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Abstract 22 

A multi-residue analytical method was developed for the determination of a range of flame 23 

retardants (FRs), including polybrominated diphenyl ethers (PBDEs), emerging halogenated 24 

FRs (EFRs) and organophosphate FRs (PFRs), in food matrices. An ultrasonication and 25 

vacuum assisted extraction (UVAE), followed by a multi-stage clean-up procedure, enabled 26 

the removal of up to 1 g of lipid from 2.5 g of freeze-dried food samples and significantly 27 

reduce matrix effects. UVAE achieves a waste factor (WF) of about 10%, while the WFs of 28 

classical QuEChERS methods range usually between 50 and 90%. The low WF of UVAE 29 

leads to a dramatic improvement in the sensitivity along with saving up to 90% of spiking 30 

(internal) standards. Moreover, a two-stage clean-up on Florisil and aminopropyl silica was 31 

introduced after UVAE, for an efficient removal of pigments and residual lipids, which led to 32 

cleaner extracts than normally achieved by dispersive solid phase extraction (d-SPE). In this 33 

way, the extracts could be concentrated to low volumes, e.g. <100 μL and the equivalent 34 

matrix concentrations were up to 100 g ww/mL. The final analysis of PFRs was performed on 35 

GC-EI-MS, while PBDEs and EFRs were measured by GC-ECNI-MS. Validation tests were 36 

performed with three food matrices (lean beef, whole chicken egg and salmon filet), obtaining 37 

acceptable recoveries (66-135%) with good repeatability (RSD 1-24%, mean 7%). Method 38 

LOQs ranged between 0.008 to 0.04 ng/g dw for PBDEs, between 0.08 and 0.20 ng/g dw for 39 

EFRs, and between 1.4 and 3.6 ng/g dw for PFRs. The method was further applied to eight 40 

types of food samples (including meat, eggs, fish, and seafood) with lipid contents ranging 41 

from 0.1 to 22%. Various FRs were detected above MLOQ levels, demonstrating the wide-42 

range applicability of our method. To the best of our knowledge, this is the first method 43 

reported for simultaneous analysis of brominated and organophosphate FRs in food matrices. 44 

 45 

Keyword: flame retardants, UVAE, food analysis, PFRs, BFRs 46 
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1. Introduction  48 

Flame retardants (FRs), such as polybrominated diphenyl ethers (PBDEs), emerging 49 

halogenated flame retardants (EFRs) and organophosphate flame retardants (PFRs), have 50 

been used as additives in furniture, electronics, foams, building materials, textiles, etc to 51 

reduce the risk of fire spreading [1–4]. In the past decade, the widely used PBDEs were 52 

gradually banned worldwide, due to increasing evidence of their toxicity, persistency and 53 

other health and environment concerns [1,5,6]. These bans and restrictions have led to the 54 

increased usage of EFRs and PFRs as alternatives [1,2,7]. As representative EFRs, dechlorane 55 

plus (DP), 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE), and decabromodiphenyl ethane 56 

(DBDPE) are used as replacements of Octa- and Deca-BDE, respectively, while 2-ethylhexyl-57 

2,3,4,5-tetrabromobenzoate (EH-TBB) and bis(2-ethylhexyl)-3,4,5,6-tetrabromo-phthalate 58 

(BEH-TEBP) were used as alternatives for Penta-BDE [1,3]. PFRs, such as tris(1,3-59 

dichloropropyl) phosphate (TDCIPP), triphenyl phosphate (TPHP) and tris(1-chloro-2-propyl) 60 

phosphate (TCIPP) are also used as substitutes for different PBDEs. Some PFRs, like TPHP 61 

and tris-(butoxyethyl)-phosphate (TBOEP), are also used as plasticizers [2].  62 

FRs have been ubiquitously found in the environment, such as in air, dust, soil and 63 

sediment [1,2,6–9]. Some studies have detected  EFRs in biota and food matrices [10–12]. 64 

Lipids and food pigments are two major interferences, which could introduce high signal 65 

background, lead to bad shape of the chromatographic peaks or even damage the column if 66 

the extract is not properly cleaned. PFRs and some EFRs, such as EH-TBB and BEH-TEBP, 67 

have seldom been investigated in biota or food matrices due to their non-persistent chemical 68 

character and the complex matrix effect from food samples. PFRs, BEH-TEBP and EH-TBB 69 

cannot resist strong acid or base clean-up, which is a traditional method for purifying 70 

persistent organic pollutants (POPs). Zheng et al [10] used gel permeation chromatography 71 

(GPC) to remove lipids from chicken egg samples for FRs analysis, but this method was 72 

lengthy and consumed large amounts of solvents (usually >100 mL), while a further clean-up 73 

step was still required.  74 

Diet is an important pathway of human exposure to contaminants [13]. Contamination 75 

of food may result not only from the environment, but also during food processing or storage. 76 

Many studies have reported the presence of PBDEs in food [10,14,15], but very few studies 77 

have investigated the presence of PFRs in food, such as eggs, or in aquatic biota [15–18]. 78 

Recently, PFRs were even detected in human breast milk in Asian mothers [19]. Labunska et 79 

al [14] recently analyzed food samples from Chinese e-waste facilities and found EH-TBB 80 

and BEH-TEBP in the food produced near these e-waste sites. These studies raised the serious 81 
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concern of EFRs and PFRs as food contaminants, which may further be linked to issues 82 

related to public health. Since PFRs have  similar physical-chemical properties with PBDEs 83 

[2] and thus will tend to be present in the same samples, it is necessary to develop an 84 

universal method for several classes of FRs, including EFRs and PFRs, in food. 85 

