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ABSTRACT: Accurately quantifying chemical additives with adverse health effects in plastic
products is critical for environmental safety and risk assessment. In this work, a novel approach using
solubility parameters (δ) as indicators for the extraction of additives in plastics was developed. The
mechanism was evaluated by using 10 organic solvents with different solubility parameters to extract
brominated flame-retardant-decabrominated diphenyl ether (BDE-209) in polyethylene (PE),
polypropylene (PP), and polyethylene terephthalate (PET). Certified reference materials (CRMs) or
CRM candidate materials were applied as matrix materials. The extracted BDE-209 and solubility
parameters of solvents could fit into a curve of a quadratic function. The value of abscissa
corresponding to the vertex of the function was close to the solubility parameter of plastic calculated
by the group contribution method (Δδ < 0.37). Toluene, n-hexane, and acetone were the solvents
with high extraction efficiency for PE, PP, and PET, confirming the feasibility of the developed
approach. The results of ethyl acetate and acetone indicated the high weight of functional groups
affecting the dissolution behavior. The developed approach was further verified by analyzing penta-/
octa-BDE and phthalate esters in PET and polyvinyl chloride (PVC) and finally applied to analyze 15
plastic products made of PP, PE, PET, polystyrene, and PVC. The detected tetrabromodiphenyl ether (BDE-47), BDE-209,
decabromodiphenyl ethane, and di(2-ethylhexyl) terephthalate all matched the approach and verified its practicability for field
sample analysis.

■ INTRODUCTION

Plastic is a widely used material in many industries, such as
food packaging, building materials, household appliances, and
electronic and electrical industry.1,2 Plastic additives (flame
retardants, plasticizers, antioxidants, etc.) are widely used to
improve the properties of products.3 Many additives can be
released during the use and subsequent treatment of plastics
waste, which has adverse impacts on the environment and
human health.4−6 For example, brominated flame retardants, as
plastic additives, have been globally recognized as environ-
mental pollutants.7−10 Accurate quantitative analysis of
additives in plastic products is crucial for the study of their
migration and human exposure estimation.
At present, methods concerning extracting additives from

plastics are mainly based on liquid−solid extraction, such as
soxhlet extraction,11−14 microwave-assisted extraction,15 and
ultrasonic2,16 and pressurized solvent extraction.17 Addition-
ally, the widely used solvents to extract organic compounds are
dichloromethane (DCM),2 isooctane,17 n-hexane,19 toluene,20

acetone/hexane (1:1, v/v),1 pentane/DCM (1:1, v/v),12 and
toluene/acetone (1:1, v/v).21 Extraction solvent selection was
mostly based on comparison of recovery results, which is time-
consuming.18,19 In addition, when the plastics were uninten-
tionally dissolved in a solvent, especially partially dissolved, the

extraction efficiency decreased rapidly due to the aggregation
of plastics. Despite the solubility between solvents and
analytes, the solubility between solvents and plastics also
plays an important role for extraction efficiency.
Solubility parameters (δ) have been widely applied in drug

synthesis,22,23 preparation of natural active substances,24

extraction of organic pollutants,25,26 and research and develop-
ment of plastic products,27,28 which is also based on the
principle of “like dissolves like”. The solubility parameter δ is
calculated as the square root of gasification energy per unit
volume of matter.24−26,28,29 It can be used to characterize the
strength of liquid intermolecular interactions and has been
applied in polymer−solvent systems. It can be used to evaluate
and select solvents to dissolve plastics.24 The volume fractions
and Δδ of plastic and solvent would influence the enthalpy
mixing (ΔH).30 The value of ΔH decides whether the plastic
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can be soluble in solvents: a lower ΔH will lead to a better
solubility of the polymer in the solvent, which could be used to
predict the dissolution process.26,30,31 The solubility parameter
has been used to study the adsorption/desorption process of
polybrominated diphenyl ethers (PBDEs) in the surface of
microplastics.26 However, for the additives physically added
into plastics, the indicative role of solubility parameters in the
selection of solvents has not been well studied.
Nowadays, the dissolution between solvents and additives

