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Abstract
Polybrominated diphenyl ethers (PBDEs) are considered emerging organic contaminants that attract more attention in 
the environment. Herein, online coupling of solid-phase microextraction and ultrahigh-resolution mass spectrometry was 
developed for rapid screening of eight PBDEs in water samples. This procedure was completed in 22 min, about 6 times 
faster than the routine workflow such as solid-phase extraction coupled with gas chromatography-mass spectrometry. Ther-
mal desorption and solvent-assisted atmospheric pressure chemical ionization were developed for the effective coupling of 
solid-phase microextraction (SPME) with ultrahigh-resolution mass spectrometry (UHRMS), which contributed to the signal 
enhancement and made the methodology feasible for environmental screening. The limits of detection and quantification were 
0.01–0.50 ng/mL and 0.05–4.00 ng/mL, respectively. The recoveries were 57.2–75.2% for quality control samples at spiking 
levels of 0.8–10 ng/mL (4–50 ng/mL for BDE209), with relative standard deviation less than 19.0%. Twelve water samples 
from different river sites near industrial areas were screened using the developed method. The results showed that BDE-209 
was the dominant PBDE (1.02–1.28 ng/mL in positive samples), but its amount was lower than the human health ambient 
water quality criteria. Consequently, the developed method provides a rapid and reliable way of evaluating contamination 
status and risks of PBDEs in aqueous environment.

Keywords Solid-phase microextraction · Mass spectrometry · Polybrominated diphenyl ethers · Chemical ionization · 
Rapid screening · Emerging organic contaminants

Introduction

Since 1970s, polybrominated diphenyl ethers (PBDEs) 
had been widely added to consumer merchandise such as 
electronic products, furniture, and textiles as additive flame 
retardants [1]. With the dramatic increase in the consumption 
of flame retardant-containing products, PBDEs inevitably 
enter the environment through volatilization or exudation. 

Surface runoff and atmospheric deposition can further trans-
fer PBDEs to the water matrices [2], and the concentration 
of PBDEs is probably high in water samples near industrial 
point sources, such as fireproof material factories, wastewa-
ter treatment plants, and waste incineration plants. PBDEs 
are persistent and easy to enter organisms through various 
exposure pathways [3]. The strong hydrophobicity of PBDEs 
enhances the bioaccumulation in humans and animals [4], 
bringing many toxic effects, such as neurodevelopmental 
toxicity [5], thyroid toxicity [6], and carcinogenicity [7]. All 
of these threaten the human health and global ecological 
environment [8]. Hence, PBDEs commercial mixtures had 
been listed in the Stockholm Convention by 2017 with clear 
regulations about their production and use [9].

Considering that PBDEs may exhibit persistence, bio-
accumulation, and toxicity [3], rapid and accurate detec-
tion can provide a reliable monitoring of PBDEs in aque-
ous environment. Gas chromatography-mass spectrometry 

Yuchen Liang and Wenya Hu contributed equally to this work.

 * Yehua Han 
 hanyehua@cup.edu.cn

1 State Key Laboratory of Heavy Oil Processing, China 
University of Petroleum-Beijing, Beijing 102249, China

2 Beijing 101 Eco-Geology Detection Co., Ltd, Beijing 
Institute of Geological Engineering Design, Beijing 101500, 
China

/ Published online: 17 January 2023

Analytical and Bioanalytical Chemistry (2023) 415:1437–1444

http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-023-04531-y&domain=pdf


1 3

(GC–MS) is commonly used for PBDEs analysis [10–12], 
whose procedures were reported in official standards such 
as the United States Environmental Protection Agency (US 
EPA) Method 1614A [13], International Organization for 
Standardization (ISO) 22,032: 2006, and National Envi-
ronmental Protection Standards of the People’s Republic 
of China HJ 909–2017 [14], However, analysis efficiency 
remains challengeable because of the tedious procedure of 
sample preparation and long chromatographic separation 
time. Solid-phase extraction (SPE) or liquid–liquid extrac-
tion (LLE) has been routinely used to enrich PBDEs from 
water samples before instrumental analysis [15, 16], but it 
requires a large amount of sample, making sample storage 
and transportation difficult. Clean-up and pre-concentration 
are also necessary after SPE or LLE, which is time-consum-
ing and laborious [17].

