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Microplastics have raised significant environmental and health concerns due to their widespread contamination.
This study investigates the release of phthalate esters (PAEs) from microplastics using a fabric phase sorptive
extraction method, prepared through silylation and grafting of nanoscale carbons to the fabric. The optimized
method showed detection limits ranging from 0.003 to 0.01 ng mL ), a linear range of 0.01-800 ng mL" , and
recovery values between 84.9 % and 101.2 % (RSD < 7.3 %) for PAEs extraction. The release behavior of
phthalates from polystyrene microplastics was evaluated under various conditions, including aging and exposure
to different environments (water and milk). Aging increased PAEs release by 2.8-4.5 times. When milk as the
environmental matrix effect player was considered, dimethyl phthalate release decreased (~1.8 x), while benzyl
butyl phthalate increased (~2 x), likely due to polarity differences. Additionally, the release of PAEs from four
types of food packaging materials (polystyrene, polyethylene terephthalate, high-density polyethylene, and
polypropylene) was examined, with benzyl butyl phthalate reaching up to 104.5 ng mL™' in milk. The results
show that while different quantities of phthalates were found in the containers, the release rates varied

depending on the type of microplastics.

1. Introduction

Over recent years, microplastics (MPs) have caused a global envi-
ronmental/health concern. MPs are regarded as the widespread and
hazardous pollutants, defined as plastic particles smaller than 5 mm
(Cao et al., 022). They can be primary MPs produced intentionally
within this size range or secondary MPs due to the degradation of more
oversized items in plastic (Xia et al., 2022). Among acrylics, polyesters,
silicones, polyethylene, polypropylenes, polyurethanes, and haloge-
nated plastics, polystyrene (PS), due to its lightweight and thermally
insulating character, widens its use in food packaging and food con-
tainers. Meanwhile, the ability of PS MPs to release toxic additives,
especially phthalate esters, into the food matrix poses a severe health
threat (Ghoshal et al., 2023).

Phthalates (PAEs) are a group of chemical ingredients commonly
added to impart elasticity and durability to many consumer products,
including toys, food packaging, medical equipment, and personal care
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items (Yang et al., 2025). Yet, possible health effects from PAEs exposure
cause serious concern, especially with so much approved scientific evi-
dence. Apart from reproductive toxicity, developmental anomalies, and
hormonal interference, PAEs have also been linked to obesity, asthma,
and certain kinds of cancer (van 't Erve et al., 2019; Yang et al., 2025).
Owing to their interfering effects on average growth and development,
PAEs pose a specific threat to children, teenagers, and unborn infants.
The PAE levels must be accurately quantified and monitored since
phthalate plastics are pervasive in the environment and can bio-
accumulate in human tissue (Yang et al., 2025). It is anticipated that
release from plastics is the most crucial source of PAEs environmental
pollution due to the non-covalent binding to polymers (Abdar et al.,
2023). This is especially true for MPs, with an increased specific surface
area. Considering the global pollution of MPs and frequent detection of
PAEs in the environment (Cao et al., 2022), the behavior and mechanism
of PAEs leaching from plastics and MPs are highly important. Although
the release of PAEs from MPs under the influences of light, bacterial, and
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hydrostatic pressure has been reported, data related to the leaching
behaviors of PAEs under other possible environmental conditions are
not sufficiently available (Paluselli et al., 2019). It is highly important to
determine the level of PAEs and, at the same time, to be able to monitor,
especially in matrices like food, water, and consumer products, using
accurate and sensitive analytical methods (Yang et al., 2025).

Sample preparation is usually essential in the analysis of PAEs in
order to extract and eliminate matrix interferences (Behbahan et al.,
2024). The most frequently used sample preparation techniques in the
determination of PAEs include liquid-liquid extraction and solid-phase
extraction, which are time-consuming, require a high quantity of
organic solvents and are difficult to automate (Amritha et al., 2022). To
overcome these disadvantages, different liquid-phase and sorbent-based
microextraction techniques have been developed over the last decades.
Fabric-phase sorptive extraction (FPSE), liquid phase microextraction
(LPME), solid-phase microextraction (SPME), capsule-phase micro-
extraction (CPME), stir bar sorptive extraction (SBSE), and pipette-tip
solid-phase extraction (PT-SPE) are some typical micro-oriented tech-
niques to resolve the existed problems. These techniques fulfill many
general principles of green analytical chemistry (GAC) relevant to the
organic solvent reduction and sample consumption (Bhadange et al.,
2024; Tartaglia et al., 2022). The current study was conducted to
examine the release of PAEs from PS MPs by developing an FPSE
method.