attracted the most consideration, and the effect of polymer
dissolution on additive extraction remained unclear. Therefore,
in this work, the solubility parameter was used as an indicator
to select appropriate extraction solvents for plastic additives,
which would greatly reduce workload and improve efficiency in
practical application. Various solvents with different solubility
parameters were prepared to extract the additives from
different plastic samples. To ensure the reliability of results,
the homogeneity, stability, and value accuracy of additives in
plastic samples are critical. Three certificate reference materials
(CRMs)/CRM candidates of polyethylene (PE), polypropy-
lene (PP), and polyethylene terephthalate (PET) containing
value-assigned BDE-209 were applied. The detailed informa-
tion is summarized in the Supporting Information (SI). The
correlation between the solubility parameter and the
concentration of target additives extracted from plastic was
discussed and evaluated. The behaviors of other BDE
analogues including penta-/ octa-BDEs and phthalate esters
(PAEs) were further investigated using CRMs to verify the
developed approach. Meanwhile, the feasibility of the solubility
parameter approach was confirmed by extracting the additives
in PE, PP, PS, PVC, and PET plastic products collected from
the market. This study provided a practical approach of
analyzing polymer additives by calculation of solubility
parameters.

■ MATERIALS AND METHODS

Chemicals and Samples. Standard solutions including
tetrabromodiphenyl ether (BDE-47) in toluene and deca-
bromodiphenyl ethane (DBDPE) in toluene were all obtained
from Accustandard (50.0 μg/mL, USA). Di(2-ethylhexyl)
terephthalate (DEHTP) in n-hexane (10.0 μg/mL), deca-
brominated diphenyl ether (BDE-209, 50.0 μg/mL) in
toluene, and phthalate esters in n-hexane (BBP, DBP, and
DEHP, 0.5 mg/mL) were obtained from the National Institute
of Metrology (NIM), China. BBP was butyl phthalate, DBP
was di-n-butyl phthalate, and DEHP was di(2-ethylhexyl)
phthalate.
HPLC-grade solvents including methanol, isopropanol,

toluene, benzene, DCM, acetonitrile (ACN), acetone, n-
hexane, n-octane, cyclohexane, isooctane, and ethyl acetate
(EtAc) were purchased from Merck KGaA (Darmstadt,
Germany). The experimental water was prepared by a Milli-
Q system (Millipore, Bedford, USA).
Certified reference materials GBW08412 (decabrominated

diphenyl ether in PE) and GBW 08427 (Phthalates in PVC)
were supplied by NIM, P.R. China. PP plastic samples were
assigned by NIM China as CRM candidates, and the detailed
information is summarized in SI. The mass fraction values of
BDE-209 in this material have been well studied, and detailed
information is provided in the SI. Certified reference materials
JSAC0641 and JSAC0642 (PBDEs in PET) were purchased
from the Japan Society for Analytical Chemistry.

Fifteen kinds of plastic products were purchased from a
domestic market. The detailed information is listed in the SI.
All samples were cleaned and wiped with alcohol. After cutting
into small pieces of uniform size, each sample was mixed
thoroughly and stored in brown glass bottles at −20 °C.

Pretreatment Procedure. Ultrasonic Extraction (USE).
About 0.2 g of plastics was weighed and placed into a
precleaned glass tube. Then, 5 mL of extraction solvent was
added. The extraction was assisted with ultrasonic for 30 min
at two extraction temperatures, 20 and 40 °C, separately. The
extract was centrifuged (3000 rpm, 10 min), and the
supernatant was transferred to brown ampoules. This process
was repeated three times. All the extracts were collected and
concentrated to nearly dry under gentle nitrogen. Then, 1 mL
of toluene was used to reconstitute. The final samples were
obtained by diluting and filtering through a 0.2 μm filter
membrane for further instrumental analysis.