 Recently, QuEChERS (quick, easy, cheap, effective, rugged and safe) methods have 86 

been reported for the analysis of organic pollutant residues in food matrices, due to their 87 

simplicity and good lipid removal [20–23]. Such method typically uses acetonitrile to 88 

minimize co-extraction of lipids. However, it requires a further clean-up step to ensure lipid 89 

removal, which otherwise could significantly affect the chromatography. Dispersive solid-90 

phase extraction (d-SPE) is usually applied, using sorbent like Z-SEP, PSA or C18 [21,24]. 91 

Although a large amount of sample (usually 10 g) is processed by  a QuEChERS method, 92 

only a small fraction is actually present in the final extract ( equivalent of 0.5 to 1 g, waste 93 

factor (WF) > 90%) [21]. In this case, the amounts of lipids, pigments and other interfering 94 

compounds in extract can be removed by a single simple clean-up step. However, the 95 

method’s sensitivity has to be sacrificed. Some studies [20,21] reported the analysis of FRs 96 

and other organic pollutants in food using QuEChERS methods, but neither have they 97 

achieved a good clean-up for samples rich in lipids and pigments, nor has one specifically 98 

focused on the analysis of EFRs and PFRs in food matrices.  99 

 To fill this research gap, we have developed a new method using ultrasonication and 100 

vacuum assisted extraction (UVAE) followed by a further clean-up and fractionation 101 

procedure, for the analysis of different groups of FRs in lipid- and pigment-rich foods. To the 102 

best of our knowledge, this method achieves an efficient removal of lipids and other 103 

interferences, while reaching a better sensitivity and selectivity of FRs than other published 104 

methods. It is also the first study on analyzing PFRs in different food matrices, other than 105 

fish. 106 

 107 

2. Materials and methods  108 

2.1 Chemicals and materials 109 

Standards of BDE-28, -47, -99, -100, -153, -154, -183 and -209, BTBPE, DPs (syn- 110 

and anti-isomers), hexachlorocyclopentadienyldibromocyclooctane (HCDBCO), EH-TBB, 111 

BEH-TEBP and isotope labeled internal standards (IS) 13C12-BDE-209, 13C6-BEH-TEBP-D34 112 

(MBEH-TEBP) and 13C6-EH-TBB-D17 (MEH-TBB) were purchased from Wellington 113 

Laboratories (Guelph, ON, Canada). BDE-77, -103 and -128 (IS) were obtained from 114 

AccuStandard Inc. (New Haven, CT, USA). 13C-syn-DP and 13C-anti-DP (IS) were purchased 115 
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from Cambridge Isotope Laboratories (Andover, MA, US). Standards of tricresyl phosphate 116 

(TMPP, mixtures of 4 isomers), tris(2-ethylhexyl) phosphate (TEHP), ethylhexyl diphenyl 117 

phosphate (EHDPHP), tri-n-propyl phosphate (TNPP), tri-n-butyl phosphate (TNBP), 118 

triphenyl phosphate (TPHP), tris(2-chloroethyl) phosphate (TCEP) and TDICPP were 119 

purchased from Chiron AS (Trondheim, Norway). Triamyl phosphate (TAP; IS) was 120 

purchased from TCI Europe (Zwijndrecht, Belgium). Labeled internal standards, TPHP-D15, 121 

TDCIPP-D15 and TCEP-D12 (IS) were custom synthesized. Tris(chloropropyl) phosphate 122 

(TCPP) mixture  (2 isomers, TCIPP is the major component) was purchased from Pfaltz & 123 

Bauer (Waterbury, CT, USA). DSC-18 sorbent, Z-SEP sorbent and SupelcleanTM ENVITM-124 

Florisil® cartridges (500 mg, 3mL) were purchased from Supelco (Bellefonte, PA, USA). 125 

Aminopropyl silica (APS) cartridges (500 mg, 3 mL) were purchased from Agilent (Santa 126 

Clara, CA, USA). Silica gel, anhydrous magnesium sulfate (MgSO4) and concentrated 127 

sulfuric acid (H2SO4, 98%) were purchased from Merck (Darmstadt, Germany). A mixture of 128 

eight MeO-PBDEs, including 2’-MeO-BDE-68 and 6’-MeO-BDE-47, was provided by 129 

Wellington Laboratories. Hexane (Hx) was purchased from Acros Organics (Geel, Belgium). 130 

Dichloromethane (DCM), ethyl acetate (EtOAc), acetone, iso-octane, toluene and acetonitrile 131 

(MeCN) were purchased from Merck. All solvents used for this research were 132 

chromatography grade. 133 

 134 

2.2 Sample collection and pre-treatment 135 

Various types of food samples, including lean beef, salmon, caged chicken eggs, free-136 

range chicken eggs, prawn, lean pork, smoked salmon, bacon, mussels, tuna and chicken 137 

thigh, were purchased in supermarkets from Antwerp (Belgium) in 2013. The edible part of 138 

each sample was homogenized individually with a blender and then lyophilized. Final 139 

samples were stored at -20°C until analysis. Same amount (2.5 g dry weight) of each sample 140 

was taken for analysis. 141 

 142 

2.3 Determination of lipid content 143 

The lipid content was determined separately using gravimetric measurement. About 144 

0.8 g of dry sample was weighted, loaded into a 15 mL polypropylene (PP) tube (with a screw 145 

cap) and 5 mL of Hx:acetone (3:1) mixture was added. The tube was capped and then 146 

vortexed for 1 min, followed by 20 min of ultrasonication. After that, the tube was vortexed 147 

again for 30 s, and then centrifuged for 3 min. A volume of 1 mL of supernatant was 148 
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transferred to a small metal tray (pre-cleaned) and dried at 110°C for 1 h. The weight 149 

difference of the tray was further used for lipid content calculation.    150 

 151 

2.4 Ultrasonication and vacuum assisted extraction 152 

In this study, a new technique, UVAE, was developed using elements from 153 

QuEChERS with several major modifications. In brief, 2.5 g of freeze-dried food sample was 154 

added into a 15 mL PP tube with a screw cap. Each sample was spiked with IS mixture 155 

