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A novel ultrasound-assisted magnetic solid-phase extraction coupled with gas chromatography-mass spec-
trometry (US-MSPE-GC/MS) was developed to detect trace amounts of polycyclic aromatic hydrocarbons (PAHSs)
in tomato paste, using a magnetic biochar adsorbent derived from nectarine cores. The highest extraction re-
covery was attained under 10 mg adsorbent mass, 30 min extraction time, 9 % (w/v) sodium chloride, and
elution with 200 pL of dichloromethane. Under optimum conditions, the method demonstrated excellent line-
arity (R? > 0.992) across a wide concentration range (0.01-100 ng g~) with high sensitivity (LODs: 0.028-0.053
ng g%, LOQs: 0.094-0.176 ng g~ 1) and good repeatability (RSDs <5.96 %). The application of the US-MSPE-GC/
MS method was tested on four brands of real tomato paste and no PAHs were detected in unspiked samples,
indicating no background contamination. This method showed high relative recoveries 88.03-98.52 %) and good
reproducibility (<9.19 %.) at two concentration levels, confirming its effectiveness for PAH analysis in real
samples.

1. Introduction fish, grains, vegetables, rice, as well as various beverages such as tea,

coffee, milk, and alcoholic drinks (Akbari-Adergani et al., 2021; Sam-

Polycyclic aromatic hydrocarbons (PAHs) represent an extensive
group of environmental and food contaminants that are principally
formed through the incomplete combustion of organic matter (Ofori
et al., 2020). Due to their stability, carcinogenicity, mutagenicity and
teratogenicity, PAHs are identified as priority pollutants by regulatory
agencies like the United States Environmental Protection Agency (EPA)
and the International Agency for Research on Cancer (IARC)
(Tavoosidana et al., 2024; Zungum & Imam, 2021). Several studies have
highlighted the presence of PAHs in a wide variety of foods including
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paio et al., 2021; Sun et al., 2019). In Iranian cooking, tomato paste is
widely used as a basic ingredient for flavoring and increasing the
seasoning of various foods during the cooking process. Tomato paste is
used to add flavor, color, and thickness to various dishes, such as stews,
soups, rice, and meatballs. The production of tomato paste involves a
meticulous process wherein tomatoes are subjected to prolonged cook-
ing until they attain a condensed consistency, resulting in a viscous
paste. Hence, raw materials, cooking/drying in high temperature pro-
cesses, flavorings and essential oils used, contaminated water/washing
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water and packaging/storage step can be considered as possible sources
of PAH in tomato paste (Das et al., 2023; Sampaio et al., 2021).
Consequently, monitoring of PAH concentration levels within tomato
paste assumes paramount significance in safeguarding human health
and well-being. PAHs are usually found at very low levels in real sam-
ples, necessitating the use of pre-concentration techniques to extract and
enrich the levels of analytes prior to their quantification by instrumental
methods (such as gas chromatography and high-performance liquid
chromatography combined) (Agus et al., 2023; Raza et al., 2018). Some
of the commonly used pre-concentration methods for PAHs are liquid-
liquid extraction, solid-phase extraction, solid-phase microextraction,
and dispersive liquid-liquid microextraction (Jinadasa et al., 2020).
Liquid-Liquid Extraction (LLE) is a traditional method known for its
simplicity and effectiveness in separating PAHs from aqueous samples.
However, it requires large volumes of organic solvents and is time-
consuming, which can limit its efficiency and environmental sustain-
ability (Manousi & Zachariadis, 2020; Temerdashev et al., 2021). Solid-
Phase Extraction (SPE) offers greater efficiency (high recovery and
cleaner extracts) and lower solvent consumption compared to LLE, and
it can be easily automated. Nevertheless, SPE can be costly, and the
choice of sorbent material significantly impacts its effectiveness, which
may require optimization for different PAH profiles (Andrade-Eiroa
et al., 2016). Solid-Phase Microextraction (SPME) is a solvent-free
technique that integrates sampling, extraction, and concentration in a
single step, making it highly efficient and environmentally friendly. Its
main drawbacks are the limited capacity of the fiber, which can affect
sensitivity/reproducibility, and the need for careful handling to prevent
damage to the fiber (Zhang et al., 1994). Dispersive Liquid-Liquid
Microextraction (DLLME) is another method that offers rapid and effi-
cient extraction with minimal solvent use and high enrichment factors.
However, DLLME can be less effective in complex matrices and may
suffer from issues related to emulsification, which can complicate phase
separation. In addition, the selection of suitable dispersing solvents is
very important to achieve a high recovery rate in this process (Rezaee
et al., 2010; Rykowska et al., 2018). Among these methods, magnetic
solid-phase extraction (MSPE) has gained attention from researchers in
recent years as an efficient technique for sample preparation. MSPE
involves the use of a magnetic adsorbent that can be directly separated
by an external magnet without the need for centrifugation and filtration
steps, which simplifies the procedure and reduces the cost and energy
consumption (Sajid et al., 2021; Yu et al., 2019). So far, various mate-
rials have been used to develop magnetic adsorbents (Manousi &
Zachariadis, 2020; Wu et al., 2021; Yu et al., 2019). In this among,
carbon-based adsorbents have garnered escalating interest due to their
outstanding performance, high extraction capacity, good dispersion in
the sample, affordable price, and availability (Thakur & Kumar, 2023).
Biochar, a carbonaceous material derived from biomass pyrolysis, seems
to be a promising candidate for the MSPE process because of its sub-
stantial porosity, surface area and active site (functional groups), su-
perior dispersibility, simple preparation procedure, and high selectivity
(Di et al., 2020). In this context, the use of agricultural waste as a pre-
cursor for biochar synthesis has attracted the attention of researchers
due to the dual benefits of waste valorization and environmental
remediation (Barasikina, 2021; Yaashikaa et al., 2019). Among the wide
variety of agricultural wastes, nectarine cores present themselves as a
convincing candidate for biochar production due to their abundance,
high carbon content, suitable physicochemical properties, and economic
and environmental benefits. Accordingly, it is expected that the devel-
opment biochar from nectarine cores (NBC) as a novel adsorbent in
PAHs extraction/preconcentration will bring hopeful results. However,
efficient and affordable separation and reuse of post-extraction NBC
remains a major barrier to cost reduction and pollution prevention in
this promising technology. Researchers have proposed incorporating
magnetite nanoparticles (FegO4 NPs) into the biochar matrix as a rapid
and cost-effective method for separating adsorbents from samples. This
approach utilizes the magnetic properties of Fe3O4 NPs for efficient
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separation under external magnetic fields, offering significant im-
provements (e.g., reduction in separation time and cost) compared to
conventional filtration methods (Prajapati & Mondal, 2022). In addition
to material modification, the acoustic cavitation is highlighted as a
mechanism to accelerate chemical processes through the application of
ultrasound irradiation (US). This phenomenon involves the generation,
growth, and subsequent implosion of micro-sized bubbles as pressure
waves propagate through the liquid medium. This cavitation-induced
process notably enhances the mass transfer and affinity between
adsorbate (PAHs) to the adsorbent (MNBC) in extraction systems
(Savun-hekimoglu, 2020). Some studies have also reported that
ultrasound-assisted extraction system has resulted in improved equili-
bration and shorter contact time during the extraction process (Dalmau
et al., 2020). Considering the significant advantages offered by the
hybrid the US-MSPE-GC/MS method, the potential toxicity and carci-
nogenic nature of PAHs, and the existing research gap concerning the
application of magnetite biochar derived from nectarine core as an
adsorbent under ultrasound irradiation for PAHs extraction from tomato
paste, the current study was undertaken with the following main ob-
jectives: (i) The synthesis and characterization of the MNBC adsorbent
derived from nectarine core, (ii) Investigation of the influence of key
variables (i.e. adsorbent dose, extraction time, NaCl addition, eluent
type, and volumes) on the efficacy of PAHs extraction from samples, (iii)
Investigating the influence of stirrer and ultrasound irradiation in the
extraction process and (iv) Determination of the PAHs concentration in
tomato paste (as real samples).

