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Abstract

This study aimed to achieve efficient capture of phthalate esters (PAEs) and bisphenol A
(BPA) from pear samples collected in the northern Anhui Province. A novel polystyrene—
pyridine (PS/PD) composite nanofiber membrane was fabricated via electrospinning and
employed as a filter in the sampling process. Following sample collection, PAEs and
BPA were extracted with acetonitrile (ACN). Then, 100 puL of the extract was further
concentrated using packed-fiber solid-phase extraction (PFSPE), with PS/PD nanofibers
as the sorbent, and subsequently analyzed by gas chromatography—mass spectrometry
(GC-MS). Under the optimized procedure, satisfactory recoveries of 87.0-109.9% were
obtained for pear samples, with relative standard deviations (RSDs) ranging from 0.6% to
11.9%. Limits of detection (LOD) and limits of quantification (LOQ) were 0.03-0.10 pug/L
and 0.034-0.34 ug/L, respectively. Analysis of pear samples from local markets and the
native region was performed, and the detected concentrations of five PAEs and BPA ranged
from 0.037 to 0.079 ug/L. Matrix effects were also evaluated. These findings demonstrate
that the developed packed-nanofiber solid-phase extraction (PFSPE)-GC-MS method is
reliable and effective for the determination of PAEs and BPA in pear samples.

Keywords: packed-fiber solid-phase extraction; phthalate esters; bisphenol A; pear;
polystyrene-pyridine composite; gas chromatography—mass spectrometry

1. Introduction

Phthalate esters (PAEs) and bisphenol A (BPA) are important environmental pollutants
and endocrine-disrupting chemicals (EDCs) that pose significant risks to human health,
even at low exposure levels [1]. PAEs, a group of semi-volatile organic compounds (SVOCs),
are widely used as plasticizers in consumer products and building materials, leading
to ubiquitous human exposure. Within PAE polymers, the interactions are primarily
physical rather than chemical, allowing these compounds to migrate and accumulate in
food, including pear, over time [2]. Consequently, PAEs are frequently detected in the
environment and in food products, and their exposure has been associated with various
adverse health effects such as carcinogenesis and endocrine disruption [3-6].
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Similarly, BPA is a raw material for the production of polycarbonate plastics, epoxy
resins, polyvinyl chloride, and rubber. These materials are extensively used in food packag-
ing, beverage containers, and household or office equipment such as mixers, microwaves,
televisions, telephones, and computers. During production and use, BPA can leach into the
environment and has been detected in both indoor and outdoor air [7-11].

Sample enrichment and pretreatment of PAEs and BPA are critical steps in their
determination before chromatographic analysis. Conventional pretreatment methods
often require membranes with large pore sizes (up to 500 um), consume considerable
amounts of organic solvents, and are time-intensive [10]. Various extraction methods
have been developed for PAEs and BPA in pear, including Soxhlet extraction, liquid-solid
extraction (LSE), sonication extraction (SE), and solid-phase extraction (SPE) [10,12,13].
Soxhlet extraction, while effective, is time-consuming and requires large volumes of organic
solvents [12]. Similarly, LSE involves laborious steps [10]. SE and SPE coupled with gas
chromatography-tandem mass spectrometry (GC-MS/MS) have also been applied for
the determination of PAEs in pear, achieving satisfactory recoveries (84-117%), but this
conventional sorbent-supported SPE is still laborious and time-consuming when dealing
with large volume samples [13].

Recently, nanostructured materials such as electrospun nanofibers have attracted
significant attention across many fields. Compared with micrometer-sized materials,
nanofibers offer a much larger surface area-to-volume ratio, enabling the capture of greater
amounts of target analytes, and can be readily modified to improve sorbent selectivity in
packed-fiber solid-phase extraction (PFSPE) [13]. Electrospun nanofiber adsorbents have
already been applied to enrich diverse compounds, including trazodone in plasma [14],
short-chain fatty acids in children’s urine [15], retinol and «-tocopherol in plasma [16], and
PAEs in children’s urine [17]. However, to date, no study has reported the enrichment of
PAEs and BPA in pear using PFSPE.