(including BDE-77, BDE-128, 13C12-BDE-209, MBEH-TEBP, MEH-TBB, 13C-syn-DP, 13C-156 

anti-DP, TAP, TPHP-D15, TDCIPP-D15 and TCEP-D12). For the method validation, lean 157 

beef, chicken eggs and salmon were used as spiking matrices. Standards were spiked at two 158 

levels (QL and QH, QH = 3×QL, spiked amounts in Table 1). After spiking, samples were 159 

kept for 30 min, then added with 5 mL of MeCN:toluene 9:1 mixture, caped and vortexed for 160 

30 s. Then, ultrasonication for 1 h, followed by UVAE, was performed for all samples. The 161 

separation step was performed on a 12-port VisiprepTM vacuum manifold (Sigma–Aldrich, St. 162 

Louis, MO, USA) on which empty SPE cartridges (25 mL) were connected (see Figure 1). 163 

Each empty cartridge had a frit at the bottom and topped-up with approximately 1 g of 164 

MgSO4. Samples were load into each cartridge, and tightly packed by pressing down another 165 

frit on their tops. Finally, the extract was pumped out under vacuum and collected in a 12 mL 166 

glass test tube.  167 

 168 

2.5 Clean-up and fractionation 169 

Figure 2 illustrates the entire sample treatment procedure. The UVAE extract was 170 

concentrated to nearly dryness and reconstituted with 2 mL of Hx (50 L toluene was added 171 

as keeper solvent). Then, the solution was loaded on a Florisil® cartridge (pre-conditioned 172 

with 8 mL of EtOAc and 6 mL of Hx). Fractionation was achieved with 8 mL of Hx (F1) and 173 

5 mL MeCN (F2, press out Hx from cartridge before loading MeCN). F1 was concentrated to 174 

approximate 1 mL and loaded onto a cartridge containing 2 g of 10% acidified silica (AS, 175 

prewashed with 6 mL Hx) for further clean-up. A volume of 12 mL of Hx:DCM 1:1 mixture 176 

was used to elute all target compounds from the acidified silica.  177 

F2 was concentrated to 2.5 mL, added with 200 mg DSC18/Z-SEP mixture. After 178 

performing the d-SPE, F2 was centrifuged and the supernatant was combined with the clean 179 

extract from acidified silica to give F3. This new fraction (F3) was further solvent-exchanged 180 

to 2 mL hexane and loaded on an APS cartridge (pre-conditioned with 12 mL Hx:DCM 1:1 181 

and  6 mL Hx).  182 
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Finally, fractionation was achieved with 10 mL Hx (F4) and 12 mL Hx:DCM 1:1 (F5). 183 

F4 and F5 were concentrated to nearly dryness, and reconstituted with 100 µL iso-octane and 184 

100 µL iso-octane:EtOAc 1:1, respectively. All samples were transferred to injection vials 185 

and stored under -20°C for at least 1 h before analysis, to check for precipitated lipid residues. 186 

In the rare case of any precipitate appearing, the supernatant was transferred to a new vial for 187 

injection. F4 was injected on GC-ECNI-MS to analyze PBDEs and EFRs, while F5 was 188 

injected on GC-EI-MS to analyze PFRs.   189 

 190 

2.6 Instrumental analysis 191 

The instrumental methods used in this study were slightly modified from van den 192 

Eede et al [6] for improved performance. Details about the MS qualifier and quantifier ions 193 

are listed in the Supplementary Information (SI, Table S1) 194 

GC-ECNI-MS: The analysis of F4, containing PBDEs and EFRs, was performed with 195 

an Agilent 6890 GC coupled to an Agilent 5973 MS operated in electron capture negative 196 

ionization (ECNI) mode. The GC system was equipped with electronic pressure control and a 197 

programmable-temperature vaporizer (PTV) inlet. One microliter of final extract were 198 

injected on a DB-5 column (15 m × 0.25 mm, 0.10 µm), with a deactivated silica retention 199 

gap (1.0 m × 0.25 mm) using solvent vent injection. The injection temperature was set at 90 200 

°C, hold 0.04 min, ramp 700°C/min to 295°C. Injection was performed under a pressure of 201 

2.65 psi until 1.25 min and purge flow to split vent of 50 mL/min after 1.25 min. The GC 202 

temperature ramp started from 90°C, hold 1 min, ramp 20°C/min to 200°C, hold 1 min, ramp 203 

5°C/min to 220°C, hold 0.5 min, ramp 5°C/min to 250°C, hold 0.5 min, ramp 14°C/min to 204 

310°C, hold 7 min. Helium was used as a carrier gas with a flow rate of 1.0 mL/min until 18 205 

min, then the flow was increased to 2 mL/min. The ion source and quadrupole temperatures 206 

were set at 250 and 150 °C, respectively, and the electron multiplier voltage was at 2200 V. 207 

The moderating gas was methane. The mass spectrometer was operated in selected ion 208 

monitoring (SIM) mode and 9 PBDEs and 6 EFRs were quantified, including BDE28, 47, 66, 209 