2. Materials and methods
2.1. Chemicals, instruments, and analytical methods

The following solvents were purchased from Sigma-Aldrich (St.
Louis, MO; United States): n-Hexane, dichloromethane, acetonitrile and
acetone. A standard mixture of PAHs (QTM PAH-Mix, 2000 pg mL™ D
was procured from Supelco (Bellefonte, PA, USA). The NBC adsorbent
was prepared from the core of nectarine, which was bought from a fruit
market in Sirjan, Iran. The chemicals used for the magnetization of the
adsorbent, including FeNO3-9H;0 (>99.99 %), melamine (C3HgNpg),
anhydrous ethanol (CD3CD,0OD, >99.5 %) and NaOH (93 %) were
purchased from Sigma Aldrich (St. Louis, MO, USA). H3SO4 (>99.0 %)
and HCI (35-37 %) were obtained from Merck Co. (Darmstadt, Ger-
many). All the other chemicals were of analytical grade and used as
received without any further purification. A stock solution of PAHs was
prepared by dissolving predetermined quantities of PAHs in methanol.
For other required concentrations, appropriate portions of the standard
stock solution were diluted daily with DI- water. The stock solutions
were stored in a dark place at 4 °C. In this study, PAHs, comprising benzo
(a)pyrene [BaP], benzo(a)anthracene [BaAl], benzo(b) fluoranthene
[BbFL], chrysene [Chr], benzo(k)fluoranthene [BKFL], dibenzo[a,h]
anthracene [DBA], indeno[1,2,3-cd] pyrene [Ind] and benzo[g,h,i]
perylene [BP], was selected as a representative of PAHs (Carcinogenic
one) for the extraction process by the US-MSPE hybrid system. An
Agilent-fused silica HP-5MS capillary column (30 m x 0.25mmi.d.,
coated with 5 % diphenyl, 95 % dimethyl polysiloxane, film thickness
0.25 pm) was used for chromatographic separation in splitless mode.
High-purity helium (> 99.999 %) was employed as carrier gas at a flow
rate of 1 mL min~!. Injector and GG-MS interface temperatures were set
at 280 °C and 150 °C, respectively. The column temperature program
followed this sequence: held at 60 °C for 1 min, then ramped to 290 °C at
5°C min~?, and finally maintained at the target temperature for 2 min.
The injection volume was 1 pL and the analytes were quantified by
normalizing the area under the curve (AUC) value between 0 and 1
according to Eq. 1:
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AUC value — Min value of AUCs
Max value of AUCs — Min value of AUCs
(@)

Normalized value of AUC =

Where AUC value represents the specific AUC value for a given sample,
Min value of AUCs is the smallest AUC value among all the samples, and
Max value of AUCs is the largest AUC value among all the samples.

