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1- Introduction

Food safety plays a crucial role in human
life. Mycotoxins are toxic secondary
metabolites produced by a wide range of
fungi, and their growth poses a threat to
human life. Due to their structural diversity
and  varying  physical properties,
mycotoxins cause a broad spectrum of
biological effects, including genotoxicity,
mutagenicity, carcinogenicity,
teratogenicity, and toxic effects on the
kidneys, liver, skin, nervous system, and
more [1, 2]. Mycotoxins are small and
highly stable molecules, making their
removal or eradication very difficult. They
enter the food chain while retaining their
toxic properties. Given the toxicity of
mycotoxins and the serious risks they pose
to humans and animals, controlling all
stages from farm to consumer is essential to
minimize mycotoxin production. Aflatoxin
B1 (AFB1), Fumonisin Bl (FB1),
Deoxynivalenol (DON), Ochratoxin A
(OTA), and Zearalenone (ZEN) are the five
main  mycotoxins  causing major
contamination in agricultural products and
foods, creating some of the most
problematic fungal contamination issues in
crops [3, 4].

ZEN is a non-steroidal and estrogenic
mycotoxin produced by several Fusarium
species such as Fusarium graminearum and
Fusarium culmorum. It functions as an
endocrine disruptor in mammals [5]. As an
estrogenic mycotoxin, ZEN can mimic the
hormone estrogen in the body, leading to
hormonal imbalances in individuals,
especially women and girls. Due to its
estrogenic  effects, ZEN can cause
hormonal disorders, reduced sperm quality,
fetal malformations, and even severe
damage to the nervous system, liver, and
immune system. Consumption of ZEN-
contaminated food can seriously harm
human and animal health, making the
control and removal of this mycotoxin from
food products highly important. If ZEN is

not eliminated during production, it affects
the food chain through various food
products including corn, wheat, barley,
oats, and more. Edible oils, plant-based
oils, nuts, spices, milk, eggs, meat,
fermented products, beverages, and even
drinking water can be exposed to this toxin
[6, 7].

The Food and Agriculture Organization (FAO)
has reported that ZEN contamination in various
food products ranges from 50 to 1000
micrograms per kilogram, with higher
regulatory levels for corn products [6]. In many
countries, the maximum allowable level of
ZEN in food for human consumption is set
between 20 and 1000 micrograms per kilogram
[6]. Due to inadequate processing and storage
conditions, agricultural products used for oil
extraction are recognized as potential
environments for fungal growth and mycotoxin
production, including ZEN [8].

Removing the mycotoxin zearalenone (ZEN)
from edible oils presents several technical and
operational challenges that require effective
and efficient approaches. These challenges
include: Firstly, ZEN, being a highly heat-
stable mycotoxin, resists complete degradation
through thermal methods, necessitating the use
of methods that can counteract its thermal
stability [9]. Secondly, during ZEN removal
processes, there is a risk of transferring the
mycotoxin to other products, which could lead
to its loss, thus the use of safe and efficient
methods is crucial. Thirdly, ZEN is sensitive to
specific physical and chemical conditions,
requiring precise conditions for its removal,
such as pH, temperature, contact time, and
concentration of absorbents. Fourthly, selecting
an appropriate method for ZEN removal
requires a careful assessment of process
efficiency and vyield, with considerations for
lower costs and environmental sustainability.
Finally, using absorbent materials with the
ability to capture ZEN involves complex
processes and equipment, making the choice of
stable and effective absorbents a fundamental
challenge in this field [10].

Efforts to remove or reduce ZEN using various
methods have been extensive [11]. Edible
additives and inert absorbents have shown the
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most promise in reducing the toxic effects of
ZEN. UV radiation is also employed as a
method for detoxifying edible oils before
packaging and degrading toxins in foods. This
detoxification process is efficient, rapid,
sustainable, and  cost-effective,  while
minimizing the loss of nutrients, color, and
flavor of the product [12].

In recent years, the use of nanomaterials,
including polymers, metallic nanoparticles

(MeNPs), quantum dots (QDs), carbon
nanotubes (CNTSs), and magnetic nanoparticles
(MNPs), as absorbents for removing
mycotoxins from food has attracted

considerable attention for developing new
detoxification processes. Nanomaterials and
nanoparticles, due to their high surface-to-
volume ratio, can bind to higher concentrations
of mycotoxins. Additionally, nanoparticles can
modify various functional groups using specific
ligands or surface coatings [6].

