 5 to 100
nanometers [5, 6]. Silica-based adsorbents are widely used
for their high physical or chemical adsorption properties,
making them a prominent choice in various fields from CO2

capturing to oil refining [7–9]. Notably, silica aerogels have
proven to be efficient adsorbents, exhibiting a capacity for
capturing substances like drugs, pollutants, sulfur dioxide,
various ions and solvents thanks to the large specific surface
area, high pore width and porosity [10–12]. Besides, silica
aerogels have also demonstrated effectiveness in adsorbing
different heavy metals from water sources [13, 14]. The
versatility of silica aerogels makes them valuable materials
in environmental remediation, food applications and bio-
material fields as a high promising adsorbent.

Traditional methods for silica aerogel production typi-
cally involve the sol-gel process, often followed by the
supercritical or ambient drying process. The significant
barriers to the widespread commercial production of silica
aerogels include their considerable high cost and presence
of hazardous materials of the precursors [15–17]. In recent
years, there has been a growing trend to replace expensive
organoalkoxysilanes like tetramethoxysilane (TMOS) and
tetraethoxysilane (TEOS) with more cost-effective alter-
natives such as bamboo leaf [18], incineration bottom ash
[19], fly ash [20], sugarcane bagasse ash [21], and rice husk
ash [22–24] in the source of silica and production of silica
aerogels. Agricultural waste materials, including rice husk
(RH) and rice husk ash (RHA), stand out as a highly pro-
mising source of silica. They present fewer toxic precursors
and have the potential to lower the cost challenges asso-
ciated with silica aerogel production, owing to their abun-
dant availability [25–28]. Following the data provided by
the United States Department of Agriculture (USDA), glo-
bal rice production in 2023 is projected to reach an esti-
mated volume of 518.14 million metric tons [29].
Paralleling this increase in rice production, the presence of
excess RH and RHA is increasing, stemming from

inadequate valorization practices. Besides, this increase in
the presence of RHA, accompanied by the limited exploi-
tation of these materials, engenders a spectrum of envir-
onmental concerns. In recent days, substantial endeavors
have been directed towards enhancing the production of
silica aerogels, with RHA assuming a progressively pivotal
role within the framework of the “from waste to wealth”
paradigm [30–34]. Therefore, silica aerogels were produced
from RH or RHA, providing both a cost-effective precursor
and a material that is environmentally friendly as well as the
use of agricultural waste [35, 36].

A sequence of refining steps (stages) is commonly
undertaken within the area of edible oil production. These
stages generally contain degumming, neutralization, bleach-
ing, and deodorization [37–39]. Throughout these refining
processes, removing unwanted impurities due to a different
manufacturing process or a change in vendor for cost reasons
is an important objective. Specifically, these impurities
include free fatty acids (FFA), phospholipids, heavy metals,
color pigments, and peroxides [37]. The efficacy of impurity
removal is discernible across multiple stages of the extraction
process: phospholipids and trace metals are specifically tar-
geted during the extraction of sticky (wax) substances; FFA
and phospholipids are effectively managed during the neu-
tralization phase; decolorization procedures focus on elim-
inating color substances and soap phases; and the
deodorization step serves to eradicate malodorous com-
pounds, including aldehydes, ketones, FFAs, and polyaro-
matic hydrocarbons, thereby mitigating undesirable odors
associated with the oil [40–43]. Researchers commonly
employ refining processes to enhance the nutritional quality
of various crude oils. Numerous studies have tried to solve
the removal of FFAs and other impurities using different
adsorbent materials, including activated carbon, calcified
zeolite, clay diatomite, and polymeric composites [44–47]. In
physical oil refining processes, not only FFA or other
impurities have to be removed but also color removal by
other materials. Earth or clays (such as Bentonite) facilitate
the removal of color from oils in the bleaching step
[37, 48, 49]. Furthermore, certain oil manufacturers employ a
combination of Bentonite clay and Trisyl®, a commercially
available synthetic amorphous micronized silica product, in
varying ratios during the physical refining process due to that
Trisyl is particularly valued for its ability to selectively
remove polar compounds, often associated with undesirable
colors and flavors, from vegetable oils and biodiesel feed-
stocks [50–53]. Indeed, various literature studies have sear-
ched the adsorption capacities of specific adsorbents
concerning components like FFA, polar substances, and color
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pigments found in crude oils [54–58]. However, conventional
adsorbents for removing problematic ingredients from oils
often face some limitations. Some adsorbents struggle with
achieving complete removal, and may unintentionally elim-
inate beneficial minor components that contribute to flavor,
taste, and health benefits [59, 60]. This highlights the need for
new adsorbents that selectively target these problematic
impurities.

Among the techniques available for removing impurities
in vegetable oil, adsorption processes utilizing porous
materials have become particularly common. These meth-
ods use the porosity features of the materials to extract and
separate targeted components. The discovery and develop-
ment of mesoporous silica has one of the play pivotal role
the field of porous materials. Mesoporous silica aerogels
offers higher surface area and pore volume compared to
some traditional adsorbents, making it particularly well-
suited for various applications, with adsorption being a
prominent example [44]. The efficacy of mesoporous silica
in adsorption applications can be influenced by pore size, as
the interactions between mesoporous silica and ingredients
may be vary accordingly. Previous research has explored
various adsorbents for FFA removal from crude oil,
including C18 silica [61], mesoporous silica [62],
aminopropyl-modified silica [63], polydimethylsiloxane
(PDMS) [64], and magnetic amino-modified silica [65].
However, these materials present certain limitations. Some
may involve the use of potentially toxic precursors during
synthesis or the precursors for conventional silica synthesis
can be expensive [66]. As an alternative to all these, RH and
RHAs, characterized by their affordability, non-toxic nat-
ure, and status as agricultural waste, hold significant pro-
mise as relatively porous materials with high adsorbent and
decolorization capacities for crude oils. Interestingly, RH
and RHA itself exhibit remarkable adsorption capabilities,
which may be attributed in particular to their porous
structure. However, their adsorption performance is
believed to stem from their varying composition and silica
content [67]. In recent study conducted by Schneider et al.
the effects of RH and activated carbon in pretreating waste
cooking oil to removing of FFA were investigated. The
findings indicated that utilizing RH as an adsorbent material
for treating waste cooking oil presents a viable alternative
for cost reduction in the process. This was attributed to the
presence of silanol and hydroxyl groups on the surface of
RH, which serve as active sites for adsorption and facilitate
the efficient removal of FFA in shorter durations [68].
Recent research by Zainal et al. demonstrated that calcium
silicate derived from RHA can serve as an efficient adsor-
bent for the recovery of FFA from waste frying oil. Also,
they found that increasing silica content and achieving
higher surface area enhances FFA adsorption capacity in
waste frying oil [67].

However, these studies have mostly focused only on a
single step in oil refining (FFA removal), whereas phos-
pholipid and color removal performances were not studied
and remain largely unexplored. The multifaceted nature of
edible oil refining, with its varied impurities, has to present
ongoing research to develop potential single adsorbent that
can comprehensively and effectively meet these require-
ments of all physical refining steps (FFA, peroxide, phos-
phorus and color removing) needs. Moreover, these
adsorbents should aim to streamline the oil refining process
by minimizing steps, thereby enhancing overall efficiency,
and reducing costs by using agricultural wastes as silica
source. Silica aerogel is recognized for its exceptional
properties, including its high surface area, porosity, and low
density, making it highly versatile across various fields.
This study investigates a novel application of mesoporous
silica aerogel from RHA thanks to its high adsorption
capacity in edible oil refining, an innovative approach not
previously documented in the literature, thus representing a
pioneering contribution to the field. Using silica aerogels
brings a new approach and material to physical vegetable
oil refining processes and can improve efficiency and
effectiveness compared to traditional adsorbents. Utilizing
silica aerogel may open up new possibilities and avenues
for enhancing the performance of physical oil refining
procedures. In this research, a sodium silicate solution
derived from RHA served as the silica source, used as a
precursor for synthesizing TEOS-doped and non-TEOS-
doped mesoporous silica aerogels through the sol-gel
methodology. Comprehensive characterizations of the
morphology, chemical structure, and textural properties of
the produced silica aerogels were carried out employing
Scanning Electron Microscopy (SEM)-Energy Dispersive
X-ray (EDS), Fourier Transform Infrared (FTIR) and N2

adsorption-desorption analyzer. Subsequently, the various
physical oil refining processes of these silica aerogels were
assessed by their application in the purification of sunflower
oil, and their performance was compared with commercial
adsorbents, Trsiyl and Bentonite. This approach envisages
exploiting the sustainable use of environmentally friendly
RHA as a feedstock and using mesoporous silica aerogels
with unique properties to refine crude oil for achieving
edible oil.