2.2. Preparation and characterization of MNBC adsorbent

The pyrolysis method (Chen et al., 2022) was considered to prepare
the NBC adsorbent. Initially, nectarine cores were thoroughly cleaned
with ultrapure water and dried in an oven at 120 °C for 12 h until a
constant weight was attained. Next, the dried cores were ground using a
ball mill (QM-3SP04, China) and sieved (100-mesh) to achieve a fine
powder. Afterwards, 1.5 g of the obtained powdered was mixed with 70
mL of ferric iron solution (FeNO3. 9H;0 = 0.5 g) and stirred for 3 h.
Subsequently, 5 g of melamine and anhydrous ethanol were added to the
mixture and stirred. The resulting solution was heated in a water bath at
80 °C until all the water evaporated. The dried precursor was pyrolyzed
in two stages under a N atmosphere. First, it was heated to 600 °C at a
rate of 5 °C min~! and held for 2.5 h. Then, the temperature was
increased to 850 °C at the same rate and held for another 1.5 h. Finally,
the pyrolyzed powder was treated with 1.5 M HCI for 7 h to remove
unwanted components. The product (MNBC) was then separated using a
neodymium magnet, washed with deionized water and ethanol until the
wash solution remained neutral, and finally dried under vacuum at 90 °C
for 5 h. The synthesized adsorbent characterizations are given in Sup-
plementary Information, Text 1.

2.3. Optimization of extraction processes

The current study has focused on the systematically investigation
and optimization of five key parameters including contact time, adsor-
bent mass, NaCl addition, solvents type and its volume on PAHs
extraction efficiency using US-MSPE hybrid system based on the one
factor at a time (OFAT) approach. For extraction times, the vial con-
taining 5 mg adsorbent in 20 mL model solution (initial PAHs: 25 ng
mL’l), was placed on an ultrasonic bath (frequency: 45 kHz) at room
temperature (25 + 5 °C) and sonicated for 5 to 60 min. The effect of
varying quantities of MNBC (e.g., 1 to 30 mg) were used to evaluate the
best amount of PAHs extraction from the samples, while other param-
eters held constant and contact time fixed at optimized amount. The
effect of different NaCl concentrations in the range of 0 to 18 % w/v was
examined under the optimized conditions established in the previous
steps to determine the optimal NaCl level. For elution, n-hexane,
acetone, acetonitrile and dichloromethane were employed to identify
the most efficient solvent for the PAHs desorption process. Moreover,
the influence of different eluent volumes (50-300 pL) on quantitative
recovery of the target analyte was investigated under the defined
experimental conditions. It should be noted that after each experimental
step, the MNBC adsorbents were separated from samples using a strong
magnet (dimensions: 10 x 5 cm x 4 cm, magnetic field strength: 1.4 T)
and their supernatant was collected and injected (1 pL) into the GC/MS
system to determine the final PAHs concentration (area under the curve:
AUCQ). All experimental procedures were conducted in triplicate, and the
reported values represent the average of three measurements. The
schematic of PAHs extraction procedures by US-MSPE hybrid system
summarized in Fig. S1.

2.4. Method validation

The study of Farrokhzadeh et al. with some modifications was used
to validate the US-MSPE-GC/MS method in the present study
(Farrokhzadeh & Razmi, 2018). The proposed method was validated for
linearity (LR), limits of detection (LODs), limits of quantification
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(LOQs), coefficient of determination (Rz), and relative standard devia-
tion (RSDs). The relationship between the peak area and the concen-
tration of the analyte was assessed by plotting calibration curves at four
standard solutions (0.01, 5, 25, 50, and 100 ng g’l). Each solution was
analyzed in five replicates (n = 5), and the slope, intercept, and coeffi-
cient of determination (Rz) were calculated by the least squares linear
regression analysis. LODs and LOQs were determined based on signal-to-
noise ratios (S/N) of 3 and 10, respectively. In order to measure the
accuracy of the method, the extraction recovery of the analytes was
calculated by spiking a known amount of PAH concentration into a
sample matrix. The repeatability and precision of the method was
assessed by performing five replicate extractions of a spiked sample and
calculating the RSDs of the measured concentrations. A lower RSD value
confirms the high precision of the proposed method for PAHs extraction.

2.5. Real samples

The applicability of the optimized US-MSPE-GC/MS method for
PAHs extraction in real samples was assessed using four commercially
available tomato paste brands with high consumption rates in Iran
(named S.1 to S.4, n = 5 per brand). These samples were purchased from
various local markets across Sirjan (Iran) and stored at 4 °C. For sample
preparation, 5.0 g of tomato paste from each sample were accurately
weighed and transferred to 50 mL centrifuge tubes. The samples were
then vigorously shaken and homogenized for 15 min after the addition
of 10 mL of deionized water. The prepared samples were then centri-
fuged at 4000 rpm for 10 min. Finally, the resulting supernatant was
collected and subjected to further analysis (determination of PAHs)
using the optimized procedures described in section 2-3 and Fig. S1. The
relative recovery percentage (RR%) for analytes spiked in the real
samples was calculated using the following equation:

C—G)

RR (%) = ( x 100 )

S

where C; is the concentration of target PAHs measured in a spiked
sample, C; is the initial concentration of analyte in the sample (back-
ground concentration before spiking), and C; is the spiked concentration
of target analyte.