85, 99, 100, 153, 154 and 209 and EH-TBB, BEH-TEBP, s-DP, a-DP, BTBPE and 210 

HCDBCO. 211 

 GC-EI-MS: Fraction F5 containing PFRs was analyzed using an Agilent 6890 GC 212 

coupled to an Agilent 5973 MS operated in electron impact ionization (EI) mode. The GC 213 

system was equipped with electronic pressure control and PTV inlet. A deactivated silica 214 

retention gap (1.0 m × 0.22 mm) was installed in front of the HT-8 column (25 m × 0.22 mm, 215 

0.25 µm). One microliter of purified extract was injected using cold splitless injection. The 216 
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injection temperature was set at 90°C, hold 0.03 min, ramp 700°C/min to 290°C. Injection 217 

was performed using a pressure of 13.65 psi until 1.25 min and purge flow to split vent of 50 218 

mL/min after 1.25 min. The GC temperature program was 90°C, hold 1.25 min, ramp 219 

10°C/min to 240°C, ramp 20°C/min to 310°C, hold 16 min. Helium was used as a carrier gas 220 

with a flow rate of 1.0 mL/min. The ion source and quadrupole temperatures were set at 230 221 

and 150, respectively, and the electron multiplier voltage was at 2200 V. The mass 222 

spectrometer was run in SIM mode and TEHP, TPP, TNBP, TCEP, TCIPP (2 isomers), 223 

EHDPHP, TPHP, TDCIPP and TMPP (4 isomers) were analyzed. 224 

 225 

2.7 QA/QC 226 

 For comparison purposes, all results for the food sample were calculated as ng/g dry 227 

weight (dw) and ng/g wet weight (ww). Results with ng/g dw were used for comparing with 228 

method limits of quantification (MLOQs), while results with ng/g ww can be practically used 229 

to study the exposure risk.  MLOQs are presented as ng/g dw because: (1) all samples were 230 

freeze-dried and same amount (2.5 g) was taken for analysis; and (2) each type of food has 231 

different water and lipid contents, so it is hard to standardize MLOQs to ng/g lipid weight 232 

(lw) or ng/g ww. The MLOQ was based on ten times of signal noise ratio of each peak for 233 

compounds not found in the blanks or three times of standard deviation of the blanks plus 234 

average blank values for compounds present in the blanks (BDE-209, TEHP, TNBP, TCIPP 235 

and TDCIPP). For the blanks, 2 g of MgSO4 was used instead of the dried food sample.  236 

  237 

3. Results and discussion 238 

3.1 Instrumental method optimization 239 

The instrumental methods were modified from the method of van den Eede et al [6], in 240 

which PBDEs and EFRs were analyzed by GC-ECNI-MS and PFRs were analyzed by GC-EI-241 

MS. On GC-ECNI-MS, the temperature ramp was improved and more IS, e.g., 13C10-s-DP, 242 
13C10-a-DP, MEH-TBB, and MBEH-TEBP, were added to the method. With the instrumental 243 

method of van den Eede et al. [6], some co-elutions were observed on GC-ECNI-MS. BDE-244 

99 were found to overlap with MEH-TBB. The Br- ion (m/z 79 and 81) of MEH-TBB 245 

interfered with the quantification of BDE-99. Moreover, HCDBCO eluted immediately after 246 

BDE-99 with small overlapping. After adjusting the parameters, good separation between co-247 

eluted analytes was achieved (Figure 3, Figures S1-3). Though HCDBCO co-elutes with 248 

MEH-TBB in the modified method, their determination would not be mutually affected, since 249 

their quantification are based on m/z 310 and 363, respectively. Some studies reported the 250 
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presence of MeO-PBDEs in marine biota [25–27]. Although MeO-PBDEs are not targeted 251 

here, some adaptations were performed to avoid their potential chromatographic interference 252 

with PBDEs on GC-ECNI-MS (details in SI, Figure S1a,b). Only minor modifications on GC-253 

EI-MS were made. More details, including quantification ions and qualification ions are given 254 

in Table S1.  255 

 256 

3.2 UVAE  257 

Initially developed for extracting pesticides from vegetables and fruits, QuEChERS 258 

methods have recently become popular in analyzing various chemicals in food and biota 259 

[21,24,28,29]. It provides a simpler, faster, and cheaper extraction comparing with traditional 260 

extraction techniques, such as Soxhlet, while maintaining the high extraction efficiency. The 261 

use of MeCN as extracting solvent limits extraction of lipids [21,24]. However, due to the 262 

high amount of additives (sample, MgSO4, salts, etc.) taking up space in the extraction tube, a 263 

large portion of the extract fails to be transferred out. Hereby, a waste factor (WF) could be 264 

introduced to evaluate the waste percentage during extraction. For instance, Sapozhnikova et 265 

al. [21] used 10 g ww of fish for QuEChERS extraction, but  only 1 mL out of 10 mL MeCN 266 

extract was transferred for further (clean-up) steps (WF=90%). This implies that only 1 g of 267 

sample was actually processed until the end. Rajski et al [24] could only transfer 5 mL out of 268 

10 mL extract, reducing the WF to 50%. Obviously, high WFs lead to unnecessarily high 269 

consumption of IS, spiking standards and sample amounts, while the method sensitivity is, 270 

therefore, reduced. 271 

To minimize the WF, UVAE, a home-designed extraction technique, was developed 272 

using elements of QuEChERS methods, but involving major modifications in the clean-up. 273 