The first proposal of the FPSE, as a promising and versatile sample
preparation technique, was introduced a decade ago (Kumar et al.,
2014). This technique resulted in improved extraction efficiency and
selectivity due to the usage of organic/organic-inorganic hybrid poly-
mer, the organically modified inorganic precursor(s), and the adsorptive
nature of the fabric substrate. Since then, several forms of FPSE sorbents,
such as neutral, cation or anion exchangers, mixed-mode exchangers,
and zwitterionic ones, have been prepared and used to isolate different
types of analytes from complicated matrices (Kabir & Samanidou, 2021;
Moradi et al., 2023). The advantages of FPSE are ease of handling, rapid
extraction kinetics, and high extraction efficiency, while it possesses
various environment-friendly features (Tartaglia et al., 2022). Recent
applications of FPSE have further demonstrated its versatility. For
instance, a sol-gel FPSE method was applied to extract non-volatile
plastic additives, such as diethyl phthalate, from food packaging mate-
rials, showing isolation of analytes with varying polarities. Three FPSE
media coated with different sol-gel sorbents characterized with different
polarities, including sol-gel based poly(dimethylsiloxane), poly
(ethylene glycol) and poly(tetrahydrofuran), were studied (Aznar et al.,
2016). FPSE combined with gas chromatography-mass spectrometry
(GC-MS) was developed for the determination of emerging pollutants,
including diethyl phthalate and dibutyl phthalate, in aqueous samples,
proving its utility in environmental monitoring (Kaur et al., 2019). More
recently, a universal sol-gel sorbent for FPSE was introduced, capable of
extracting both polar and nonpolar compounds, including PAEs,
demonstrating high selectivity and reproducibility, with applications in
beverages, juices, and environmental samples (Olayanju et al., 2024). In
this approach, we adapted the sol-gel approach, at the same time, to
increase the durability and functionality of the fabric and to be able to
graft the desired nanoparticles within the fabric structure. The sol-gel
modified fabrics were subsequently coated with carbon nanotubes
(CNTs), to conduct our research toward higher sorption capacity due to
their unique structural properties. Incorporating CNTs increases the
surface area available for interaction, enabling more efficient capture of
organic compounds through strong =n-t interactions and hydrogen
bonding (Torabi et al., 2024). This modification not only enhances the
extraction efficiency but also allows for reduced solvent consumption
and shorter extraction times. The use of CNT-modified fabric films in
FPSE represents a promising strategy for improving the sensitivity and
reliability of analytical techniques, making it an effective tool for a wide
range of applications in environmental monitoring, food safety, and
chemical analysis.
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This study presents a novel approach by modifying a fabric phase
film with epoxy silane precursor using sol-gel methodology to enhance
its durability. In a further step, CNT nanoparticles were chemically
attached to the fabric surface, significantly improving the film’s effi-
ciency for extraction applications. Three PAEs (dimethyl phthalate,
diethyl phthalate, and benzyl butyl phthalate) were selected for this
study as model analytes due to their different polarities, which allowed
us to assess both method effectiveness and matrix impact. This modified
sorbent was used to extract PAEs from both water and milk matrices,
making it possible to directly compare the effects of different matrices
without the need for additional steps. Furthermore, the impact of the
milk matrix, including its fat and protein content, on the release be-
haviors of MPs was investigated. The study investigates the release of
PAE:s from prepared MPs of food packaging plastics, such as those from
commercial dairy containers. Considering the release of plastic additives
from MPs released from the plastics, equivalent to 0.1-5 g per week
(Senathirajah et al., 2021), which justifies the need to monitor such
substances in daily food packaging. To our knowledge, this is the first
study to investigate the direct effects of a milk matrix on the release
behavior of MPs, and the use of CNT nanoparticles chemically attached
to the fabric surface enhances the traditional sol-gel modification of the
fabric for extraction applications. Thus, this study provides new insights
into the interactions between food matrices and plastic additives, which
could have significant implications for food safety and environmental
health.

2. Experimental
2.1. Materials and methods

Organosilicon reagents, including [3-(2,3-epoxypropoxy)-propyl]-
trimethoxysilane (Epoxy) and tetramethyl orthosilicate (TMOS) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). COOH Functional-
ized Multi-walled carbon nanotubes (COOH-CNTs) (>95 %, OD:
20-30 nm) were purchased from US Research Nanomaterials Inc.
Dimethyl phthalate (DMP) (>99 %), diethyl phthalate (DEP) (99.5 %),
benzyl butyl phthalate (BBP) (98 %), polystyrene (PS) (Mw: 192000),
triphenylphosphine (PPhs), trifluoroacetic acid (TFA) and tetrahydro-
furan (THF) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Ethyl acetate was purchased from Daejung Chemicals (Korea). Methanol
(MeOH) solvent utilized in this study was sourced from Baher Exir
Kaveh, located in Saveh, Iran, and is of GC-grade quality. Stock solutions
of DMP, DEP, and BBP were prepared in GC-grade MeOH at a concen-
tration of 1000 mg L™ and stored at 4 °C. Working solutions were freshly
prepared daily from the respective stock solutions by dilution with
deionized water. To enhance the analytical signal and the extraction
efficiency, the effective parameters in the extraction and desorption
process were considered to be optimized. Optimization covered the type
and amount of the desorption solvent, and the extraction/desorption
time, respectively. All the optimization steps were performed at a con-
centration of 0.5 mg L™} in triplicate. Before analysis, all milk samples
were diluted ten times using deionized water and stored at 4 °C.