3. Results and discussion
3.1. Characterization

Fig. 1 shows the SEM analysis of the synthesized adsorbent before
and after its modification with Fe3O4 NPs. It can be observed that the
original biochar derived from nectarine core (NBC) exhibited a rela-
tively smoother surface (Fig. 1a). Conversely, the surface of MNBC
displayed a markedly roughened texture characterized by the numerous
presences of granular/spherical particles on the biochar surface, which
attributed to the presence of iron oxide species (Fig. 1b). The structure of
MNBC appears to be non-uniform (non-monodisperse) and a slight
agglomeration was observed in it, which can be attributed to the
incorporation of Fe304 NPs into the composite structure. The TEM image
(Fig. 1c) reveals that the Fe304 NPs with a diameter of 20 to 40 nm and a
spherical shape are heterogeneously distributed on the NBC surface
(NBC diameter = 30 to 80 nm). Additionally, TEM analysis confirmed
the partial aggregation of FesO4 NPs, which was earlier observed using
the SEM analysis. This phenomenon can be attributed to the inherent
magnetic properties of Fe304 NPs, which makes the nanoparticles tend
to aggregate or accumulate in certain areas. The average particle size of
the MNBC was analyzed using dynamic light scattering (DLS) analysis
and its results can be seen in Fig. 1d. The evidence indicates that the
average particle size of the prepared nanocomposite is 74.05 + 4.38 nm.
The EDS spectrum (Fig. 1e) verified the existence of carbon, iron, and
oxygen in the MNBC structure, with atomic percentages of 53, 26 and
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Fig. 1. SEM images of NBC (a) and MNBC (b), TEM image (c), DLS size (d), EDS pattern (e), FTIR spectrum (f), XRD pattern (g), VSM characterization (h), and BET

measurement (i) of MNBC adsorbent.

21 %, respectively. The demonstration of these elemental peaks affirms
the successful synthesis of Fe304 NPs and their successful stabilization
within the NBC structure. The FTIR spectra of the as-synthesized MNBC
were examined in the wavelength range of 500-4000 cm ™! (Fig. 1f). The
peak at 1743.71 cm™! can be attributed to the G=0 stretching vibra-
tions arising from carbonyl and carboxyl groups present in the adsor-
bent. The peak at 1620.37 cm™! represents C=C aromatic stretching
vibrations, while those at 1042.22 cm™! correspond to C—O alkoxy
stretching vibrations. These observations suggest successful oxidation of
nectarine core to biochar (NBC). The broad peaks around 3424.2 cm !
are associated with -OH stretching vibrations, which are characteristic
of hydroxyl groups on the surface of the adsorbent. A distinctive peak at
2907.72 cm™! is indicative of C—H (carbon-hydrogen) bond stretching
vibrations commonly found in organic compounds. Peaks observed at
1435.36 cm™! represent symmetric and asymmetric stretching vibra-
tions related to -COOH and COO- groups, indicating melamine ligand

presence in MNBC. The appearance of a peaks at 541.16 cm ™" to 679.91
cm™! denoted the presence of Fe—O in the MNBC structure, indicating
that iron has been oxidized into Fe3O4 nanoparticles (NPs). These
findings are in good agreement with the literature reported in previous
studies (Ilyas et al., 2020). The crystal phase and structure of the syn-
thetic NBC before and after modification with Fe304 NPs were charac-
terized by XRD method in the range of 26 =15° to 70° and their obtained
patterns are presented in Fig. 1g. For NBC, a distinctive diffraction peak
was observed around 260 = 23.66°, corresponding to the (002) planes of
carbon (Wang et al., 2023). XRD analysis of the Fe3sO4 NPs revealed
characteristic peaks at 30.3° (220), 35.66° (311), 43.32° (400), 52.5°
(422), 57.3° (511), and 62.91° (440), consistent with the reference
pattern for magnetite (JCPDS file no. 19-0629). These results provide
strong evidence for the successful synthesis of crystalline Fe3O4 NPs. The
XRD pattern of the MNBC composite retained all the characteristic peaks
observed in the individual XRD profiles of Fe3O4 NPs and NBC. This
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observation suggests the successful preservation of both components
during the synthesis of the magnetic biochar. VSM analysis revealed a
saturation magnetization value of +8.4 emu/g for the MNBC, as shown
in Fig. 1h. The hysteresis loop exhibited minimal (near zero) coercivity
and remanence, which is characteristic of superparamagnetic behavior
of MNBC. This feature enables easy, fast and efficient separation of
MNBC from mixtures using an external magnetic field without leaving
impurities and secondary contamination. Nitrogen gas adsorption-
desorption analysis using the BET method was employed to assess the
surface characteristics of the MNBC adsorbent (Fig. 1i). The obtained
isotherm corresponds to type IV with an H3 hysteresis loop according to
IUPAC classification. This observation signifies the mesoporous nature
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of MNBC (pore size 2-50 nm) with a non-uniform pore size distribution
and interconnected network porosity. The BET surface area of the MNBC
was determined to be 371 m? g~ 1. Furthermore, BJH desorption analysis
revealed a pore size of 3.4 nm and a pore volume of 0.33 cm® g for the
synthesized adsorbent. These results collectively demonstrate that
MNBC possesses a high surface area and a mesoporous structure, both of
which are highly desirable properties for an efficient adsorbent material.