2 Materials and Methods

2.1 Materials

RHA was purchased from local company Sınmazlar Foods
Inc. (Edirne, Türkiye). Tetraethoxysilane (TEOS, 99%),
hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH,
99.9%), nitric acid (HNO3, 65%), ethanol (99%), and
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sodium nitrate (NaNO3, 99%) were supplied from Merck
(Darmstadt, Germany). N-heptane (99%) was purchased
from Sigma Aldrich (St. Louis, MO, USA). Trisyl® 300 (a
commercial synthetic silica) was obtained from Grace
Davison (Baltimore, MD, USA). Calcium Bentonite was
obtained from Amcol Mineral Mining Co. (Edirne, Tür-
kiye). Sunflower oil (Helianthus annuus) was provided by
Unilever Margarine Inc. (Tekirdağ, Türkiye). The neu-
tralized oil used in the experiments was the oil obtained
from the facility after the alkali refining process. All che-
micals were employed in their as-received states without
further modification. Distilled water used throughout the
experiments, was obtained via a water distillation unit
(Gesellschaft für Labortechnik mbH, GFL 2002,
Germany).

2.2 Production of Sodium Silicate solution

The sodium silicate solution (Na2SiO3) was obtained using
the alkaline extraction method described in previous stu-
dies as illustrated in Fig. 1 [69, 70]. Firstly, RHA was
burned in an incineration furnace (Protherm, PLF115M,
Türkiye) at 600 °C for 5 h. The 10 g incinerated RHA was
weighed and distilled water was added to it in a ratio of 6:1
by weight (incinerated RHA:distilled water=1:6). The
RHA-distilled water mixture was adjusted to pH 1 with
1 M HCl solution. A method involving treatment with 1 M
HCl (acid leaching) was carried out at 150 °C for 2 h under
reflux to eliminate metallic ion contaminants.

Subsequently, the acid-leached ash was acquired through
filtration and washing of the mixture with 400 ml of dis-
tilled water under vacuum, followed by a 24 h drying
period at ambient temperature. For alkaline extraction, the
acid-leached ash was mixed with 1 M NaOH at a weight
ratio of 1:6 (acid-leached ash: 1 M NaOH=1:6), and the
mixture was subsequently boiled at 150 °C for 1 h to
extract silica. The latest mixture was subjected to vacuum
filtration using 400 ml of distilled water, obtaining a
sodium silicate solution as a silica source.

2.3 Production of the RHA-based silica aerogels

TEOS-doped (TSA) and non-TEOS-doped (NTSA) RHA-
based silica aerogels were produced by modification of the
methodology described in our previous study as illustrated
in Fig. 2 [70]. In order to obtain silica aqua gel, the pH
level of the sodium silicate solution (50 ml) was decreased
to 7 by utilizing 1 M HNO3. These formed gels were
subsequently allowed to undergo an aging process at room
temperature for 24 h to obtain a more robust silica net-
work. The aged gels were washed three times with distilled
water by centrifugation to eliminate formed sodium salts
(such as NaNO3) during the condensation reaction. The
water in silica aqua gel was replaced by a prepared solu-
tion of 80% (v/v) ethanol and 20% (v/v) H2O and main-
tained at room temperature for 24 h. Following that, in the
preparation of TEOS-doped silica aerogel (TSA), an
additional aging process was conducted. This process
involved treating the gel with a 70% (v/v) TEOS in ethanol
solution for 18 h at room temperature, followed by an
additional 4 h at 70 °C. Subsequently, during the solvent
exchange step, the gel in 70% (v/v) TEOS–ethanol solu-
tion and the gel in 80% (v/v) ethanol solution were washed
with n-heptane (100 ml) three times. The gels were kept in
100 ml of n-heptane for 24 h at room temperature. On the
following day, the n-heptane was replaced with fresh
n-heptane two times, and the gels were centrifugated by
centurion scientific centrifuge at 4800 rpm (Andreas Het-
tich, D72 Germany) and subsequently, gels were dried in
an air-dryer (Elektromag, M420P, Türkiye) in 18 h inter-
vals at 50 °C [70].

2.4 Characterization of mesoporous silica aerogels
and other adsorbents

FTIR spectra were acquired for all samples at spectral range
of 4000–650 cm−1 (Shimadzu Corporation, IRPrestige-21,
Japan), utilizing an Attenuated Total Reflectance (ATR) at
20 °C to determine functional groups of the material. A total
of 15 scans were executed, each at a resolution of 2 cm−1

for all samples. The spectra were collected in transmittance
mode (T%).

Fig. 1 Flow diagram of the procedure of sodium silicate production
solution from RHA
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SEM analysis was performed using an SEM device
(SEM; Zeiss, EVO® Ls 10 T) with an Energy-Dispersive
X-ray Spectroscopy apparatus (EDS; Carl Zeiss, Smar-
tEDX) to determine the morphological properties and
semi-quantitative elemental compositions of the RHA-
based mesoporous silica aerogels, respectively. Before
analysis, the samples were coated with a thin layer of
gold-palladium using a sputter coater device (Emitech
K550X, UK) under vacuum conditions, employing an
approximate voltage of 1 kV for 10 min. Micrographs of
the aerogels were subsequently captured utilizing varying
magnifications.

The textural characteristics of all samples, specific surface
area (m²/g) and pore diameter (Å), which can exhibit varia-
bility contingent upon production conditions, were analyzed
via utilization of nitrogen (N2) adsorption-desorption device
(TriStar™ II 3020, Micromeritics, USA). High-purity nitro-
gen (99.999%, Habaş, Türkiye) was employed during the
characterization process. Before N2 adsorption-desorption
analysis, the samples were subjected to a degassing proce-
dure facilitated by a continuous N2 gas flow; samples were to
temperatures of 90 °C for 1 h, followed by an elevated tem-
perature of 250 °C for 2 h. To determine specific surface area,
the Brunauer-Emmett-Teller (BET) method was employed, a
widely acknowledged approach in surface area calculations.
Barrett–Joyner–Halenda (BJH) adsorption method was used
to determine cumulative pore volume and average
pore width.

2.5 Adsorbent treatment and characteristic analysis
of the sunflower oil

Crude or neutralized oil (sunflower oil) was weighed into
50ml flasks. The samples are placed within a shaking water
bath (GFL 1086, Germany) maintained at 25 or 90 °C for
20min. At the end of 20min, Trisyl, Bentonite, and produced
mesoporous silica aerogels or combinations of these adsor-
bents with Bentonite (Bentonite: other adsorbents 3:1 wt.%)
were added in specific ratios (1, 2, and 3 wt. %). The mixture
of samples was carefully agitated within a stirred water bath
at a constant temperature of 90 °C and a rotational speed of
185min−1, sustaining this agitation for 30min. After this
mixing, the samples were extracted from the stirred water
bath and subjected to centrifugation at 4800 rpm for 30min.
The oil layer remaining on top is removed with the help of a
Pasteur pipette and weighed in sample bottles, and the
amount of oil remaining after adsorption is noted. This
assessment determines the weight of oil remaining post-
adsorption by the introduced adsorbents. Within this frame-
work, after performing adsorption studies involving Trisyl,
Bentonite, and mesoporous silica aerogels and combinations,
a meticulous evaluation was carried out concerning their
interaction with crude sunflower oil. This evaluation
encompassed the assessment of FFA levels, performances in
terms of decolorization and removing peroxides and phos-
pholipids, and the extent of neutral oil losses evident in the
resultant oils acquired through the process.

Fig. 2 Flow diagram of TEOS-
doped (TSA) and non-TEOS-
doped (NTSA) silica aerogels
production
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2.5.1 Determination of FFA value

The quantification of FFA was conducted by employing the
titration method as proposed in the American Oil Chemists’
Society (AOCS) Ca 5a-40 methodology [71]. A certain
amount of oil (2 g) was precisely weighed and subsequently
dissolved within a solvent composed of diethyl ether and
ethanol (25ml, ratio of 1:1 v/v). After dissolution, 1% phe-
nolphthalein indicator solution was added to the mixture.
Titration performed by employing a standardized 0.1M NaOH
solution. An analogous procedure was conducted for a control
experiment wherein oil was absent, establishing a baseline
comparison. The quantification of FFA content was deter-
mined using the formula outlined in Eq. 1 [72, 73]. Equation 2
was employed to calculate the percentage reduction in FFA,
utilizing the FFA values of the untreated samples (blank) and
the samples post-treatment [68]. This calculation was pre-
dicated on the sample’s equivalent of oleic acid content.

