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Abstract 31 

 32 

In this study, we present a simple and easy-to-use extraction method that is 33 

based on a hollow-fiber microporous membrane liquid-liquid extraction (HF-34 

MMLLE), as an extraction technique, followed by gas chromatography–mass 35 

spectrometry (GC-MS) to determine a group of brominated flame retardants, 36 

polybrominated diphenyl ethers (PBDEs), at trace levels in aqueous samples.  37 

The hollow-fiber membrane (HF) filled with organic solvent was immersed 38 

into the aqueous sample, spiked with the analytes at ng l-1 level, and stirred 39 

for 60 minutes. The proposed method could attain enrichment factors (Ee) up 40 

to 5200 times, after optimising parameters, such as organic solvent, stirring 41 

speed and extraction time, that affect the extraction.  42 

The HF-MMLLE-GC-MS method was successfully applied to the extraction 43 

of PBDEs from tap, river and leachate water samples with spike recoveries 44 

ranging from 86% to 110%. The method validation with reagent and leachate 45 

water samples provided good linearity, detection limits of 1.1 ng l-1 or lower, 46 

both in reagent and leachate water, as well as satisfactory precision in terms 47 

of repeatability and reproducibility with values of % relative standard deviation 48 

(%RSD) lower than 8.6 and 10.5, respectively.  49 

 50 

 51 

 52 

 53 

 54 

 55 
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1. Introduction 56 

 57 

During the last decades, polybrominated diphenyl ethers (PBDEs) have 58 

been among the group of most commonly used brominated flame retardants 59 

(BFRs), which are exploited as additives in polymers (such as plastics, 60 

textiles, electronic equipments and building materials) to prevent ignition and 61 

decrease the rate of combustion [1-3]. The environmental concern regarding 62 

these compounds has risen because they are released into the environment 63 

during production and use, as well as leach out from the products in which 64 

they are used. In addition, the physicochemical properties of PBDEs are 65 

similar to other well-known environmental contaminants, such as 66 

polychlorinated biphenyls (PCBs). PBDEs are toxic, persistent and liphophilic, 67 

so that they have a tendency to bioaccumulate in biota and reach humans via 68 

the food chain [1,2]. Some reviews [3-8] have reported the presence of 69 

PBDEs in air, water, sediments, marine mammals, birds, fish and humans.  70 

As a consequence of the occurrence of PBDEs in the environment, there 71 

has been a growing interest in recent years in developing analytical methods 72 

to determine these persistent pollutants in different matrices [6,9-11]. 73 

The extraction of PBDEs from environmental aqueous samples has been 74 

usually carried out by using conventional liquid-liquid extraction (LLE) [10], 75 

which is time-consuming and requires large volumes of organic solvents. This 76 

is the basis for the draft US Environmental Protection Agency (EPA) method 77 

1614 for analysis of PBDEs [12]. Recently, headspace solid-phase 78 

microextraction (HS-SPME) has been proposed for the extraction of PBDEs 79 

from aqueous samples [13,14]. However, the sample has to be heated up to 80 
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nearly its boiling point in order to allow partitioning of the non-volatile 81 

compounds, such as PBDEs, between the aqueous (i.e. sample) and the 82 

gaseous phases. Other drawbacks of this technique are the fragility and cost 83 

of the fibers, in addition to possible sample carry-over effects between runs.  84 

Microporous membrane liquid-liquid extraction (MMLLE) is a suitable 85 

technique for extracting and concentrating hydrophobic compounds from 86 

aqueous samples. MMLLE is a two-phase membrane extraction technique 87 

based on an aqueous phase (donor or sample phase) and an organic 88 

(acceptor) phase. The organic phase is supported by a hydrophobic 89 

membrane, which keeps the solvent in position. The organic phase fills the 90 

membrane pores and the acceptor channel (in case of a flat membrane is 91 

used) or the lumen (in case of a HF membrane is used) [15]. Therefore, 92 

MMLLE can be carried out by using either flat membranes, which can be 93 

incorporated into a miniaturised extraction card that is fixed into an automated 94 

device for extraction and analysis [16] or by using single, low-cost, 95 

disposable, and porous HF membranes [17]. 96 

HF-MMLLE, also called liquid phase microextraction (LPME) or solvent bar 97 

microextraction (SBME) by other researchers, has been applied to the 98 

determination of different groups of pollutants, including polycyclic aromatic 99 

hydrocarbons (PAHs) [18-20], triazine herbicides [21], organochlorine 100 

pesticides (OCPs) [20,22], PCBs [23] and penta- and hexachlorobenzene 101 

[24]. However, this extraction technique has never been applied to the 102 

determination of PBDEs.  103 

This paper explores the potential of a simple procedure based on HF-104 

MMLLE to totally extract a group of PBDEs from aqueous complex samples 105 
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followed by GC-MS analysis. The method was optimised to achieve higher 106 