To utilize silica nanoparticles as absorbents for
removing ZEN from edible oils, the following
characteristics and properties are crucial:
Firstly, silica nanoparticles have a high surface
area and a coated surface structure, which
increases the contact between the nanoparticles
and ZEN in edible oils, enhancing the
likelihood of contaminant  absorption.
Secondly, the high loading capacity of silica
nanoparticles improves their ability to absorb
and retain ZEN, reducing the need for frequent
replacement of the absorbent [13]. Thirdly, due
to their structure, silica nanoparticles exhibit
high stability under various conditions such as
temperature, pH, and corrosion, which helps
maintain their adsorption performance over
time. Fourthly, silica nanoparticles can adjust
their adsorption and transfer properties through
different surface coatings, increasing their
selectivity for ZEN. Lastly, the uniform and
homogeneous structure of silica nanoparticles
ensures even and optimal distribution and
absorption of contaminants, which improves
the effectiveness of ZEN removal from edible
oils. Given these features, silica nanoparticles
are proposed as suitable absorbents for ZEN
removal from edible oils, potentially aiding in
the  effective control of  mycotoxin
contamination in food products [14, 15].

Ultraviolet (UV) radiation has emerged as an
effective physical method for removing
mycotoxins from food, especially for ZEN.
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This method utilizes UV radiation to break the
chemical bonds of ZEN, reducing its toxic
activity and mitigating health risks. UV
radiation can significantly reduce the toxicity of
ZEN and protect food contaminated with this
mycotoxin. The economic and operational
advantages of this method include its efficiency
and speed in removing ZEN, reduction of
waste, increased production yield, and the use
of a sustainable, low-energy technology.
Overall, UV radiation represents an efficient
and sustainable approach for ZEN removal
from food, offering significant economic and
environmental benefits while improving food
quality and safety [16].

In studies related to mycotoxins, particularly
zearalenone, models and kinetics have been
recognized as vital tools for analyzing and
predicting the removal and degradation
processes of these contaminants by external
agents. In this research, mathematical and
kinetic models were used to examine the
process of ZEN removal under the influence of
silica nanoparticles and UV radiation [17].
Models such as the Langmuir and Freundlich
models were employed to determine the rate of
ZEN removal under various conditions. These
models assist in accurately and quantitatively
analyzing the performance of silica
nanoparticles and UV radiation in ZEN
removal, and improving the mechanisms
involved in ZEN detoxification through data
analysis techniques. These studies highlight
that mathematical and kinetic models not only
enhance the understanding of ZEN removal
processes but are also crucial for advancing
mycotoxin detoxification technologies [18].

Several studies have investigated the
effectiveness of silica nanoparticles as efficient
adsorbents for the removal of mycotoxins. For
example, Raesi and colleagues (2022)
examined the effect of ZnO nanoparticles on
the removal of aflatoxin B1 (AFB1) from
aqueous solutions under UV light. They found
that using 0.10 mg/mL ZnO for 60 minutes
achieved complete removal of AFB1 with an
initial concentration of 10 pg/L. The results
indicated that this process was consistent with a
pseudo-first-order model and Langmuir
isotherm, suggesting that ZnO nanoparticles
can be an effective method for detoxifying
AFBL1 in liquid food products [19]. Nicolau-
Lapefia also explored the use of UV-C (254 nm)
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radiation for reducing patulin in apple-derived
products and juices. Their results showed that
UV irradiation with energies of 8.8 (UV-1) and
35.1 (UV-2) k m~2was effective in eliminating
Penicillium expansum CMP-1 spores on apple
surfaces [20]. Additionally, Garcia and
colleagues (2023) used kinetic models to study
aflatoxin production by Aspergillus flavus in
maize agar and maize kernels. Their findings
indicated that colony size/area, dry biomass
weight, and aflatoxin accumulation were
directly related, and the Luedeking—Piret model
was used to model AFB1 production [21].

To date, no research has been conducted on the
simultaneous use of silica nanoparticles and UV
radiation for the removal of zearalenone from
sunflower oils. Therefore, the primary objective
of this study is to investigate and compare the
effects of these two factors on the efficiency of
zearalenone removal from sunflower oils. This
research aims to explore the mechanisms of
zearalenone adsorption and degradation under
various conditions of time, concentration, and
silica nanoparticle amounts, with the goal of
optimizing the removal process and improving
its efficiency in real food environments.