All food samples were first freeze-dried and homogenized before analysis. MgSO4 and other 274 

salts were no longer added, thus, the extraction could be performed in a 15 mL PP tube 275 

instead of a 50 mL tube [21]. Only 5 mL MeCN:toluene 9:1 (v/v) was used for extracting 2.5 276 

g of dried food sample (equivalent to 5–10 g wet weight), since nearly the whole extract could 277 

be transfer to tubes by UVAE, minimizing thus the WFs to 5-10%. Thus, lower amounts of 278 

lipids were extracted by using less solvent, while less time was consumed for solvent 279 

concentration.  280 

A small percentage (10%) of toluene was needed in the extraction mixture to increase 281 

the recoveries of highly brominated compounds (e.g. BDE-209 and DBDPE). It also helped 282 

the solvent exchange to hexane. By reducing the WFs, MLOQs could also be improved by a 283 
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factor up to 10, while the consumption of standards and IS was greatly reduced (see Table 2). 284 

More details about UVAE are given in SI. 285 

 286 

3.3 Clean-up and Fractionation  287 

UVAE is accompanied by co-extraction of lipids and pigments and therefore a further 288 

clean-up step is recommended before GC-MS analysis. Lipids and pigments are two major 289 

interferences typically presenting in food matrices. GPC, silica or acid partitioning are 290 

common clean-up techniques for lipid removal [4,10,29,30], but they are either solvent and 291 

time consuming, unable to completely remove lipids, or even degrade sensitive compounds, 292 

such as PFRs. Kalachova et al. [20,29,31] cleaned fish extracts on silica column, while 293 

Labunska et al. [15] used AS to cleanup egg extracts. They achieved the analysis of persistent 294 

and lipophilic compounds, such as PBDEs and BTBPE, but non-persistent or polar 295 

compounds, such as PFRs, were not determined.  296 

Dispersive SPE (d-SPE) was been reported as efficient clean-up for lipid removal after 297 

QuEChERS extraction. Several sorbents, such as Z-SEP, Z-SEP+, PSA and C18, have been 298 

tested in different studies [21,22,24]. Z-SEP proved to achieve better clean-up for many FRs 299 

and other organic pollutants [21,24]. However, large amounts of these expensive sorbents are 300 

required for the clean-up of samples with high lipid contents. Sapozhnikova et al. [21] used 301 

50 mg Z-SEP to clean-up an extract equivalent of 1 g sample. In our case, more than 500 mg 302 

would be required. To avoid this, the clean-up procedure was redesigned (Figure 2). The 303 

UVAE extract was first fractionated on a Florisil® cartridge with hexane (F1) and MeCN 304 

(F2), and then F1 and F2 were further cleaned with 10% AS and d-SPE (using 200 mg Z-305 

SEP/C18, 1:1), respectively. On Florisil®, most lipids eluted in F1, while the rest of lipids and 306 

part of pigments eluted in F2. Since PBDEs and most EFRs are acid-resistant, AS10% could 307 

thoroughly clean-up fraction F1. Although 30%-44% AS or even pure sulfuric acid have been 308 

reported for the clean-up of extracts containing BFRs [6,15,32], these variants have not been 309 

used in our study, due to a high degree of degradation of EH-TBB. On 10% AS, the 310 

degradation of EH-TBB was only 10-15%. Since the isotope labeled MEH-TBB was used as 311 

IS, the degradation would not be affect the quantification of EH-TBB. For the acid-sensitive 312 

BEH-TEBP and PFRs (eluting in F2), d-SPE was used as to remove residual lipids and 313 

pigments. Due to the fractionation, less d-SPE sorbent was consumed and lipid removal was 314 

efficient.  315 

 To analyse BEH-TEBP which eluted in F2 from Florisil fractionation, Van den Eede 316 

et al [6] had to re-inject F2 on GC-ECNI-MS after the injection on GC-EI-MS for PFRs. 317 
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However, the re-injection of F2 was time-consuming and led to sensitivity losses on GC-318 

ECNI-MS. For further improvement, the cleaned F1 and F2 were combined (resulting in F3), 319 

then, concentrated, re-fractionated on APS cartridge, and eluted with Hx (F4) and Hx:DCM 320 

1:1 (F5) (Figure 2). Consequently, all PBDEs and EFRs were eluted in F4, while all PFRs 321 

were present in F5. Injection of F3 on both GC-MS was initially tested with the thought of 322 

avoiding APS fractionation step. However, large amounts of pigments and other interferences 323 

were eluted with MeCN from Florisil®, causing a high background for the quantification of 324 

lower PBDEs on GC-ECNI-MS, while the quantification of PFRs on GC-EI-MS was also 325 

largely affected. With the additional clean-up on APS cartridge, PBDE and EFRs were clearly 326 

separated from PFRs, avoid one extra injection for quantify BEH-TEBP, and a second clean-327 

up could remove more pigments and other polar interferences.  328 

Our sample preparation method resulted in a high extraction yield and efficient clean-329 

up, as well as a universal applicability to various food matrices. While the method includes a 330 

larger number of steps, possible errors and losses are reduced by the addition of many 331 

(labeled) IS prior to UVAE. A detailed comparison between the present method and two most 332 

representative QuEChERS methods [21,31] is given in Table 2. The thorough clean-up 333 

presented here also allowed the concentration of the final extract to low volumes (100 μL, 334 

equivalent to 50-100 g wet food sample per mL), resulting in increased sensitivity. The 335 

European Commission issued a recommendation document for determining brominated FRs 336 

in food, suggested the analytical method to achieve the MLOQs lower than 0.01 ng/g ww for 337 

PBDEs and 1 ng/g ww for EFRs [33]. With our method, MLOQs of one to two orders lower 338 

than the recommended levels could be achieved (Table 1).  339 

 340 

3.4 Method Validation 341 

 To test the method’s applicability for various food matrices, lean beef, chicken eggs 342 

and salmon were selected for method validation. All these matrices contained different level 343 

of lipids after freeze-drying (beef 5%, egg 29% and salmon 37% by dry weight) and are rich 344 

in pigments. Table 1 shows the spiking amounts, recoveries and other analytical parameters 345 

used for validation. Two spiking levels (Table 1) were employed to test the method recovery. 346 

