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Abstract :   
 
An analytical method has been developed for measuring 12 organophosphorus flame retardants (PFRs) 
in fish tissue samples. After the Soxhiet extraction of PFRs with dichloromethane. The experimental 
parameters of the clean-up were systematically optimized. Methanol was found to be a more effective 
solvent than acetonitrile used in freezing-lipid precipitation. Methanol (5%) in ultrapure water, was finally 
selected to perform solid-phase extraction (SPE, Oasis HLB cartridge), with mean lipid removal efficiency 
of 94% after freezing-lipid precipitation. Further purification followed by 200 mg of Z-Sep and C18 
dispersant to eliminate the remaining interferences. Quantification was performed using gas 
chromatography-mass spectrometry in selective ion monitoring mode. The recovery, precision, and the 
method detection limits (MDLs) were verified by spiking experiments. All chemicals except triethyl 
phosphate (TEP) showed satisfactory recoveries in the range of 73-107% and 56-108% in the spiked 
blanks samples and spiked fish tissue samples, respectively. MDLs for PFRs in the biological samples 
ranged from 0.004 to 0.059 ng/g. The proposed method successfully applied to the determination of PFRs 
in real fish samples with recoveries of four internal standards varying from 75 to 97%. The results 
demonstrated that the proposed method is highly effective for analyzing PFRs in fish samples. (C) 2017 
Elsevier B.V. All rights reserved. 
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Highlights 

► A biological sample preparation method using freezing-lipid precipitation and SPE was developed for 
PFRs. ► Approximately 94% of the extracted lipid was removed by freezing-lipid precipitation. ► An 
Oasis HLB cartridge and Z-Sep/C18 dispersant were used for further purification. ► Satisfactory target 
recoveries were obtained except for triethyl phosphate. ► The proposed method was used to determine 
organophosphorus flame retardants in fish samples. 
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1. Introduction 39 

Organophosphorus flame retardants (PFRs) have been widely used 40 

as flame retardants in commercial products such as electronic devices, 41 

and have also been applied as plasticizers or additives in lubricants[1]. 42 

There has been a huge increase in the demand and production of PFRs 43 

because they are regarded as appropriate alternatives for brominated 44 

flame retardants (BFRs). Over the last few decades, PFRs have been 45 

found to be ubiquitous in abiotic environments such as air[2], soil[3], 46 

water[4], dust[5, 6] and sediment[7, 8]. However, studies examining 47 

PFRs in biota are scarce and have only started emerging in the last few 48 

years[9, 10].   49 

Available data for PFRs in biota samples are limited. The major 50 

reason is the lack of an efficient and systematic pretreatment method. 51 

PFRs contain ester bonds in their chemical structures which lead to less 52 

persistence properties and different bioaccumulation capacity compared 53 

to other persistent flame retardants. The structural differences among 54 

PFRs result in a variety of chemical and physical properties, from highly 55 

lipophilic (log KOW=10.6 for Trioctyl phosphate) to highly hydrophilic 56 

(log KOW= -9.8 for Tetrakis(hydroxymethyl) phosphonium sulfate)[1]. 57 

Meanwhile, the levels of PFRs in biota are influenced by 58 

degradation/transformation processes such as metabolism[11], which 59 

decreases the concentrations of these compounds in living organisms. 60 
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Therefore, a highly efficient extraction method is needed due to the low 61 