3.2. Optimization of the extraction process

3.2.1. Extraction time
The effect of extraction time on PAHs recovery was investigated
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Fig. 2. Effect of extraction time (a), adsorbent mass (b), additional NaCl (c), eluent type (d), and elution volume (e) on the extraction efficiency of PAHs.
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within a range of 5 to 60 min. As shown in Fig. 2a, the area under the
curve (AUC) increases with increasing extraction time and reaches the
equilibrium point at approximately 30 min. Thereafter, the extraction
efficiency remained relatively constant. The initial rapid increase in
peak area can be attributed to enhanced mass transfer of PAHs from the
solution to the MNBC adsorbent due to greater contact time between the
two phases. During this initial stage (within the first 30 min), the
abundance of unoccupied sites and functional groups on the adsorbent
surface facilitates efficient PAHs interaction, leading to high extraction
efficiency. However, as the extraction time extends beyond 30 min,
these active sites become progressively saturated with PAHs, resulting in
a decline in further uptake. Therefore, based on the observed trend, 30
min was selected as the optimal extraction time for subsequent
experiments.

3.2.2. Adsorbent mass

The impact of varying adsorbent mass (ranging from 1 to 30 mg) on
the extraction efficiency process was investigated, and their results are
presented in Fig. 2b. The results revealed a significant enhancement in
extraction performance for all eight PAHs with increasing adsorbent
mass. The most improvement was observed at 10 mg MNBC adsorbent,
where the area under the curve reached the highest point (XAUCs =
1.25E+07). Further increases in adsorbent mass resulted in negligible
changes in extraction efficiency (2AUCs = 1.33E+07 at 30 mg), hence
adsorbent dosages greater than 10 mg were not explored further. The
observed enhancement in extraction performance can be attributed to
the greater availability of active sites on the MNBC surface with a higher
adsorbent dose. These sites, along with functional groups, play a critical
role in trapping and binding PAH molecules, leading to improved
extraction efficiency (Jebli et al., 2023). Therefore, to balance economic
considerations with effective performance, an adsorbent dose of 10 mg
was recommended for further experiments.

3.2.3. NaCl addition

To investigate the impact of ionic strength on extraction efficiency, a
series of experiments were conducted using NaCl concentrations ranging
from O to 18 % w/v. As depicted in Fig. 2(c), the area under the curve of
PAHs increased by 1.51-fold as the NaCl concentration rose from 0 to 9
%. This enhancement can be ascribed to two primary mechanisms.
Firstly, NaCl disrupts the hydrogen bonding interactions/ bonding be-
tween solvents and the nonpolar PAH molecules. This reduces the af-
finity of PAHs for the solvent and consequently promotes their migration
towards the MNBC adsorbent for enhanced extraction. Secondly, the
increasing ionic strength associated with NaCl addition leads to a
decrease in the aqueous solubility of PAHs. This phenomenon minimizes
the formation of emulsions during extraction process. This facilitates
cleaner separation of the target analytes from the aqueous phase, ulti-
mately improving the efficiency of PAH recovery (Manousi & Zachar-
iadis, 2020; Zeger et al., 2023). While a 9 % w/v NaCl concentration
demonstrably enhances extraction efficiency, exceeding this limit can be
counterproductive. Saturation of the aqueous phase with Na™ and CI~
ions, coupled with increased solution viscosity, can hinder the extrac-
tion process. Furthermore, excessively high ionic strength might lead to
competition between PAHs and NaCl for binding sites on the MNBC
adsorbent and potentially interfere with subsequent analytical methods
employed for PAH quantification (Sajid et al., 2021; Zhang et al., 2020).
Therefore, 9 % w/v NaCl was chosen for optimal efficiency and minimal
drawbacks.

3.2.4. Elution solvents

Four solvents including n-Hexane, dichloromethane, acetonitrile and
acetone were comprehensively investigated to determine the most effi-
cient solvent for the extraction process. As illustrated in Fig. 2(d),
dichloromethane (DCM) yielded the highest peak area (AUC), indicating
its superior ability to extract PAHs from the samples. This can be
attributed to the moderate polarity of DCM that effectively solvates a
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broad range of PAHs with varying polarities (low and high polarity
PAHs). Additionally, DCM benefits from both high solubility and good
volatility (Szulejko et al., 2014). In contrast, n-hexane demonstrated the
lowest AUC, reflecting its limited extraction efficiency. Acetone and
acetonitrile displayed similar performances, and were ranked second
and third, respectively. Based on these findings, dichloromethane
(DCM) was selected as the most effective and reliable solvent for the
extraction and analysis of PAHs from the samples for subsequent
analysis.