In an attempt to address the above challenges, online 
detection of PBDEs concentrated on solid-phase microex-
traction (SPME) fibers using mass spectrometry could be 
a promising protocol, obviating sophisticated sample pre-
treatment and chromatographic separation steps. On the one 
hand, SPME is a solvent-free sample pretreatment technique 
based on the partition equilibrium of the analytes between 
the sample matrix and the SPME fiber coatings [18]. It inte-
grates extraction, purification, and concentration in one step 
[19], greatly shortening the sample pretreatment time com-
pared with SPE or LLE [17, 20]. SPME has been proved as a 
useful tool for the extraction of compounds in environmental 
samples [21]. On the other hand, ultrahigh-resolution mass 
spectrometry (UHRMS) with high mass resolving power of 
m/Δm50% > 300,000 is powerful for compound identification 
from complex mixtures without chromatographic separation 
[22–24], which has been successfully employed to contami-
nant analysis in water [25–27], food [28], and other samples 
[29, 30]. Precise quantification is also important for SPME-
UHRMS analysis. Therefore, not only the SPME procedure 
but also the online desorption and MS ionization processes 
are of great significance [31–33]. A proper desorption and 
ionization method can provide an efficient transfer for online 
coupling to obtain stable and strong MS responses. Until 
now, SPME-UHRMS has not been reported for rapid screen-
ing of PBDEs in environmental water bodies.

The aim of this work is to develop an online coupling 
method of SPME-UHRMS for rapid screening of PBDEs in 
aqueous samples. Eight PBDE analytes were selected in this 
work, with 3–10 bromine atoms per molecule, respectively. 
They were not only the most widely used and concerned 
PBDEs in production and environmental protection, but also 
the representative compounds for screening analysis of the 
different types of BDEs. In this work, the desorption and 
ionization processes were investigated to achieve effective 
online coupling of SPME with UHRMS, and also to ensure 
the reliability and sensitivity of the method. The method 

was ultimately applied to rapidly screening PBDEs in water 
samples near industrial point sources, which showed that it 
fulfilled the requirement of human health risk assessment.

Materials and methods

Standards and reagents

Methanol, n-hexane, toluene, and acetone of HPLC grade 
were purchased from Fisher Scientific Ltd. (Bartlesville, 
USA). Ultra-pure water was obtained from HHitech labo-
ratory water purification system (Shanghai, China). Eight 
PBDE standards (BDE-28, BDE-47, BDE-99, BDE-153, 
BDE-183, BDE-203, BDE-206, and BDE-209) and six 
13C12-labeled internal standards of PBDEs (13C12-BDE-28, 
13C12-BDE-47, 13C12-BDE-99, 13C12-BDE-153, 13C12-
BDE-183, and 13C12-BDE-209) were purchased from Accu-
Standard Inc. (New Haven, USA), in which 13C12-BDE-209 
was the internal standard of BDE-203, BDE-206, and 
BDE-209.

Stock solutions of individual PBDEs as well as individual 
13C12-labeled PBDEs were stored at the original manufac-
turer concentrations at − 20 °C. Working solutions at con-
centration of 10 μg/mL for BDE-209 and 2 μg/mL for other 
PBDE congeners were prepared in acetone at − 20 °C in 
amber glass vials before use. For quantitative analysis, 13C12-
labeled PBDEs were used as internal standards. Working 
solutions at concentration of 1 μg/mL for 13C12-BDE-209 
and 200 ng/mL for other 13C12-labeled PBDEs were prepared 
in acetone at − 20 °C in amber glass vials before use.