Accelerated Solvent Extraction (ASE). About 0.2 g of
plastics was weighed and mixed with 1.0 g of diatomite. The
mixture was then placed into an ASE cell. The extraction
temperature was 70 °C. The heating time was 5 min, and the
static time was 10 min. The samples were extracted by 3 cycles.
The purge time was 100 s, and the pressure was about 1600
psi. The extract was evaporated to 1−2 mL by a rotary
evaporator and transferred to brown ampoules. Then, the
sample was blown to nearly dry under the nitrogen and
reconstituted using 1 mL of toluene. The final samples were
diluted and passed through a 0.2 μm filter membrane for
further instrumental analysis.

Instrumental Analysis. Agilent 1290 high-performance
liquid chromatography with a diode array detector (HPLC-
DAD) was applied for the analysis of target chemicals. A TC-
C18 (4.6 × 250 mm, 5 μm; Agilent) was equipped for
separation. The injection volume was 10 μL. The mobile phase
that consisted of acetonitrile:methanol:water (42:50:8% =
v:v:v) was used with isocratic elution mode. The flow rate was
1.0 mL/min; the detection wavelength of the DAD was 226
nm.

Calculation of Solubility Parameters of Plastics and
Mixed Solutions. Solubility Parameters of Plastics. The
solubility parameters of PE, PP, and PET were calculated
according to the previous literatures.31,32 The formula used is
as follows:

∑δ ρ= × F M/i (1)

where Fi is the molar gravitational constant of each group in
the polymer molecule, ρ is the density of the polymer, andM is
the molecular weight of the polymer chain.
Five groups of molar gravitational constants Fi were obtained

(see Table 1). The molecular weights of PE, PP, and PET were
28.054, 42.081, and 192.17 g/mol, respectively. Additionally,
their densities were 0.92, 0.85, and 1.33 g/cm3. According to
the five groups of data reported, solubility parameters of PE,

Table 1. Molar Gravitational Constants Fi (J/cm
3)1/2

−CH3 −CH2- −CH− −COO− phenylene -Φ- literature

438.70 272.55 57.40 635.50 1348.90 31
303.40 268.55 176.30 670.35 1445.25
420.25 280.85 139.40 512.50 1379.65
303.40 269.58 176.30 669.33 1361.20
437 272 57 634 1350 32
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PP, and PET were calculated, which were 17.61−18.42 (J/
cm3)1/2, 15.11−16.98 (J/cm3)1/2, and 20.53−23.00 (J/cm3)1/2,
respectively (see Table 2).

As the development of theory and technology progressed,
the group contribution method of a new solubility parameter
based on polymer internal pressure was developed.32,33

Solubility parameters of the polymer calculated based on the
COSMO-SAC model had also been studied.34 The solubility
parameters of polymers in different literature works were quite
different. The results of calculation and other values reported
in the literatures are listed in Table 2.
Solubility Parameters of Solvents. The solubility parame-

ters of solvents were referred to the literature.37 The solubility
parameters of mixed solutions were calculated by the following
formula:31

∑δ δ= Φ
=i

n

i imix
1 (2)

where Φi and δi are the volume fraction and solubility
parameter of solvent i, respectively. ∑Φi for all solvents is 1,
and the calculated δ values and dielectric constants of solvents
are listed in Table 3.
Quality Assurance and Quality Control. In order to

ensure the accuracy of qualitative analysis and quantitative
analysis, we used the following criteria: (1) The difference of
retention time between the target substances in plastic samples
and the reference material on liquid chromatography is within
0.1 min. (2) Compounds with a signal-to-noise ratio greater
than 10 can be analyzed quantitatively, and compounds with a
signal-to-noise ratio greater than 3 can be analyzed
qualitatively. (3) The bottles used in the experiments were
glass containers to avoid contamination. (4) The solubility of
BDE-209 in all solvents was proven to meet the needs of the
experiment (see Figures S1−S10 in the SI).