2.2. Instrumentation

Optimization of the synthesis and extraction process was conducted
using a gas chromatograph model Agilent 6820, featuring a split/split-
less injection port and a flame ionization detection system. A medium
bore HP-5 MS column (Hewlett—Packard, Palo Alto, CA, USA, 30 m x
0.32 mm i.d. and 0.25 pm film thickness) was proved to be a suitable
platform for separating the desired analytes. Nitrogen gas with a purity
of 99.999 % was utilized as the carrier gas, with flow rates of
1 mL min~!. Sample introduction was carried out in splitless mode, with
the split valve closed for 2 min. The injector and detector temperatures
were both maintained at 280 °C.

A Hewlett-Packard (HP) 6890 series gas chromatograph (Palo Alto,
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California, United States) was utilized for the analysis of real samples
and conducting quantitative surveys. This system was connected to an
HP 5973 mass-selective detector. The mass spectrometer operated under
electron ionization (EI) mode at 70 eV while helium (99.999 %) carrier
gas adjusted at 1 mL min~!. Controlled temperatures were crucial for
optimal performance: the GC-MS interface, ion source, and mass
analyzer were set to 280, 230, and 150 °C, respectively. Regarding the
chromatographic process, the column’s initial temperature was set at
100 °C and maintained for 3 min before ramping up to 280 °C at 40 °C
min~". Injection occurred in the splitless mode for 3 2 min while it was
set at 280 °C. To enhance sensitivity for each individual compound, a
time-scheduled selected ion monitoring (SIM) mode was implemented,
focusing on mass peaks of the highest intensity. This approach aimed to
maximize detection efficiency and accuracy in compound identification.
The retention times and selected masses for each individual analyte are
tabulated in Table S1. Fourier transform infrared (FTIR) spectroscopy
analysis, Perkin Elmer Spectrum 1 (4000-400 cm 1) with ATR acces-
sory, and ABB Bomem (MB100 model, Quebec, Canada) spectrometer,
were used to identify functional groups on the fabric surface and to
examine of MPs surface after aging, respectively. A field emission
scanning electron microscope (FE-SEM) (MIRA3 TESCAN, www.tescan.
com) was used to examine the surface morphology of the MPs surface
and the fabric before and after modification by COOH-CNT. A Philips
PW1730 was used for X-ray diffraction (XRD) analysis of modified
fabrics. The surface aging of MPs was carried out using a home-made
array of UV LED lamps emitting at 265 nm. The irradiation system,
powered by a 12 V/5 A adapter, was positioned 10 cm above the Petri
dish containing MPs. Detailed technical specifications of the lamp and
the experimental setup are provided in the Supplementary Material.
Additionally, the schematic illustration of the setup is shown in Fig. S1
to demonstrate the spatial arrangement of the UV source and the MPs
during irradiation. Elmasonic S ultrasonic bath (Germany) was utilized
for grafting the CNT on the fabric surface. All deionized water was used
from the ultrapure water system of ZU101-C Zolalan Company. Biosan
Multi-Vortex V-32 (Latvia) was applied for the performing desorption
process. A magnetic hot plate stirrer (IKA RH Basic 2) was used for
extraction and releasing processes.

2.3. Preparation of MPs

In the present study, the release of PAEs (DMP, DEP, BBP) from PS
MPs was investigated (the physicochemical properties of studied
phthalates are listed in Table S2). To prepare the PS MPs, the PS beads
were dissolved in THF. Then, a homogeneous solution of 10 % (w/v) PS
was prepared by sonication. This solution was cast on a Petri dish, and
subsequently, the solvent was evaporated under ambient conditions.
The obtained PS film was cut into small fragments by scissors and then
ground with the electrical mill under liquid nitrogen media. The size of
the PS MPs was assessed by passing them through mesh screens, and the
particles were 420-700 um in size. For the preparation of MPs con-
taining plasticizers, PAEs were fortified to the dissolving process at a
specified ratio of PAEs/PS (1/10). A homemade UV lamp was employed
to age the PS MPs for a duration of 50 h.

Real plastic samples were collected from the daily used items,
including milk bottles, cheese and cream containers, disposable food
containers and coffee cups, made of polystyrene (PS), polyethylene
terephthalate (PET), high-density polyethylene (HDPE), and poly-
propylene (PP). The plastics were washed with deionized water, then
dried, cut into smaller pieces with scissors, and then ground to produce
MPs. The size of the ground MPs from these real plastic samples was
controlled by mesh screening, resulting in particles between
420-700 pm. The PET bottle and PS disposable food container were cut
into small pieces only with scissors. The produced MPs were larger and
ranged between 1000-1410 pm.
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2.4. Leaching experiments

First, all glass containers were treated with chromic acid to oxidize
organic contaminants, followed by washing with deionized water. The
release conditions for PS MP samples prepared from polystyrene film
with the addition of PAEs were investigated for aged PS MPs and in
different environments of water and milk. Experiments on releasing
PAEs from PS MPs were carried out in glass bottles by adding a specific
mass of MPs (0.015 g) to a particular volume of water or milk (20 mL).
This concentration was simulated considering the minimum daily
ingestion rates of MPs, which have been estimated to be in the range of
0.1-5 g for a week (Senathirajah et al., 2021). Accordingly, the tubes
were highly agitated utilizing a magnetic stirrer. Every experimental
condition was run in triplicate to ensure the repeatability of the results.
To inhibit microbial degradation, all solutions were made with the
addition of sodium azide (400 mg L’l). Various experimental condi-
tions, including aging effects, and the influence of a milk food matrix,
were examined. This was based on the previous study showing that the
influence of salt concentration and pH on the leaching processes is
negligible (Gulizia et al., 2023). The fortification of PAEs into the milk
matrix was achieved by the tenfold dilution of the samples with deion-
ized water.