Sample collection

Twelve water samples were collected from eight rivers 
in July 2021. The rivers are located at industrial areas in 
Beijing, China. The sampling locations with detailed infor-
mation of longitude and latitude are provided in Table S1. 
All samples were stored in amber glass vials at 4 °C until 
analysis.

GC–MS analysis

Gas chromatography-triple quadrupole mass spectrometry 
(GC–MS/MS) was used to optimize SPME conditions. 
Chromatographic separation was performed by Trace GC 
Ultra gas chromatograph (Thermo Fisher Scientific, USA), 
and analytes were detected by TSQ Quantum XLS Ultra 
mass spectrometer (Thermo Fisher Scientific, USA). Xcali-
bur was used as the system operating and data processing 
software.

GC was carried out on a DB-5ht column (15 m length, 
0.25 mm i.d., 0.1 μm film thickness; Agilent, USA). The 
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inlet temperature was maintained at 270 °C. Split injection 
was used, and split ratio was 10:1. Helium gas was used as 
the carrier gas at a flow rate of 1 mL/min. The temperature 
profile started at 80 ℃ for 0 min, followed by a 25 ℃/min 
ramp to 290 ℃, which was held for 0 min, then finally a 35 
℃/min ramp to 325 ℃. The transfer line temperature was 
280 °C. In the electron impact ionization (EI) of MS, the ion 
source temperature was 280 °C, and the electron energy was 
70 eV. Ions were monitored in selected reaction monitoring 
(SRM) mode.

Orbitrap MS analysis

Orbitrap Fusion mass spectrometry (Thermo Fisher Scien-
tific, USA) with a resolution of 500,000 (full width at half 
maximum; FWHM) at m/z of 195, was used for identifica-
tion and quantification of PBDEs in the negative ion mode at 
full-scan mode from m/z 200 to 1000. Orbitrap was chosen 
as the detector with the resolution of the mass spectrometer 
setting at 500,000.

When PBDEs were injected by a syringe pump, the fol-
lowing instrument parameters were applied: (1) ion source: 
APCI, flow rate: 20 μL/min, sheath gas: 20 arbitrary units, 
auxiliary gas: 5 arbitrary units, sweep gas: 0.1 arbitrary 
units, vaporizer temperature: 260 ℃, ion transfer tube tem-
perature: 280 ℃, RF lens: 60%, automated gain control 
(AGC) target: 5 ×  105, maximum injection time: 500 ms, 
and microscans: 1; (2) ion source: APPI, flow rate: 20 μL/
min, sheath gas: 20 arbitrary units, auxiliary gas: 5 arbitrary 
units, sweep gas: 0.1 arbitrary units, vaporizer temperature: 
260 ℃, ion transfer tube temperature: 280 ℃, RF lens: 60%, 
automated gain control (AGC) target: 5 ×  105, maximum 
injection time: 500 ms, and microscans: 1.

SPME‑Orbitrap MS analysis

For the SPME procedure, 10 mL of water samples was 
extracted by direct immersion mode using 85-μm polyac-
rilate fiber (Supelco, USA). Internal standard compounds 
were spiked into the investigated sample solution before 
SPME for analyte quantification. The samples were extracted 
for 20 min at 60 ℃ with stirring at 1500 rpm. After extrac-
tion, the SPME fiber was dried out for analysis.

The SPME fiber was directly placed at the vaporizer tube 
outlet, and the heated nitrogen stream from vaporizer tube 
was directed onto the SPME fiber surface. The enriched ana-
lytes were desorbed to the gas phase, and then transported 
to the corona discharge needle, leading to generate charged 
ions for mass spectrometry analysis with the assistance of 
methanol.

Parameters for Orbitrap Fusion MS were as follows: 
sheath gas: 15 arbitrary units, auxiliary gas: 25 arbitrary 
units, vaporizer temperature: 310 ℃, ion transfer tube 

temperature: 310 ℃. For other conditions, the same param-
eters described in the previous section were used. The 
data acquisition was conducted via the Xcalibur software 
(Thermo Fisher Scientific, USA).