■ RESULTS AND DISCUSSION
Development of the Solubility Parameter Approach.

Isooctane, n-hexane, octane, toluene, benzene, EtAc, acetone,
isopropanol, cyclohexane, and DCM were used to extract
BDE-209 from CRMs/CRM candidates made of PE, PP, and
PET. They showed a correlation between the extraction
efficiency of BDE-209 and the solubility parameters. Except the
results of EtAc and acetone, the recovery of BDE-209 extracted
and its solubility parameters could fit into a quadratic equation
of one unknown (see Figure 1).

The highest points of PP, PE, and PET curves were close to
the solubility parameters of the corresponding plastics (δPE =
18.42 (J/cm3)1/2, δPP = 16.98 (J/cm3)1/2, and δPET = 20.53 (J/
cm3)1/2) according to the results in Figure 1. This data
calculated by Fi (31

a-3) was the most consistent with our
extraction results. This result could be explained by the fact
that when the solubility parameters of solvents were closer to
that of the polymer, the better dissolution could be obtained.
Then, the plastic additive BDE-209 would release and dissolve
into the solvent with a high recovery. When |Δδ| values

Table 2. Solubility Parameters of PE, PP, and PET

PE PP PET literature

17.88 15.53 21.90 31a-1
17.61 15.11 23.00 31a-2
18.42 16.98 20.53 31a-3
17.68 15.13 22.42 31a-4
17.84 15.47 21.88 32b

16.2 17.2 21.9 26
11.4−11.5 15.5 33
15.8−17.1 16.8−18.8 35

16.60 21.9 36
aThe solubility parameter was calculated according to Fi from ref 31.
bThe solubility parameter was calculated according to Fi from ref 32.

Table 3. Calculated δ Values and Dielectric Constants of
Solventsa

solvent δ (J/cm3)1/2 dielectric constants

isooctane 14.3b

n-hexane 14.9b 1.890 (20 °C)c

octane 15.5b 1.948(25 °C)c

cyclohexane 16.8b 2.052 (20 °C)c

toluene 18.2b 2.24 (20 °C)c

benzene 18.8b 2.283 (20 °C)c

EtAc 18.6b 6.02 (20 °C)c

DCM 19.8b 9.1 (20 °C)c

acetone 20.3b 20.70 (25 °C)c

isopropanol 23.5b 18.3 (25 °C)c

acetonitrile 24.3b 37.5 (20 °C)c

n-hexane:EtAc (25:75) 17.68
n-hexane:EtAc (50:50) 16.75
n-hexane:EtAc (75:25) 15.82
n-hexane:DCM (20:80) 18.82
n-hexane:DCM (40:60) 17.84
n-hexane:DCM (60:40) 16.86
n-hexane:DCM (80:20) 15.88
toluene:isopropanol (20:80) 22.44
toluene:isopropanol (40:60) 21.38
toluene:isopropanol (60:40) 20.32
toluene:isopropanol (80:20) 19.26

aEtAc: ethyl acetate; DCM: dichloromethane. bQuoted from ref 37.
cQuoted from ref 38.

Figure 1. Fitting curves between the recovery of BDE-209 extracted
from PE, PP, and PET plastics at room temperature and solvent
solubility parameters (the purple curve was the fitting result of PP, R2

= 0.9497; the green curve was the fitting result of PE, R2 = 0.8492; the
orange curve was the fitting result of PET, R2 = 0.9906; the dotted
lines represented the solubility parameters of PP, PE, and PET, which
were calculated by the group contribution method 31a-3 (see Table
2); red data points were abnormal values of ethyl acetate and
acetone).
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between solvents and plastics were more than 3.5 (such as
isooctane, n-hexane, octane, cyclohexane, and PET plastic), the
recoveries of BDE-209 were pretty low (<5.0%), which were
not included when fitting the quadratic function curve of PET.
Therefore, the proposed solubility parameter method could be
an efficient approach for selecting the extraction solvents for
plastic additives.
Among all data, there were five points that deviated from the