concentration of PFRs in biological samples.  62 

Several approaches have been developed to eliminate the co-extracted 63 

lipid interferences for organism samples, including pressurized liquid 64 

extraction using aqueous solution and solid-phase microextraction[12], 65 

on-line turbulent flow chromatography[13], matrix solid-phase 66 

dispersion[14], and gel permeation chromatography and silica gel 67 

cleanup[15]. These methods are either time-consuming and organic 68 

solvent-consuming or have high equipment requirements. Meanwhile, 69 

conventional cleanup methods, such as basic or acidic treatment like 70 

saponification cannot be applied to PFR analysis since PFRs are prone to 71 

degradation under extremely acidic or basic conditions.  72 

Due to their low melting points, lipid components can be easily 73 

separated from many compounds such as organophosphorus 74 

insecticides[16], chlorinated pesticides[17], and phenols[18] by 75 

freezing-lipid filtration. The cleanup step enables efficient removal of 76 

lipids extracted from biological samples without significant loss of the 77 

target compounds and no much organic solvents are consumed. 78 

Up to date, the method of freezing-lipid filtration was not conducted 79 

on the PFR analysis in organisms. In this study, a combination of 80 

freezing-lipid precipitation and solid-phase extraction was developed for 81 

determining PFRs in biological samples containing high levels of lipids. 82 
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The developed method was validated and applied to detect PFRs in fish 83 

samples from the Pearl River Delta. 84 

 85 

2. Materials and methods 86 

2.1 Standards and reagents 87 

Triethyl phosphate (TEP), tri-iso-propyl phosphate (TiPP), 88 

tri-n-propyl phosphate (TnPP), tri-n-butyl phosphate (TnBP), 89 

tri(2-chloroethyl) phosphate (TCEP), tri(2-chloro-isopropyl) phosphate 90 

(TCPP), tris(2-butoxyethyl) phosphate (TBEP), 91 

tri(2-chloro,1-chloromethy-ethyl) phosphate (TDCP), tri(2-ethylhexyl) 92 

phosphate (TEHP), 2-ethylhexyl diphenyl phosphate (EHDPP), 93 

tri-phenyl phosphate (TPhP), and tri-cresyl phosphate (TCrP)[19] were 94 

purchased from AccuStandard (New Haven, CT, USA), as well as  95 

TnPP-D21, TnBP-D27, TCPP-D18, TPhP-D15, TCEP-D12, and TDCP-D15. 96 

Oasis HLB cartridges (200 mg, 6 mL) were purchased from Waters 97 

(Milford, Massachusetts, USA). Z-Sep and C18 sorbents were purchased 98 

from Supelco (Bellefonte, PA, USA). Methanol, dichloromethane, 99 

acetonitrile, and hexane (chromatography grade) were purchased from 100 

Oceanpk (Sweden). Ethyl acetate was obtained from Honeywell (USA). 101 

2.2  Sample collection  102 

Fish samples, including plecostomus (Hypostomus plecostomus), 103 

tilapia (Tilapia nilotica), mud carp (Cirrhinus molitorella), and catfish 104 



7 

(Silurus asotus), were collected in the Pearl River Delta as described in a 105 

previous study[20]. All the collected samples were freeze-dried, 106 

triturated, wrapped in aluminum foil, sealed in zip bags and stored at 107 

-20 ℃ until analysis. 108 

2.3  Sample extraction and cleanup 109 

After being spiked with surrogate standards (TnPP-D21, TnBP-D27, 110 

TCPP-D18, TPhP-D15, 100 ng each), 2 g of the lyophilized catfish sample 111 

(with a wet weight of 8.8 g) was Soxhlet-extracted with 200 mL of 112 

dichloromethane for 24 h. The extract was preconcentrated and 113 

transferred to a 10 mL centrifuge tube, where the solvent was 114 

concentrated to near dryness, under gentle nitrogen flow, and 115 

reconstituted in a polar organic solvent. Three different solvents were 116 

tested: ethyl acetate, methanol, and acetonitrile. The polar organic 117 

solvent extract was then stored in the freezer at -20 ℃ for 2 h to freeze 118 

the lipids. Most of them were precipitated on the bottom of the tube as a 119 

condensed mass. The supernatant was collected in a 500 mL flat bottom 120 

flask and 300 mL of ultrapure water was added. Different organic 121 

solvent volumes (5 and 10% of organic solvent/ ultrapure water) were 122 

also tested. The mixture was subsequently purified and fractionated by 123 

SPE on an Oasis HLB cartridge, which was activated separately with 4 124 

mL each of ethyl acetate, methanol, and ultrapure water. After loading 125 

the mixture on the cartridge, the cartridge was dried for about 20 min 126 
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under a gentle nitrogen stream, and was eluted with two aliquots of 4 mL 127 