Results and discussion

Optimization of solid‑phase microextraction 
procedures

Before coupling SPME with Orbitrap MS, conditions of 
SPME need to be optimized to achieve a maximum yield. 
Extraction temperature, stirring speed, and extraction time 
are crucial parameters affecting the efficiency of the SPME 
process. Optimization of extraction conditions was verified 
by GC–MS/MS, which is a well-established method [34, 35] 
and suitable for evaluation of the SPME process separately 
from the following ionization and UHRMS detection.

0.1 ng/mL (0.5 ng/mL for BDE-209) PBDEs were spiked 
to ultra-pure water samples to optimize the extraction pro-
cess. Figure 1A shows the effects of different extraction 
temperatures on relative intensity of MS responses, indicat-
ing that the signal intensities enhanced with the increase of 
extraction temperature from 40 to 60 ℃, as higher tempera-
ture accelerated analytes transport from aqueous samples to 
the SPME fiber. However, further increase of temperature 
led to a decrease of the signal intensities. Analyte adsorption 
onto the SPME fiber is exothermic [36], so higher tempera-
ture is unfavorable to analyte adsorption. Accordingly, 60 ℃ 
was the optimal extraction temperature. Agitation speed was 
also investigated (Fig. 1B). Agitation promoted mass transfer 
in the system; thus, the signal intensities enhanced when agi-
tation speed increased from 1000 to 1500 rpm. If agitation 
speed continued to increase, the signal intensities no longer 
enhanced because agitation also increased the mass trans-
fer of the analytes from water to air, which caused analyte 
loss. Hence, 1500 rpm was selected as the optimal agitation 
speed for PBDE enrichment. Besides, different extraction 
times were studied (Fig. 1C). It was found that signal inten-
sities enhanced with the increase of extraction time, and a 
dynamic equilibrium process between aqueous sample and 
the SPME fiber was reached at 20 min for most of PBDEs. 
Therefore, 20 min was the most suitable extraction time.

Thermal desorption and solvent‑assisted APCI

Efficient desorption and ionization of analytes from the 
SPME fibers is the most crucial issue to achieve online cou-
pling of SPME with Orbitrap MS analysis. This section was 
intended to improve ionization efficiency through regulat-
ing ionization modes and ionization environment, and to 
improve the desorption of enriched analytes.
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Atmospheric pressure chemical ionization (APCI) and 
atmospheric pressure photoionization (APPI) were con-
sidered candidates because of the low polarity of PBDEs 
[37]. Either for APCI or for APPI, [M-Br +  O]− was con-
firmed as the predominant ionization product of PBDEs, 
which was produced by the reaction between PBDEs and 
superoxide ion [38].  M−· could also be detected under 

negative ion mode due to the positive electron affinities 
of PBDEs, but it was not as abundant as [M-Br + O] −. 
Therefore, [M-Br + O] − was selected as the characteristic 
and quantitative ion of PBDEs. Compared with APPI, as 
shown in Fig. 2A, MS responses of all the analytes under 
APCI were higher, since it was easier to produce thermal 
electrons at the tip of corona discharge needle than in the 
photoionization reaction. Therefore, APCI was chosen for 
PBDE analysis. Solvent-assisted APCI was investigated, 
because the concentration of oxygen affected the substitu-
tion reaction during the formation of [M-Br + O] −, and the 
active oxygen could either come from ambient air or be 
produced during solvent decomposition. Different solvents 
were tested as shown in Fig. 2B. MS responses were the 
highest when methanol was used as ionization solvent. 
As an oxygen-containing solvent, methanol produced an 
excess of  O2

−· in the source which resulted in the infor-
mation of [M-Br + O] − of PBDEs. Hence, methanol was 
chosen as the assistant ionization solvent for APCI-MS 
analysis of PBDEs.

