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Abstract
Phthalic acid esters (PAEs) have become an important food safety concern due to their lipophilic properties and propensity to
accumulate in adipose tissue in edible fish. In this study, a simple, sensitive, and accurate analytical method was successfully
established for simultaneous determination of 19 PAEs in fish samples using gas chromatography coupled with tandem mass
spectrometry (GC–MS/MS). A simplified Quick, Easy, Cheap, Effective, Rugged, and Safe (QuEChERS) procedure was applied
for sample preparation, and the Plackett-Burman factorial design was utilized for optimizing extraction parameters. The calibra-
tion curves were linear in the range 0.01–0.5 mg/kg for all of the analyzed PAEs, and the limits of quantification (LOQs) were
0.05–20 μg/kg which are much lower than those in previous reports. The average spiked recoveries ranged from 71.2 to 116.3%,
with relative standard deviations (RSDs) of 3.9 to 16.2% (n = 6). Finally, the method was applied to analyze 60 real fish samples
taken from Shanghai Municipality, China, and the diisobutyl phthalate (DIBP), dibutyl phthalate (DBP), and bis(2-
ethoxyethyl)phthalate (DEHP) were found in almost all fish samples tested in this study. The present study demonstrated that
the established method was suitable for market surveillance of 19 PAE residues in fish samples.
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Introduction

Phthalic acid esters (PAEs) are a group of compounds produced
in large volume that have been prevalently used as important
additives in industrial processes and consumer products. PAEs
can leach, migrate, or evaporate into various environmental
systems through industrial effluent, rainfall, and overland run-
off (Xu et al. 2008). Accordingly, a large amount of PAEs are
ubiquitous and are increasingly detected in environmental sam-
ples including soils (Niu et al. 2014; Sun et al. 2016), aquatic
systems (Liu et al. 2008; Mackintosh et al. 2006; Sun et al.
2013), and organisms (Ros et al. 2016). Due to their lipophilic
properties and propensity to accumulate in adipose tissue, PAEs

can be accumulated via diffusion across the gills and skin in
edible fish and then enter into the food chain.

Humans are exposed to all types of PAEs through food
intake over their lifetime, especially for Asian citizens
who consume large quantities of fish in their daily diet
(Cheung et al. 2008). Several studies based on the contri-
bution of different food types to phthalate exposure have
indicated that food is by far the major source of phthalate
exposure for the general population (Colacino et al. 2010;
Rozati et al. 2002). Some phthalates are reproductive and
developmental toxicants to laboratory animals and wild-
life (Carbone et al. 2013), and a great deal of concern has
been raised regarding their potential endocrine-disrupting
effects even at very low concentrations (Mills and
Chichester 2005). What is more, PAEs have been indicat-
ed to promote the progression of various types of cancers
(Soto and Sonnenschein 2010). Therefore, a simple, sen-
sitive, and accurate method for detecting PAEs in fish
samples is critically needed to ensure food safety.

Analytical methods reported in previous papers for the de-
termination of PAEs mainly consist of high-performance liq-
uid chromatography-variable wavelength detection (HPLC-
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VWD) (Zhang et al. 2011), liquid chromatography-tandem
mass spectrometry (LC-MS/MS) (Garrido Frenich et al.
2009), and gas chromatography-mass spectrometry (GC-
MS) (Bradley et al. 2013; Zhu et al. 2014). Method of wave-
length detection has been increasingly substituted with MS-
based detectors due to its limited identification ability. MS
allows low detection limits even if the extraction process
could be influenced by matrix effects caused by co-extracts.
MS/MS was better at increasing the sensitivity by drastically
reducing the background noise without losing its selectivity in
PAE identification (Sun et al. 2012). Due to the relatively low
polarity and the thermal stability of PAEs, GC combined with
MS orMS/MS has become the main tool for the determination
of PAEs in food samples. The final identification and quanti-
fication of PAEs in this study were performed using GC-MS/
MS.