For PAEs release from MP samples prepared from real food pack-
aging containing dairy products available on the market, only a higher
amount of MPs (0.1 g) was used under the same release conditions as the
PS MP samples.

2.5. Modification of fabric phase

2.5.1. Pre-treatment of fabric substrate

The cellulose fabric was immersed in 1 % solution of the non-ionic
detergent in deionized water, heated to 50 °C for 30 min to clean and
remove the surface impurities. Subsequently, the fabric was washed
thoroughly using deionized water and allowed to air dry at room tem-
perature. Pieces of cellulose fabric were cut and washed with deionized
water. Then, the fabric surface was activated by immersing it ina 1 M
sodium hydroxide solution for 1 h. To remove the bases, cellulose fabrics
were further washed with deionized water several times, followed by
treatment in a 0.1 M HCI solution for 1 h. The fabric was then air-dried
and put in a clean container for future use.

2.5.2. Fabric surface modification using sol-gel method

For the implementation of the sol-gel approach, a sol solution was
prepared by adding 6 mL of Epoxy and TMOS as sol-gel precursors at
ratios of 1:1, 5:1, and 6:0 while 2 mL of TFA, as a catalyst, was added to
20 mL of dichloromethane/acetone at a 1:1 ratio. A piece of fabric was
immersed in the sol solution for 2 h. Then, the top solution was drained,
and the sol-gel on the fabric surface was aged at 50 ° C for 4 h. After-
wards, the fabric was washed with enough water. The schematic of
functionalizing cotton fabrics using the sol-gel method is shown in
Fig. l1a.

2.5.3. Integration of CNTs into sol-gel epoxy coated fabric

The fabric treated with epoxy groups was suspended inside THF
solvent container. 60 mg of COOH-CNTs and 15 mg of PPhs were added
to the reaction bottle and placed in an ultrasonic bath at the 55 °C
temperature for 15 min. The modified fabric was removed from the
solution, washed with deionized water and ethanol, and dried at
ambient temperature. Schematic illustration in Fig. 1b showed the
structural mechanism responsible for the attachment of COOH-CNTs on
the functionalize cotton fabric surface (Guadagno et al., 2019). To
complement the schematic representation, Fig. lc-h present the
photographic images of the actual synthesized sorbents prepared using
different ratios of sol-gel precursors and varying amounts of CNTs.
These images provide visual confirmation of the effect of synthesis pa-
rameters on the surface appearance of the final sorbent materials.
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Fig. 1. Schematic illustration of a) functionalizing cotton fabrics using the sol-gel method, and b) the structural mechanism responsible for the attachment of carbon
nanotubes (CNTs) on the functionalized cotton fabric surface. Photographs of the modified fabrics with different sol-gel precursor ratios and CNT amounts: ¢) CNT
(60 mg) - Epoxy/TMOS (1:1) - Fabric, d) CNT (60 mg) - Epoxy/TMOS (5:1) -Fabric, e) CNT (60 mg) - Epoxy - Fabric, f) CNT (40 mg) - Epoxy - Fabric, g) CNT (50 mg)

- Epoxy - Fabric and h) CNT (60 mg) - Epoxy — Fabric.
2.6. The FPSE procedure

The prepared fabric was cut into 1 cm? pieces. A piece of modified
fabric was inserted into 7 mL of the sample solution of PAEs at
0.5 mg L™}, attached via a wire, and the extraction process was per-
formed within 15 min, with agitation provided by a magnetic stirrer.
Then, the fabric was removed from the sample solution, washed with
deionized water. For desorption, the fabric was inserted into a microtube
containing 500 pL of ethyl acetate and vortexed for 10 min. The
desorption solvent was evaporated under a stream of nitrogen gas.
Finally, the remaining analytes were dissolved in 20 pL of MeOH, of
which 1 pL was injected into the GC system.

2.7. Reusability

To study the reusability of the fabric coated with CNT, FPSE pro-
cedure experiments were carried out using 7 mL of testing solution at
0.5 mg L~ in the milk matrix. After 15 min of adsorption, the fabric was
removed and put into a microtube containing 500 pL of desorption
solvent to elute the analytes. This adsorption-desorption cycle was
repeated several times. The amount of the analytes extracted was
measured after each cycle.

3. Results and discussions
3.1. Characterization of CNT-epoxy fabric film

In order to obtain information about the degree of crystallinity of
cellulose fabric and modified fabrics, XRD analysis was performed
(Fig. 2a-c). Typical diffraction peaks at 26 = 15.2, 16.7, 22.8, and 34.7°
are seen in the diffraction patterns, which correspond to the crystal
lattices in the native cellulose structure (Acharya et al., 2021). These
results in Fig. 2b indicate that the crystallinity is reduced due to the
amorphous regions of sol-gel, and the type of cellulose crystal does not
alter much in this modification step.