The desorption process was carefully investigated to 
promote the transfer of PBDEs from SPME fibers to gas-
phase ionization and following MS detection. High tem-
perature could help to improve the desorption of enriched 
analytes. PBDEs on the SPME fiber were easily desorbed 
to the gas phase with the aid of heated nitrogen stream. To 
make the heated steam focus on the SPME fiber and reduce 
the loss of analytes, semi-enclosed ion source chamber 
was adopted. Meanwhile, solvent like methanol that was 
used in offline SPME for PBDE elution should also assist 
the online desorption of PBDEs. However, when introduc-
ing methanol through solvent-assisted sprayer, it seemed 
solvent desorption had a negative effect on analyte des-
orption. As shown in Fig. 3A, MS responses decreased 
as introduction amounts of methanol spray increased, 
among which thermal desorption only (0 μL/min methanol 
injection) resulted in much higher MS response than any 
other flow rates of methanol introduction. Such a result 
was unexpected, which was worthy of further investiga-
tion because methanol has not only been reported as elu-
tion solvent for PBDEs in offline SPME or SPE but also 
demonstrated effective to significantly improve ionization 
efficiency of PBDEs as APCI spray. Therefore, the intro-
duction mode of solvent for PBDE desorption was taken 
into consideration. The original dynamic spray mode was 
replaced with static dropping mode to avoid dispersing the 
desorbed PBDEs. The dropping mode was proved effec-
tive and could provide about 30% higher MS responses 
than the other mode (Fig.  3A). Thus, direct dropping 
of methanol on the SPME fiber was an ideal desorption 
method. The optimized desorption and ionization process 
of PBDEs is described in Fig. 3B.
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Fig. 1  Effect of (A) extraction temperature, (B) agitation speed, and 
(C) extraction time on relative intensities of PBDEs. Concentration 
of each PBDE is 0.1 ng/mL (0.5 ng/mL for BDE-209). Each sample 
replicates three times
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Method validation

Compound identification was based on both accurate 
molecular formula obtained by Orbitrap MS and specific 
fragments obtained by collision-induced dissociation (CID). 
Quantitative ions and qualitative ions of each PBDE are 
listed in Table 1. Qualitative analysis by UHRMS satisfies 

the requirement of “in case noise was absent, when extracted 
ion chromatograms were obtained at HRMS, a signal should 
be present in at least 5 subsequent scans for identification 
purposes,” as indicated by European Commission guideline 
SANTE/11312/2021. Table 2 shows the analytical perfor-
mance of the developed SPME-Orbitrap MS method for the 
determination of PBDEs. Satisfactory linearity was obtained 
with R2 ≥ 0.990 for 8 PBDEs. The limits of detection (LOD) 
and limits of quantification (LOQ) were obtained with sig-
nal-to-noise ratio (S/N) values of 3 and 10, respectively. 
The LOD and LOQ of PBDEs ranged from 0.01 to 0.50 ng/
mL and from 0.05 to 4.00 ng/mL, respectively. As listed 
in Table 2, the recoveries of all analytes were 57.2–69.7%, 
62.6–74.8%, and 64.8–75.2% for low, medium, and high 
spiked levels, respectively. Relative standard deviation 
(RSD) was generated from the replicate measurements 
(n = 6) at each spiked level, with RSD values in the range of 
6.4–18.8%. The results indicated that the developed method 
had satisfactory accuracy and precision.

The sample amount required by the developed method 
was approximately 1/50 of that by SPE-GC–MS (US EPA 
Method 1614A). Moreover, the entire analysis process 
could be completed within 22 min, saving 120 min com-
pared with the SPE-GC–MS workflow. Although the sen-
sitivity of SPME-Orbitrap MS method was lower than that 
of reported SPE-GC–MS method (LODs and LOQs was 
0.02–0.05 ng/L and 0.05–0.1 ng/L [20]), it was higher than 
the human health ambient water quality criteria (AWQC) of 
PBDEs [39] that defined the safe level of contaminants in the 
aqueous environment, below which PBDEs would not pose 
a risk to human health. Therefore, the SPME-Orbitrap MS 
method was proposed as a promising way for rapid screen-
ing and human health risk evaluation of PBDEs in water. 