2- Materials and Methods
2-1- Materials

Standard ZEN powder was purchased from
Sigma-Aldrich (USA). Formic acid (HCOOH),
tetraethyl orthosilicate (TEOS), methanol, and
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acetonitrile  were obtained from Merck
(Germany). The analytical reagents and
chemicals used in this study were employed
without additional purification. Methanol,
HCOOH, acetonitrile, and distilled water were
used as solvents. Distilled water served as the
mobile phase in HPLC and as a solvent for
preparing solutions.

2-2- HPLC Analysis

ZEN was measured in triplicate using an Azura
HPLC system (Germany) equipped with a
Shimadzu RF-20A fluorescence detector
(Japan) and post-column photochemical
derivatization with an LCTech GmbH model
(Germany). The HPLC system consisted of a
C18 analytical column (250 mm x 4.6 mm, 5
um  particle size) with a pre-column,
maintaining the column temperature at 40°C.
Acetonitrile and water in a ratio of 80:20 (v/v)
were used as the mobile phase at a flow rate of
0.1 mL/min. The excitation and emission
wavelengths of the fluorescence detector were
set to 274 nm and 440 nm, respectively. The
injection volume for both standard and sample
solutions was 20 L.

The ZEN stock solution (10 mg/L) was
prepared by dissolving ZEN in methanol/water
(80:20, v/v) with 1% HCOOH, and the
solutions were stored at -20°C. Figure 1 shows
the chromatogram of the standard ZEN solution
at a concentration of 10 mg/L.

Time (min)

Fig 1 HPLC chromatogram of ZEN standard at 10 mg/L concentration
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2-3- Synthesis of Silica Nanoparticles (SNPs)

There are various methods for synthesizing
silica nanoparticles (SNPs). The precursors
used for the synthesis of SNPs are typically
alkoxide precursors such as tetraethyl
orthosilicate  (TEOS) and  tetramethyl
orthosilicate (TMOS), or metal salt precursors
like sodium silicate. These materials react with
water in both acidic and basic environments to
ultimately form silica gel. In practice, acid and
base are used as catalysts to drive the reaction.
The silica gel formation process consists of two
stages: In the first stage, the alkoxide precursor

Hydrochloric acid

CHs CHs 4
\_ o o / Deionized water
X o
O —Si
A
HaC o]
A\
Cc

Hs

reacts with water to form silanol groups
(hydrolysis). In the second stage, the silanol
groups formed in the first stage react with each
other to form silica gel (condensation) [22].
SNPs were prepared based on a previously
reported method [23]. The synthesis of SNPs in
this study begins by dissolving 1 mL of TEQOS
and 3 mL of hydrochloric acid in 25 mL of
deionized water at room temperature. A
solution made from 2 mL of TEOS and 10 mL
of urea (9 M) is then slowly added to the
previous solution. This new solution is
maintained at 40°C for 7 days. Finally, the
solution is heated at 600°C for 2 hours to obtain
the silica nanoparticles. Figure 2 illustrates the
stages of SNPs preparation.

u 40 °C for 7 days

==

600 °C for2 h ,
— 4

| = //

A

A
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g

ce.
g2

SNPs

Fig 2 The pathway of synthesis of SNPs.

2-4- ZEN Adsorption Process

Adsorption experiments were conducted by
adding a specified amount of SNPs as an
adsorbent to 10 mL of ZEN solution with
varying concentrations. To evaluate the effect
of contact time on ZEN removal, experiments
were performed at time intervals ranging from
10 to 300 minutes in a 50:50 v/iv
methanol/water mixture and 1% HCOOH
solution. The ZEN solutions were centrifuged
at 6000 rpm for 10 minutes at the designated
contact times, after which the supernatant was
filtered through a 0.2-micrometer pore size
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filter paper. The residual ZEN concentration
was measured using HPLC.

After optimizing the contact time, the initial
ZEN concentration (ranging from 25 to 125
pg/L) and the amount of SNPs (ranging from 0
to 8 mg) were varied. The adsorption of ZEN
by SNPs was evaluated using two parameters:
adsorption capacity (g) and removal percentage
(R%), which can be calculated using the
following equations [22]:

ZEN Removal Percentage (R%) = % x 100
0
(eq.1)
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Equilibrium  Adsorption Capacity (ge) =
(C"C;—CMZW x 100 (eq.2)

In the above equations, %R represents the
percentage removal of ZEN and C; denote
the initial and final concentrations of ZEN
in ug/L, respectively, ge is the adsorption
capacity at equilibrium in pg/g, V is the
volume of the solution in mL, and W is the
weight of the adsorbent (SNPs) in mg.