FFA as oleic acidðmg KOH=gÞ ¼ alkali volume mLð Þ � alkali normality� 28:2
sample weight ðgÞ

ð1Þ

FFA as oleic acid %ð Þ ¼ FFAinitial � FFAfinal

FFAinitial

� �
� 100 ð2Þ

Where %FFA Reduction percentage; FFAinitial acid value of
sample without treatment (blank) (mg KOH=g); FFAfinal

acid value of sample after treatment mg KOH=g:

2.5.2 Determination of Peroxide Value (PV)

PV was determined according to AOCS Cd 8-53 [74].
Briefly, 20 ml of chloroform was added to 1 g of oil sample,
and 50 ml of acetic acid:chloroform (3:2, v/v) solution was
added and shaken until the lipid was completely dissolved.
After dissolving the oil, 1 ml of saturated potassium iodide
was added and kept in a dark place for 30 min after shaking
for 20 s. Then 150 ml of distilled water was added (the oil
solvent and water in the titration mixture was 1:3 v/v),
followed by 4–5 drops of 1% starch solution and titrated
with 0.002M sodium thiosulfate until a clear color was
obtained. The same was done for the blank without oil. The
quantification of PV was performed by Eq. 3.

PVðmEq=kgÞ ¼ Vs� Vbð Þx N x1000
W

ð3Þ

Vb represents the volume (in ml) of sodium thiosulfate
solution used for the blank experiment, Vs represents the
volume (in ml) of sodium thiosulfate solution used for the
sample, N represents the normality of the sodium thiosulfate
solution (0.002 M), W corresponds to the weight of the oil
sample (1 g).

2.5.3 Color determination

Color analysis for oil before and after adsorption were
performed with a Lovibond tintometer, employing cuvettes
of varying dimensions in the present study. Specifically,
cuvettes measuring ½ inch (12.7 mm) and 5½ inch
(133.4 mm) were utilized, with the conversion ratio being 1
inch (25.4 mm). Lovibond tintometer has applicable stan-
dards such as AOCS Cc 13e-92, and AOCS Cc 13j-97
[75–77]. Our Lovibond device (PFXi880L; Lovibond, UK)
has a color scale range (0–70 Red, 0–70 Yellow, 0–30 Blue,
0–3 Neutral). Our Lovibond device uses the Lovibond®

RYBN Color scale. The AOCS-Tintometer® Color Scale is
a special red and yellow version of the Lovibond RYBN
scale using the AOCS-Tintometer Red Scale.

2.5.4 Phosphorus analysis

Total phosphorus content, which indicates phospholipids
content in crude sunflower oil after adsorption, was deter-
mined through a modified approach based on the methodol-
ogy in the study by Shariff et al. [78]. 1 g of oil samples was
weighed and after the addition of winterized oil, phosphorus
values were measured. Phosphorus value was determined
using an atomic absorption spectrophotometer (PerkinElmer,
AAnalyst™ 700, Shelton, CT, USA) after adsorption process.

2.5.5 Total oil loss

Although effective in eliminating specific impurities from oils,
the adsorption process is accompanied by an inevitable occur-
rence of neutral oil loss. To ascertain the extent of neutral oil
loss, a comparative assessment was conducted by measuring the
oils’ weights prior to and subsequent to the adsorption proce-
dure. The neutral oil loss was subsequently deduced by calcu-
lating the disparity between these two measurements by Eq. 4.

Total Oil Loss ð%Þ ¼ Ae � Af

� �
W

x100 ð4Þ

Where W denotes total amount of oil before refining (g), Af

signifies adsorbent amount before refining (g) and Ae

represents adsorbent amount after refining (g).

2.6 Statistical analysis

All statistical analyses were performed using one-way ana-
lysis of variance (ANOVA) with OriginPro Version 2024
(OriginLab Corporation, Northampton, MA, USA). Data are
presented as mean ± standard deviation (SD). Statistical dif-
ferences between groups were assessed using one-way
ANOVA or Tukey’s multiple comparison test. In all cases,
a p-value of less than 0.05 was considered statistically
significant.
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3 Result and discussion

3.1 FTIR analysis

FTIR results provide insights into the functional groups of
silica aerogels and other adsorbent structures. This infor-
mation is crucial for determining the chemical properties of
adsorbents [79, 80]. FTIR spectra of silica aerogels and
other adsorbent samples are depicted in Fig. 3. The primary
peaks for silica-based materials were detected in the
wavenumber range of 720–850, 930–960, and
1000–1140 cm−1, exhibiting similarity across all analyzed
samples of adsorbents. The robust peak identified in the
wavenumber range of 720–850 cm−1 was caused by the
Si–O–Si symmetric stretching (Si–O(s) s.s.) and was con-
sistently observed in all adsorbents [81–83]. Besides, the
peak identified in the 930–960 cm−1 wavenumber range can
be indicating attributed to the in-plane stretching vibrations
of Si–O(s) in the SiO4 tetrahedron or the presence of Si–OH
[5, 82, 84, 85]. The strong peak observed within the
wavenumber range of 1000–1140 cm−1 in both aerogels
serves as an indicative marker for the presence of Si–O–Si
(siloxane) groups within the silica network, strongly implies
the formation of these bonds through a condensation reac-

tion. These peaks are associated explicitly with the asym-
metric stretching (Si–O(s) a. s.) of siloxane, providing
valuable insights into the structural composition of the
adsorbents [81, 82, 86]. Specifically, the condensation
reaction involves the interaction between Si–OH and
Si–O–C2H5 groups. This information provides robust evi-
dence regarding the formation mechanism of the silica
network structure within both silica aerogels. Besides, the
discernible peaks at approximately 1360 and 1440 cm−1 in
the RHA indicate CH groups (C–H asymmetric and sym-
metric deformation of –CH3 and –CH2 groups) arising from
the organic constituents within the RHA structure
[82, 87–90]. Significantly, the absence of these peaks in the
spectra of the TSA and NSA samples derived from RHA
can also serve as evidence of the successful production of
both aerogels [82]. The findings collectively indicate the
similar peaks and successful synthesis of both silica
aerogels.

The presence of characteristic peaks observed in silica
aerogels was also discerned in the Bentonite and Trisyl sam-
ples, proving a similarity in structural features among these
materials. The Bentonite samples exhibit distinctive peaks at
1650 and 910 cm−1 wavenumber alongside other peaks; these
particular peaks can be indicative of bending –OH (adsorbed
water) and bending Al–Al–OH, providing insights into the
molecular structure of the Bentonite [91, 92]. Besides, a wide-
ranging peak of Trisyl extending from 3000 to 3700 cm−1 is
observed. This peak can be indicative of the O–H stretching
vibration peak associated with hydrogen-bonded water
(H–O–H¨¨H) and the Si–OH stretching of surface silanols
hydrogen-bonded to molecular water (Si–OH¨¨ H–O–H)
[82, 93]. The observed higher this peak for Trisyl compared to
other adsorbents might be attributed to its high specific surface
area [94]. Also, the weak peak in the wavenumber range of
1700–1600 cm−1 in Trisyl is due to deformation vibrations
caused by physically adsorbed water on its surface [82].

3.2 SEM-EDS Analysis

The SEM micrographs in Fig. 4a, b reveal the surface
texture and morphological characteristics of the synthesized
silica aerogels. Figure 4a, b shows the irregular shape of theFig. 3 FTIR spectra of RHA and adsorbent samples

Fig. 4 SEM images of (a) TSA
and (b) NTSA (scale bar is
10 μm). Insets show the EDS
analysis of silica aerogels
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silica aerogel samples, showcasing a heterogeneous dis-
tribution in particle size. Noteworthy is the observation that
the measured particle sizes of the prepared TSA samples
range between 50 and 90 nm, as predicted. Furthermore,
introducing TEOS doping in TSA led to a heightened
cluster density and a robust gel framework.

Consequently, the TSA gel network demonstrated
increased resilience against capillary pressure during the
drying process at ambient pressure, effectively minimizing
the formation of cracks compared to NTSA. This
enhancement in structural integrity can suggest that TEOS
doping contributes to the overall stability of the aerogel,
making it more resistant to the stresses induced by the
drying process [95]. The particles present a rough surface,
which is attributed to the presence of abundant voids, and
TSA exhibits tendencies toward agglomeration, as depicted
in Fig. 4a.