3.2.5. Eluent volume

As shown in Fig. 2(e), increasing the elution volume from 50 pL to
200 pL led to a corresponding rise in the XAUCs level from 2.06E+07 to
2.49E+07. The enhancement can be attributed to the greater availability
of solvent molecules for PAHs solubilization with increasing volume.
This facilitates the desorption of PAHs from the solid phase (MNBC
adsorbent) and significantly enhances the extraction efficiency (Ameer
et al., 2017). Interestingly, further increasing the volume to 250 pL
showed slight changes in the process (£AUCs change to 2.50E+07) and
more than this volume even resulted in a decrease in extraction effi-
ciency (XAUCs = 2.45E+07). Several factors can contribute to the
negative impact of excessive eluent volume on the efficiency of the
extraction process. One key concern is the dilution effect, where un-
necessary eluent volume diluted the concentration of PAHs in the final
extract. This can significantly compromise the sensitivity of subsequent
analyses (Trufelli et al., 2011). On the other hand, a larger elution vol-
ume can increase the co-elution of matrix components that may interfere
with PAHs detection, especially those with similar chromatographic
properties (Cortese et al., 2020). Additionally, an increased eluent vol-
ume also raises the risk of carryover, a phenomenon where residual
analytes or interfering compounds are washed off or carried over from
the sorbent into the collected fraction, potentially contaminating sub-
sequent samples (Russo et al., 2024). Finally, handling larger volumes
can introduce variability through pipetting errors or evaporation losses,
ultimately compromising the precision and accuracy of the final
analytical results (Greer et al., 2021). Therefore, 200 pL was identified
as the optimal elution volume for MNBC-based PAH extraction and
adopted for subsequent experiments.

3.3. PAHs extraction efficiency comparison: US + MSPE vs. stirrer +
MSPE

Following the optimization of key parameters on PAH extraction
process, a comparative investigation was conducted to evaluate the ef-
ficacy of ultrasound-assisted magnetic solid-phase extraction (US +
MSPE) versus stirrer-assisted magnetic solid-phase extraction (Stirrer +
MSPE). As detailed in the supporting information (Fig. S2 and Table S1),
under same conditions, the US + MSPE system exhibited a significantly
higher extraction efficiency (2.61-fold) compared to the Stirrer + MSPE
system. This statistically significant difference was further confirmed by
ANOVA analysis (p-value = 3.1E-05). Acoustic cavitation and micro-
scopic disturbances generated by ultrasound waves in the vicinity of the
adsorbent surface can explain the superior performance of the US +
MSPE system. Due to these phenomena, mass transfer boundary layers
are reduced and PAHs can be more effectively transferred from the
sample matrix to the adsorbent (Azam et al., 2020; Liu et al., 2020).
Interestingly, increasing the stirrer speed from 150 to 200 rpm had
minimal impact on extraction efficiency. Conversely, increasing the ul-
trasound frequency from 45 kHz to 55 kHz resulted in a decrease in
PAHs extraction. This observation suggests the possibility of partial
degradation or destruction of PAH molecules at frequencies exceeding
45 kHz, potentially due to sonochemical effects or free radical genera-
tion induced by the ultrasound.
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3.4. Method validation

To ensure the accuracy and reliability of the developed method, the
performance of the US-MSPE-GC/MS for PAH extraction validated
under optimum conditions and their results are presented Table 1. A
correlation determination (R2) over 0.992 was obtained for all calibra-
tion curves (concentration range = 0.01-100 ng g~ 1), indicating a strong
and good linear relationship between the analytical signal and the PAH
concentrations. The limit of detection (LODs) based on a signal-to-noise
ratio (S/N) of 3 ranged from 0.028 to 0.053 ng g~ ', and the limit of
quantification (LOQs) calculated at an S/N of 10 were between 0.094
and 0.176 ng g 1. The obtained values confirm that the method has
sufficient sensitivity for the detection and quantification of PAHs, which
allows a robust assessment of PAHs in tomato paste samples. To evaluate
the consistency of the US-MSPE-GC/MS method within a lab setting,
tomato paste samples spiked with known amounts of PAHs (25 ng g~ *
PAHs) were analyzed. These analyses were performed on the same day
(intraday) and across three consecutive days (interday) to assess both
repeatability and reproducibility. The method’s precision was
confirmed by calculating the relative standard deviations (RSDs) of peak
areas, which are detailed in Table 1. The RSDs were found to be below
4.035 % for intraday analysis and within 5.96 % for interday analysis,
indicating acceptable precision. These findings suggest that the US-
MSPE-GC/MS method is a promising candidate for the accurate, reli-
able, and sensitive analysis of PAHs in real tomato paste samples.