2-5- Detoxification of ZEN Using UV
Radiation

In this experiment, 10 mL of a 50:50 (v/v)
methanol/water mixture and 1% HCOOH
solution containing 100 pg/L ZEN was
placed in a test tube and exposed to direct
UV radiation at a distance of 10 cm from a
15-watt UV lamp for durations ranging
from O to 360 minutes. After centrifuging
the samples at 6000 rpm for 10 minutes and
filtering the solution through a 0.2 pum filter
paper, the residual ZEN concentration was
measured using HPLC. To evaluate the
effect of UV radiation on ZEN removal, the
percentage removal of ZEN (RR%R) was
calculated using Equation (1).

2-6- Kinetic Study of Adsorption

To study the kinetics of ZEN adsorption by
silica nanoparticles (SNPs), standard ZEN
solutions with concentrations of 10, 20, 30,
40, and 50 mg/L were prepared at a constant
temperature of 25°C. A specific amount of
silica nanoparticles was added to each of
these solutions, and samples were taken at
various time intervals (1, 5, 10, 20, 30, 60,
120, and 180 minutes). The residual ZEN
concentration in each sample was measured
using UV-Vis spectrophotometry at a
wavelength of 274 nm. The obtained data
were analyzed to determine the Kinetic
parameters, including the adsorption rate
constant (k) and equilibrium adsorption
capacity (ge), using pseudo-first-order and
pseudo-second-order kinetic models. These
analyses were performed using OriginPro
version 2021 (OriginLab Corporation,
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USA) to identify the best kinetic model
describing the adsorption process of ZEN
by silica nanoparticles [24].

2-6. Detoxification of ZEN in
Sunflower Oil

This section describes the process of
detoxifying ZEN in sunflower oil using
silica nanoparticles (SNPs) and UV
irradiation. Sunflower oil samples were
contaminated with specific concentrations
of ZEN, and the effects of SNPs and UV
radiation on ZEN removal were evaluated.

2-6-1. Adsorption of ZEN by SNPs

To investigate ZEN adsorption by silica
nanoparticles  (SNPs), sunflower oil
samples were prepared with varying
concentrations of ZEN (25, 50, 75, and 100
pg/L). Different amounts of SNPs (1, 2, 3,
4, and 5 mg) were added to 10 mL of these
samples. The samples were kept at room
temperature for various time intervals (30,
60, 120, 180, and 240 minutes) and then
centrifuged at 6000 rpm for 10 minutes.
The supernatant was filtered, and the
residual concentration of ZEN was
measured using HPLC.

2-1. Fourier-Transform Infrared
Spectroscopy (FTIR)

To investigate the chemical interactions
between ZEN and silica nanoparticles
(SNPs), Fourier-transform infrared
spectroscopy (FTIR) was employed.
Samples of SNPs, ZEN, and ZEN adsorbed
onto SNPs were prepared, and their FTIR
spectra were recorded in the range of 4000-
400 cm™ wusing a FTIR spectrometer
(Bruker Vertex 70, USA). Changes in
characteristic absorption bands, particularly
in regions related to hydroxyl, carbonyl,
and silicate functional groups, were
analyzed.

2-8. Scanning Electron
(SEM)

Microscopy


http://dx.doi.org/10.22034/FSCT.21.157.31
https://fsct.modares.ac.ir/article-7-69869-en.html

[ Downloaded from fsct.modares.ac.ir on 2025-01-09 ]

[ DOI: 10.22034/FSCT.21.157.31 ]

JEST No. 157, Vol. 21, March 2025

Journal of Food Science and Technology (Iran)

Scanning electron microscopy (SEM) was
used to examine the morphology and size of
silica nanoparticles (SNPs) and the effect of
ZEN adsorption on their surface. The
samples were coated with a thin layer of
gold to enhance electrical conductivity.
SEM images were obtained using a
scanning electron microscope model
MIRAS (Tescan, Czech Republic).

2-9. Statistical Analysis

Data were analyzed and compared using
SPSS software version 21 (USA). All
adsorption experiments were performed in
triplicate, with HPLC analysis conducted in
duplicate. Experimental data are reported as
means and standard deviations for three
replicates. The mean + 95% confidence
interval was used to identify significant
differences between means in each
experiment. One-way ANOVA at a 95%
confidence level was employed to compare
all results, and significance was determined
for each mean value (P < 0.05).