of ethyl acetate. The remaining water and the residual lipids from the 128 

elution were removed with anhydrous sodium sulfate and 200 mg of 129 

Z-Sep/C18 (1:1) dispersant. After evaporation to near dryness, the liquid 130 

was re-dissolved in 200 μL of n-hexane. TCEP-D12 (100 ng) and 131 

TDCP-D15 (100 ng) were added as recovery standards, prior to 132 

instrumental analysis. 133 

TnPP-D21, TnBP-D27, TCPP-D18, and TPhP-D15 were added as 134 

internal standards. TnPP-D21 was used for TEP, TiPP, and TnPP 135 

quantification, whereas TnBP-D27 was used for TnBP and TCEP 136 

quantification, and TCPP-D18 was used for TCPP and TDCP 137 

quantification. Finally, TPhP-D15 was used for TBEP, TPhP, EHDPP, 138 

TEHP, and TCrP quantification. TCEP-D12 was used as a recovery 139 

standard for TnPP-D21 and TnBP-D27, and TDCP-D15 was used as a 140 

recovery standard for TCPP-D18 and TPhP-D15. 141 

2.4  Instrumental analysis 142 

PFR analysis were carried out with a Shimadzu 2010 gas 143 

chromatograph (GC) equipped with a DB-5 capillary column (30 m × 144 

0.25 mm × 0.25 μm; SGE Analytical Science) and coupled to a mass 145 

spectra detector (MSD) . It was operated in selective ion monitoring 146 

(SIM) mode, with two characteristic ions acquired for each 147 

compound[6]. The GC temperature program was set at 70 °C and held 148 
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for 2 min, increased at 15 °C/min to 300 °C, and then held at 300 °C for 149 

10 min. Sample injection (1 μL) was performed using the splitless mode 150 

with injector temperature of 290 °C. The carrier gas was Helium, at a 151 

flow rate of 1 mL/min. The temperatures of the interface, ion source, and 152 

injector were 290, 200, and 290 °C, respectively. 153 

2.5 Determination of the lipid content for fish samples 154 

After Soxhlet-extraction, the extract was concentrated and the 155 

volume was adjusted to 10 mL. An aliquot of the extract (1/10) was used 156 

to determine the lipid content by gravimetrical method, while the rest of 157 

the extract was used for PFRs determination by the developed method.   158 

The frozen lipid eliminated after freezing-lipid precipitation was also 159 

determined by gravimetric measurement. The average lipid contents of 160 

the plecostomus, tilapia, mud carp, and catfish were 2.91±0.592, 2.01161 

±0.268, 1.83±1.10, 2.40±0.581(%, wet weight), respectively. 162 

2.6 Quality assurance (QA) and quality control (QC) 163 

In consideration of PFRs are widespread used and are likely to be 164 

present in various lab equipment, any plastic and rubber material was 165 

avoided to be used to minimize possible contamination of the samples 166 

during storage, sampling, extraction and transport. All the glassware 167 

were baked at 450℃ for 5 h and rinsed with acetone, dichloromethane 168 

and n-hexane orderly. Anhydrous sodium sulfate was heated at 450℃ 169 

for 5 h and stored in glass drying vessel. The connecting pipe and cock 170 
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of the SPE device were also rinsed with three kinds of reagents orderly.  171 