3.5. Analysis of real samples

To assess the applicability of the proposed US-MSPE-GC/MS method
for real sample analysis, four high consumed brands of tomato paste
(labeled S; to S4) were investigated under optimized conditions. Based
on the results presented in Table 2, no PAHs were detected (denoted as
ND) in the unspiked samples. This absence of target PAHs in any of the
unspiked samples suggests that the samples were free from background
contamination. The relative recovery (RR%) of the proposed method for
PAHs was evaluated by analyzing the specified target analytes at two
concentration levels of 25 and 50 ng g~} in tomato paste samples. Five
replicate experiments were performed at each concentration level. The
results indicated that relative recoveries for the PAHs in real samples
were in the range from 88.03 to 98.52 % with RSDs of 1.50-9.19 % (see
Table 2). The acceptable recovery values and good reproducibility at
two concentration levels indicates the suitability of the developed
method for PAHs quantification in tomato paste samples. Fig. S3 (a-c)
presents the typical chromatograms of the PAHs in standard solution,
unspiked tomato paste sample (S;) and its corresponding spiked sample
(concentration: 50 ng g’l) after extraction process, respectively. As
evident in the chromatogram of sample S;, no distinct peaks corre-
sponding to PAHs are observed, suggesting their absence concentration
in the original sample. The chromatogram of the spiked sample dis-
played clear and distinct peaks at the expected retention times for the
targeted PAHs. This verifies the successful extraction, enrichment, and
detection of PAHs by the US-MSPE-GC/MS method, demonstrating its
applicability for the analysis of these compounds in tomato paste
samples.

Table 1
Analytical merits of the proposed method.
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3.6. Comparison of US-MSPE-GC/MS with other reported MSPE methods

The analytical efficiency and reliability of the US-MSPE-GC/MS
method, using nectarine core-derived biochar (NBC) as adsorbent, was
evaluated in comparison with previously reported methods for the PAHs
determination. As can be seen from Table 3 and Table S4, MNBCs as a
sorbent offer ease of separation and cost-effectiveness compared to other
sorbents. Furthermore, the magnetic solid phase extraction (MSPE)
method employed here, simplifies handling procedures compared to
traditional extraction techniques. The developed method uses a very
small amount (10 mg) of MNBC adsorbent. This minimum adsorbent
requirement has led to a significant economic savings in reagent con-
sumption compared to previous studies. Besides, the low optimal
adsorbent dose of MNBC suggests an intrinsic advantage for this
adsorbent. This observation implies potentially superior inherent capa-
bilities of MNBC for PAHs extraction compared to conventional adsor-
bents employed in previous studies. The lower RSDs value (<5.96 %) in
comparison to the average RSDs of 8.96 % reported in other studies
highlights the higher precision and reproducibility of the current
method. The best extraction time (30 min) is within a reasonable range
compared to previous studies reported using a mechanical stirrer (e.g.,
15-45 min). However, the use of ultrasound irradiation did not signif-
icantly speed up the extraction process or shorten the overall duration of
the procedure. This observation contradicts our initial expectations and
suggests a limited impact of ultrasound irradiation on the PAHs
extraction process using MNBCs as a sorbent. The present investigation
achieved a remarkably low LODs (0.0405 ng g, range: 0.028-0.053 ng
g™ 1), representing a near nine-fold improvement over established
methods (average LODs: 0.3631 ng g 1). This enhanced sensitivity fa-
cilitates detection of trace concentrations of PAH analytes. The mean of
extraction recovery (ER) of 93.28 %, slightly lower than the mean ER of
94.62 % in other studies. Despite the small difference, the high ER in-
dicates that US-MSPE-GC/MS method is efficient in extracting of PAHs
from tomato paste. A key limitation of this study is related to the utili-
zation of dichloromethane as the extraction eluent. Dichloromethane
undeniably offers exceptional efficiency in PAHs extraction, but its
environmental impact compared to alternative eluents has raised sig-
nificant concerns. Therefore, it can be proposed to use a solvent with
competitive extraction performance and less adverse effects on the
environment in the future studies.

4. Conclusion

This study presents an ultrasound-assisted magnetic solid phase
extraction (US-MSPE) method coupled with gas chromatography-mass
spectrometry (GC-MS) for the efficient extraction and pre-concentration
of polycyclic aromatic hydrocarbons (PAHs) from tomato paste samples.
A novel magnetic nanocomposite adsorbent (MNBC) was synthesized
and successfully integrated into the US-MSPE process. Under optimized
extraction conditions, the developed method demonstrated exceptional
performance with a total area under the curve (£AUCs) of 2.50E+07 and
relative standard deviations (RSDs) below 5.96 %. The method exhibited
low limits of detection (LODs) and limits of quantification (LOQs),
indicating its high sensitivity for PAHs analysis. Moreover, excellent

Analyte Linearity(ng g 1) Slope Intercept R? LOD(ng g 1) LOQ(ng g ) Intraday RSDs(%, n = 5) Interday RSDs(%, n = 5)
BaA 0.01-100 4.26E+05 6.42E+06 0.997 0.033 0.109 1.899 2.867
Chr 0.01-100 4.52E+05 5.28E+06 0.994 0.045 0.150 1.587 2.560
BKFL 0.01-100 2.50E+05 2.47E+06 0.992 0.053 0.176 4.035 5.960
BaP 0.01-100 2.92E+05 3.75E+06 0.998 0.029 0.097 1.082 2.069
DBA 0.01-100 1.17E4+05 1.39E+06 0.998 0.028 0.094 2.521 3.476
Ind 0.01-100 1.00E+05 1.52E+06 0.997 0.032 0.108 3.507 4.482
BP 0.01-100 2.37E+05 2.98E+06 0.996 0.037 0.123 1.507 2.484
BbFL 0.01-100 3.60E+05 4.22E+06 0.996 0.036 0.120 3.294 4.240
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Table 2