3-Results and Discussion

3-1. Characterization of SNPs

The FT-IR spectrum of the SNPs is shown
in Figure 3. A strong, broad peak at 1107
cm™ corresponds to the asymmetric
stretching vibrations of the Si-O-Si bonds.
The peaks observed at 801 cm™ and 469
cm™ can be attributed to the symmetric
stretching and bending vibrations of the Si-
O-Si bonds, respectively. These findings
are consistent with previous reports on the
characteristic peaks of silica [22].

SEM was used to assess the surface
characteristics of the synthesized SNPs.
Figure 4 shows the SEM image of the
SNPs. As observed, the silica particles are
aggregated in clusters of varying sizes,
ranging from 47 to 68 nanometers. The
clustering of these particles results in the
formation of a continuous network, giving
the particles a gel-like appearance. The
clusters influence the size of surrounding
clusters, and consequently, their density is
limited by the number of clusters [22].

Transmittance [%]

T |

| \/"

T T T T
3500 3000 2500 2000

T T T
1500 1000 500

Wavenumber cm-1

FT-IR spectra of SNPs Fig 3
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MIRA3 TESCAN

Fig 4 SEM image of synthesized SNPs.

3-2. Method Validation

HPLC with a fluorescence detector was
chosen for the analysis and identification of
ZEN [22]. The linear regression equation,
y=1.0317x+32.782y = 1.0317x +
32.782y=1.0317x+32.782, was obtained
for the ZEN standard curve with a
correlation coefficient of 0.9978, based on
the linear relationship between peak area
and different concentrations of ZEN (5, 25,
50, 75, and 100 pg/L).

To evaluate the precision and accuracy of
the method experimentally, concentrations
of 25 and 50 pg/L of ZEN were injected
into sunflower oil samples. The mean
recovery rates and relative standard
deviations (RSD), based on triplicate
measurements (n=3), were calculated as
96.23% and 3.74% for 25 pg/L ZEN, and
94.07% and 3.15% for 50 pg/L ZEN,
respectively. These results indicated that
the method is reliable for determining ZEN
in real samples.

The limit of quantification (LOQ) and the
limit of detection (LOD) were determined
as 2 pug/L and 0.5 pg/L, respectively, based
on achieving signal-to-noise ratios (S/N) >3
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for LOD and (S/N) >6 for LOQ, which are
largely influenced by the detector used [22].

3-3. Effect of Contact Time on ZEN
Adsorption

To examine the effect of contact time on
ZEN adsorption, removal experiments were
conducted with 25 pg/L ZEN solution over
a time range of 10 to 300 minutes at room
temperature. The results are presented in
Figure 5. As contact time increased, the
removal of ZEN on the surface of SNPs also
increased, with equilibrium achieved after
240 minutes. The removal rate of ZEN
initially rose rapidly until a specific time
point, after which it increased more slowly
as equilibrium was approached. Beyond
240 minutes, there was no significant
change in adsorption capacity.

Accordingly, the optimal contact time for
adsorption equilibrium was determined to
be 240 minutes for ZEN, indicating that the
rapid adsorption of ZEN by SNPs is due to
the presence of active functional groups,
larger surface area, and high porosity on the
surface of SNPs. These factors facilitate the
rapid diffusion of ZEN molecules from the
solution onto the adsorbent surface [22].
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Fig 5 Effect of contact time on ZEN removal efficiency

3-4. Effect of Initial Concentration on
ZEN Adsorption

The effect of the initial concentration of
ZEN on the removal efficiency was
evaluated within a concentration range of
25 to 125 pg/L, as shown in Figure 6A. The
removal efficiency significantly decreased
as the ZEN concentration increased up to
125 pg/L. As the ZEN concentration in the
aqueous solution increased, the adsorption
efficiency decreased further. This is
because, with higher ZEN concentrations in
the solution, the number of ZEN molecules
increases without a corresponding increase
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in adsorbent mass. As a result, the
maximum removal efficiency for ZEN was
achieved at a concentration of 25 pg/L.

In dilute solutions, the mobility of ZEN
molecules is higher, leading to greater
interaction and a stronger affinity of SNPs
for ZEN molecules. For initial ZEN
concentrations of 25 and 125 pg/L, the
average removal efficiencies were 97.64%
and 83.82%, respectively, with standard
deviations of 0.51 and 0.99. These results
indicate a significant difference between
the concentrations (P<0.05).
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Fig 6 Effect of initial concentration of ZEN (A) and SNPs (B) on ZEN removal
efficiency

3-5. Effect of SNP Amount on ZEN
Adsorption

Figure 6B illustrates the effect of varying
the amount of SNPs on ZEN adsorption. In
this stage, the removal of ZEN by SNPs was
studied using different adsorbent amounts
ranging from 0 to 8 mg. As a result, the
ZEN removal efficiency increased with
SNP amounts up to 4 mg, leading to a larger
adsorbent surface area and enhanced
adsorption processes. However, after
adding more SNPs, the removal efficiency
remained almost unchanged. The increased
amount of SNPs in the solution may lead to
adsorbent aggregation, which could reduce
the effective adsorption sites and, thus,
diminish adsorption efficiency. Therefore,
increasing the adsorbent dose beyond a

40

certain point may not further improve the
removal efficiency. The maximum removal
efficiency was achieved with 4 mg of SNPs,
making this the optimal amount for ZEN
adsorption.