Fig. 2c reveals that the intensities of the peaks have been reduced,
and this could be due to the grafting of the CNTs at thermal and soni-
cation condition that partially destroys the structure of cotton fibers.
However, the XRD pattern of the fabric substrate is preserved (Chen
et al., 2021). Adding CNTs into cotton fabric does not affect the crys-
talline structure of the parent material. With CNTs coated onto the
fabric, the diffraction peak attributed to CNTs becomes less intense due
to their lower fraction than cellulose (Chen et al., 2021; Costa et al.,
2020; Maity et al., 2021).

The attenuated total reflectance - Fourier transform infrared (ATR-
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Fig. 2. X-ray diffraction (XRD) pattern of a) pristine cotton fabric, b) epoxy fabric, ¢) carbon nanotubes (CNTs) coated with sol-gel-based fabric, and attenuated total
reflectance - Fourier transform infrared (ATR-FTIR) spectra of d) pristine fabric, €) epoxy coated fabric, and f) CNT coating.

FTIR) spectra of original cotton fabric, sol-gel coated fabric, and CNT/
sol-gel coating fabric are shown in Fig. 2d-f. For uncoated fabric, the
peaks at 3600-3300, 3000-2800 and 1000 cm™! were assigned to the
stretching vibration of O-H, C-H, and C-O, respectively (Li et al., 2018).
For sol-gel coated fabric, the absorption peaks at 782, 910, and
1210 em™! are attributed to the epoxy functionalized group in the
sol-gel structure. The bands at 1631, 3327, and 1432 cm™! confirm the
presence of the stretching vibrations of C=C, -CH, and bending of -CH
in CNT. For CNT/epoxy sol-gel fabric, the Si-O in the sol-gel network
overlaps with the G-O bond in the same regions at 1100 cm ™. Also, the
peaks at 1000-1200, 1743, and 3400 cm ™! are attributed to the pres-
ence of C-O, C=0 and —OH stretching vibrations of carboxylic groups in
CNT (Lu et al., 2022).

FE-SEM images were obtained in order to investigate the fabric
surface morphology. The raw fabric surface initially was smooth and
without protrusions, as shown in Fig. 3a, b. However, according to
Fig. 3c, the sol-gel fabric shows some degree of roughness, appearing on
the fabric surface. More importantly, as shown in Figs. 3d and 3e, the
presence of CNTs is rather evident.

Energy Dispersive Spectroscopy (EDS) analysis was employed to
verify if any elemental change had occurred at the surface after it was
subjected to treatment with the sol-gel method and CNTs grafting. The
corresponding FE-SEM image and EDS mapping are shown in Fig. 3f, g.
The cotton fabric, with carbon and oxygen elements, contains Si after
the sol-gel treatment. Similarly, the CNTs used in the subsequent step are
made up of carbon and oxygen, just like the elemental mapping of the
original fabric.

3.2. Aged MPs characterization

Aging in MPs causes alteration in the surface roughness, functional
groups on the surface, and, in fact, changes in hydrophilic property and
crystallinity. All that eventually changes the behavior of adsorption and
release of organic pollutants from MPs. For PS, the change in crystal-
linity is not related to the adsorption capacity of organic compounds
because of its low level of crystallinity (Yan et al., 2021). By comparing
the FE-SEM images of MPs appearing in Fig. 4 before and after aging, an

increase in fractured areas can be observed. Testing for the change in
functional groups shows that functional groups containing oxygen on
the surface of plastic increased after the aging process, as shown in
Fig. 4g-i. The areas related to C-O and C—=O0 bonds in the relevant PAEs,
as shown in Fig. 4h, lead to more intense peaks in aged MPs (Fig. 4i).

3.3. Optimization

3.3.1. Optimization of extractive film synthesis

The optimization of the extractive film synthesis focused on modi-
fying the fabric substrate to enhance the sorption capacity. Initially, the
unmodified fabric demonstrated low extraction efficiency for selected
PAEs 0.2 %, 0.3 % and 0.4 % for DMP, DEP, and BBP, respectively
(Fig. 5a). Surface modification with sol-gel precursors, including silane
compounds (Epoxy/TMOS, 1:1), improved the sorption process by
creating a sol-gel structure, which enhanced interactions between the
fabric and the PAEs (2.2 %, 2.2 % and 3.1 % for DMP, DEP and BBP,
respectively). Further enhancement was achieved through the incorpo-
ration of CNTs, where the highest recoveries were obtained: DMP
(5.9 %), DEP (5.4 %), and BBP (8.3 %). This improvement can be
attributed to additional hydrogen bonding and n—r interactions facili-
tated by the presence of CNTs.

In this paper, we studied the synthesis of sol-gel-based sorbents using
different precursor quantities. More precisely, the impact of varying the
Epoxy and TMOS ratios, such as 1:1, 5:1, and 6:0, was considered. As a
result, a specific interesting trend was obtained, which was illustrated in
Fig. 5b. With increasing TMOS content, a structure with higher strength
was obtained. However, subsequent steps did not yield a good grafting
of CNTs to the surface. In contrast, in the absence of TMOS (Epoxy only),
the fabric surface became visibly darker (Fig. 1c-e), and extraction ef-
ficiency increased significantly, reaching 32.4 % for DMP, 29.8 % for
DEP, and 30.5 % for BBP—representing an improvement of over 4-fold
compared to Epoxy/TMOS (1:1). This indicates that eliminating TMOS
enhances CNT immobilization and overall sorbent performance.