B
D

E
-
2

8

B
D

E
-
4

7

B
D

E
-
9

9

B
D

E
-
1

5
3

B
D

E
-
1

8
3

B
D

E
-
2

0
3

B
D

E
-
2

0
6

B
D

E
-
2

0
9

0

20

40

60

80

100

 
yti

s
n

et
ni 

e
vit

al
e

R
(
%

)

Compounds

 APPI

 APCI

B
D

E
-
2
8

B
D

E
-
4
7

B
D

E
-
9
9

B
D

E
-
1
5
3

B
D

E
-
1
8
3

B
D

E
-
2
0
3

B
D

E
-
2
0
6

B
D

E
-
2
0
9

0

20

40

60

80

100

)
%

( 
yti

s
n

et
ni 

e
vit

al
e

R

Compounds

 Toluene

 Hexane

 Methanol

(A) (B)

Fig. 2  Comparison of ionization efficiency of PBDEs using different (A) ionization modes and (B) ionization solvents. Concentration of each 
PBDE is 10 ng/mL (50 ng/mL for BDE-209). Each sample replicates three times
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Figure S1 shows the signals obtained for the PBDEs when 
the SPME-Orbitrap method was applied, by comparing the 
MS response of blank extraction with the targeted PBDEs 
at their LOD and LOQ values. The results demonstrated 
that the developed method was effective to analyze PBDEs.

The matrix effect of the entire method was evaluated by 
use of the equation [40]:

where ME is the matrix effect (ion suppression/ enhance-
ment), B is the MS response 13C-labeled PBDEs spiked in 
real sample, and A is the MS response 13C-labeled PBDEs 
spiked in matrix-free solvent.

The acceptance range of ME is ± 20%. The calculated 
ME was from − 19.6 to − 3.3%. The ion suppression degree 
could be successfully compensated by internal standardiza-
tion with 13C12-labeled PBDEs. Besides, the optimization of 
extraction and ionization conditions could also reduce the 
matrix effect. These data prove that the developed method 
does not suffer the negative matrix effect problems and is 
applicable to the real water samples.

ME =

(

B

A
− 1

)

× 100%

Rapid screening of PBDEs in water samples

Water samples from twelve sites were analyzed for PBDEs 
screening. The selected 12 sampling sites were near poten-
tial pollution sources, including four sewage treatment 
plants, one waste incineration plant, one landfill, and one 
fireproof material factory. The sampling sites covered both 
the upstream and downstream. The entire analysis proce-
dure was completed within 22 min, improving the analysis 
efficiency greatly.

As shown in Table S2, only nona-BDE and deca-BDE 
were detected among all target PBDEs. The concentra-
tion levels of ΣPBDEs ranged from 1.02 to 1.51 ng/mL, 
which were 3 orders of magnitude higher than the reported 
weighted mean value of ΣPBDEs in China in the past decade 
[39]. The increase of ΣPBDEs concentrations in the sam-
pling sites indicated a possible contamination release from 
the industrial point sources. It was observed that deca-BDE 
(BDE-209) was detected more frequently than other PBDEs, 
which might be due to that BDE-209 was widely used in 
commercial mixtures of PBDEs. Although the concentration 
of detected BDE-209 was as high as 1.28 ng/mL at sampling 

Table 1  Quantitative ions and 
qualitative ions of PBDEs 
analyzed by SPME-Orbitrap 
MS method

Compounds Quantitative ions Quantitative ions 
(m/z)

Qualitative ions Qualitative 
ions (m/z)