Currently, mycotoxin adsorbents are the
most direct, practical, and feasible way to
reduce ZEN contamination in food. Various
types of mycotoxin adsorbents are
commonly used in the market. For example,
the addition of small percentages of
antifungal agents (such as sorbic acid,
benzoic acid, calcium propionate, and
propionic acid) can significantly reduce
contamination. However, the quality of
these adsorbents varies, and there is no
unified national standard for them.
Therefore, there is a critical need to develop
specific evaluation methods for assessing
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the detoxification effects of mycotoxin
adsorbents .

Savi et al. (2023) demonstrated that
mesoporous silica nanoparticles (MSN)
have a strong ability to adsorb aflatoxin B1
(AFB1). Their results showed that with an
MSN concentration of 0.1 mg/mL, the
AFB1 adsorption capacity reached 30%,
and with an increase in concentration to 2
mg/mL, it increased to 70%. These
nanoparticles adsorbed about 67% of AFB1
in a short time (around 15 minutes), and
their adsorption capacity remained stable in
the solution .

3-6. Kinetic Study of Adsorption

Adsorption is one of the most important and
widely used methods due to its relatively
simple design, cost-effectiveness, and
energy efficiency . To study the
experimental results, pseudo-first-order and
pseudo-second-order models were
employed to examine the adsorption
process and evaluate the adsorption Kinetic
mechanism . These models were used to
investigate the mechanism of adsorption
and the rate-controlling steps, such as mass
transfer and chemical reaction processes. It
was assumed that the reaction order and rate
constant would be determined by
experimental data.

These two models have been applied across
a wide range of adsorption systems, from
biomass to nanomaterials as adsorbents.
Analyzing equilibrium conditions is crucial
for assessing the affinity or capacity of an
adsorbent. Therefore, it is important to
determine how the adsorption rate depends
on the concentration of both the adsorbent
and adsorbate in a solution and how the
adsorption rate is influenced kinetically by
the adsorption capacity or characteristics of
the adsorbent.

These models are represented by Equation
3 for the pseudo-first-order model and
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Equation 4 for the pseudo-second-order
model:

n (@@ - q) = In g — kit
(3)
t/0 = 1/K20e + t/0e

(4)

where ge , representing the amount of ZEN
at equilibrium in micrograms per gram, qt ,
the amount of ZEN at any time in
micrograms per gram, ki, the pseudo-first-
order rate constant in min~!, and ko, the
pseudo-second-order rate constant in
g-ug 'min~!, were obtained. Based on the
linear plot of In (ge — Q) versus t in
Equation 3 (Figure A7) and t/g: versus tin
Equation 4 (Figure B7), the parameters ge ,
k1, and k2 were calculated. The value of qe
was determined to be 61.02 pg/g.

As shown, the correlation coefficient of the
pseudo-first-order kinetic model for ZEN
adsorption is lower than that of the pseudo-
second-order model. These results indicate
that the pseudo-second-order model
describes the kinetics of ZEN adsorption
onto SNPs more accurately than the
pseudo-first-order model. Hence, the
pseudo-second-order model was used,
demonstrating that the adsorption rate
depends not on the concentration of the
adsorbate but rather on the adsorption
capacity [22]. If the kinetic model closely
fits the pseudo-first-order model, it
suggests that the reaction tends to favor
physical adsorption (a diffusion-controlled
process). Conversely, if the reaction aligns
well with the pseudo-second-order model,
it implies a preference for chemical
adsorption (adsorption reactions at the
liquid/solid interface of the adsorbent) [22].
Table 1 presents the calculated Kinetic
parameters. Thus, the results indicated that
the rate-limiting step was the diffusion of
the liquid film in the adsorption process
[22].
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Fig 7 Plots of pseudo-first (A) and pseudo-second (B) order kinetic models of ZEN adsorption on

silica NPs
Table 1 Parameters of kinetic models in ZEN adsorption by SNPs
Sorbent Pseudo-first-order Pseudo-second-order
Regression k1 R? Regression  kz R
equation (min~ equation (9 2
Y g 'min-
)
. Ln (Qe —qt) = 0.006 0.94 t/g:=1.256  0.00021 0
Silica NPs 4.0853-0.0068t 8 01 +0.0201 t .
9
8
4
4