The influence of CNTs content was also investigated. Increasing the
CNT amount from 40 to 60 mg led to a significant improvement in
extraction efficiency, as shown in Fig. 5c. For instance, recovery for DMP
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Fig. 3. Field emission scanning electron microscope (FE-SEM) images of a, b) pristine cotton fabric, ¢) epoxy fabric, d, e) carbon nanotubes (CNTs) coated with
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increased from 17.7 % (40 mg) to 33.9 % (60 mg), and similar trends
were observed for DEP (16.9-29.9 %) and BBP (23.4-31.4 %). However,
a further increase to 70 mg resulted in no noticeable improvement,
indicating a plateau in sorption efficiency. Visually, higher CNT loadings
produced darker fabrics (Fig. 1f-h), confirming increased surface
coverage.

The effect of reaction temperature was also studied at 35, 45, and
55°C. At 55°C, a higher amount of CNTs was grafted to the surface.
Temperatures above 55°C were avoided because higher temperatures in
a sealed reaction vessel under ultrasonic conditions could lead to
structural instability, potentially causing cracking, which is undesirable
(Fig. 5d).

The statistical significance of the differences between each optimized
value for extractive film synthesis parameters was evaluated using one-
way analysis of variance (ANOVA) at p < 0.05. The results are sum-
marized in Table S3. In each case, ANOVA was applied to compare the
recovery efficiencies among different levels of the tested variables (e.g.,
different adsorbent types, precursor ratios, CNT amounts, and reaction
temperatures). The significant p-values confirmed that the selected
optimized conditions were statistically different to the alternative tested
conditions, thus validating the reliability of the optimization process.

3.3.2. Optimization of extraction and desorption parameters

The selection of a suitable desorption solvent is essential for
achieving optimum recovery. Various common solvents with differing
polarities—methanol, ethyl acetate, hexane, acetone, and acetoni-
trile—were tested (Fig. 5e). Among them, ethyl acetate resulted in the
highest extraction recoveries, with 41.5 % for DMP, 48.1 % for DEP, and
54.5 % for BBP. This improvement is likely due to structural compati-
bility between ethyl acetate and the phthalate esters, which facilitates
more efficient desorption. By contrast, lower recoveries were observed
with methanol (e.g., 39.2 % for DMP), and particularly with acetone and
hexane, where DMP recovery dropped to 29.6 % and 27.8 %, respec-
tively. Based on these results, ethyl acetate was selected as the desorp-
tion solvent for subsequent steps.

The desorbing solvent volume was varied from 0.1 to 0.7 mL to
optimize extraction efficiency (Fig. 5f). Recoveries increased notably up
to 0.5 mL (e.g., DMP: 11.4 % — 41.3 %), with only slight improvement
beyond that. Thus, 0.5 mL was selected as the optimal volume due to its
efficiency and minimal solvent use.

Extraction and desorption times were optimized based on recovery
efficiency (Fig. 5g, h). Extraction recovery increased with time, reaching
a maximum at 15 min (DMP: 42.4 %, DMP: 56.1 %, BBP: 60.9 %), with
minimal change beyond that.

Similarly, desorption efficiency peaked at 10 min (DMP: 60.0 %,
DEP: 73.5 %, BBP: 88.6 %), and longer times showed no significant
improvement. Therefore, 15 min for extraction and 10 min for desorp-
tion were selected as optimal conditions. Similarly, the differences
among the tested levels within each extraction and desorption param-
eter were statistically analyzed by one-way ANOVA based on a signifi-
cance level of p < 0.05, confirming the selection of optimized
conditions. Detailed results are provided in Table S3.

3.4. Reusability and stability of CNT/epoxy coated FPSE film

FPSE films provide advantages such as simplicity and low cost, but
practical application requires sorbents with high sorption capacity, fast
kinetics, and long-term durability—a key factor in extraction method
design (Abdar et al., 2022). The reusability of the CNT/Epoxy-coated
fabric was tested over 25 extraction cycles (Fig. S2). Recovery
remained stable for up to 20 cycles, with values within 79-83 % of the
initial use. After that, a gradual decline occurred due to the physical
degradation of the fabric and a partial loss of CNT coating. These results
support its applicability for at least 20 consecutive extractions without
significant loss of performance. However, to ensure optimal perfor-
mance in practical applications, the sorbent was not used beyond 5
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extraction cycles in this study.
3.5. Analytical validation

A calibration curve for the selected PAEs in water samples was made
under optimized conditions. According to Table 1, a linear range of
0.03-800 ng mL ™! for DMP and DEP, and 0.01-800 ng mL ™! for BBP
with an appropriate correlation coefficient of 0.9895-0.9987 was ob-
tained. The limits of detection (LOD, S/N=3) ranged from
0.003 ng mL™" (BBP) to 0.010 ng mL™' (DMP and DEP), and limits of
quantification (LOQ, S/N = 10) values of 0.01-0.03 ng mL ' were
achievable. The relative standard deviation (RSD) values for intra-day
and inter-day precision were also satisfactory. For example, the intra-
day RSDs at 1 ng mL™" were 5.2 % (DMP), 3.4 % (DEP), and 4.1 %
(BBP), while the inter-day RSDs at 200 ng mL™' ranged from 6.8 %
(DEP) to 7.2% (BBP). The effect of extraction film variation on
repeatability was also tested at 200 ng mL ™}, and the obtained RSD %
values were 7.4 % for DMP, 7.9 % for DEP, and 8.1 % for BBP.