For good method sensitivity, we have spiked at low levels for the method validation. Only 1 347 

to 5 ng of PBDEs and EFRs, and 10 ng of PFRs were spiked for QL to each sample, while 348 

QH was three times the amount used for QL (Table 1). Also, low amounts of standards were 349 

required for spiking due to the low WF and good sensitivity (low MLOQs) of our method. In 350 
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comparison, Sapozhnikova et al [21] have spiked 10-25 times higher amounts than us for their 351 

lowest spiking levels (Table 2), since their WF of their method was 95%.  352 

The MLOQs were defined as ten times of signal to noise ratio (S/N=10) for the 353 

quantitative ion. For compounds that have background contamination, MLOQs were 354 

calculated as three times of standard deviation above the mean of the blanks (mean+3SD). For 355 

PBDEs and EFRs, the MLOQ ranged from 0.008 to 0.4 ng/g dw (Table 1), while, for PFRs, 356 

MLOQs ranged from 1.4 to 3.7 ng/g dw. Table 1 shows the linearity range of each compound 357 

and each of five levels (six for BDE-209) were used. Regression coefficient (R2) values 358 

received above 0.995 for all tested calibration curve, indicating good linearity of the method. 359 

 The overall recoveries for most FRs were generally acceptable, according to the key 360 

criteria of EU document SANCO/12495/2011 [34], which requires the accepting ranging of 361 

recovery between 70 - 120% with RSD <20% (Table 1). In case of individual matrices 362 

validation, some compounds had recovery < 70%, e.g. TMPP in egg, but they still fulfill the 363 

exceptional condition of document (as being reproducible). Low differences in the recoveries 364 

among the matrices suggested the good applicability of our method to various food matrices, 365 

while inconspicuous larger overall RSDs than that of individual matrices also imply good 366 

method repeatability between matrices. However, clear differences in the recoveries were 367 

observed for some compounds, such as BTBPE, TNBP and EHDPHP among matrices, 368 

indicating that the remaining matrix affects the recoveries to a certain extent, especially for 369 

PFRs. In general, PBDEs and EFRs showed better recovery and RDS than PFRs. Possibly, 370 

the d-SPE could not minimize the matrix effects as good as AS10% did. Among PFRs, TCEP, 371 

TDCIPP, and TPHP had better recoveries than others, suggesting the advantage of using 372 

isotope labeled IS during analysis. BDE-209 has high RSD for QL in egg due to the recovery 373 

of one sample, which was obviously higher than the rest, possibly due to laboratory 374 

contamination. Due to no reference material for PFRs and EFRs is available in the market, 375 

trueness test was not performed. Our method comprises a wider range of recoveries for FRs, 376 

in general, compared with the method of van den Eede et al [6], since it has more clean-up 377 

steps and because most food matrices are more complex than dust. Sapozhnikova et al [21] 378 

could achieve better RSDs for fish samples, but their spiking amount was much higher. 379 

 380 

3.5 Application to food samples 381 

To examine the applicability of our method, we have investigated the presence of FRs 382 

in some food samples purchased from Antwerp supermarkets, including prawn, lean pork, 383 

smoked salmon, bacon, mussels, canned tuna, chicken thigh and free-range chicken eggs. The 384 
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contamination level was presented as wet weight concentration (Table 3) to facilitate the 385 

comparison of contamination among different food and the assessment of exposure via diet. 386 

All results were initially calculated in dry concentration to compare with MLOQ (Table S2) 387 

and all data above MLOQ were further converted to wet concentrations using water contents 388 

(Table S3).  389 

All samples had low concentrations of FRs, except canned tuna (all compounds 390 

<MLOQ). Smoked salmon and mussels seem to be the most FR contaminated food among all. 391 

PFR levels in food samples were generally one order of magnitude higher than for PBDEs 392 

and EFRs. In total, seven PBDEs, two EFRs and five PFRs were detected, among which 393 

BDE-47 was detected in seven out of eight samples, ranging from 0.003 to 0.07 ng/g ww. 394 

TPHP, the second frequently detected contaminants, was found in five samples (0.26-0.82 395 

ng/g ww), while BDE-209 (0.3 ng/g ww), BEH-TEBP (0.084 ng/g ww,), BTBPE (0.035 ng/g 396 

ww) and TCEP (1.09 ng/g ww) were only found in smoked salmon. Labunska et al [15] found 397 

3-10 times higher levels of NBFRs in food samples collected from an e-waste area in China, 398 

while their fish sample from control group have similar levels of BEH-TEBP (<0.25-1.9 ng/g 399 

lw) and BTBPE (<0.35-2.1 ng/g lw) with the our smoked salmon samples. Brandsma et al. [9] 400 

studied the aquatic biota from Western Scheldt estuary and found nine PFRs with similar or 401 

slightly higher levels in their samples.  402 

Although much lower levels of FRs could be found in food than in dust [4,30], the FR 403 

exposure via diet is not negligible due to the large intake amount of food. Therefore, it is 404 

necessary to pay more attention to the food contamination with FRs, while it is vital to 405 

improve the sensitivity of the analytical methods. 406 

    407 

3.6 Critical considerations 408 

 This method involves several steps of solvent exchange, which should be carefully 409 

performed, since many target compounds, especially some PFRs are (semi-)volatile. Toluene 410 

(50-100 µL) should be added as keeper solvent when solvents were exchanged and 411 

concentrated down to low volumes/dryness. The final extracts (F4 and F5) should be kept at -412 