In previous reports, the extraction steps in the sample prep-
aration procedure prior to chromatographic separation includ-
ed dispersive liquid–liquid extraction (LLE) (Fan et al. 2014;
Yan et al. 2011; Zhu et al. 2014), soxhlet extraction
(Mortazavi et al. 2013), stir bar sorptive extraction (SBSE),
or solid phase extraction (Carrillo et al. 2008; Moreira et al.
2015). Clean-up steps include gel permeation chromatogra-
phy (GPC) (Niu et al. 2011) and solid phase extraction
(SPE) (Sun et al. 2012). However, the methods mentioned
above are complicated and time-consuming and require addi-
tional equipment. Similar to detecting other environmental
pollutants, a simple preparation procedure for the analysis of
PAEs in foods is always the priority. The QuEChERS (quick,
easy, cheap, effective, rugged, safe) sample preparation meth-
od employs dispersive solid phase extraction (d-SPE). The
method was originally developed to improve the analytical
quality and laboratory efficiency of conventional methods
for extraction of pesticide residues in fruits and vegetables. It
is now widely used in multi-matrices including sediments
(Czech et al. 2016), tea (Liu et al. 2016), liver (Molina-Ruiz
et al. 2014), and fish (Chatterjee et al. 2016; Munaretto et al.
2013). However, the QuEChERS-related application on anal-
ysis of PAEs in fish samples is very limited (Bradley et al.
2013).

The purpose of this study was to develop a simple,
rapid, and reliable method for the analysis of 19 PAEs
in fish samples that combines the advantage of the
QuEChERS sample preparation method and the simplicity
of ultrasonic-associated extraction based on GC-MS/MS.
The extraction and clean-up procedures are the core con-
tent of the QuEChERS method, which is more credible
when optimized using the experimental design method.
The previous reported method has been rarely combined
with the experimental design method to optimize and de-
termine a sample preparation procedure. The Plackett-
Burman factorial design method was introduced in this
study to obtain the optimal parameters.

Materials and Methods

Reagents and Chemicals

A standard stock solution containing 1000 mg/L dimethyl
phthalate (DMP), diethyl phthalate (DEP), diisopropyl
phthalate (DIPrP), diallyl phthalate (DAP), dipropyl
phthalate (DPrP), diisobutyl phthalate (DIBP), dibutyl
phthalate (DBP), bis(2-methoxyethyl)phthalate (DMEP),
bis(4-methyl-2-pentyl) phthalate (BMPP), bis(2-
ethoxyethyl)phthalate (DEEP), dipentyl phthalate (DPP),
dihexyl phthalate (DHXP), benzyl butyl phthalate (BBP),
bis(2-butoxyethyl) phthalate (DBEP), dicyclohexyl
phthalate (DCHP), bis(2-ethoxyethyl)phthalate (DEHP),
diphenyl phthalate (DPhP), di-n-octyl phthalate (DNOP),
and dinonyl phthalate (DNP) dissolved in acetonitrile was
purchased from Alta Scientific Co., Ltd. (Tianjin China).
HPLC-grade acetonitrile, n-hexane, and dichloromethane
were purchased from Fisher Scientific (Waltham, USA).
The d-SPE materials, such as sorbents composed of pri-
mary secondary amine (N-(n-propyl)ethylenediamine
(PSA), 40–63 μm) and octadecylsilane (C18, 40–
63 μm), were purchased from Agilent Technologies
(California, USA). Anhydrous magnesium sulfate and so-
dium chloride (Analytical Reagent grade) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Ningbo,
China).

Preparation of Standard Solutions and Samples

A standard stock solution containing 19 PAEs was stored in
amber-colored glass vials at − 20 °C. The working standard
solutions for the calibration were diluted with acetonitrile to
the final concentration of 10 to 500 μg/L, respectively.