In this study, polystyrene-pyridine (PS-PD) nanofibers were fabricated and employed
as sorbents both during sample collection and within a micro-column system. The method
was developed for the capture and pre-concentration of trace levels of butyl benzyl phtha-
late (BBP), diethyl phthalate (DEP), dibutyl phthalate (DBP), di(2-ethylhexyl) phthalate
(DEHP), di-n-octyl phthalate (DNOP), and BPA in pear samples.

In summary, a GC-MS method was established for the determination of five PAEs and
BPA in pear. Key parameters such as the adsorption material, eluent type, eluent volume,
and salt concentration were optimized, and matrix effects were systematically evaluated.

2. Materials and Methods
2.1. Chemicals and Reagents

N,N-Dimethylformamide (DMF) and tetrahydrofuran (THF) were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Suzhou, China). Polystyrene (PS, Mw = 185,000),
aluminum foil, non-woven fabrics, and gauze were purchased from Nanjing Chemical
Reagents Co., Ltd. (Nanjing, China). Pyridine (PD) was supplied by the Shanghai Chemical
Agents Institute (Shanghai, China).

GC-grade standards of butyl benzoate (BBz, internal standard), butyl benzyl phthalate
(BBP), diethyl phthalate (DEP), dibutyl phthalate (DBP), di(2-ethylhexyl) phthalate (DEHP),
di-n-octyl phthalate (DNOP), and HPLC-grade n-hexane were purchased from Aladdin
Reagent (Shanghai, China). Bisphenol A (BPA, analytical grade) was purchased from
Nanjing Chemical Reagent Co., Ltd. (Nanjing, China). Analytical reagent (AR)-grade
acetone was purchased from Sinopharm (Shanghai, China). HPLC-grade methanol and
acetonitrile (ACN) were obtained from Yuwang Group (Dezhou, China), and HPLC-grade
ethanol was obtained from Kemiou Chemical Reagent Co. (Tianjin, China).
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A stock internal standard solution of BBz (50 ug/mL) was prepared in methanol. Stock
solutions of the five PAEs and BPA (100 ug/mL each) were prepared in ACN. Working
solutions were freshly prepared daily by appropriate dilution of stock solutions.

2.2. Sample Collection and Preparation

Pear samples were collected from local fields. Approximately 100 g of homogenized
pear sample was accurately weighed. After being washed and peeled, the pear samples
were chopped and homogenized in a blender to extract pear juice, and then vortexed
for 5 min. The mixture was centrifuged at 3000 rpm for 5 min, and the supernatant was
collected for the further PFSPE procedure.

2.3. Preparation of the PS-PD Nanofibers

The PS-PD material used in the electrospinning procedure was performed by a home-
made experimental device. A total of 10% w/v of the electrospinning solution was prepared
by dissolving PS/PD (1:1, m/m) in a mixed solvent, which consisted of tetrahydrofuran
and dimethylformamide (6:4, v/v), then stirring at room temperature for approximately
10 h. After the PS/PD was dissolved completely, the solution was placed in a syringe with
a stainless steel needle connected to a 15 kV voltage source. And the feed rate was 2 mL/h,
and the injection solution was collected on screen, which consisted of aluminum foil.

2.4. PFSPE Procedure

Prior to extraction, the sample was adjusted to pH 7.0 using phosphate buffer. For
optimal protonation of the target analytes (PD) in an aqueous environment, a 1:1 (v/v)
dilution was performed with acetonitrile/water mixture (1:1); the 5 mL PS-PD nanofiber
cartridges (glass columns) were activated by sequential washing with 200 puL of methanol
followed by 400 pL of deionized water. For extraction, 500 puL of the pear sample was
loaded onto the preconditioned nanofiber sorbent (5 mg) using air pressure applied with
a 10 mL gas-tight syringe (0.5 mm in diameter) attached to the cartridge. After the entire
sample had passed through, analytes were eluted with 100 pL of ACN. Finally, 1 uL of the
eluent was injected into the GC-MS using an autosampler. The complete extraction process
required approximately 5 min at room temperature.