EDS was applied to analyze the elemental composition
of the TSA and NTSA, contributing to an investigation of
their chemical constituents. The confirmation of silica
aerogel formation is also substantiated by the conspicuous
presence of silicon (Si) in the EDS results [96]. The EDS
analysis reveals that the TSA and NTSA composition
comprises 99.55 Si, 0.45 wt. % Na and 97.50% Si, 2.50 wt.
% Na, as depicted in Fig. 2a, b insets, respectively. These
elemental percentages align closely with the expected
composition of silica aerogels from RHA, providing evi-
dence of the successful synthesis of both aerogels [69]. The
EDS results, indicating a relatively low percentage of
sodium (Na, 0.50 wt.%), suggest that Na+ ions present in
the TSA content are likely to undergo partial removal from
the pores of the silica network during the solvent exchange
process of the silica aerogels [97]. This observation may
have resulted from the dynamic nature of the aerogel
synthesis, where certain components, such as Na+ ions, may
be subject to extraction or displacement as part of the post-
synthesis treatments.

3.3 N2 Adsorption-Desorption Analysis

The specific surface area and porosity characteristics of the
adsorbents were determined through nitrogen adsorption/
desorption isotherm analysis by surface area and pore size
analyzer. The BET method determined the surface area,
while the pore size distribution and pore volume values
were ascertained using the BJH method. The outcomes for
specific surface area, pore size, and pore volume of the
adsorbents, along with their respective adsorption/deso-
rption isotherms, are presented in Table 1 and Fig. 5,
respectively. Consistent with earlier studies, the N2

adsorption/desorption results indicate that the TSA and
NTSA, along with other adsorbent powders, exhibit a high
specific BET surface area and BJH pore volume [4, 70]. The

specific BET surface areas for the TSA, NTSA, Trisyl, and
Bentonite are 296.18 ± 3.05, 267.06 ± 1.78, 632.43 ± 3.43,
and 167.96 ± 1.52 m2/g respectively. Adsorbents have been
observed at 8.710, 6.483, 7.548, and 5.428 nm average pore
diameter and 0.756, 0.211, 1.070 and 0.2048 cm3 g−1 total
pore volume, respectively.

The doping of TEOS leads to an increase in the specific
surface area, pore diameter, and volume of the silica aerogel
sample. These results can be attributed to the reinforcement
of the gel structure caused by the incorporation of TEOS
into the silica sol. Besides, the addition of TEOS might
impede the occurrence of cracking in the gel, strengthening
its overall structure. In contrast, in the absence of TEOS,
capillary tension induces shrinkage in the silica gel network,
resulting in gel cracking and decreasing the pore size and
specific surface area [70]. The study conducted by Tadjar-
odi et al. involved the synthesis of silica aerogel from RHA,
followed by drying under atmospheric pressure [98]. Their
observations revealed that adding TEOS increased the
specific BET surface area from 220 to 315 m2/g and
expanded the pore size from 8.3 to 9.8 nm. The findings
from the present study align with and corroborate the out-
comes reported in this study. As investigated in this study,
Ca Bentonite adsorbent demonstrated similar to other types
of Bentonites, with relatively lower surface area and pore

Table 1 Textural properties of the different adsorbents

Sample SBET (m2/g) BJH pore size
(nm)

BJH Pore Volume
(cm3 g−1)

TSA 296.18 ± 3.05 8.710 0.756

NTSA 267.06 ± 1.78 6.483 0.211

Trisyl 632.43 ± 3.43 7.548 1.070

Bentonite 167.96 ± 1.52 5.428 0.205

Fig. 5 N2 adsorption/desorption isotherms of the different adsorbents.
N2 adsorption/desorption data were calculated by the BET method

Journal of Sol-Gel Science and Technology



size results due to inherent structural characteristics of Ca
Bentonite [99, 100]. Furthermore, the findings derived from
using Trisyl in the present study exhibit a marked resem-
blance to the outcomes results in previously published
research featuring Trisyl300B adsorbent [101, 102]. In strict
accordance with the classification standards set forth by the
International Union of Pure and Applied Chemistry
(IUPAC), the demarcation of pore sizes is systematically
structured into three distinctive categories: macrospores
(>50 nm), mesopores (2–50 nm), and microspores (<2 nm),
respectively [103]. The deduction that can be drawn from
the results is that all the adsorbents under consideration
exhibit a mesoporous structure. These results highlight all
adsorbent materials’ high porosity and surface area char-
acteristics, including our synthesized silica aerogels. They
show their potential utility in oil adsorption applications due
to their high adsorption capacity.

Figure 5 shows the N2 adsorption–desorption isotherms
of aerogel samples. The geometrical characteristics of the
hysteresis loop in the N2 adsorption-desorption isotherms
indicate the present pore structure and shape within the
material [104]. TSA, NTSA aerogels, and Trisyl confirm a
type IVa isotherm, aligning with the typical features of
mesoporous materials. Furthermore, Bentonite can be
characterized as exhibiting a type IVa isotherm [105]. These
observations are consistent with the IUPAC classification
for mesoporous materials for adsorbents [106]. Moreover,
the desorption cycles of these samples represented a hys-
teresis loop attributed to capillary condensation, a char-
acteristic phenomenon observed in mesoporous materials
[107].

The TSA sample displayed an H1-type hysteresis loop,
indicating cylindrical pores open at both ends and well-
defined cylindrical-shaped pore structures. Conversely,
NTSA exhibited an H2-type hysteresis, characteristic of
“inkbottle” pores. The different hysteresis loops observed
for the TSA and NTSA samples confirm that TEOS doping
impacted pore shape. This finding underscores the influence
of TEOS doping on specific surface area and the pore shape
of the aerogel samples. The agreement of these results with
our previous study suggests a consistent pattern in the
influence of TEOS doping on pore properties [70]. Hys-
teresis loops of the TSA and Trisyl samples were similar,
H1-type hysteresis loops. The hysteresis loop characteristics
exhibited by Bentonite align with the H4-type hysteresis,
typically associated with samples containing mono-
multilayer adsorption on narrow slit-shaped pores found
among plate-like particles. This specific type of hysteresis
strongly indicates the presence of layered clay materials,
such as Bentonite, characterized by complex interiors fea-
turing non-uniform micropores and mesopores. The
observed adsorption/desorption profiles further confirm
Bentonite’s intricate and layered structure, providing

valuable insights into its pore morphology and adsorption
behavior [108, 109]. The different textural properties
observed among the adsorbents provide the distinct char-
acteristics of each material. Notably, the commercial
adsorbents exhibited suitable properties, aligning with
expectations. Furthermore, the synthesized silica aerogels
demonstrated properties consistent with existing literature,
confirming the successful synthesis of silica aerogels by
established previous studies.

3.4 FFA and PV of crude and neutralized
sunflower oil

The free fatty acid (FFA) value of crude and neutralized
sunflower oil was assessed in the context of adsorption
experiments. The FFA value and FFA (%) values of the
crude oil utilized in these experiments were 4.72 and 2.37,
respectively. In contrast, after neutralization, the FFA value
and FFA (%)decreased to 0.56 and 0.28, respectively
(Table 2). These values indicate the FFA content within the
oil, with a reduction in acid value post-neutralization
reflecting a decrease in FFA. The observed decrease in FFA
content provides valuable insights into the chemical com-
position of sunflower oil and the changes it undergoes
during the adsorption process.

3.5 Decrease in FFA values in oils after adsorption

Figure 6 illustrates decrease in FFA content following the
adsorption of crude sunflower oil using different adsorbent
ratios (1–3%) at a temperature of 25 and 90 °C. The
adsorption process for all adsorbents except NTSA was
performed at 90°C, while the adsorption process with
NTSA at various temperatures (25° and 90 °C) was per-
formed. The results showed that FFAs were more effec-
tively adsorbed at higher temperatures compared to lower
temperatures for every concentration (p < 0.05). This
observation confirms consistently with existing literature,
highlighting the increased adsorption capability of fatty
acids at higher temperatures [110–112]. Consequently, the
decision was made to conduct adsorption studies at 90°C
for each adsorbent. When employing 1% TSA and NTSA,
the FFA value decreased statistically significantly by 20.6%
and 23.1%, respectively, compared to crude sunflower oil
(p < 0.05). Upon increasing the amount of these adsorbents
to 3%, the reduction in FFA values rose to 32.2% and

Table 2 FFA and PV value results of crude and neutralized oil

Sunflower oil FFA value (mg KOH/g) FFA (%) PV (mEq/kg)

Crude Oil 4.72 ± 0.02 2.37 ± 0.02 2.10 ± 0.08

Neutralized Oil 0.56 ± 0.01 0.28 ± 0.01 2.64 ± 0.07
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31.8%, respectively. However, there was no statistically
significant difference between these two adsorbents at the
3% ratio (p > 0.05).