Fresh fish samples were collected from local markets in
Shanghai. Approximately 5 g (± 0.01) of a homogenized fish
sample was weighed and transferred to a 50-mL glass centri-
fuge tube with a conical bottom, after which 5 mL of acetoni-
trile (1% acetic acid) as the extracting solvent was added. The
sample was mixed by vortexing for 1 min to disperse the
sample. After addition of 2 g NaCl, the tube was shaken for
1 min and bathed in ultrasonic (KQ-200DE CNC ultrasonic
cleaner, Kunshan, China) water for 30 min (40 °C, 60 W) and
centrifuged at 1788.8×g for 5 min. Afterwards, 3 mL of su-
pernatant was transferred to a 15 mL d-SPE purge tube con-
taining 150mg of PSA and 450mg of anhydrousMgSO4. The
tube was vortexed for 1 min, followed by centrifugation at
1788.8×g for 5 min. Subsequently, 1 mL of the supernatant
was filtered through a 0.22-μm membrane filter and was
placed in vials for GC-MS/MS analysis.

A Plackett-Burman factorial design experiment for 12 runs
was designed to find the significant parameters affecting ex-
traction efficiency. Parameters such as extraction solvent
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volume (V), weight of salt (m), ultrasonic time (t), ultrasonic
temperature (T), and ultrasonic intensity (E) were investigated
based on variance analysis, and one dummy factor (D) was
introduced to analyze systematic error or unknown variables
affecting extraction efficiency (Morado Pineiro et al. 2013).
The chosen low-level (− 1) values and high-level (1) values of
extraction solvent volume (V), salt weight (m), ultrasonic time
(t), ultrasonic temperature (T), and ultrasonic intensity (E)
were (5, 10 mL), (1, 2 g), (10, 30 min), (20, 40 °C), and (60,
80 W), respectively. The PB design experimental of 19 PAEs
is shown in Table 1.

GC-MS/MS Analysis

The analyses of 19 PAEs were performed with a GC attached
to a triple-quadrupole mass spectrometer (GC 7010, MS
7890B, Agilent Technologies, USA) using an HP-5MS
(30 m × 0.25 mm, 0.25 μm, Agilent Technologies, USA) cap-
illary column. Samples (1 μL) were injected in the splitless
mode. The GC temperature program was as follows: The pri-
mary oven temperature was set 60 °C for 1 min, ramped to
220 °C at 20 °C/min, followed by an increase to 280 °C at
5 °C/min, and held at this temperature for 4 min. The carrier
gas was helium (the purity is no less than 99.999%), and the
flow rate was set constantly at 1.0 mL/min. The injector tem-
perature and ion source temperature were optimized at 285
and 320 °C, respectively. Mass spectrometry was performed
in electron impact (EI) mode, with an electron energy 70 eV
and a solvent delay time of 5 min. The collision gas was
nitrogen (the purity is no less than 99.999%).

The central composite design method was performed to
investigate the injector temperature and ion source tempera-
ture, to obtain optimal response and sensitivity. The low level,
central point, and high level of the variable were set as fol-
lows: injector temperature (250, 275, 300 °C) and ion source
temperature (265, 295, 325 °C). Three levels of each variable
required 11 tests following three duplicate tests in the center.
After the designed experiment was performed, regression
analysis was performed using SAS software to evaluate the
peak areas of the 19 PAEs.

Preliminary experiments were performed using stan-
dard solutions, and the parent ions of 19 PAEs were iden-
tified by screening mass spectra from 45 to 500 in full-
scan mode. The variables of collision energy and MS
transitions were optimized by combining the product ion
scan chromatograms of the matrix blank and standard so-
lutions. The characteristic ion pairs for the 19 PAEs were
confirmed under MRM in positive ion mode. The opti-
mized parameters for the 19 PAEs are summarized
(Table 2). Quantitation of PAEs was performed in multi-
ple reaction monitoring (MRM) mode using a matrix-
matched standard method. Ta
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Results and Discussion

Optimization of the GC–MS/MS Temperature

GC–MS/MS temperature plays an important role in PAE anal-
ysis (Zhou et al. 2016), and a suitable temperature can remove
the extraction solvent more quickly without loss of the target
chemicals. Response surface methodology models for 19

PAEs were generated in relation to the injector temperature
and ion source temperature, to obtain optimal response and
sensitivity (Fig. 1). The injector temperature and ion source
temperature affected the peak area significantly. As tempera-
ture increased from a central point to a high level, the peak
area exhibited a rapid increase. The best results were obtained
at an injector temperature of 285 °C, an ion source tempera-
ture of 320 °C, respectively.