For milk samples, the calibration curves were constructed by spiking
PAEs into the diluted blank milks (Table S4). The optimal conditions
were applied to assess the efficiency of the developed extraction method
in real tap water matrix and milk samples. Each sample was analyzed
based on its own specific calibration curve. As presented in Table S5, for
the spiked water and milk samples at 5 and 100 ng mL™}, the relative
recovery values of 84.9-101.2 % were obtained (RSD % 4.3-7.3 %).
These results show that the developed method is effective in real
matrices, including water and milk, and presents negligible matrix
effects.

Our work outputs were compared with the results from other rele-
vant studies (Alshehri et al., 2022; Hou et al., 2022; Huang et al., 2020;
Keshavarzi et al., 2022; Yue et al., 2020), and as Table S6 demonstrate,
the linear ranges, LODs, and RSDs% are all within the range and limits
reported for the determination of PAEs in different matrices. The
extraction time of 15 min is either lower or equal to the reported values,
which may be because a fabric substrate was used in this study. This
approach resembles dispersive extraction techniques, where the sorbent
is distributed throughout the sample matrix, reducing the extraction
time. This reduction can be explained by enhanced mass transport and
facilitated penetration into the fabric fibers for effective extraction of the
analytes.

3.6. Effects of influential parameters on PAEs release from PS MPs

MPs particle size, the concentration of PAEs, and media temperature
are important features influencing the release rate. The studies have
reported that a decrease in particle size, an increase in PAEs content, and
a rise in temperature lead to higher release levels (Gulizia et al., 2023;
Yan et al., 2021). In this study, the effects of aging and the milk matrix
on the release behavior of PS MP were investigated.

3.6.1. Aging

Photooxidation through UV radiation, biodegradation, chemical
oxidation, and physical treatment are contributing factors in the general
processes through which plastic polymers and associated additives may
enter the environment. The aging of MPs has a great effect on the rate of
additive release, while natural aging takes decades or even centuries,
artificial aging processes may take several days or months. Solar radi-
ation is, therefore, highly involved in this process, as most MPs are
regularly exposed to sunlight. Moreover, UV radiation affects the aging
and release of additives from MPs. As confirmed by the other studies, UV
exposure increases the release of organic pollutants encapsulated in
MPs. It has been reported that the additive release rate upon light
exposure becomes five times higher than the rates in darkness. Such an
increase is caused by the continuous irradiation of light, which forms
reactive oxygen species, such as hydroxyl radicals and superoxide an-
ions, able to attack the chains of the polymer, thereby causing cleavage



N. Moradi et al.

Journal of Food Composition and Analysis 145 (2025) 107764

Table 1
Analytical figures of merit obtained from the developed fabric-phase sorptive extraction (FPSE)-GC-MS method in water.
Analyte Linear range  LOD? LOQ" Correlation coefficient Intra-day Inter-day Batch to batch
(ng mL™") (mgmL™) (@mgmL™") [®R? RSD% (n = 5) RSD% (n = 5)
1 200 1 200
(ngmL™")  (mgmL™!) (mgmL™Y) (ngmLY)
Dimethyl phthalate 0.03—800 0.010 0.03 0.9902 5.2 4.9 6.1 7.1 7.4
Diethyl phthalate 0.03—800 0.010 0.03 0.9895 3.4 5.1 5.9 6.8 7.9
Benzyl butyl 0.01—800 0.003 0.01 0.9987 4.1 3.3 5.7 7.2 8.1
phthalate

@ Limit of detection
b Limit of quantification
¢ Relative standard deviation

and degradation of the polymer structure afterward (Li et al., 2024; Yu
etal., 2024; Zha et al., 2022). In our study, the accelerated aging process
led to a noticeable increase in the release of PAEs: for example, DMP
increased from 169 to 601, DEP from 236 to 672, and BBP from 108 to
485 ng mL™}, corresponding to an increase of ~3.6 x for DMP,
~2.8 x for DEP, and ~4.5 x for BBP. BBP exhibited the highest release
enhancement, probably due to its greater hydrophobicity. The changes
of the functional groups toward hydrophilic properties on the MPs sur-
face reduce the affinity of PAEs to the plastic network (Fig. S3a).