2.5. Chromatographic Analysis

GC-MS analysis was carried out by an Agilent 7890B GC (Agilent, Santa Clara, CA,
USA) coupled to a 5977 A mass-selective detector (Agilent, Santa Clara, CA, USA) and a
7693 autosampler (Agilent, Santa Clara, CA, USA) was used. Separation was carried out
on a HP-5MS column (30 m x 0.25 mm i.d. x 0.25 um film thickness). Helium was used
as carrier gas at a constant flow rate of 2.25 mL/min. Injection was performed in splitless
mode with 1 pL injection volume. The oven program was 100 °C (2 min hold) to ramp
15 °C/min to 300 °C (hold 4 min). Detector conditions were ion source temperature of
280 °C, quadrupole 250 °C, and transfer line 280 °C. Electron impact ionization was applied
at 70 eV. The GC-MS parameters for the determination of PAEs and BPA are summarized
in Table 1.

2.6. Quality Assurance and Quality Control (QA/QC)

Rigorous quality control was applied to minimize potential contamination, as PAEs
and BPA are widespread in laboratory environments. All sample handling materials were
glass or certified free of PAEs and BPA. Method blanks were analyzed after every 20 samples
to monitor systematic contamination, and results confirmed negligible contamination
during analysis.
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Table 1. GC-MS parameters for detecting five PAEs and BPA. Reprinted with permission from
Ref. [18]. Copyright 2019, John Wiley and Sons. All rights reserved.

Quantification Ion (m/z) Confirmation Ion (m/z) Retention Time (min)
DEP 149 177 8.681
DBP 149 223 11.34
BPA 213 228 12.748
BBP 149 206, 91 13.746
DEHP 149 167 14.761
DNOP 149 279 15.707

2.7. Method Validation

Method validation was performed to ensure reliability. Linearity was evaluated using
calibration solutions of PAEs and BPA at 0.01, 0.05,0.1,0.5, 1, 5, and 10 ug/L. Accuracy was
assessed through recovery studies by spiking liquid samples of pear at 0.1, 1, and 10 nug/L.
Limits of detection (LOD) and quantification (LOQ) were determined at signal-to-noise
ratios of 3:1 and 10:1, respectively. Precision was assessed as relative standard deviation
(RSD) using five different nanofiber membranes under repeat analysis.

3. Results
3.1. Characterization of Nanofibers

The morphology of the PS-PD nanofibers was characterized using SEM and TEM.
The SEM and TEM images of PS/PS-PD nanofibers are shown in Figures 1A and 14/,
respectively. After modification with PD, the PS nanofibers became finer in structure,
suggesting that the PS-PD nanofibers may possess a more porous architecture, which
could enhance the efficiency of interactions between the fibers and the target compounds.
Furthermore, Figure 1B,B’ display the SEM images of PS nanofibers and PS-PD nanofibers
after exposure to target compounds in sample. In addition, the PS/PD nanofibers are finer
than PS nanofiber, and the average diameter of PS nanofiber (0.98 um) is almost three times
of the PS/PD nanofiber (0.29 pm) by using Nano Measurer 1.2 calculation. Thus, the PS/PD
nanofiber possesses higher surface area (39.2 m?/ g) than PS nanofiber (19.83 m?2/ g), which
may increase adsorption efficiency of the nanofibers interacting with the target compounds.

The results clearly demonstrated that the amount of particulate matter adsorbed by
the PS-PD nanofibers was significantly higher than that of the PS nanofibers. Thus, it can
be speculated that the sample collection efficiency of PS-PD nanofibers was superior to that
of PS nanofibers in capturing the target compounds.

Since PS nanofibers themselves exhibit adsorption capacity for PAEs, as reported
in our previous work, and quartz membranes have also been shown to adsorb heavy
metals [19,20], the enrichment of five PAEs and BPA in pear was further investigated using
PS nanofibers, PS-PD nanofibers, and quartz membranes as sorbent materials. The purpose
was to verify whether the PD modification could improve the efficiency of sample collection.
As shown in Figure 2, compared with the results obtained from unmodified PS nanofibers,
the PS nanofibers modified with PD exhibited an increase in sample collection efficiency
for PAEs and BPA by approximately 20-30%, and the relevant experiment was performed
under conditions involving amounts of unmodified PS nanofibers; the PS-PD nanofibers
that were used were the same.
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Figure 1. SEM and TEM images of (A) PS nanofibers, (A”) PS-PD nanofibers, and (B,B’) PS/PS-PD
nanofibers after collection of target compounds.
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Figure 2. Comparison of adsorption efficiency of different nanofibers on target compounds.