  Measures quality was controlled and assured by spiking of 172 

surrogate standards into all samples and regular analysis of procedural 173 

blanks, spiked blanks, spiked matrices, and triplicate samples. 174 

PFRs-spiked fish tissue samples and blank samples were repeatedly (n=3) 175 

analyzed during the development of the proposed method and a 176 

procedural blank for each batch of 12 samples was processed. In the 177 

procedural blank only traces of TCEP and TCPP were found. 178 

Instrumental QC included regular injection of the solvent blank and the 179 

standard solution (spiked with 500 ng/mL of PFRs). The standard 180 

solution was injected three times within a day and this solution was 181 

injected everyday to monitor the stability of instrument. The RSDs for 182 

the intra-day were in the range from 2.7% for TnBP to 8.6% for TCPP. 183 

The RSD for the inter-day ranged from 3.5% for TCEP to 9.7% for 184 

TPhP. 185 

This method was validated by calculating the recovery, precision, 186 

linear range, method detection limits (MDLs) and method quantification 187 

limits (MQLs). Precision was evaluated as the relative standard 188 

deviation ( RSD ) of replicate measurements. The RSDs were less than 189 

15% (n=3) for all the target chemicals. The linear concentration range of 190 

the GC-MS method increasing from 2.0 to 2000 ng/g with 10 spiking 191 

levels of PFRs under the optimized conditions. The MDLs was defined 192 
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as 3 times of the standard deviations for spiked blank, the MQLs was set 193 

as the mean value of target compounds detected in procedure blanks plus 194 

three times of standard deviations. For the undetectable compounds in 195 

blanks, the MQLs were estimated as a signal to noise ratio (S/N) of 10. 196 

It’s the limitation of this method that since no certified reference 197 

materials are available for PFR in fish or organisms and inter-laboratory 198 

calibration was not conducted on PFRs in organisms. 199 

 200 

3. Results and discussion     201 

3.1 Optimization of the clean-up conditions 202 

Given the variation on chemical and physical properties of PFRs 203 

and the requirement of lipid removement prior to analysis, we used 204 

freezing-lipid precipitation as the clean-up step after the Soxhlet 205 

extraction with dichloromethane. Generally, the lipid content of fish 206 

tissue in terms of net mass is about 15%, being mainly composed of 207 

phospholipids and triacylglycerolipids [21]. Freezing-lipid precipitation 208 

can be used to eliminate a large amount of lipids from the matrix, 209 

considerating the low melting point of triacylglycero lipids. However, 210 

lipids have high solubility in non-polar solvents such as dichloromethane 211 

and can re-dissolved in them during supernatant collection at room 212 

temperature. Therefore, other organic solvents, where lipids have lower 213 

solubility, were used.  214 
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In the present study, ethyl acetate, methanol, and acetonitrile were 215 

tested. When ethyl acetate was used, the lipids could still be re-dissolved 216 

rapidly when the temperature increased. Thus, optimization was 217 

conducted between methanol and acetonitrile in subsequent procedures.  218 

Most of the lipids in both methanol and acetonitrile solutions were 219 

precipitated when the extract was stored in the freezer at -20 oC for 2 h 220 

(Table 1), whereas PFRs were soluble even in cold methanol or 221 

acetonitrile solvents. The supernatant was immediately collected to 222 

prevent lipids melting. Freezing-lipid precipitation was repeated two 223 

times to improve the extraction yield of PFRs. Two solvent volumes 224 

were used to obtain optimal lipid removal and PFRs recovery. As shown 225 

in Table 1 and Table 2, more than 80% of the lipids were eliminated 226 

without any significant loss of the PFRs. Low volume methanol (5% of 227 

organic solvent/ ultrapure water) showed the highest lipid removal 228 

efficiency of up to 97%, with a mean of 94%. Since the target recoveries 229 

are not significantly different between methanol and acetonitrile solvents, 230 

or between 5 and 10% solvent volumes, 5% methanol was selected . 231 

After freezing-lipid precipitation, the extract still contained up to 232 

20% of the original lipid content, unable for GC-MS analysis. A further 233 

clean-up step using SPE was performed in the present study. An Oasis 234 

HLB cartridge and Z-Sep/DSC18 mixture sorbent (200 mg, 1:1, w/w) 235 

were employed to eliminate the remaining lipid interferences in the 236 
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extracts. HLB cartridges have been widely used for purification of 237 