Recovery and precision of PAHs in various tomato paste samples using US-MSPE-GC/MS method.
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Sample Analyte Mean(ng g~ ) Spiked amount Sample Mean(ng g ) Spiked amount
(ngg™ (mgg ")
25 50 25 50
RR(%) RSD(%) RR(%) RSD(%) RR RSD RR RSD
(%) (%) (%) (%)
BaA ND 95.87 3.52 96.89 2.25 ND 93.78 2.08 96.57 1.69
Chr ND 93.30 3.10 95.21 3.46 ND 93.96 3.51 95.62 2.44
BKFL ND 96.56 2.44 98.52 1.59 ND 92.03 6.53 95.66 5.15
s1 BaP ND 90.15 5.49 92.24 3.10 s2 ND 88.03 3.34 93.67 5.83
DBA ND 93.73 2.59 95.81 4.48 ND 91.64 3.16 94.08 2.50
Ind ND 92.99 1.50 96.26 3.26 ND 92.07 4.78 97.22 5.58
BP ND 95.70 4.14 97.94 1.52 ND 93.74 5.84 98.90 5.27
BbFL ND 92.58 3.90 96.29 4.72 ND 91.30 4.81 94.72 4.20
BaA ND 92.78 3.11 95.98 3.45 ND 91.40 4.99 96.42 5.31
Chr ND 91.43 1.66 94.96 5.61 ND 95.37 5.66 97.08 4.93
BKFL ND 93.02 4.68 97.27 5.32 ND 93.87 3.78 96.23 8.86
3 BaP ND 89.90 2.38 94.29 3.69 s4 ND 91.19 6.82 92.29 1.95
DBA ND 90.43 5.32 95.32 4.72 ND 93.00 9.19 93.57 7.57
Ind ND 91.53 4.51 94.82 5.30 ND 90.07 4.41 95.24 5.90
BP ND 94.37 3.34 95.59 5.88 ND 89.59 5.49 93.39 7.88
BbFL ND 93.91 2.85 97.96 6.06 ND 94.75 4.20 97.39 8.91
Table 3
Comparison of other reported analytical methods with the current proposed MSPE for PAHs extraction.
Study 1 Study 2 Study 3 Study 4 Study 5
Sorbent modified fiber Neutral Si/basic Si/acidic B-CD@GO/Si02 Silica-alumina mMWCNTSs
Methods SPME SPE SPE SPE MSPE
Instrument HS-GC-FID GC-FID HPLC-DAD HPLC-UV GC-MS
Sorbent mass (mg) N.D. 400 200 8 5
Type of eluent. methanol dichloromethane Acetone acetonitrile toluene
extraction time (min) 40 15 N.D. 45 10
LODs (ng g-1) 0.04-2.32 0.1-0.3 0.1-0.3 0.26-1.15 0.10 — 0.88
RSD (%) <11.6 < 15.6 <5.5 <74 <9.6
ER% 81.07-97.5 83.69-94.25 75.1-102.6 80-104 87.8-122.3
Samples Vegetables meat products Fried Food barbecued food Edible oils
Reference (Lei et al., 2011) (Olatunji et al., 2014) (Wang et al., 2021) (Dost & Ideli, 2012) (Zhao et al., 2011)
Study 6 Study 7 Study 8 Study 9 Study 10
Sorbent 3D-IL@mGO Spent tea leaves Fe304/Cu: CuO/GO-NC CP-Sil 19CB MNBC
Methods MSPE p-SPE MD-p-SPE SPME MSPE
Instrument GC-MS GC-FID HPLC-UV HPLC-FLD GC-MS
Sorbent mass (mg) 50 5 14 N.D. 10
Type of eluent. toluene hexane acetonitrile methanol dichloromethane
extraction time (min) 10 12 12 15 30
LODs (ng g-1) 0.05-0.30 0.05-0.4 0.015-0.061 0.01-0.1 0.028 to 0.053
RSD (%) <79 <9.8 < 5.62 <76 < 4.96
ER (%) 80.2-115 88-111.4 95.1-106.8 70.1-98.24 88.03 to 98.52
Samples vegetable oil Rice Vegetables, fruits food samples tomato paste
Reference (Zhang et al., 2017) (Nazir et al., 2020) (Asfaram et al., 2020) (Ishizaki et al., 2010) This Study

linearity was observed with high R-squared values, confirming the
method’s reliability. The incorporation of ultrasound irradiation into the
US-MSPE system significantly enhanced the extraction efficiency of
PAHs compared to a conventional stirrer-based MSPE system. ANOVA
analysis revealed a statistically significant difference (p-value = 3.1E-
05) between the two methods, with US-MSPE achieving a 2.61-fold in-
crease in extraction efficiency. The US-MSPE-GC/MS method demon-
strated effective detection of PAHs in real tomato paste samples with
satisfactory relative recoveries ranging from 88.03 % to 98.52 % and
low RSDs (RSD < 9.19 %). However, However, no PAHs were detected
in the tested samples. Overall, the US-MSPE-GC/MS method offers a
compelling combination of simplicity, ease of separation, and high ef-
ficiency, making it a promising alternative for PAHs analysis in envi-
ronmental monitoring and other sensitive applications.
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