In contrast, 1% and 3% Trisyl exhibited a modest
decrease in FFA value with 11.65% and 12.50%, with no
statistical significance between ratios (p > 0.05), while 1%
and 3% Bentonite showed a decrease in FFA value 14.62%
and 13.98%, respectively, with no statistical significance
between ratios (p > 0.05). Furthermore, Bentonite used at
the specified ratios exhibited a statistically significant higher
adsorption of FFA compared to Trisyl (p < 0.05). The
observed enhancements could be attributed to the specific
adsorption affinity of each adsorbent for acid substances.
The different characteristics of each adsorbent could lead to
the effective removal of particular molecules, contributing
to the overall improvements observed in the process
[113–115]. In a study by Boki et al. it was observed that the
amount of FFA removal of sepiolite, a clay type, varied
between 32% and −4% depending on the type of sepiolite
with four wt. % sepiolites in bleaching processes with
sunflower oil. This was explained by them as neutral or
slightly acidic clays often show a slight reduction in acidity
through preferential adsorption of FFAs, as in the literature
[116]. It was determined that the FFA adsorption behavior
of Bentonite, a type of clay examined in our study, was
consistent with the literature. Evaluation of FFA content in
crude sunflower oil following adsorption processes revealed
statistically significant lower efficacy for both Trisyl and
Bentonite compared to the silica aerogel adsorbents at all
tested ratios (1–3%) for 90 °C (p < 0.05). Trisyl

demonstrated the least effectiveness in FFA removal from
crude sunflower oil (p < 0.05).

Mesoporous silica aerogel adsorbents (NTSA and NSA)
exhibit the highest efficacy for removing FFA (p < 0.05).
Moreover, there is almost no significantly significant correla-
tion between the removal of FFA and the ratio of Trisyl and
Bentonite. On the other hand, for mesoporous silica aerogel
adsorbents statistically significant correlation with the adsor-
bent amount is apparent (p < 0.05). All these findings indicate
that both TSA and NTSA exhibit similarly high efficacy in
removing FFAs from crude sunflower oil. Adhikari and his
colleagues examined the binding of oleic acid, triacyglycerol
and phosphatidycholine on silica at room temperature [117].
They concluded that oleic acid and triacylglycerol bind to the
silica surface hydroxyls through hydrogen bond interactions
between the carboxylate and ester carbonyls of these mole-
cules, respectively. Similarly, Gil et al. also reported that FFA
adsorption on silica-based adsorbents occurs through surface
hydrogen bonding between the carboxylic acid groups of
FFAs and the silanol (Si-OH) groups present on the silica-
based adsorbent surface [118]. Our investigation suggests that
similar interactions might be responsible for the adsorption of
FFAs onto our silica aerogel adsorbents. In addition, in the
study by Schneider et al. stated that RH with low surface area
can still be an effective adsorbent for compared to activated
carbon with high surface area. This is because the presence of
functional groups, active sites, and the overall polarity of the
adsorbent also play a crucial role in influencing the adsorbent-
adsorbate interaction [68]. Besides, Ahn, and Kwak investi-
gated FFA removal from olive oil using amine-functionalized
mesoporous silica with varying pore sizes and specific surface
areas. Their study suggests that strong hydrogen bonding and
acid-base interactions between on the silica surface and the
FFA molecules play a key role in the adsorption process.
While surface area plays a part for FFA adsorption, the
research indicates that the presence of functional groups on the
silica surface has a more significant impact on FFA adsorption
[44]. This observation may clarify that Trisyl, despite pos-
sessing a higher BET specific surface area, yields lower FFA
removal compared to TSA and NTSA. In addition, within the
same study, it was noted that among these silica materials,
those with higher surface areas (and lower pore diameters)
tend to exhibit greater FFA removal. This can be attributed to
the fact that TSA and NTSA, which have a similar surface
area, provides a similar decrease in FFA.

The presence of ions (Ca or Na in our adsorbents) within
the adsorbent structure can potentially contribute to neu-
tralization reactions with FFA. This can establish an acid-base
interaction characterized by a rapid equilibrium time. On the
other hand, the overall adsorption process might also involve
slower chemisorption between the adsorbents and the FFA
[67]. Kalapathy and Proctor investigated the use of films
obtained from RHA with different silica content for FFA

Fig. 6 Decrease in FFA (%) values in crude oil after adsorption for
adsorbents (data are given as mean ± SD (n= 4)) The different letters
on the bar indicate significant differences between values, and the
same letters on the bar indicate no difference between values according
to Tukey’s multiple comparison test (p < 0.05). (* shows that
adsorption experiments were occurred at 25 °C)
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removal from frying oil [119]. Their findings suggest a posi-
tive correlation between Na content in the films and FFA
removal efficiency and Na content plays a key role in the FFA
removal. According to SEM-EDS (Fig. 4), it was predicted
that TSA had more silica content and therefore could adsorb
more FFA, while NTSA and TSA were observed to have
similar FFA adsorption. While Adhikari et al. stated that the
increase in OH groups on silica is expected to be more FFA
removal in TSA when it occurs through the mechanism that
occurs in silica hydroxyl groups, the reason why it is similar to
NTSA may be related to the high Na content of NTSA, as
reported by Kalapathy and Proctor [119].

Figure 6 also displays decrease in FFA values following the
adsorption of crude sunflower oil, employing combinations
adsorbents of Bentonite+TSA and Bentonite+Trisyl. The
statically significant lower FFA removing values observed in
both combinations compared to the values of the individual
adsorbents may be attributed to a negative synergistic effect
(an antagonistic effect) arising from the combination of Ben-
tonite with TSA and Trisyl (p < 0.05) [9]. Combinations of
Bentonite+TSA consistently yielded statistically significant
higher FFA removal compared to Bentonite+Trisyl across all
studied ratios (p < 0.05). However, the increase in FFA
removal efficiency between the 1% and 2% ratios for both
combinations was relatively small and no statistically sig-
nificant correlation was observed between the removal of
FFAs and the ratio of combinations (p > 0.05). All these results
suggest that NTSA and TSA can be effectively employed for
FFA adsorption when utilized alone.

3.6 Decrease in PV in oils after adsorption

Peroxides represent the initial oxidation products of fatty
acids, predominantly generated when partially processed or
refined oils interact with air during processing, transporta-
tion, and storage [120]. Table 2 provides the PV results for
both crude and neutralized sunflower oil, revealing PV
values of 2.1 and 2.64, respectively. Additionally, Fig. 7.
presents the decrease in PV results of crude sunflower oil
after adsorption experiments with TSA, NTSA, Bentonite,
Trisyl, and certain combinations at concentrations ranging
from 1 to 3%.

Evaluation of individual adsorbent performance for
Bentonite, Trisyl, and NTSA adsorbents revealed that a 1%
ratio achieved statistically significant higher results for
removing PV compared to higher concentrations (p < 0.05).
Increasing the adsorbent amount from 1% to 3% resulted in
a statistically significant decrease in PV removal efficiency
for NTSA, Bentonite, and Trisyl (p < 0.05). In contrast,
TSA exhibited no statistically significant PV removal by
increasing the amount of the adsorbent (p > 0.05). TSA
demonstrated the effective results at for all ratio for
removing the PV, with a consistent efficiency level with

increasing ratio. Importantly, both TSA and Trisyl achieved
the statistically most significant reductions PV content.
Notably, no statistically significant difference was observed
between the TSA and Trisyl decrease in PV removal at 1%
ratio (p > 0.05).

Increase in the surface area of the adsorbent, the amount
of peroxide increases up to a certain point, but this does not
only sometimes coincide with the highest surface area. The
higher peroxide adsorption observed with Trisyl and TSA
may be attributed to their relatively higher surface area.
Besides, when the removing of PV performances of TSA
and NTSA are compared, it is seen that the decrease in the
PV value of TSA is statically significance higher (p < 0.05).
Kalapathy and Proctor investigated the use of silica-based
films for reducing PV in frying oil and their findings
revealed a decrease in PV for films with high silica content,
while films with low silica content exhibited an increase
instead of a decrease in PV [119].