3-7- Adsorption Isotherms

Isotherms play a crucial role in the
evaluation of adsorption processes, as they
provide key insights into the distribution of
the target species between the adsorbent
phase (solid) and the solution containing
the analyte (liquid phase) once equilibrium
has been reached. To assess the equilibrium
isotherms during the adsorption process,
the Langmuir and Freundlich models are
commonly used [22]. The homogeneous
distribution of the adsorbent surface with
similar sites is analyzed using the Langmuir
model, which is described by the following
equation:

Ce/qe =
®)

Ce/qm + 1/KLqm
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where Ce is the equilibrium concentration
of a substance in the solution (ug/l), qe is
the amount of ZEN per gram of adsorbent
under equilibrium conditions (pg/g), qm is
the maximum amount of ZEN per gram of
adsorbent (ng/g) and Langmuir constant
KL (I/ pg) is The linear graph of Ce/ge
versus Ce in Figure A 8 can be used to
measure gm and KL parameters.

By showing the surface as diverse
adsorption  sites and  heterogeneous
distribution, the Freundlich model is used
as a multi-layer adsorption model on the
surface of adsorbents based on the
following relationship:

e = KeCelr ©)

The above equation is presented in linear
mode with the following equation:
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Lnge=InKg+1/nInCe

where ge is the amount of ZEN per gram of
adsorbent in equilibrium conditions (ug/g),
KF is the Freundlich constant (g/l), n is the
absorption intensity and Ce is the
equilibrium concentration of a substance in
the solution (ug/l). Based on the linear
graph of In ge versus In Ce, as shown in
Figure B8, the KF and n parameters can be
calculated.

Adsorbent performance was evaluated
according to the above models by adding 4
mg of SNPs to 25 pug/L of ZEN as the initial
concentration for 240 minutes. ZEN
residual concentration was measured by
HPLC and parameters were calculated in
Freundlich and Langmuir models (Table 2).
These results showed that under the studied
experimental conditions, ZEN absorption
on SNPs showed the best agreement with
the Freundlich model due to the high
correlation coefficient. Based on this, the
Freundlich model was recognized as a
suitable model to evaluate ZEN adsorption
equilibrium on SNPs, which presented a
multilayered and heterogeneous surface in
the adsorption process.

Previous studies on modeling the reduction
or removal of mycotoxins, particularly

aflatoxins, are diverse and employ various
approaches for modeling and predicting
these processes [25]. Some studies have
focused on the kinetics of adsorption and
desorption of different adsorbents for
aflatoxins, while others have used
mathematical models to simulate and
predict aflatoxin removal [26, 27]. A study
by Hashemi and Amir in 2020
demonstrated that modeling using the
Langmuir and Freundlich models could
effectively describe the adsorption of
Aflatoxin Bl by graphene oxide
nanoparticles,  aligning  well  with
experimental data [28]. Additionally,
Abbasi et al. (2021) showed that magnetic
graphene oxide nanocomposites (MGO) are
effective for the simultaneous removal of
Aflatoxin B1 (AFB1) and Ochratoxin A
(OTA). Optimization conditions using
response surface methodology revealed that
optimizing pH, time, and temperature were
effective in the adsorption of these
mycotoxins. The pseudo-second-order
kinetic model and Freundlich isotherm
were well-matched with experimental data,
indicating that the adsorption of these
mycotoxins occurs through physical
interactions such as hydrogen bonding, n-nt
stacking, electrostatic, and hydrophobic
interactions.