fitting curves, and EtAc and acetone were the corresponding
solvents. Functional groups such as ester or the carbonyl group
in EtAc and acetone could strongly affect the recoveries of
BDE-209 in PP and PE plastics that deviated greatly from the
fitting curves, which also explained the well-fitting of acetone
and the relative high result of EtAc while extracting from PET
containing an ester functional group.
Among the 10 investigated solvents, acetone had the

strongest polarity, which was not beneficial for the dissolution
of BDE-209 (log Kow = 11.24, which was predicted by
ChemSiper). The contents of BDE-209 in PP and PET were
similar (about 86.5−150.0 μg/g). However, when acetone was
used as the extraction solvent, the extraction result of PP
(8.12%) was much lower than that of PET (98.39%). The
difference of solubility parameter between PET and acetone
was smaller (Δδ < 0.3 (J/cm3)1/2). Therefore, the solubility
parameter of the solvent had a more significant effect on the
extraction recovery than polarity.
The results indicated that the solvent extraction efficiency of

BDE-209 was related to the solubility parameter and structure
of the solvent. |Δδ| of the solvent and the plastic showed a
significant negative correlation with the extraction efficiency
(Figure 1). In addition, the same functional group also
contributed to the dissolution of plastics in solvents. Among all
tested solvents, toluene had the strongest extraction ability for
PE, whose concentration of BDE-209 extracted with toluene
was 873.73 μg/g (RSD: 2.10%). Hexane was the best solvent
to extract BDE-209 in PP plastic, and the extraction recovery
of acetone was the highest for PET.
Effect of Additional Factors on the Solubility

Parameter Approach. The effect of extraction strength on
the developed approach was also investigated. Ethyl acetate
was a special solvent in all 10 solvents. Its solubility parameter
was almost the same as that of PE plastics. In theory, it was
very suitable for extracting BDE-209 from PE plastics.
However, the result was just the opposite. There were two
possible assumptions for this: (1) PE plastics did not dissolve
in EtAc, and the solubility parameter was not applicable to
predict the solubility of the polymer in some solvents, like
EtAc. (2) Ethyl acetate had a strong ability to dissolve PE
plastic like toluene. However, the target molecules (BDE-209)
did not transfer to the solvent (EtAc) because organic
pollutants such as PBDEs were hydrophobic and easily
adsorbed on the surface of microplastics.26 Therefore,
isopropanol, acetone, and EtAc, which had low extraction
efficiency for BDE-209 in PE plastic, were selected to carry out
the USE (40 °C) and ASE experiments to evaluate the effect of
heating and pressure. The extraction efficiency of EtAc was
significantly improved, and the highest concentration of BDE-
209 could reach 1076.80 μg/g using ASE. In addition, the
extraction concentrations of acetone and isopropanol were
433.30 ± 16.70 μg/g and 268.14 ± 17.66 μg/g, which were
higher than the results obtained by USE (20 and 40 °C) but
were still in a low-level concentration of BDE-209. The specific
results are shown in Figure 2.

By comparing the results of ASE and USE, the reason why
EtAc had low recovery of BDE-209 in PE plastic was verified.
BDE-209 in PE plastics was more conducive to transfer to
EtAc under heating and pressure, which indicated that EtAc
had expected solubility of PE plastic (Δδ < 0.2 (J/cm3)1/2).
Additionally, most BDE-209 was likely to adsorb on the surface
of plastic after its dissolution, which led to poor recovery at 20
°C. No matter the extractions were heated and pressurized or
not, isopropanol and acetone had relatively poor capacity to
dissolve PE plastic. Therefore, the appropriate conditions of
the experiment were also needed when using solubility
parameters to select the extraction solvent of additives in
plastics. To obtain a better recovery of BDE-209, the smaller
difference of solubility parameters between the solvent and
plastic should be controlled and the extraction conditions
should be optimized.
The mixed solvents had played an important role during