Table 2 MRM parameters for
analysis of 19 PAEs Number PAEs Retention time

(min)
Qualitative ions
(m/z)

CE (eV) Quantitative ions
(m/z)

CE (eV)

1 DMP 7.683 163 > 77 20 163 > 135 20
2 DEP 8.544 149 > 65 20 149 > 93 20
3 DIPrP 8.918 149 > 65 28 167 > 149 20
4 DAP 9.444 149 > 65 20 149 > 93 20
5 DPrP 9.613 149 > 65 28 149 > 93 20
6 DIBP 10.248 149 > 65 28 149 > 93 20
7 DBP 10.973 149 > 65 28 149 > 93 20
8 DMEP 11.296 149 > 93 20 104 > 76 20
9 BMPP 12.031 149 > 65 28 167 > 149 20
10 DEEP 12.342 149 > 65 20 149 > 93 20
11 DPP 12.704 149 > 93 28 149 > 121 20
12 DHXP 14.802 149 > 65 28 149 > 93 20
13 BBP 14.943 149 > 65 28 91 > 65 20
14 DBEP 16.378 149 > 65 28 149 > 93 20
15 DCHP 17.027 149 > 65 28 149 > 93 20
16 DEHP 17.275 149 > 65 28 167 > 149 20
17 DPhP 17.388 225 > 77 20 225 > 141 20
18 DNOP 18.643 149 > 65 28 149 > 93 20
19 DNP 19.643 149 > 65 28 149 > 93 20

Fig. 1 Response surface of 19
PAEs at various temperatures of
GC-MS/MS
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Optimization of the Extraction Step

The correct choice of solvent is essential for obtaining optimal
extraction effects. The solubility of the compound in the sol-
vent and the intensity of the solute/matrix interactions are the
two main factors affecting the extraction effects of analyte.
The single factor experiment was done to find the optimal
extraction solvent. Based on previous study results (Liu et
al. 2013; Yang et al. 2015), the extraction effects of three
common extracting solvents (acetonitrile (1% acetic acid),
acetonitrile: n-hexane = 1:1, dichloromethane: n-hexane =
1:1) were investigated for the recoveries of 19 PAEs in a blank
Sole fish sample spiked with 100 μg/kg for three parallel
experiments under the same sample preparation. As shown
in Fig. 2, the mean percent recoveries obtained with acetoni-
trile (1% acetic acid) were significantly better than with other
extracting solvents. What is more, the background value of
acetonitrile (1% acetic acid) was significantly lower than for
other solvents. Hence, acetonitrile (1% acetic acid) was cho-
sen as the extraction solvent.

A Plackett-Burman factorial design experiment for 12 runs
was performed to find the significant parameters affecting
extraction efficiency. Parameters related to the recoveries are
studied with the variance analysis method, and the study
shows that the significant parameter (P < 0.05) affecting the
extraction efficiency of 19 PAEs from fish samples was ex-
traction solvent volume, while other parameters had no signif-
icant correlation with extraction efficiencies. The dummy fac-
tor was not significant, which indicated that no system error or
unknown parameters (Ma et al. 2016) affected the experimen-
tal results. The non-significant variables of salt weight, ultra-
sonic time, ultrasonic temperature, and ultrasonic intensity
were set as 2 g, 30 min, 40 °C, and 60 W by integration
analysis of recoveries of 19 PAEs.

After that, the single factor experiment was performed to
find the optimal extraction volume. As shown in the Plackett-
Burman factorial design experiment, a low volume of extrac-
tion solvent yielded better recoveries. However, due to vol-
ume loss during the extraction and clean up, at least 5 mL of
acetonitrile (1% acetic acid) was needed to guarantee the fol-
lowing GC-MS/MS analysis. Extraction solvent volumes
were set to 5, 6, 7, 8, and 9 mL to give the best recoveries
(as shown in Table 3). The best recoveries ranged from 77 to
106% and were obtained when 5 mL of acetonitrile (1% acetic
acid) was added. Recoveries of five types of PAEs listed in the
Blacklist of the US Environmental Protection Agency (EPA)
are shown in Fig. 3.