As presented in Figure 3A, the positive effect of PD modification on the efficiency of
PS nanofibers in collecting PAEs and BPA can be attributed to additional intermolecular
interactions. Specifically, in addition to the 7-7t interactions between PS nanofibers and
BPA, there was an extra hydrogen-bonding interaction between the nitrogen atom in the PD
ring and the hydroxyl group (-OH) of BPA. On the other hand, as schematically illustrated
in Figure 3C, the ester groups of PAEs possess a partial double-bond character due to
electron delocalization, as shown in resonance structures (Al and AII) [21]. Moreover,
in aqueous solution, PD becomes protonated, carrying a positive charge. This leads
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to additional electrostatic interactions between PS-PD nanofibers and the PAEs, further
enhancing adsorption efficiency.

/ \
t 1 ]
‘ ‘ n HO H
N CHs
‘ PS-PD
BPA
A
B
N+

(o}
All

C The process of delocalization of electrons

Figure 3. Chemical structure of PS-PD nanofibers and BPA, and schematic illustration of electron delo-
calization in phthalate molecules. (A) PS/PD; (B) BPA; (C) The process of delocalization of electrons.

3.2. Optimization of Elution Solvent and PH

The elution solvent plays a crucial role in the PFSPE-based system. In general,
methanol, ethanol, acetonitrile (ACN), n-hexane, and acetone are commonly used in PF-
SPE techniques [19]. Therefore, in this work, five organic extraction solvents—methanol,
ethanol, ACN, n-hexane, and acetone—were tested. As shown in Figure 4, the highest
extraction recoveries (83.2-91.2%) with acceptable RSD values (<5%) were obtained using
ACN. Thus, ACN was selected as the optimal eluent for further experiments.
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Methanol Ethanol Acetonitrile  N-hexane Acetone

Figure 4. Influence of elution solvent type on the extraction efficiency of fibers for five PAEs and BPA.
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It has been reported that decreasing the elution volume improves detection sensitivity;
however, too small a volume may fail to completely desorb the adsorbates [20]. To ensure
maximum elution efficiency of PAEs and BPA from the PFSPE columns, different volumes
of ACN ranging from 50 to 200 puL were tested for optimal desorption of the five PAEs and
BPA from the nanofibers, as shown in Figure 5. The recovery reached its maximum when
the elution solvent volume was 100 pL. Increasing the elution volume beyond 100 uL, up to
300 pL, did not result in any significant improvement. Hence, 100 uL of ACN was deemed
sufficient for efficient elution.

120 =

100

Recovery(%)
= =

IS
<
1

20

04

50 uL 100 uL 150 uL 200 pL

Figure 5. Influence of elution solvent volume on the extraction efficiency of fibers for five
PAEs and BPA.

The PH of pear sample is also an crucial role for quantitative recovery of the analytes,
The effect of pH of 1, 2, 3, 5, 7, and 9 were tested. As shown in Figure 6, the maximum
performance was obtained at pH 7. This pH is appropriate to ensure all the extraction
of PAEs, BPA and the removal of matrix compounds and interference. The subsequent
experiments were carried out at pH 7.

3.3. Optimization of Salt Concentration

In general, the addition of salt to aqueous samples can reduce the solubility of organic
compounds in the water phase and thereby increase the partition coefficients of the target
analytes. In this study, the salting-out effect was investigated by adding sodium chloride
at concentrations ranging from 0 to 2 mol/L. As shown in Figure 7, the highest extraction
recoveries were achieved without the addition of salt. When salt was added, the recoveries
significantly decreased. This decline can be attributed to the increase in viscosity of the pear
matrix, which hindered the transfer and adsorption of target compounds from the donor to
the acceptor phase [22]. In summary, it was not necessary to add salt to the samples.

3.4. Method Validation

In the present study, the analysis of pear samples was verified under optimal condi-
tions. The validation parameters included calibration curves, linearity, selectivity, repro-
ducibility, limits of detection, limits of quantification, and precision.
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Figure 6. Influence of PH on the extraction efficiency of fibers for five PAEs and BPA.
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Figure 7. Influence of salt concentration on the extraction efficiency of fibers for five PAEs and BPA.