5.6 1

y=0.4113x+4.3475
R2=0.9979
44
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Fig 8 Plots of Langmuir isotherm (A) and Freundlich isotherm (B) models of SNPs for ZEN
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Table 2 Langmuir and Freundlich isotherm constants in ZEN adsorption by SNPs
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Sorbent Langmuir isotherm Freundlich isotherm model
model
Om KL R2 Ke n RZ
(Mo/g)  (Lug (Mg g™)(L pg

SNPs 71) 1)1/n
303.03 0.262 0.9764 77.29 2431 0.9979

3-8- Degradation of ZEN by UV
Radiation

To address mycotoxins, UV radiation is
recognized as a highly effective physical
method due to its  long-term
photoreactivity. UV  radiation offers
advantages as a non-thermal method for
food decontamination, including
environmental compatibility, cost-
effectiveness, and practicality, while also
not producing toxic by-products or waste
[22]. The effectiveness of this process
depends on parameters such as exposure
time and radiation intensity. In this study,
UV treatment at 265 nm reduced ZEN
levels by 98.81% after 180 minutes of
exposure (Figure 9). The detoxification
mechanism through UV light relies on
breaking chemical bonds in
macromolecules, resulting in the formation
of smaller molecular units. Although the
exact mechanism of ZEN reduction and
inactivation by UV light is not fully
understood, it may be due to the
degradation of the toxin’s structure into
non-toxic or less toxic fragments.
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Overall, based on reported results, low
levels of UV radiation do not significantly
impact the sensory and physicochemical
properties of food products [22]. UV
radiation can easily penetrate transparent
liquids but has limited penetration into solid
materials. Therefore, the detoxification
efficiency in food products containing high
amounts of suspended solids is lower [22].
Consequently, for UV detoxification
experiments, non-transparent or powdered
food products should be used in thin layers
[22].

Morita et al. investigated the effects of
weak UV (0.1 mW cm?) and strong UV (24
mW cm?) radiation for reducing ZEN
levels. In their study, ZEN (30 mg/kg) was
completely reduced by strong UV radiation
in 15 minutes and by weak UV radiation in
60 minutes [22]. In another study, 62 to
79% of ZEN in corn kernels was reduced
after exposure to UV light at 15 J/cmz2 [22].
In the present study, ZEN levels were
significantly reduced by 98.81% with UV
radiation at 265 nm over 180 minutes.
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Fig 9 Effect of UV irradiation on ZEN adsorption with variation of time

3-9- Quantitative Determination of ZEN
in Sunflower Oil Samples

To evaluate the effectiveness of the new
detoxification method using SNPs, a pure
sunflower oil sample was spiked with 25
pg/L of ZEN and compared with UV
radiation treatment. Based on optimal
conditions and exposure times, the removal
efficiency of ZEN by SNPs and UV
radiation was estimated to be 92.1% in 240
minutes and 96.22% in 180 minutes,
respectively. The results demonstrated that
ZEN is highly sensitive to both SNPs and
UV radiation, showing a high removal
efficiency in sunflower oil samples.

4- Conclusion

In this study, the effects of SNPs as an
adsorbent and UV radiation on ZEN-
contaminated sunflower oil samples were
investigated. The pure sunflower oil sample
did not show any ZEN contamination. The
optimal conditions for ZEN removal by
SNPs were found to be a contact time of
240 minutes with an initial ZEN
concentration of 25 pug/L and 4 mg of SNPs.
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Additionally, kinetic data aligned well with
the Freundlich model and the pseudo-
second-order kinetic model. These results
indicate that SNPs have a high adsorption
capacity and can serve as an effective
adsorbent for ZEN removal from sunflower
oil. The study confirmed that SNPs were
significantly more effective in reducing
ZEN levels compared to UV radiation. It
was found that the adsorption process is
more compatible with the Freundlich
model, indicating that ZEN adsorption by
SNPs occurs through  multiple-site
interactions at the surface and within the
layers of the silica structure. The likely
adsorption mechanism involves the specific
chemical reactions between the functional
groups of zearalenone and the silica groups,
leading to efficient chemical adsorption of
ZEN. Overall, the chemical interactions
with SNPs' functional groups, combined
with the particles' porosity, appear to be the
main mechanisms for ZEN adsorption on
the adsorbent surface. The use of SNPs was
more effective than UV radiation in
reducing ZEN levels. Selecting the most
cost-effective  method for removing
contaminants from contaminated feed
products is crucial. This work highlights
that using an adsorbent like SNPs is a more
effective and economical approach for
aflatoxin removal. SNPs also reduced ZEN
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levels in a time-dependent manner but at a
faster rate. Therefore, it was confirmed in
laboratory conditions that SNPs are
effective in reducing ZEN levels. The
synthesized SNPs did not exhibit any toxic
or detrimental effects on food and, due to
their unique properties such as fine pore
size, hydrophilicity, and very high
adsorption capacity due to their significant
surface-to-volume  ratio, could be
introduced as a new material for film
production in the food packaging and
preservation industry. Consequently, this
method could serve as an effective
approach for significant ZEN removal from
natural samples like edible oils.
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