Optimization of Clean-up Steps

Because crude extracts of fish samples contain a large amount
of matrix co-extracts, effective removal is crucial for the ac-
curate analysis of trace PAEs. For clean-up optimization, the
control blank fish sample (5 g) was extracted with acetonitrile
(1% acetic acid), and the extract was spiked at 100 μg/kg level
of the target mixture. Clean-up was performed using different
combinations of PSA, C18, PSA + C18, and Neutral Al2O3

with 450 mg MgSO4, and recoveries of the 19 PAEs in two
replicates from different treatments were compared to confirm
the optimized sorbents. The clean-up achieved using PSA
followed by 450 mg MgSO4 showed the best recoveries (as
shown in Fig. 4). PSA, which has both primary and secondary
amines, could effectively remove fatty acid and nonpolar lipid
co-extractives (Molina-Ruiz et al. 2014). This occurs because
PSA forms hydrogen bonds with compounds containing hy-
droxyl or carboxy group (Anastassiades et al. 2003). PSA +
MgSO4 was chosen for the clean-up procedure.

Fig. 2 Effect of different
extraction solvents on the
extraction efficiency of 19 PAEs

Food Anal. Methods (2018) 11:3293–3303 3297



The amounts of sorbents used were carefully validated. A
comparison of percentage recoveries of 19 PAEs with 25, 50,
75, and 100 mg/mL of PSA is presented in Fig. 5. Fifty mil-
ligrams per milliliter of PSA displayed better clean-up effi-
ciency, with recoveries of PAEs ranging from 61 to 115%,
which were higher than the other tested levels. Finally, a mod-
ified QuEChERS preparation method for the simultaneous
determination of 19 PAEs was established.

Calibration and Method Validation

A six-point calibration curve using a matrix-matched standard
solution was obtained through weighted linear regression (1/x)
and showed good linearity over the selected concentration
range (10, 20, 50, 100, 200, 500 μg/L), with determination
coefficients (r2) exceeding 0.99 for 19 PAEs. Matrix effects
due to the co-elution of matrix components can suppress or
enhance analyte signals, which would lead to false quantita-
tive results. In this study, to evaluate the matrix effects, the
slopes obtained in the matrix-matched calibration were com-
pared to those obtained in the standard solution calibration,
and the slope ratios of the matrix/solvent were calculated for
each of the PAEs. TheMEswere calculated with the following
equation:

MEs %ð Þ ¼ Kmatrix=Ksolvent−1ð Þ � 100%

where K corresponds to the slope of the calibration curve. The
preparation steps were the same as mentioned above.

Compared to standard analytes in the solvent, signal en-
hancements were observed in most of the analytes, especially
for DBEP. The results showed that the matrix effects led to
moderate signal enhancement for 6 of the 19 test analytes (ME
> 10 to 50%), whereas for 13 analytes, the signal enhancement
was high (ME > 50%) (Chatterjee et al. 2016). To minimize
the mistakes caused by matrix effects, the quantitation of 19
PAEs was performed using matrix-matched analytical
solutions.

Recoveries were evaluated by spiking the fish samples at
three concentration levels of 20, 50, and 200 μg/kg, with six
replicates. The mean recoveries of 19 PAEs ranged from 71 to
116%, and the relative standard deviations (RSD) ranged from
4 to 16%, as presented in Table 4. The LODs and LOQs of the
19 PAEs ranged from 0.01 to 10 and 0.05 to 20 μg/kg, respec-
tively, and the LODs were determined as three times the
signal-to-noise ratio, while the LOQs were determined as ten
times the signal-to-noise ratio.