20°C for 1 h prior to injection to check for residual lipids. In some cases, small amounts of 413 

lipids may still present in F5 after freezing, simply transferring the supernatant to a new vial 414 

for injection. Due to the diversity of food matrices, certain modifications may still be needed 415 

for some samples. Last, but not least, guard columns were suggested to be installed on both 416 

GC-MS to prevent non-volatile residues, such as lipids and pigments, being injected into the 417 

analytical column. Non-volatile residues tend to deposit in the guard column, which could 418 
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minimize the damage of the column, prolong the column lifetime, improve peak shape and 419 

avoid the loss in sensitivity during long sequences. Due to the extensive clean-up and 420 

prevention steps, over 60 fatty food samples were injected on both GC-EI-MS and GC-ECNI-421 

MS during the experiment period, and no significant signal loss was observed during the 422 

sequence.  423 

 424 

4. Conclusions 425 

We have developed for the first time a reliable method to analyze BFRs and PFRs in 426 

food and biota matrices, which provides a thorough removal of lipids and pigments prior to 427 

GC-MS analysis. The method could be executed with common materials, tools and equipment 428 

in laboratory. The efficiency of interference removal and the method sensitivity are better 429 

than published methods. Our method can remove about 1 g lipids from fatty food samples and 430 

eliminate pigment interferences. UVAE largely reduced the WF, while the clean-up procedure 431 

(d-SPE after fractionation) led to better sensitivity and increase stability of analytical 432 

parameters.  433 

       434 
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Figure Captions 551 

 552 

Figure 1. Simplified scheme of the UVAE system. 553 

 554 

 555 

Figure 2. Flow chart for the sample preparation procedure. 556 

 557 
 558 
Figure 3. Chromatograms of standard mixture of PBDEs and EFRs (~ 20 pg/µL) on GC-559 

ECNI-MS (a) and of PFRs (~ 1 ng/µL) on GC-EI-MS (b) 560 
  561 
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Table 1. Recoveries (%) of flame retardants at two spiking levels, linearity (pg/µL) and MLOQ (ng/g dw). 562 
 563 

Target  
Compounds 

Low Spike Recoveries (%) High Spike Recoveries  
Linearity  

Range 
(pg/μL) 

MLOQ   
(ng/g dw) Spike  

(ng) 

Beef  Egg  Salmon  Overall 
Spike 
 (ng) 

Beef  Egg  Salmon  Overall 
(n=4) (n=4) (n=3) (n=11) (n=4) (n=4) (n=3) (n=11) 

Rec RSD Rec RSD Rec  RSD Rec  RSD Rec RSD Rec RSD Rec  RSD Rec  RSD 
BDE-28 1 120 1 143 3 144 4 135 9 3 124 4 144 4 137 7 135 8 0.5 - 50 0.008 
BDE-47 1 100 2 111 3 113 21 108 12 3 104 3 111 5 112 3 109 5 0.5 - 50 0.016 
BDE-66 1 97 5 94 4 100 7 97 5 3 99 2 97 2 101 3 99 3 0.5 - 50 0.016 
BDE-85 1 98 4 97 11 94 5 89 6 3 100 4 95 5 100 4 89 4 0.5 - 50 0.016 
BDE-99 1 92 2 89 4 82 4 97 7 3 92 3 87 1 86 4 98 5 0.5 - 50 0.016 
BDE-100 1 96 3 94 8 89 10 94 7 3 97 3 91 3 94 6 94 5 0.5 - 50 0.016 
BDE-153 1 103 6 96 2 100 6 99 5 3 102 2 93 2 105 8 100 7 0.5 - 50 0.020 
BDE-154 1 107 5 93 2 99 7 100 8 3 106 0 95 3 105 9 102 7 0.5 - 50 0.020 
BDE-183 1 111 5 93 6 94 6 100 10 3 109 0 96 3 103 5 102 6 0.5 - 50 0.020 
BDE-209 5 83 5 92 22  87 7 87 14 15 72 3 76 6 78 10 75 7 2.5 - 500 0.400 

                      HCDBCO 2.5 93 5 97 17 94 11 95 11 7.5 93 10 91 12 103 5 95 11 0.625 - 125 0.08 
BTBPE 2.5 79 1 74 3 69 5 75 6 7.5 95 5 79 7 72 7 83 13 0.625 - 125 0.03 
EH-TBB 2.5 84 5 87 9 92 13 87 9 7.5 94 10 88 2 94 11 92 8 0.625 - 125 0.20 
BEH-TEBP 2.5 122 5 113 11 105 16 114 11 7.5 111 5 105 10 106 10 107 9 0.625 - 125 0.04 
syn-DP 2 99 12 112 16 89 9 101 16 6 105 4 99 5 92 7 99 7 0.625 - 125 0.06 
anti-DP 2 102 10 113 9 110 1 108 8 6 100 5 106 5 105 3 103 5 0.625 - 125 0.04 

          
  

          TEHP 10 92 10 81 12 87 1 87 10 30 105 4 90 6 91 12 96 10 20 - 500 3.6 
TNPP  10 58 14 74 19 78 6 69 19 30 59 13 81 4 77 14 72 17 20 - 500 2.0 
TNBP  10 89 9 85 15 110 13 93 16 30 95 3 96 2 101 5 97 4 20 - 500 3.7 
TCEP 10 110 9 121 11 101 23 112 15 30 105 5 119 13 105 4 110 11 20 - 500 1.7 
TPHP 10 104 7 93 9 89 19 96 12 30 106 2 107 6 96 3 104 6 20 - 500 2.4 
TDCIPP 10 107 11 91 9 111 7 102 12 30 109 4 109 9 107 3 108 6 20 - 500 2.5 
Total TCIPP 10 91 15 107 2 99 14 99 12 30 79 21 96 6 98 8 90 15 20 - 500 2.5 
EHDPHP 10 69 18 62 18 67 24 66 18 30 86 22 61 8 66 12 71 23 20 - 500 1.4 
Total TMPP 10 73 3 65 9 85 12 73 14 30 74 22 64 5 71 7 70 15 20 - 500 2.0 
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Table 2.  Comparison of method validation parameters among different methods. 564 
 565 
 566 