3.6.2. Environment

The amount of dissolved organic matter (DOM) in the environment
where the MPs are placed accordingly varies the pollutant sorption and
release behavior (Liu et al., 2019). Studies show that an increase in DOM
increases the solubility of more non-polar compounds, thereby
increasing the release rate. On the other hand, the stronger affinity of
these materials compared to pure water leads to better extraction of
PAEs (Yan et al., 2021). To expand into real food matrices, an attempt
was made to investigate the role of milk as a representative matrix for
other fats and soluble proteins. Bovine milk is a natural and complex
matrix, containing DOM primarily composed of proteins (caseins and
whey proteins), lactose, lipids, and other small organic molecules;
additionally, minerals are also present (Roy et al., 2020). These com-
ponents significantly contribute to the DOM background and can in-
fluence the interaction and release behavior of pollutants. The PAEs
released from MPs in diluted milk samples compared to water, are
shown in Fig. S3b. DMP release decreased from 200 to 110 ng mL ™! in
milk, while BBP increased from 103 to 184 ng mL™!. Therefore, it could
be deduced that the increase of DOM leads to an increase of more
non-polar compounds in milk.

Table 2

3.7. Real sample applications

To investigate the release of PAEs from MPs in different environ-
ments, four types of MPs prepared from different types of real food
packaging plastics were selected. The amounts of PAEs released from
these MPs in different products vary with each other, which is due to the
different amount of PAEs used in each polymer type and their different
affinity toward the plastic polymer. The analysis of four types of selected
polymers led to the various amounts of investigated PAEs (Table 2).
Among the plastics, the breakfast cream packaging PS showed the
highest release with the total amounts of 178.5 (DMP: 70.3, DEP: 94.5,
BBP: 13.7 ng mL™!) in water and 195 ng mL ! (DMP: 51.6, DEP: 78.9,
BBP: 64.5 ng mL™") in milk. On the other hand, the disposable container
PS released the lowest amount (54.3 and 40.5 ng mL~), in water and
milk matrices, respectively). Among the studied PAEs, DEP and BBP
were found in most types of polymers. The different amounts of released
PAEs depend on the molecular size of the phthalates and their concen-
tration in the plastic. As expected, the migration of smaller molecules,
such as DMP and DEP, is more feasible, and DMP was detected mostly in
PS and HDPE samples, with values up to 70.3 ng mL™ . In the meantime,
the amount of released BBP is higher in the milk environment, which is
associated with the higher solubility of this phthalate in organic envi-
ronments, and the possibility that the affinity of the molecules inside the
milk tissue is greater than BBP to plastic.

4. Conclusions

In this study, an FPSE sorbent was fabricated by modifying a fabric
substrate with epoxy-based sol-gel chemistry and further functionaliz-
ing it with CNT nanoparticles. This hybrid sorbent demonstrated high
extraction efficiency for three model phthalates (DMP, DEP, BBP),
showing rapid extraction kinetics (15 min), sufficient reusability (up to
20 cycles with ~80 % retention), and strong performance in real

The leaching of phthalate esters (PAEs) (ng mL™Y) from different microplastics (0.1 g) made of commercial container food into water and milk matrices.

Polymer Plastic product Release matrix Dimethyl phthalate Diethyl phthalate Benzyl butyl phthalate
Found amount (ng mL™ 1) RSD*(%) Found amount RSD(%) Found amount RSD(%)
(ng mL™Y) (ng mL™Y)
psP Cream container Water 70.3 5.7 94.5 8.0 13.7 10.2
Milk 51.6 8.9 78.9 6.6 64.5 5.9
PS Disposable food containers Water ND¢ 9.1 54.3 6.9 ND 6.4
Milk ND 5.1 40.5 7.8 ND 8.1
PET¢ Milk bottle Water ND 4.9 77.4 10.6 4.2 4.8
Milk ND 7.7 69.7 11.3 21.0 9.5
HDPE® Milk bottle Water 66.9 6.5 73.8 9.2 5.2 8.7
Milk 41.5 8.5 70.4 9.8 19.8 10.3
ppf Coffee milk cup Water ND 9.4 ND 6.8 29.1 5.8
Milk ND 10.2 ND 10.6 67.0 6.9
PP Cheese container Water ND 6.7 63.8 10.6 46.3 9.2
Milk ND 5.1 49.1 11.5 104.5 11.7

2 Relative standard deviation; ® polystyrene; ¢ not detected; ¢ polyethylene terephthalate; © high-density polyethylene; { polypropylene
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matrices such as milk and water, with recoveries ranging from 84.9 % to
101.2 % and RSDs below 7.3 %. For the first time, the impact of milk
matrix composition (fat and protein) and environmental conditions on
the release behavior of PAEs from MPs was investigated. The release of
DMP decreased in milk compared to water, while BBP increased, high-
lighting the role of matrix polarity and DOM content in phthalate
migration. Furthermore, accelerated aging of MPs showed a 2.8-4.5-fold
increase in PAE release, particularly for BBP, confirming that photo-
degradation and UV exposure are critical factors influencing contami-
nant migration from plastics. Among the four real food-grade plastics
tested, significant variation in PAE release was observed, with PS-based
cream containers showing the highest levels (up to 195 ng mL™" in milk).
These results underscore the relevance of both plastic composition and
matrix environment in PAE migration. Overall, this work provides a
reliable and efficient extraction method for PAEs and highlights the
potential health and environmental concerns related to PAEs release
from aged and reused plastic food containers, particularly under varying
environmental and matrix conditions.
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