As reported in previous studies [121] decomposition pro-
ducts of hydroperoxides, such as aldehydes and ketones, can
be adsorbed by the active sites of silica sorbents such as
Trisyl. Besides, clays exhibit a dual role in both adsorbing/
removing peroxides and catalyzing their conversion into
secondary oxidation products. The adsorption capacity of
clays for primary and secondary oxidation products is known
to have adsorption capacity, which is contingent upon the
concentration of the clay [122]. Additionally, Susilowati et al.
demonstrated that the removal of peroxides increased up to a
certain adsorbent (ampo, a type of clay) concentration.
However, beyond this point, the PV removal decreased with a

Fig. 7 Decrease in PV (%) value results of crude sunflower oil after
adsorption (data are given as mean ± SD (n= 4)) The different letters
on the bar indicate significant differences between values, and the
same letters on the bar indicate no difference between values according
to Tukey’s multiple comparison test (p < 0.05)
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further increase in the adsorbent amount [123]. The observed
decrease in PV% with increasing amounts of Trisyl and
Bentonite might be attributed to a common mechanism.

The combined use of adsorbents has yielded favorable
results in oil and peroxide adsorption studies. In our study,
the impact of Bentonite+TSA, Bentonite+NTSA, and
Bentonite+Trisyl combinations decrease in PV was given
for crude oil in Table 4. The statistically most significant
reduction in PV was achieved using a combination of
Bentonite +Trisyl, particularly at the 2% and 3% ratios
(p < 0.05). This finding suggests a potentially synergistic
effect between these two adsorbents in removing peroxide
compounds. Interestingly, for the Bentonite+NTSA com-
bination, the best results were obtained at a 1% ratio, sur-
passing all other 1% adsorbent and adsorbent combinations
(p < 0.05). Nevertheless, an increase in the amount of the
Bentonite+NTSA combination led to a dramatically
decrease in the PV of crude oil (p < 0.05). In contrast, the
removal of PV using the Bentonite+TSA combination
exhibited an amount-dependent increase. The most effective
result, achieving a statistically significant reduction in PV,
was observed with the 3% ratio of Bentonite+TSA
(p < 0.05). The combined use of Bentonite and Trisyl is
commonly preferred in oil refining. Trisyl, a synthetic silica
already available in the market and utilized in oil refining,
was explicitly designed for peroxide removal [9, 124]. The
studies indicated that Trisyl exhibits a high adsorption rate
for impurities present in the oil [125]. For this reason, better
results were obtained in the Trisyl sample compared to
others, except TSA. Farag and Basuny investigated the use
of both standard and modified silica adsorbents for PV
removal in used sunflower oil and they obtained results
removal rates of up to 94%, demonstrating superior per-
formance compared to other cellulose-based adsorbents
[126]. The inherent high polarity of TSA likely contributed
to its substantial adsorption effect in removing oxidation
(like peroxides) products, particularly polar materials, from
crude sunflower oil. This characteristic may enhance its
effectiveness in adsorbing substances with polar attributes,
as defined by IUPAC in 1987. Our findings consistently
demonstrate the high efficacy of TSA in removing per-
oxides from crude sunflower oil. This effectiveness is evi-
dent when TSA is used alone, where it achieved statistically
significant reductions in PV across all tested ratios, out-
performing other adsorbents (except for Trisyl 1% ratio).
Notably, TSA also displayed promising results when com-
bined with Bentonite, suggesting its potential for using
alone or combined with other adsorbents, such as Bentonite.

3.7 Phosphorus analysis results

Phospholipids constitute essential components of sunflower
seeds and can be quantitatively analyzed using

chromatographic methods [127, 128]. The phospholipid
content in crude sunflower oil typically ranges between
0.5% to 1.2% [129]. Since most phospholipids are hydra-
table, they can be effectively removed from crude oil
through aqueous extraction. Phospholipids are called
“gummy substances” due to their sticky nature. This
stickiness is a significant concern, especially in edible oils,
and the undesirability of phospholipids in these oils is pri-
marily attributed to this characteristic [130, 131]. Phos-
pholipids cause the darkening of oil color by generating
dark-colored substances during deodorization. Moreover,
their presence in oil composition accelerates oxidative
reactions due to the prooxidative nature of the phosphorus
within their structure [132]. The phosphorus content in oils
is directly proportional to the quantity of phospholipids;
therefore, their removal results in a corresponding reduction
in phosphorus content. It is crucial for the phosphorus
content in edible oils like sunflower oil to be maintained at
trace amounts to ensure oil quality and stability [133, 134].

The application of Trisyl in the removal of phospholipids
is well-established [50, 135–137]. Our investigation asses-
sed the efficacy of various adsorbents for removing phos-
phorus from crude sunflower oil. In this study, the efficacy
of silica aerogels and Bentonite + silica aerogels in
removing phospholipids were studied for the first time. The
outcomes of phosphorus analysis after crude sunflower oil
adsorption processes were represented in Fig. 8.

Crude sunflower oil had a high phosphorus content,
around 1543.4 ppm. In contrast, neutralized oil contains
only trace amounts of phosphorus. Minimizing color
transformation or fixation caused by phospholipids is cru-
cial during physical oil refining. To achieve this, the
phosphorus content of the oil after refining should ideally be
below 15 ppm, with even lower levels (less than 5 ppm)
being preferable [138]. Both silica aerogels (TSA and
NTSA) and Trisyl exhibited remarkable efficacy in phos-
pholipid removal when employed individually compared to
Bentonite and their combinations (p < 0.05). Notably, these
adsorbents achieved near-complete adsorption of phospho-
lipids (under detection point), even at a low adsorbent
amount of 1%. When comparing single uses in adsorption
experiments in crude oil for phosphorus removal, no sta-
tistically significant difference was observed between TSA,
NTSA, and Trisyl (p > 0.05). Silica-based materials exhibit
a high capacity for rapid phosphorus adsorption. This can
be attributed to the significant initial concentration differ-
ence of phosphorus between the solid adsorbents (silica)
and liquid phases (oil), leading to a strong concentration
gradient that drives the mass transfer process [139]. How-
ever, when their combinations with Bentonite were com-
pared, it was revealed that combination of Bentonite+TSA
and Bentonite+NTSA achieved the most significant
reduction in phosphorus content, reaching approximately
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87.4% and 85.8% respectively (p < 0.05). In this context,
TSA and NTSA have demonstrated superior effectiveness
compared to Trisyl, which is specifically designed for the
removal of phosphorus. In addition, the enhanced adsorp-
tion ability of activated bleaching clays was attributed to
their acidic properties, where protons and hydrated alumi-
num ions balance the negative charge of acid-activated
montmorillonite [140].

The popular pattern for competitive adsorption of vege-
table oil species was consistently ranked as Phospholipid >
FFA > PV as shown to be with the relative polarity of the
adsorbing functional groups, namely phosphate > carbonyl
> peroxide [141]. The reason why TSA, NTSA and Trisyl
provide similar phospholipid removal may be due to the
competitive order mentioned above. The adsorption of
phospholipids to a polar surface predominantly occurs via
phosphate group, and this binding is recognized to be more
robust than that of FFA or triglycerides to polar OH surface.
The enhanced ability of TSA to bind more FFA than other
adsorbents, along with its superior peroxide binding com-
pared to NTSA, could potentially be attributed to the
availability of excess adsorption sites not realized on other
adsorbents after phospholipid and FFA adsorption equili-
bria were achieved, respectively [142]. Additionally, the
silanol groups of silicic acid at the edges of activated
montmorillonite were informed to contribute to this more
remarkable adsorption ability [140]. SEM-EDS results of
the TSA and NTSA indicate that the presence of Na ions in
RHA-based silica aerogels might lead to more effective

phosphorus adsorption compared to Trisyl (Fig. 4 insets).
The comprehensive results indicate that both silica aerogels
yield outstanding results in removing phospholipids when
used alone. This property is essential in preventing the oil
from settling at the bottom during storage, contributing to
the stability of the oil.