 
Compounds Study 1 Study 2 Present Study 

IS spiking 
amount 

PBDEs 
FBDE-126, 500 ng 

BDE-37, 10 ngb              
BDE-77, 2.5 ngc             
13C12-BDE-209, 25 ngc 

13C12-BDE-209, 6.25 ng 
other PBDEs, 1 ng 
isotope labelled EBFR, 2.5 ng EBFRs 

PFRs 13C18-TPHP, 50 ng n.a. All, 50 ng 

Lowest  
standard 
spiking 

amount for 
recovery test  

PBDEs 10 nga all PBDEs, 1 ng BDE-209, 5 ng 
other PBDEs, 1 ng 

EBFRs DPs, 10 ng 
Other EBFRs, 250 ng BTBPE, 1 ng DPs, 2 ng 

other EPFRs, 2.5 ng 

PFRs TPHP, 10 ng 
Other PFRs, 250 ng n.a. all PFRs, 10 ng 

MLOD 
PBDEs 0.5 - 10  ng wwa 0.05 - 10 ng/g ww 0.008 - 0.4 ng/g dw 
EBFRs 1 - 10  ng/g ww BTBPE, 0.1 ng/g ww 0.03 - 0.2 ng/g dw 
PFRs 0.5 - 10  ng ww Not Analyzed 1.4 - 3.7 ng/g dw 

Analytical instruments LP-GC-MS/MS GC-MS/MS GC-EI-MS; GC-ECNI-MS 
Waste factor (WF) 95% 50% <10% 
Equivalent sample 

concentration in final extract 1 g/mL 10 g/ml 50 - 100 g/mL 

Reference [21] [31] This study 
a - BDE-209 not analyzed b - used as surrogate 
c - used as syringe standard 
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Table 3. Water and lipid contents (%) and concentrations of FRs (ng/g ww) in selected food 567 
samples from the Belgian market. 568 
 569 
 570 

Target 
Compounds prawn lean 

pork 
smoked 
salmon bacon mussels canned 

tuna 
chicken 

thigh 
free range 

chicken egg 

water content 83% 75% 67% 57% 79% 75% 75% 76% 
fat content 0.1% 1.2% 6.2% 22.6% 1.3% 0.4% 7.1% 8.4% 
BDE-28 <0.001 0.004 0.020 <0.003 0.004 <0.002 <0.002 <0.002 
BDE-47 0.003 0.010 0.070 0.061 0.007 <0.004 0.007 0.013 
BDE-66 <0.003 <0.004 <0.005 <0.007 0.004 <0.004 <0.004 <0.004 
BDE-85 <0.003 <0.004 <0.005 <0.007 0.005 <0.004 <0.004 <0.004 

BDE-99 <0.003 <0.004 <0.005 0.047 0.025 <0.004 <0.004 0.012 

BDE-100 <0.003 <0.004 0.016 <0.007 0.027 <0.004 <0.004 <0.004 

BDE-153 <0.003 <0.005 <0.007 <0.009 <0.004 <0.005 <0.005 <0.005 

BDE-154 <0.003 <0.005 <0.007 <0.009 <0.004 <0.005 <0.005 <0.005 

BDE-183 <0.003 <0.005 <0.007 <0.009 <0.004 <0.005 <0.005 <0.005 
BDE-209 <0.06 <0.09 0.30 <0.16 <0.08 <0.09 <0.09 <0.09 

        
 

HCDBCO <0.013 <0.019 <0.025 <0.033 <0.016 <0.019 <0.019 <0.018 
BTBPE <0.006 <0.009 0.035 <0.015 <0.007 <0.009 <0.009 <0.008 
EH-TBB <0.034 <0.05 <0.066 <0.086 <0.042 <0.05 <0.05 <0.048 

BEH-TEBP <0.006 <0.009 0.084 <0.015 <0.008 <0.009 <0.009 <0.009 
syn-DP <0.007 <0.01 <0.013 <0.017 <0.008 <0.01 <0.01 <0.01 
anti-DP <0.005 <0.007 <0.009 <0.011 <0.006 <0.007 <0.007 <0.006 

        
 

TEHP <1.02 <1.5 <1.98 <2.58 <1.26 <1.5 <1.5 <1.44 
TNPP <0.61 <0.9 <1.19 <1.55 <0.76 <0.9 <0.9 <0.86 
TNBP <0.68 1.26 1.37 <1.72 <0.84 <1 <1 <0.96 
TCEP <0.43 <0.63 1.09 <1.08 <0.53 <0.63 <0.63 <0.6 
TPHP <0.17 <0.25 0.72 0.82 0.44 <0.25 0.26 0.27 

TDCIPP <0.65 <0.95 <1.26 <1.64 <0.8 <0.95 <0.95 <0.91 
Total TCPP 0.71 <0.85 1.23 <1.47 <0.72 <0.85 <0.85 <0.82 
EHDPHP  <0.17 0.30 <0.33 <0.43 1.11 <0.25 <0.25 <0.24 

Total TMPP <0.27 <0.4 <0.53 <0.69 <0.34 <0.4 <0.4 <0.38 
 571 
  572 
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Figure 1.  573 
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Figure 2.  577 
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