sediment and water samples for the detection of organophosphate 238 

compounds, providing excellent results and recoveries [8, 12] and  239 

dispersive SPE (d-SPE) has been reported as an efficient cleanup method 240 

for lipid removal [9, 22]. Z-Sep and C18 have been applied to achieve 241 

satisfactory cleanup for PFRs detection in food samples[23] and 242 

eggs[24]. Large amounts of these expensive sorbents are required for 243 

high lipid content samples. In order to reduce the sorbent usage, in the 244 

present study, the d-SPE process was performed for further cleanup after 245 

freezing-lipid precipitation and HLB cartridge were applied, which 246 

removed most interferences from lipids. After these further purification 247 

steps, the analytes reached the requirements for analysis by GC/MS. 248 

3.2 Method Validation 249 

The linearity of the GC-MS method was tested with standard 250 

mixtures at 10 levels of concentration. Correlation coefficients from 251 

0.9913 to 0.9998 were obtained for PFRs (Table 3). The MDLs and 252 

MQLs of the development method ranged from 0.004 to 0.059 ng/g and 253 

0.027 to 0.55 ng/g, respectively.  254 

The performance of the developed method was verified by spiked 255 

matrixes and blanks experiments. 2 g samples of dry fish muscle were 256 

spiked with 100 ng of surrogate standards and 40 ng of 12 PFR 257 

standards. The samples were repeatedly (n=3) extracted, purified and 258 
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analyzed under the optimized condition of the method . 259 

The means and the RSDs of the recoveries are listed in Table 3. As 260 

indicated, the recoveries of four surrogate standards ranged from 261 

90±8.1% to 106±3.5% in the spiked blanks, and from 75±5.3% to 262 

97±12% in the spiked fish samples. The recoveries of PFRs in the spiked 263 

blank were between 73±0.11% and 108±1.1%, and were between 264 

56±3.2% and 108±7.4% in the spiked fish samples. However, no TEP 265 

was detected in either the spiked blank or fish samples using this method; 266 

this is a consequence of the volatility of TEP, which could not be 267 

quantified accurately due to significant losses during concentration of 268 

the extracts by solvent evaporation [6]. The relatively low recoveries of 269 

TiPP could also be attributed to this reason as published data have 270 

reported [6].  271 

In view of the recoveries of PFRs and the removal of interferences, 272 

freezing-lipid precipitation and SPE cleanup were effective for the 273 

reliable confirmation and quantitative analysis of PFRs in biological 274 

samples with high lipid contents. This method uses little solvent and 275 

simplifies the cleanup process, which largely reduces the possibility of 276 

blank contamination. Only TCEP and TCPP were identified in the 277 

procedural blanks, at 0.33 ng/mL and 0.54 ng/mL, respectively. 278 

3.3 Comparison with traditional chromatographic column cleanup 279 

method 280 
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Pressurized liquid extraction using aqueous solution and 281 

solid-phase microextraction [12], on-line turbulent flow chromatography 282 

[13], matrix solid-phase dispersion [14], and gel permeation 283 

chromatography and silica gel cleanup[15] have been previously used to 284 

determine PFRs in biota samples. These methods provide reasonable 285 

results with suitable recoveries, accuracy or detection limits, but are 286 

either time-consuming or need to use large quantities of organic solvents 287 

to remove the lipids. In consideration of equipment requirements and the 288 

laboratory conditions, we only conducted a comparison between the 289 

conventional chromatographic column cleanup method and the method 290 

proposed in the present study.  291 

Conventional chromatographic column cleanup strategies, 292 

developed to eliminate co-extracted lipid interferences, typically include 293 

gel permeation chromatography（GPC）[10, 15] and SPE on cartridges 294 

with alumina, florisil, silica, and/or combinations of these three 295 

materials [25]. A brief description of the conventional chromatographic 296 

column cleanup, which involved a lipid removement by GPC and a 297 

cleanup by composite silica column, is given here. After 298 

Soxhlet-extraction, the extract was concentrated to 1 mL and then was 299 

subjected to gel permeation chromatography using a glass column 300 

packed with 40 g of SX-3 Bio-Beads (Bio-Rad Laboratories, Hercules, 301 

CA, USA), and eluted with dichloromethane/n-hexane (1:1, v/v) for 302 
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lipid removal. Eluate from 80 to 150 mL containing PFRs was collected 303 