3.8 Color analysis results of sunflower oil after
adsorption

Bleaching is a crucial process aimed at removing color
pigments (particularly chlorophyll, gossypol, and car-
otenoids), along with various impurities such as oxidation
products (peroxides) from neutralized oils [143, 144]. This
process holds significant importance as it enhances the
oxidative stability and sensory qualities of the oil [145].
Activated clays, such as Bentonite, can adsorb color pig-
ments. This capability stems from their adsorption capacity,
high surface area, and acidity [146–148]. Activated clays
are particularly favored for treating vegetable oils due to
their high specificity, enhanced chemical activity, and effi-
ciency [112]. Nevertheless, researchers strive to produce
commercial, consumer-standard edible oils utilizing various
bleaching agents and processes [149–152]. During the
bleaching process in oils, three primary mechanisms govern
adsorption during oil bleaching (i) Physical adsorption,
involves weak van der Waals forces attracting compounds
to the adsorbent surface (ii) Chemisorption, Chemisorption:
involves the formation of stronger electrochemical bonding
between the compounds and the adsorbent surface (iii)
Filtration, involves by molecular sieves which trap con-
taminants under pressure inside the pores of the clay during
filtration [153]. The results of color analysis for oils sub-
jected to adsorption with neutralized sunflower oil, utilizing
various adsorbents individually and in combination for the
bleaching process, are presented in Table 3. Following the
color analysis utilizing the Lovibond tintometer device, it
was noted that each of the employed adsorbents demon-
strated a varying ratio of efficacy in removing color. The
preeminent commercially preferred adsorbent, Bentonite,
exhibited a significant reduction for all adsorbent ratios in
color units Red (R) and Yellow (Y) components, respec-
tively) from 3.20 ± 0.18 and 30.25 ± 0.83 in neutralized oil
to 2.00 ± 0.05 and 19.80 ± 0.54 respectively. The increase in
the amount of both Bentonite and TSA did not exhibit
statistically significant impact on the levels of R and Y color
removal (p > 0.05). Traditional bleaching theory suggests a
positive correlation between the activity of acid-activated
clays, like Ca-Bentonite, and their capacity to remove
organic impurities in bleaching process. However, this
enhanced activity in highly activated clays can also have
negative effects on oil quality and color, ultimately its
activity is limited [138]. As commonly known, interlayer

Fig. 8 Decrease of Phosphorus (%) of crude sunflower oil after
adsorption (Adsorbent amount was 1 wt. %). (data are given as
mean ± SD (n= 4)) The different letters on the bar indicate significant
differences between values, and the same letters on the bar indicate no
difference between values according to ANOVA one way Tukey’s
comparison test (p < 0.05)
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cations and related acidity values of acid activity clays
determine the pigment adsorption capacity [39]. Taylor and
Jenkins noted that clays with Al3+ and Mg2+ exchange ions
exhibited superior adsorption of carotene compared to other
ions. Besides, clays containing Ca2+ and Na+ ions showed
similar adsorption behavior for carotene [154]. This simi-
larity might explain the closely matched color adsorption
observed between Ca Bentonite and TSA, which contains
Na+ residues in their structure. Moreover, the result of the
TSA was also found to be as effective as Bentonite in all
ratios for color removal (p > 0.05). NTSA demonstrated a
statistically significant lower efficacy in R and Y color
removal compared to both Bentonite and TSA for 1% and
2% ratios (p < 0.05), although it still exhibited effective
bleaching. Despite the superior performance of the 1%
Bentonite + NTSA combination in neutralized oil, the
incremental increase in adsorbent concentration negatively
affected color removal while 2% and 3% for Bentonite +
NTSA combination result were not statistically significant
compared to Bentonite and TSA alone. Similar results and
trends emerged in the Bentonite+Trisyl combination
regarding color removal efficacy. Our results regarding the

enhanced performance of Trisyl in combination with Ben-
tonite at lower ratio are corroborated by the findings of
Rincón et al. [50]. Their study also reported similar
advantages for this combined adsorbent system in UCO
(Used Cooking Oil) refining, highlighting its potential for
effectively bleaching slightly dark colored products. The
study of Siew et al. [155] researched the removal of color,
phosphorus, and iron from palm oil by combining bleaching
earth and Trisyl. Similar to our study, the combination of
Trisyl and clay was notably reported to enhance refining
capabilities, particularly for color removal. Their findings
highlighted the capacity of silica to increase the bleaching
earth’s efficiency in eliminating color bodies and other
minor components that influence the color stability of the
oil. Nevertheless, it’s important to note that this approach
may not be economically viable for oil refining, as the
cost of Trisyl is three times higher than that of bleaching
earths [155]. The study conducted by Yao et al. [156]
observed that silicon dioxide reduced the R value of
rapeseed oil with an increasing concentration (up to
1.5%). In contrast, no significant effect was observed on
the Y value. Another study indicated that the pore size
distribution and specific surface area of an adsorbent
known as attapulgite are critical parameters influencing
the oil bleaching results [157]. The findings revealed that
the adsorbents with a pore size suitable for color pigments
exhibited the highest color absorption, contrary to sam-
ples with the highest surface area or most prominent
pores. The efficiency of color removal by adsorbents may
be influenced by the size of the color pigment relative to
the adsorbent pore diameter. When the pore diameter is
significantly larger than the pigment molecules, the pig-
ments can easily pass through the pore interior. Con-
versely, pores that are too small may restrict color
pigment access to the internal adsorption sites. Addi-
tionally, larger pores can potentially facilitate desorption
of previously adsorbed pigments back into the oil, thus
reducing overall color removal [44]. Mesoporous silica
with a pore diameter of 6–10 nm exhibited greater efficacy
in chlorophyll, which is an effective pigment in color
content for oil, removal compared to silica with a pore
diameter of 2 nm. Among the TSA and NTSA adsorbents
having values between these pore diameter sizes, TSA
was highly effective in color removal, whereas NTSA was
not as effective as the other adsorbents. Hence, color
removal from sunflower oil outcomes may be influenced
not solely by the silicon dioxide structures of the silica
aerogels but also by the textural properties of the adsor-
bents. In summary, TSA is effective adsorbents in sun-
flower oil bleaching, like Bentonite. A noticeable decrease
in color values was observed using 1–3% of TSA, while
NTSA showed the same performance as TSA for remov-
ing color pigments with just a 3% amount.

Table 3 Results of color analysis for neutralized oil (data are given as
mean ± SD (n= 4))

Adsorbent
Amount (wt .%)

Red (R) Yellow (Y)

Neutralized Oil 3.20 ± 0.18 30.25 ± 0.83

TSA 1 1.98 ± 0.05, a 21.25 ± 0.29, a

TSA 2 1.98 ± 0.05, a 20.05 ± 0.10, a

TSA 3 2.00 ± 0.02, a 20.00 ± 0.21, a

NTSA 1 3.08 ± 0.10, b 30.75 ± 2.25, b

NTSA 2 2.98 ± 0.10, b 29.25 ± 1.50, b

NTSA 3 2.15 ± 0.17, a 21.50 ± 1.29, a

Bentonite 1 2.00 ± 0.05, a 20.13 ± 0.84, a

Bentonite 2 2.00 ± 0.08, a 19.80 ± 0.54, a

Bentonite 3 2.03 ± 0.05, a 20.05 ± 0.22, a

Bentonite +
NTSA

1 1.25 ± 0.17, c 10.13 ± 1.03, c

Bentonite +
NTSA

2 1.95 ± 0.13, a 20.25 ± 1.26, a

Bentonite +
NTSA

3 1.95 ± 0.10, a 19.50 ± 0.58, a

Bentonite +
Trisyl

1 1.55 ± 0.06, d 11.25 ± 1.50, c

Bentonite +
Trisyl

2 2.03 ± 0.13, a 20.75 ± 0.98, a

Bentonite +
Trisyl

3 1.98 ± 0.12, a 21.50 ± 1.00, a

Different letters in the column indicate significant differences between
values, and the same letters in the column indicate no difference
between values according to Tukey’s multiple comparison test
(p < 0.05)
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The adsorption performances of silica aerogels produced
within the scope of the study were compared with those of
some adsorbents commercially used (Bentonite, Trisyl) or
literature sources in edible oil refining (see Table 4). Upon
comprehensive evaluation of the present study findings and
the efficacy of adsorbents reported in the literature, silica
aerogel demonstrates notable efficiency in removing FFA,
peroxides, phosphorus, and color pigments from oils.
Moreover, compared with other adsorbents, silica aerogel
exhibits high efficacy when used alone, obviating the need
for combination with alternative adsorbents. This char-
acteristic can offer commercial convenience due to its ease
of application. Our findings indicate that the TSA adsor-
bents demonstrates most effective performance across all
investigated edible oil refining steps compared to NTSA
and other adsorbents. This efficacy suggests its potential for
oil refining processes by potentially consolidating multiple
adsorption steps into a single, unified edible oil refining
process using TSA.