Xu et al. (2014) got LOQs of 23 PAEs at the range of 10–
100 μg/kg, whereas the values that ranged from 0.05 to 20 μg/
kg were obtained in this study. Most LOQs are much lower
than those in previous reports (Bradley et al. 2013; Du et al.
2016; Liu et al. 2013). Thus, based on the above mentionedTa
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experiments, the established method is suitable for the mea-
surement of 19 PAEs in fish samples.

Li Luo et al. (2017) developed a sample preparation proce-
dure for 4-n-octylphenol, 4-n-nonylphenol, and bisphenol A
based on the Plackett-Burman factorial design method.
However, the previous reported method has been rarely com-
bined with the experimental design method to optimize and
establish PAE determination method for fish samples.

Precautions for Minimizing Background
Contamination

To eliminate cross-contamination and background interfer-
ence of those PAEs that are ubiquitously present, special pre-
cautions were taken before sample preparation procedure:
Screening all solvents for 19 PAEs prior to analysis and using
the Bcleanest^ ones throughout the study, all glassware was
soaked in acetonitrile for 2 h and dried at 200 °C for 2 h. After
cooling, the glassware was wrapped in aluminum foil to pre-
vent the adsorption of PAEs from the air prior to use. MgSO4

and NaCl were both heated at 650 °C for 4 h in a muffle
furnace and stored in sealed glass vials after cooling. Plastic
materials were removed from the laboratory as much as
possible.

Additionally, contamination was initially quantified by
performing blank injections. The results showed that varied
levels of DMP, DEP, DIBP, DBP, and DEHP were detected.
DBP and DEHP were the main contaminations, which were
detected at 6.71 and 13.42 μg/kg, and the values were lower
than those reported in earlier study (Guo and Kannan 2012;
Zhou et al. 2016). Thus, it is important to take necessary
measures to minimize the contamination from background.

Application of the Developed Method to Fish Samples

The developed method was applied to the simultaneous deter-
mination of 19 PAEs in 60 random fish samples obtained from
local markets in Shanghai Municipality, the levels of 19 PAEs
are presented in Fig. 6. Analyses were performed in duplicate,
and average levels in the blanks were subtracted. Samples

Fig. 4 Recoveries of four selected
sorbents (PSA, C18, PSA+C18,
and neutral Al2O3) for 19 PAEs in
fish samples

Fig. 3 Effect of extraction solvent
volume on the extraction
efficiency of five PAEs
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were mainly saltwater fish and were types consumed by most
local residents. Detection frequencies of 19 PAEs in these fish
samples ranged from 0 to 100%, with concentration ranges of
not detected (n.d.) to 763.22 μg/kg. From the PAE figure (Fig.
6d), the mean concentrations of 19 PAEs in fish samples most-
ly ranged from 11.06 to 85.57 μg/kg, similar to concentrations
reported in a previous study (Gu et al. 2014).

DEHP, DBP, and DIBP showed the most frequently detect-
ed and highest concentrations compared to other PAEs. DEHP
concentrations ranged from 65.89 to 763.22 μg/kg, which
were well below the maximum residue limit (MRL) value of
1500 μg/kg recommended by the National Health and Family
Planning Commission of the People’s Republic of China
(NHFPC). DBP concentrations ranged from 38.47 to

Table 4 Linear equations, correlation coefficients, linearity range, recoveries, RSD, LOD, LOQ, and matrix effect of 19 PAEs

Analyte Linear regression equation (r2) Linearity range
(μg/L)

Recoveries
(%)

RSD (%) LOD
(μg/kg)

LOQ
(μg/kg)

Matrix effects
(%)