polymer production and treatment.27,28 The effects of the ratio
of each component in the mixed solvents on the solubility
parameter were also evaluated. With the calculated results
according to solubility parameters, n-hexane:DCM (v:v =
60:40) and toluene:isopropanol (v:v = 60:40) were the most
suitable extraction system for PP and PET (δPP = 16.98(J/
cm3)1/2; δPET = 20.53(J/cm3)1/2), respectively. Additionally,
our experimental results indeed were consistent with the
prediction (see Figure 3), which showed that the solubility
parameter method could be used in a mixed solvent system.
In Figure 2, ethyl acetate (EtAc) was proven to have a better

recovery of BDE-209 in PE plastics under the condition of ASE
than that of USE. Therefore, EtAc was selected to prepare a
series of mixed solutions with n-hexane: 100% EtAc, 100% n-
hexane, EtAc:n-hexane (v:v = 25:75), EtAc:n-hexane (v:v =
50:50), and EtAc:n-hexane (v:v = 75:25). The prepared
solutions were used to extract BDE-209 from PE plastic. The
ASE method and USE (room temperature) were selected to
study the influence of EtAc on extraction by using mixed
solvents under different conditions.
The results showed that the extraction concentration of

BDE-209 decreased with the increase in EtAc content under
the condition of USE. However, when using ASE to extract
BDE-209 in PE, the extraction efficiency of mixed solvents was
improved due to the presence of EtAc, and the extraction
capacity of the mixed system was similar to that of 100% EtAc.
The specific results are shown in Figure 4.

Figure 2. Comparison of ultrasonic extraction (USE) and ASE (ASE
was accelerated solvent extraction; USE-40 °C was ultrasonic
extraction at 40 °C; USE-20 °C was ultrasonic extraction at 20 °C;
EtAc was ethyl acetate).
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At room temperature, the relationship between the solubility
parameters of our mixed solvents and the extraction
concentrations of BDE-209 did not seem to be wanted.
When the temperature and pressure changed, the developed
correlation between the solubility parameter and extraction
efficiency appeared. Therefore, the extraction ability of pure

solvent and extraction conditions should be considered when
selecting the composition of the mixed solvent.
To extend the applicability of the solubility parameter

approach, PAEs in polyvinyl chloride (PVC) and other mainly
used BDE analogues including penta-BDE (BDE-99) and octa-
BDE (BDE-153) in PET were also analyzed. The solubility
parameters of PVC were calculated as 19.69 (J/cm3)1/231 (see
the SI for detailed information). Cyclohexane, toluene, EtAc,
DCM, acetone, and isopropanol were used as extraction
solvents. The results are shown in Figure 5.
Penta-BDE and octa-BDE were congeners of PBDEs with a

lower bromination level than BDE-209. They were also listed
as Persistent Organic Pollutants (POPs) as well as BDE-
209.19,20 The results in Figure 5 illustrated the developed
approach worked well for these two congeners with R2 > 0.89.
PAEs were another kind of additives widely used in plastics
with different physical−chemical properties.39,40 Similar results
were obtained (R2 > 0.99), indicating the wide applicability of
the developed approach.

Practical Application of the Solubility Parameter
Approach. In order to prove the applicability of the solubility
parameter approach, 15 kinds of plastic products sold in the
domestic market were selected to conduct the extraction,
including plastic drinking water bottles, plastic gloves, yogurt
boxes, plastic toys, etc. The materials of these products were
PP, PE, PET, PS, and PVC. See the SI for detailed information.
The molar gravitational constants Fi (31

a-3, referred to the
literature31) were used to calculate the solubility parameter of
PS, and its result was 19.55 (J/cm3)1/2. Three solvents with
low, medium, and high solubility parameters were selected for
the extraction of additives in these plastics. For PP and PE
plastics, n-hexane, toluene, and acetone were selected. n-
Hexane, acetone, and ACN were selected to be the extraction
solvents of PET. Toluene, DCM, and ACN were the extraction
solvents for PS and PVC plastics.
Although BDE-209 was not detected in all samples, BDE-47,

DBDPE, and DEHTP were found in these plastics and selected
to be the targets (see Figure 6a for details). There was a
correlation between the concentrations of these additives and
the solubility parameters of the solvents, which was in line with
the quadratic function. Also, extraction efficiency would be
higher when Δδ was close to zero (see Figure 6c), which was
consistent with our developed approach.