BDE-28 [M-Br +  O]− 342.8794 [M-2Br + O–H]− 262.9536
BDE-47 [M-Br +  O]− 422.7880 [M-2Br + O–H]− 340.8630
BDE-99 [M-Br +  O]− 500.6985 [M-2Br + O–H]− 420.7658
BDE-153 [M-Br +  O]− 578.6088 [M-2Br + O–H]− 498.6750
BDE-183 [M-Br +  O]− 658.5135 [M-3Br +  O]− 498.6750
BDE-203 [M-Br +  O]− 736.4234 [M-3Br +  O]− 576.5841
BDE-206 [M-Br +  O]− 816.3351 [M-3Br +  O]− 656.4909
BDE-209 [M-Br +  O]− 896.2466 [M-3Br +  O]− 736.3987

Table 2  Analytical performance of SPME-Orbitrap MS method

a L, low level: Ultra-pure water spiked with 4 ng/mL of BDE-209 and 0.8 ng/mL of other PBDEs
b M, medium level: Ultra-pure water spiked with 25 ng/mL of BDE-209 and 5 ng/mL of other PBDEs
c H, high level: Ultra-pure water spiked with 50 ng/mL of BDE-209 and 10 ng/mL of other PBDEs

Compounds Linear range 
(ng/mL)

Regression equation R2 LOD (ng/mL) LOQ (ng/mL) Recovery (%, n = 6) Repeatability (RSD, 
%, n = 6)

La Mb Hc La Mb Hc

BDE-28 0.08–10 y = 0.7093x − 0.0042 0.996 0.08 0.20 62.1 65.2 69.5 9.2 13.6 12.7
BDE-47 0.50–10 y = 1.1892x − 0.5171 0.996 0.20 1.00 58.7 63.5 67.4 10.4 8.2 10.2
BDE-99 0.10–10 y = 0.8057x − 0.1430 0.999 0.10 0.80 69.7 74.8 75.2 6.7 18.8 8.3
BDE-153 0.20–10 y = 0.9860x + 0.6780 0.997 0.10 1.00 66.7 67.3 70.4 8.5 11.7 7.9
BDE-183 0.20–10 y = 0.9460x + 1.0640 0.990 0.01 0.08 60.4 62.6 64.8 16.2 15.0 10.7
BDE-203 0.20–10 y = 0.5320x + 1.0390 0.994 0.01 0.08 57.2 64.7 68.9 7.8 7.6 17.5
BDE-206 0.20–10 y = 0.1040x + 0.6710 0.999 0.01 0.05 61.6 65.2 69.3 12.1 10.5 15.3
BDE-209 1–50 y = 0.3298x + 1.5323 0.998 0.50 4.00 59.0 63.9 71.3 6.4 17.6 11.7
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site S12 in the downstream of the fireproof material factory, 
it was still much lower than the human health AWQC value 
(65.2 ng/mL), indicating that BDE-209 might not arouse 
health risk for human. Additionally, the concentration of 
BDE-209 found in the downstream was higher than that in 
the upstream. This was not surprising as the contaminants 
accumulated gradually in the process of river flowing from 
upstream to downstream. Thus, it is necessary and urgent to 
pay more attention to the distribution and risk of pollutants 
in the downstream.

Conclusion

To summarize, a convenient analytical workflow by online 
coupling SPME with Orbitrap MS was proposed for rapid 
screening of PBDEs in water samples. It took only 22 min, 
about 6 times faster than the standard procedure, sig-
nificantly improving the analytical efficiency. It was also 
proved that thermal desorption and solvent-assisted APCI 
significantly enhanced MS responses when coupling SPME 
with Orbitrap MS. Moreover, solvent introduction manner 
was adjusted as static dropping mode to improve chemical 
ionization efficiency. Given that PBDEs are expected to be 
ubiquitous and hazardous in aqueous environment, SPME-
UHRMS method proposed here shows significant value 
in providing a rapid and convenient screening method for 
identifying and determining emerging organic contaminants. 
Finally, the developed method would also support rapid 
screening of other contaminants in aqueous samples, which 
helps to fulfill the analysis of the distribution and potential 
risks of contaminants in a short time.
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