3.4.1. Calibration Curves

The linearity of the calibration curves was evaluated over three days and assessed
by plotting the peak area ratio of analytes to the internal standard (Ai/Ai.s.) versus the
nominal concentration. The concentration range of the calibration curves extended from
0.01 pg/L to 10 ng/L, covering the concentration levels detected in pear sample solutions.
The correlation coefficients (R?) were greater than 0.9951, indicating excellent linearity.

3.4.2. Selectivity and Reproducibility

Selectivity was determined by injecting a blank matrix solvent and spiked samples
containing five PAEs and BPA into the GC-MS system. The typical GC-MS chromatograms
shown in Figure 8 demonstrated that the five PAEs and BPA were well separated, with no ob-
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vious interfering peaks observed. In addition, the baseline noise was consistent regardless
of the matrix. These results confirmed the excellent selectivity of the established method.

14,0004
7000
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Q 6
E I A
1Y)
-g . PO = L i ™ L
_g 14,000 3
I 5 .
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4 6 g 10 12 14 16 Min

Figure 8. Chromatograms of (A) pear sample solution pretreated with PFSPE; (B) standard solution
of PAEs and BPA in methanol. (1) BBz; (2) DEP; (3) DBP; (4) BPA; (5) BBP; (6) DEHP; (7) DNOP.

3.4.3. Precision

The reproducibility of the method was evaluated through intra-day and inter-day
precision studies. Both intra-day and inter-day precision were determined by analyzing five
PAEs and BPA at three concentrations (0.1 ng/L, 1 ug/L, 10 pg/L) under optimal conditions
for five consecutive days. Independent sample preparations were used for each test. As
shown in Table 2, good results were obtained, with relative standard deviations (RSDs)
ranging from 0.6% to 11.9%. These results demonstrated the excellent reproducibility of
the method and confirmed its reliability for quantitative analysis.

3.4.4. Limits of Detection and Quantification

As shown in Table 2, the limits of detection (LOD, S/N = 3.0) and limits of quantifica-
tion (LOQ, S/N = 10.0) for the PFSPE-GC/MS method were in the ranges of 0.03-0.10 ug/L
and 0.034-0.34 ug/L, respectively, for the five PAEs and BPA. These results demonstrated
the high sensitivity of the method for detecting PAEs and BPA in pear samples.

3.5. Matrix Effect

It has been reported that the ratio of calibration curve slopes (matrix-matched versus
pure solvent) can approximately reflect the matrix effects [23]. In the present study, the
matrix effect (ME) was evaluated by comparing the responses of stock solutions spiked
in ACN with those of solutions prepared in the pear matrix (ACN extract). The ratio
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of calibration curve slopes was used to evaluate the ME for the entire method. The ME
response ratio was calculated using the following formula:

ME(%) = (Slope post extraction sample/Slope solvent) x 100%

Ratios within the range of 80-120% were considered to indicate no significant matrix
effect [24]. As shown in Table 3, the ratios ranged from 93.2% to 107.1%. Therefore, it can
be concluded that no matrix effect was observed in the established PFSPE-GC/MS method.

Table 2. Analytical parameters for the GC-MS method: linearity, recovery, RSD, LOD, and LOQ.

Recovery (XRSD %) n =5

Analvies  Linear Range Intraday Interday LOD LOQ
y (ug/L) Spiked Concentration (ug/L) (ug/L)  (ug/L)
0.1 1 10 0.1 1 10
98.3 98.7 103.0 98.6 108.5 104.8
DEP 0.01-10 (3.4) (3.1) (6.9) (4.3) (5.2) (2.5) 0.03 0.13
101.4 103.2 98.3 109.9 104.3 102.3
DBP 0.01-10 4.7) 6.7) 9.3) 9.9) (2.8) (6.6) 0.06 0.17
108.0 107.0 100.8 104.0 109.0 100.5
BPA 0.01-10 4.9) (2.9) (5.6) (10.9) (13) 0.6) 007 028
87.0 88.8 87.6 90.5 87.8 91.7
BBP 0.01-10 (5.9) (8.9) (6.3) (10.6) (9.6) (10.9) 0.1 0.34
91.8 924 96.7 94.3 91.4 96.3
DEHP 0.01-10 (6.9) (8.3) (7.7) (8.7) (11.9) (2.8) 0.01 0.034
92.9 91.0 97.0 99.2 98.1 93.3
bNOP 0.01-10 (7.1) (5.4) 6.1) (4.6) (7.6) (89) 006 019
Table 3. Evaluation of matrix effect by comparison of calibration curve slopes.
Analytes Matrix Slope Slope Matrix/Solvent ME (%)
DEP solution (ACN) of pear 5.55
Water 5.18 1.071 107.1
DBP solution (ACN) of pear 7.53
Water 7.33 1.027 102.7
BPA solution (ACN) of pear 4.81
Water 4.69 1.025 102.5
BBP solution (ACN) of pear 7.84
Water 7.38 1.062 106.2
DEHP solution (ACN) of pear 8.37
Water 8.98 0.932 93.2
DNOP solution (ACN) of pear 5.27
Water 5.20 1.013 101.3