Figure 3. Recoveries of BDE-209 obtained by using mixed solutions
with USE (ultrasonic extraction, room temperature). (Solvent A in
mixed solutions was n-hexane for PP and toluene for PET, another
solvent was DCM for PP and isopropanol for PET; PP was
polypropylene; PET was polyethylene terephthalate).

Figure 4. Concentration of BDE-209 in PE obtained by using mixed
solutions with ASE (accelerated solvent extraction, 70 °C) and USE
(ultrasonic extraction, room temperature).

Figure 5. Fitting curves between the recoveries of three phthalate esters in PVC and pent-a/octa-BDE and solvent solubility parameters (ultrasonic
extraction, room temperature). (PVC was polyvinyl chloride; BBP was butyl phthalate; DBP was di-n-butyl phthalate; DEHP was di(2-ethylhexyl)
phthalate, penta-BDE was BDE-99, octa-BDE was BDE-153; the dotted lines represented the solubility parameters of PVC and PET, which were
calculated by the group contribution method 31a-3 (see Table 2); R2 values of fitting curves were from 0.8951 to 0.9596).
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Obviously, the solubility parameter approach could be used
to select the extraction solvent for additives in actual plastic
products. PS was easy to dissolve in toluene and DCM so that
its extraction solutions were difficult to be cleaned in the
follow-up process. It was known from our mixed solvent
system experiments that the change of solubility parameter can
influence the solubility state of plastics, so the methanol with a
high solubility parameter (δ = 29.7 (J/cm3)1/2) was selected as
the precipitant to treat PS extraction solvents. The
precipitation capacity was expected when adding an equal
volume methanol into the PS extraction solvent. It has been
reported that PS microparticles would form aggregates when
immersing in the organic solvents, which could prevent the
solvents from entering the PS structure and lead to poor
recovery.26 Whether the selection of suitable precipitant can
solve this problem needs to be further studied in the future.

■ CONCLUSIONS
In the era where polymers are widely used, accurate
determination of additives in plastic products deserves serious
attention. This work provided a valuable approach using
solubility parameters as an indicator for the extraction of
organic contaminants in plastics. This approach was developed
in detail using CRMs/CRM candidates with value-assigned

BDE-209 and PAEs. The effects of elevated temperature/
pressure and solvent mixture for the developed approach were
also evaluated. The performance of the solubility parameter
approach was verified by analyzing field plastic samples made
of PP, PE, PS, PVC, and PET. The results showed that the
developed approach also worked for BDE-47, DBDPE, and
DEHTP. In addition, most plastics analyzed in this work were
ground to microplastic sizes, which indicates that this approach
is also applicable to solve analysis difficulties of organic
contaminants in microplastics.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03731.

Additional experimental details, materials, and methods,
including CRMs/CRM candidate and field samples
information, pretreatment details for plastics, solubility
experiments for BDE-209 in investigated solvents, and
Figures S1−S10 showing the chromatograms of BDE-
209 in investigated solvents (PDF)

Figure 6. Application of solubility parameter in analysis of plastic products. (a) Information of detected analytes. (b) Solubility parameters of
plastics and solvents. (c) Fitting results of the detected concentration and Δδ (ACN was acetonitrile; DCM was dichloromethane; PE was
polyethylene; PP was polypropylene; PET was polyethylene terephthalate; PS was polystyrene; PVC was polyvinyl chloride; Δδ was the difference
between the solubility parameters of the solvent and that of plastic).
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