DMP Y = 1.75 × 105X + 1.97 × 106 0.9957 10–500 89.7–94.9 5.2–7.9 10 20 40

DEP Y = 2.10 × 106X + 2.87 × 107 0.9956 10–500 97.4–103.7 5.2–6.7 0.3 1 45

DIPrP Y = 2.36 × 106X + 3.51 × 107 0.9920 10–500 101.6–106.5 3.9–6.9 1 5 44

DAP Y = 9.83 × 105X + 1.77 × 106 0.9986 10–500 102.4–110.1 5.7–8.7 5 10 61

DPrP Y = 2.88 × 106X + 4.12 × 107 0.9964 10–500 100.9–110.1 5.0–6.6 0.5 2 40

DIBP Y = 2.77 × 106X + 8.61 × 107 0.9979 10–500 77.5–99.0 5.7–8.9 0.03 1 46

DBP Y = 3.45 × 106X + 1.62 × 108 0.9940 10–500 74.8–91.8 6.5–6.7 0.01 0.05 50

DMEP Y = 1.21 × 105X + 1.16 × 105 0.9970 10–500 81.5–100.3 10.4–16.0 7 20 63

BMPP Y = 1.03 × 106X + 1.71 × 106 0.9986 10–500 103.0–116.3 6.3–8.1 5 10 61

DEEP Y = 5.28 × 105X + 1.77 × 106 0.9972 10–500 79.7–100.2 6.8–14.4 10 20 66

DPP Y = 2.02 × 106X + 1.78 × 107 0.9965 10–500 101.1–115.2 6.2–7.1 0.5 1 64

DHXP Y = 4.79 × 106X + 7.80 × 107 0.9952 10–500 100.8–111.2 5.6–6.9 0.3 1 70

BBP Y = 2.24 × 106X + 1.08 × 107 0.9987 10–500 100.3–114.3 5.7–7.0 1 2 72

DBEP Y = 1.03 × 106X + 4.77 × 106 0.9986 10–500 87.1–103.4 6.0–13.2 5 10 80

DCHP Y = 3.89 × 106X + 3.31 × 107 0.9978 10–500 103.6–112.8 5.4–6.9 1 5 73

DEHP Y = 2.96 × 106X + 2.18 × 108 0.9957 10–500 71.2–88.7 7.3–15.9 0.01 0.05 71

DPhP Y = 3.82 × 103X + 3.96 × 102 0.9967 10–500 83.3–102.6 4.4–13.8 10 20 73

DNOP Y = 1.43 × 106X + 2.67 × 106 0.9979 10–500 99.1–106.2 5.5–7.0 5 10 79

DNP Y = 4.12 × 106X + 1.12 × 107 0.9978 10–500 100.0–107.0 5.7–7.4 3 5 76

Fig. 5 Effect of the amount of PSA on the extraction efficiency of 19 PAEs from fish samples
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383.85 μg/kg, and one sample exceeded the maximum resi-
due limit (MRL) value of 300 μg/kg recommended by the
NHFPC. The higher levels of DIBP, DBP, and DEHP were
related to the widespread and persistent presence of plasticizer
use in industry.

Conclusions

PAEs are ubiquitous and unavoidably carry the risk of cross-
contamination, which can result in overestimated levels.
Therefore, special precautions were taken in the experimental
procedure to eliminate background interference. The single
factor experiment was used to determine the optimal extrac-
tion solvent, and then a two-level Plackett-Burman factorial
design experiment for 12 runs was performed to find the sig-
nificant parameters affecting extraction efficiency, followed
by a single factor experiment to find the optimal extraction
volume. Acetonitrile (1% acetic acid) as an extractive solvent
gave better recoveries compared to acetonitrile-n-hexane (1:1)
and dichloromethane-n-hexane (1:1). For clean-up steps, var-
ious types and amounts of sorbents were studied, and the
optimal clean-up steps were confirmed. The developed
clean-up procedures only use a small amount of sorbent (com-
bination of PSA +MgSO4). Matrix effects were also consid-
ered to ensure accurate quantitation. Good separation and re-
sponses for 19 PAEs were achieved within 27 min in a single
analysis.

The developed method was applied to determine 19 PAEs
in 60 real fish samples taken from Shanghai Municipality,
China. The reported outcomes enable their rapid, sensitive,

and effective determination in fish samples at trace levels.
Generally, this study offers a simple, sensitive, reliable and
practical method for the quantitation and monitoring of trace
PAEs in complex matrices such as fish samples, requiring less
sorbent for clean-up and less time for analysis.
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