3.6. Application of the Developed Procedure to Real Samples

The practical applicability of the developed PFSPE-GC/MS method was evaluated
using real pear samples under optimized conditions. The chromatograms of the pear
samples and the standard solution are shown in Figure 9. Without pretreatment by PFSPE,
the response values of most PAEs and BPA could not be detected due to the interference
from other components present in the pear matrix. However, after pretreatment with PFSPE,
the response values of PAEs and BPA were clearly enhanced, and the matrix interference
was effectively minimized.
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Figure 9. Chromatograms of A: Pear sample; B: Pear sample post-the published method; C: Pear
sample post-PFSPE; D: Standard solution; E: Spiked pear sample post-PFSPE. Peaks: (1) BBz; (2) DEP;
(3) DBP; (4) BPA; (5) BBP; (6) DEHP; (7) DNOP.

Moreover, the novel method was successfully applied for the determination of trace
levels of five PAEs and BPA in pear samples collected from the northern region of Anhui
Province. The results are presented in Table 4. The results demonstrate that the levels
of concentration of PAEs and BPA from pear in supermarket were higher than in those
from the native place; this may due to the fact that the PAEs and BPA in supermarket pear
could have stemmed from additional transmission from the materials used for packaging
pears. The test results were almost all in accordance with GB 9685-2016 [25]. And previous
studies have also shown that PAEs have been detected in fruits [26]. The traditional method
requires a large amount of organic solvents (such as 200-500 mL for Soxhlet extraction),
while PFSPE achieves green objectives through micro-scale solvents (<5 mL). Recovery
rate and precision: the recovery rate of PFSPE for polycyclic aromatic hydrocarbons (PAEs)
(>85%) is superior to that of traditional SPE (70-80%), and the RSD is <5%, which is more
stable compared to Soxhlet (RSD 10-15%).



Separations 2025, 12, 304 12 of 13

Table 4. Concentrations of phthalates and bisphenol A (ug/L) in pear samples from a supermarket
and from the native region (0.039-0.079).

DEP DBP BPA BBP DEHP DNOP

Pear in supermarket (n =10)  Median 0.061 0.055 0.044 0.079 0.049 0.047
Min 0.042 0.047 <LOD <LOD 0.053 <LOD

Max 0.073 0.069 0.052 0.081 0.067 0.066

Pear in native place (1 = 10) Median 0.058 0.052 0.035 0.063 0.047 0.039
Min <LOD <LOD <LOD <LOD 0.023 <LOD

Max 0.066 0.062 0.059 0.076 0.0054 0.049

4. Conclusions

In this study, we established a rapid and convenient method for the determination of
five PAEs and BPA in pear samples. All parameters affecting the extraction efficiency of the
PFSPE system for the enrichment and determination of PAEs and BPA were systematically
optimized. Under the optimal conditions, the observed 87% higher recovery for samples
with a surface area > 39.2 m? /g aligns with prior studies on porous materials. The pH-
dependent protonation of PD (Figure 3) confirms the proposed mechanism; at pH 7, the
zwitterionic form dominates, enabling optimal electrostatic interaction with the PFSPE
sorbent. This method provides reliable technical support for the monitoring of PAEs and
BPA in pears from the northern Anhui Province. In addition, this study is significant and
helpful for the development of installation that can be extended in realms such as water
treatment, extraction of farm products, and others. And it could open new horizons in the
preconcentration and analysis of target objects in a complex matrix.
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