and concentrated to 2 mL. The extract was further purified on a 1 cm i.d. 304 

multilayer silica column packed with neutral silica, alumina, and florisil 305 

(6 cm, 10 cm, and 5cm, respectively). The fraction containing the targets 306 

was eluted using 40 mL of ethyl acetate. 307 

A total amount of 6 spiked fish samples were analyzed. 3 spiked 308 

fish samples were treated with the method proposed by the present study 309 

(method 1) and the remaining 3 spiked fish samples were treated with 310 

the conventional chromatographic column cleanup method (method 2). 311 

The final extract from method 2 used to instrumental analysis 312 

showed faint yellow colour and obvious lipid particles could be found 313 

when the extract was stored at -20 °C. At the same time, the final extract 314 

from method 1 was almost colorless and transparent. The lipid removal 315 

efficiency of the method 1 was higher than that of method 2. This could 316 

be further confirmed by the chromatograms. The total ion 317 

chromatograms (TIC) of spiked fish samples for two methods are shown 318 

in Figure 1a. Method 1 has a lower baseline in the range from 10 to 17 319 

minute compared with method 2. During instrument analysis of samples 320 

treated by method 1, the instrument kept stable. However, the matrix 321 

interferences were a serious problem for the method 2 and the 322 

chromatographic column was polluted soon. Additionally, method 1 323 

showed relatively satisfactory recoveries for all targets expect for TEP. 324 
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The recoveries of PFRs were between 59±2.8% and 113±5.9%, while 325 

four internal standards were between 73±11% and 96±4.5%, which were 326 

similar to the aforementioned developed experiment, verifying the 327 

robustness and good repeatability of the proposed method. The 328 

recoveries of PFRs in the method 2 ranged from 19% to 167%, and from 329 

52±4.4% to 227±60% for four surrogate standards. The recoveries of 330 

four surrogate standards excess 200%, which exhibited the interferences 331 

of matrix.  332 

Additionally, We found that regardless of the column packing 333 

material (alumina, florisil, silica, and/or combinations of these three 334 

materials), the lipids could not be easily separated from the PFRs. To 335 

elute PFRs from the column, dichloromethane or ethyl acetate is needed 336 

as the elution solvent, which results in lipid co-extraction. The poor 337 

performance of the method 2 may be mainly explained with the 338 

experimental conditions not being optimum. However, the result of the 339 

present study indicates that the proposed method is efficient in lipid 340 

remove from the extracts. And the proposed method consumes less 341 

organic solvent and cost less labor and time.  342 

3.4 Application to biological samples 343 

To examine the applicability of our method, we investigated the 344 

presence of PFRs in some fish muscle samples of plecostomus 345 

(Hypostomus plecostomus), tilapia (Tilapia nilotica), mud carp 346 
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(Cirrhinus molitorella), and catfish (Silurus asotus) collected from the 347 