3.9 Oil Loss during adsorption

While attempting to remove certain impurities from the oil
through adsorption studies, it is known that adsorbent used
results in some loss of oils. Minimizing this loss is crucial
regarding the overall cost considerations of obtaining edible
oil production [37, 158]. As seen in Table 5, as predicted in
the oil adsorption process, it was found that the amount of
oil lost increased as more adsorbent was used in both crude
and neutralized oil studies (p < 0.05). This increase was
ascribed to the entrapment of oils within the solid adsor-
bents, aligning with findings reported in existing literature
[50]. The data indicates that Trisyl exhibit statistically

lowest levels crude oil loss compared to the other samples
investigated, whereas the TSA and NTSA samples
demonstrate the highest loss of crude oil. Although inno-
vative refining processes reduce oil loss to as low as 0.37
wt.%, traditional methodologies employed in the refining of
vegetable oils customarily result in discernible oil losses,
typically ranging between 2 and 5 wt.% [159]. Our obser-
vations revealed that the RHA-based silica aerogels syn-
thesized in our study exhibited a similar value to those
encountered in conventional refining processes, particularly
within the 2 wt.% threshold. However, it should be noted
that refining losses may be higher if the FFA content in
vegetable oils is high [160]. As anticipated, both Trisyl and
Bentonite demonstrated values below these values. NTSA is
chemically similar to TSA, and TSA shows similar results
to NTSA in oil loss. Besides, the adsorption studies con-
ducted on crude oil at both 90 °C and 25 °C, as illustrated in
Fig. 6., revealed that when comparing the results of NTSA
used at the same rate, it was evident that a slightly more
significant amount of oil was adsorbed in the process con-
ducted at 90 °C while our data revealed no statistically
significant difference in oil loss between the adsorption
processes conducted at 90 °C and 25 °C (p > 0.05). This
outcome indicates that the optimal conditions for edible oil
processes, ensuring high FFA removal and low oil loss,
involve performing the process at high temperatures. When
the combinations are examined, the lowest oil loss is
observed in Bentonite+Trisyl because Trisyl causes lower
oil loss when used alone (p < 0.05). The combination of
Bentonite with either TSA or NTSA resulted in similar oil
loss levels. Notably, these combined adsorbents exhibited
significantly lower oil loss compared to using TSA or
NTSA alone. The inherent low-oil loss characteristic of

Table 4 Comparison of FFA,
PV, phosphorus, and color
adsorption efficiency of different
adsorbentsa

Adsorbent FFA* PV* Phosphorus* color*

TSA ++ ++ ++ ++

NTSA ++ + ++ +

Trisyl (synthetic silica)b + [161] + [162], [163] ++ [155] [163] + [135]

Natural Bentoniteb + [135] + [135] + ++ [164]

Magnesol
(Synthetic magnesium silica)

++ [117], [161], [164],
[165],

++ [117],
[166]

++ [167] + [135]

Rice Hull Silica + [163], [118] + [163] + [163] + [118], [168]

Silica gel + [118], [169] + [117], [170] n.s. ++ [126],
[170]

Natural Zeolite + [118], [171], [172] + [172] + [139] + [172]

Natural Sepiolite + [149] + [149] ++ [149] ++ [149]

Mesoporous Silica
Nanoparticle

++ [44] − [44] n.s. ++ [44]

*(−) ineffective, (+) limited effect, (++) effective, (n.s.) non studied
aAn evaluation of the effect was conducted utilizing the findings of the present study
bThe adsorption efficacy of Trisyl and Bentonite was assessed by integrating the outcomes of the present
study and information derived from relevant literature sources
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Bentonite, observed when used independently, appears to
be reduced when combined with other substances.

Adsorption studies conducted with neutralized oil
represented the lowest oil loss at a 1% Trisyl ratio, similar
the results observed with crude oil. This suggests that the
presence of different compounds in crude oil may not sig-
nificantly influence oil loss of Trisyl (Table 5). In a manner
similar to the outcomes observed with crude oil, TSA
exhibited the highest oil loss during refining process.
Notably, the combination of Bentonite with silica aerogel

adsorbents resulted in a decrease in oil loss compared to
using Bentonite alone. However, this trend was not
observed for the Bentonite-Trisyl combination. Bentonite
combinations with other adsorbents exhibited results closely
mirroring those of the individual adsorbents themselves,
indicating a significant similarity in their oil adsorption
capabilities, particularly in a combination. The findings
suggest that the TSA can be said to display a moderate oil
loss in applications involving oil adsorption, albeit higher
when compared to other adsorbents. This could be attrib-
uted to its strong oil refining capacity, particularly in the
removal of FFA, PV, and phosphorus. Consequently, this
highlights the suitability of TSA for either itself use or in
combination with Bentonite for oil adsorption applications.
The potential of TSA, whether employed itself use or in
combination with Bentonite, underscores its high efficacy in
addressing diverse challenges associated with oil adsorption
under various conditions.

4 Conclusion

In conclusion, our comprehensive adsorption experi-
ments including removing of FFA, peroxides, phos-
phorous and color on sunflower oil, employing various
weight ratios of non-TEOS-doped silica aerogel, TEOS-
doped silica aerogel, Trisyl, and Bentonite, revealed
important insights into the efficacy of these adsorbents.
In the present study, the influence of TEOS doping dur-
ing the aging phase was examined. Furthermore, a series
of adsorption experiments involving both crude and
neutralized sunflower oil, different adsorption tempera-
tures, and using various weight ratios of adsorbents such
as silica aerogels (TEOS-doped and non-TEOS-doped),
Trisyl, and Bentonite, were successfully conducted. The
results of BET analysis revealed that the doping of TEOS
during the aging phase increased the surface area of silica
aerogels. TEOS-doped silica aerogel used alone has
proven to be more effective in FFA removal than Trisyl
and Bentonite under the same conditions. In terms of PV,
TEOS-doped silica aerogel was observed very efficient
compared to other adsorbents and the combination of
Bentonite+Trisyl demonstrated optimal results. Both
silica aerogel as well as Trisyl significantly reduced the
phosphorus content of crude oil. In the bleaching step,
TEOS-doped mesoporous silica aerogel exhibited similar
efficacy to Bentonite. Overall, TEOS-doped silica aero-
gel had the potential to serve as efficacious adsorbents in
the physical refining of sunflower oil for the removal of
undesirable compounds. Furthermore, the incorporation
of additional ions into silica aerogels or modifying silica
aerogels can provide for enhancing their efficacy. This
might open up possibilities for the development of

Table 5 Oil losses in crude and neutralized sunflower oil during
adsorption process (data are given as mean ± SD (n= 4))

Adsorbents Adsorbent
Amount
(wt .%)

Losses in crude
oil (%)

Losses in
neutralized oil
(%)

TSA 1 2.49 ± 0.14, g 3.31 ± 0.08, hi

TSA 2 3.98 ± 0.21, d 4.63 ± 0.07, de

TSA 3 5.57 ± 0.49, b 6.99 ± 0.34, a

NTSA 1 2.70 ± 0.58, g 3.90 ± 0.07, g

NTSA 2 4.13 ± 0.25, cd 4.96 ± 0.12, d

NTSA 3 6.28 ± 0.48, a 6.01 ± 0.16, b

NTSA* 1 2.37 ± 0.13, g 3.54 ± 0.07, h

NTSA* 2 3.87 ± 0.06, d 4.27 ± 0.06, f

NTSA* 3 5.79 ± 0.15, ab 5.45 ± 0.16, c

Bentonite 1 1.40 ± 0.11, kl 1.96 ± 0.05, mn

Bentonite 2 2.33 ± 0.12, gh 2.23 ± 0.10, lm

Bentonite 3 3.02 ± 0.10, ef 2.82 ± 0.17, jk

Trisyl 1 1.06 ± 0.11, l 0.69 ± 0.04, q

Trisyl 2 1.56 ± 0.51, jk 1.41 ± 0.03, p

Trisyl 3 2.15 ± 0.05, gh 2.24 ± 0.10, lm

Bentonite +
TSA

1 1.74 ± 0.13, jk 2.34 ± 0.03, l

Bentonite +
TSA

2 3.08 ± 0.22, ef 3.17 ± 0.14, I

Bentonite +
TSA

3 4.37 ± 0.11, cd 4.51 ± 0.14, ef

Bentonite +
NTSA

1 1.93 ± 0.10, ij 2.45 ± 0.10, l

Bentonite +
NTSA

2 3.26 ± 0.17, e 3.05 ± 0.11, ij

Bentonite +
NTSA

3 4.64 ± 0.10, c 4.74 ± 0.16, de

Bentonite +
Trisyl

1 1.23 ± 0.06, kl 1.53 ± 0.11, op

Bentonite +
Trisyl

2 2.18 ± 0.17, gh 1.80 ± 0.05, no

Bentonite +
Trisyl

3 3.09 ± 0.08, ef 2.50 ± 0.10, kl

Different letters in the column indicate significant differences between
values, and the same letters in the column indicate no difference
between values according to Tukey’s multiple comparison test
(p < 0.05). (* shows that adsorption experiments were occurred at
25 °C)

Journal of Sol-Gel Science and Technology



adsorbents capable of executing numerous oil refining
processes concurrently in a singular step.
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