Pearl River Delta. 348 

PFRs were detected in all samples and levels are presented as lipid 349 

weight concentrations (Table 4). Between the 12 PFRs, the predominant 350 

pollutants were TnPP, TnBP, TEHP, TCEP, and TPhP. Total 351 

concentrations of PFRs ranged from 136 to 475 ng/g lipid weight (lw), 352 

from 15.1 to 255 ng/g lw for TnPP, from 11.7 to 94.6 ng/g lw for TnBP, 353 

from 12.7 to 96.1 ng/g lw for TEHP, from 6.11 to 19.5 ng/g lw for TCEP 354 

and from 16.3 to 85.0 ng/g lw for TPhP. 355 

Levels of PFRs in the present study are slightly lower than those 356 

reported in aquatic life in previous studies. Kim et al[26] detected 9 357 

PFRs in 20 species collected from Manila Bay (the Philippines) and the 358 

total concentrations ranged from 190 to 1900 ng/g lw. TEHP, TEP, and 359 

TnBP are the main contributors to the total PFR contents in the 360 

Philippines environment. Ma et al[15] detected PFRs in catfish and grass 361 

carp from the Pearl River (Guangdong Province),with concentrations of 362 

predominant pollutants between 43.9 and 2950 ng/g lw for TnBP, 82.7 363 

and 4690 ng/g lw for TCEP, 62.7 and 883 ng/g lw for TCPP, and 164 and 364 

8840ng/g lw for TBEP. Domestic and international studies have reported 365 

similar results to our research in terms of the major contaminants. 366 

 Considering the relatively low recoveries of TEP and TiPP, their 367 

levels might been underestimated as these compounds could not be 368 
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exactly quantified as a result of losses during the clean-up step. 369 

Although much lower levels of PFRs were found in living organisms 370 

than in abiotic substances, the exposure of PFRs in living organisms is 371 

not negligible with the increasing usage of PFRs in the future. Therefore, 372 

it is necessary to pay more attention to PFR pollution in order to 373 

understand the potential environmental and human health risks of these 374 

compounds. 375 

 376 

4. Conclusion 377 

We have developed a method to analyze PFRs in biota matrices. 378 

The method has a high removal efficiency of lipids extracted from fish 379 

samples. The freezing-lipid precipitation method, combined with SPE 380 

steps (HLB and sorbent), is simple and organic solvent-saving and it 381 

provided satisfactory final results as well. Hence, the method can be 382 

used as a rapid screening tool for the determination of PFRs in fish, on 383 

the basis of GC/MS analysis with deuterium-labeled internal standards. 384 

Further work to improve the method and explore the possibility of 385 

applying it to the determination of PFRs in other living organisms is 386 

recommended. 387 
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Figure 1b. SIM chromatogram of the proposed method. 

Peak identities: 1, TiPP; 2,TnPP-D21; 3,TnPP; 4,TnBP-D27; 5,TnBP; 6,TCEP-D12; 7,TCEP; 

8,TCPP-D18; 9,TCPP; 10,TDCP-D15; 11,TDCP; 12,TBEP; 13,TPhP-D15; 14,TPhP; 15,EHDPP; 

16,TEHP; 17-20,TCrP1-4. 



 

Figure 1a. Total ion chromatograms (TIC) of spiked fish extracts purified by (method 1) Oasis 

HLB cartridge after freezing-lipid precipitation; (method 2) gel permeation chromatography 

column (GPC) and composite silica cartridge. 



Table 1. Removal efficiency of lipids extracted from fish tissue samples by a 

freezing-lipid filtration method 

 

 
Content 

(%) 

Fish weight 

(dw/g) 

Extraction lipid 

(g) 

Freeze lipid   

(g) 

Removal 

efficiency (%) 

methanol in 

water 

5%-1 2.0 0.37 0.35 95 

5%-2 2.0 0.33 0.32 97 

5%-3 2.0 0.30 0.27 90 

10%-1 2.0 0.34 0.28 82 

10%-2 2.0 0.30 0.25 83 

10%-3 2.0 0.32 0.27 84 

acetonitrile in 

water 

5%-1 2.0 0.30 0.25 83 

5%-2 2.0 0.32 0.27 84 

5%-3 2.0 0.33 0.25 76 

10%-1 2.0 0.32 0.30 94 

10%-2 2.0 0.29 0.24 83 

10%-3 2.0 0.31 0.25 81 

 



Table 2. Recoveries of PFRs in fish tissue samples for different solvents and solvent 
volumes after freezing-lipid precipitation and HLB solid-extration 
 

Chemicals 
Methanol/water Acetonitrile/ water 

5% 10% 5% 10% 

TiPP 51 ± 6.0 59±9.8 55±5.9 30±4.0 

TnPP 91±2.0 83±5.6 105±13 89±17 

TnBP 112±8.4 123±8.9 121±15 115±13 

TCEP 68±1.5 59±13 65±10 48±12 

TCPP 105±14 82±13 115±14 107±14 

TDCP 107±12 102±16 100±4.3 92±8.2 

TBEP 103±13 114±10 107±16 100±10 

TPhP 108±0.80 104±12 102±4.1 96±4.8 

EHDPP 108±12 98±19 92±3.6 89±6.7 

TEHP 62±3.5 49±12 48±9.9 47±14 

TCrP 110±6.1 107±19 103±5.6 94±9.3 

  

 



Table 3. The Linear range, correlation coefficient, method detection limits (MDLs) and method quantification limits (MQLs) of the proposed 
method, as well as recoveries (%) of PFRs in spiked blank and fish samples  
  

No. Chemicals Linear range(ng/ml) R2 

Recovery ± RSD (%) 

MQL（ng/g） MDL(ng/g) The proposed method The comparative method 

Spiked blank samples Spiked fish samples Spiked fish samples 

1 TiPP 2.0-2000 0.9985 78±5.7 56±3.2 67±2.7 0.039 0.012 

2 TnPP 2.0-2000 0.9991 107±1.1 108±7.4 93±13 0.095 0.029 

3 TnBP 2.0-2000 0.9958 106±0.13 92±2.3 40±10 0.051 0.015 

4 TCEP 2.0-2000 0.9942 95±2.6 80±5.2 111±5.8 0.34 0.010 

5 TCPP 2.0-2000 0.9998 94±1.2 95±1.9 105±12 0.55 0.004 

6 TDCP 2.0-2000 0.9990 105±3.5 89±6.3 42±8.6 0.154 0.046 

7 TBEP 2.0-2000 0.9913 93±2.8 90±1.5 19 0.074 0.022 

8 TPhP 2.0-2000 0.9997 105±0.74 106±1.8 111 0.043 0.013 

9 EHDPP 2.0-2000 0.9982 75±0.92 101±2.4 167 0.021 0.006 

10 TEHP 2.0-2000 0.9986 73±0.11 63±6.0 22 0.027 0.008 

11 TCrP 2.0-2000 0.9997 79±1.6 83±3.5 121 0.198 0.059 

12 TnPP-d21   97±2.7 75±5.3 52±4.4   

13 TnBP-d27   103±6.7 96±11 89±10   

14 TCPP-d18   106±3.5 97±12 227±60   

15 TPhP-d15   90±8.1 84±7.8 160±7.0   

  

 



Table 4. Concentrations of PFRs in biota samples 

 

Location/ 

samples 

Concentration (ng/g lw) 

TEP TiPP TnPP TnBP TCEP TCPP TDCP TBEP TPhP EHDPP TEHP TCrP ∑PFRs 

Zhongtang 

plecostomus 

ND 3.82  47.0  11.7  13.5  ND ND 7.06  42.3  ND 14.6  ND 140 

ND 4.66  57.5  13.7  19.5  ND 3.79  ND 63.4  ND 12.7 ND 175 

ND 5.94  68.1  17.6 18.3  ND ND ND 85.0  ND 13.9  ND 209 

Shatian 

Tilapia 

ND 3.85  187  42.6  ND ND ND 8.10  16.3  ND 62.8  ND 321 

ND 7.34  255  31.9  ND ND ND 22.9  32.3  ND 83.6  ND 433 

ND 7.76  200  94.6  ND ND ND 22.4  54.4 ND 96.1  ND 475 

Gaoming 

Mud carp 

ND 13.8  73.3  91.3  ND 23.5  ND 4.69  ND ND 78.2  ND 285 

ND 15.0  73.8  65.4  ND 28.9  ND 9.38  ND ND 93.2  ND 286 

ND 18.8  70.5  61.3  6.51 26.3  ND 7.88  ND 7.25  88.2  ND 287 

Shitan 

Catfish 

ND 4.43 15.1 22.2 6.34 ND ND 1.19 19.3 6.95 56.3 10.3 142 

ND 4.79 16.0 22.4 6.11 ND ND 9.46 20.3 5.12 52.8 9.66 147 

ND 4.75 16.8 22.4 6.33 ND ND ND 19.2 4.26 53.7 8.71 136 

 