enrichment factors, so that the sensitivity is enhanced and, thus, 107 

determination of low ng l-1 levels of PBDEs is possible. The optimised 108 

conditions were validated for quantitative purposes in reagent and leachate 109 

water samples.  110 

 111 

 112 

 113 

 114 

 115 

 116 

 117 

 118 
 119 

 120 

 121 

 122 

 123 

 124 

 125 

 126 

 127 

 128 

 129 

 130 
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2. Experimental 131 

 132 

2.1. Reagents and standards  133 

 134 

The standards of polybrominated diphenyl ethers were purchased from 135 

Accustandard (New Haven, CT, USA) and consisted of: 2,4,4’-136 

tribromodiphenyl ether (BDE-28), 2,2’,4,4’-tetrabromodiphenyl ether (BDE-137 

47), 2,2’,4,4’,5-pentabromodiphenyl ether (BDE-99), 2,2’,4,4’,6-138 

pentabromodiphenyl ether (BDE-100), 2,2’,4,4’,5,5’-hexabromodiphenyl ether 139 

(BDE-153), 2,2’,4,4’,5,6’-hexabromodiphenyl ether (BDE-154), 2,2’,3,4,4’,5,6-140 

heptabromodiphenyl ether (BDE-183) at 50 mg l-1 in isooctane. They are 141 

mainly those proposed in the EPA method 1614 [12]. 4,4’-dibromodiphenyl 142 

ether (BDE-15) was from Sigma-Aldrich (Steinheim, Germany) and 143 

decachloro biphenyl (PCB-209), used as internal standard (I.S.), was from Dr. 144 

Ehrenstorfer (Augsgburg, Germany). Properties of these compounds are 145 

given in Table 1. Octane and n-undecane were purchased from Sigma-Aldrich 146 

and the rest of solvents (all analytical grade or above) from Merck (Darmstadt, 147 

Germany). Sodium chloride, hydrochloric acid and sodium hydroxide were all 148 

from Merck. Ultrapure reagent water purified by a Milli-Q gradient system 149 

(Millipore, Bedford, MA, USA) was used through out. The Q3/2 Accurel PP 150 

polypropylene hollow-fiber (HF) membranes (200 µm wall-thickness, 600 µm 151 

inner diameter, 0.2 µm pore size) were obtained from Membrana (Wuppertal, 152 

Germany).  153 

Standard stock solutions of BDE-15 at 1000 mg l-1 and further diluted to 50 154 

mg l-1 were prepared in isooctane. A standard solution containing 2 mg l-1 of 155 
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all PBDE, was also prepared in isooctane. Standard stock solution of PCB-156 

209 at 1000 mg l-1 was prepared in toluene. Working solutions were prepared 157 

by appropriate dilution in isooctane, toluene, n-undecane or acetone and 158 

stored at –20 °C. Water solutions of PBDEs were prepared by using a spiking 159 

solution (100 µg l-1) in acetone.  160 

 161 

2.2. Sample collection 162 

 163 

Tap water was sampled from the main area of the water supply network of 164 

Lund, Sweden. River water was collected at Höje River in the south suburb of 165 

Lund, Sweden. Leachate water was collected from the Härlöv landfill (the 166 

Kristianstad municipal solid waste deposit) and from an industrial landfill in 167 

Halmstad, Sweden. All samples were collected in amber glass containers and 168 

maintained in the dark at 4 °C until analysis. No filtration or any further 169 

treatment was applied in any of the samples before extraction.  170 

 171 

2.3. GC-MS analysis 172 

 173 

All the analyses were performed using a 6890 Series gas chromatograph 174 

equipped with a split/splitless injector, autosampler and a 5973-N mass 175 

spectrometry detector (Agilent Technologies, Palo Alto, CA, USA). Analytes 176 

were separated using a HP-5ms fused silica capillary column (5% phenyl-177 

methylpolysiloxane) of 30 m x 0.25 mm with a phase thickness of 0.25 µm. 178 

The temperature program was: 150 °C, hold 1 min, rate 15° C min-1 to 220 °C, 179 

rate 4 °C min-1 to a final temperature of 300 °C, hold 2 min. Helium was used 180 
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as carrier gas at flow rate of 1.2 ml min-1. The injector temperature was set at 181 

280 °C with a splitless time of 2 min. The MS was operated in the electron 182 

impact ionisation (EI) mode (70 eV). The transfer line, quadrupole and ion 183 

source temperatures were 280 °C, 150 °C and 230 °C, respectively. Samples 184 

were analysed in selective ion monitoring (SIM) mode. Scan runs were made 185 

with range from m/z 100 to 800. Specific ions were selected for each PBDE 186 

congener and the most abundant ion was selected as a quantitative ion, while 187 

two other ions were used as qualifiers (Table 1). Quantification was carried 188 

out with the internal standard (I.S.) procedure with the PCB-209 (100 µg l-1) as 189 

I.S.. 190 

 191 

2.4. Hollow-fiber microporous membrane liquid-liquid extraction (HF-192 

MMLLE) 193 

 194 

Prior to extraction, HF pieces of ∼ 3.7 cm length were heat-sealed at the two 195 

ends using a hot surface, and then cleaned with acetone and dried. After this 196 

preparation, the obtained sampling membrane had an effective length of ∼ 3.5 197 

cm with sampling phase volume of ∼ 10 µl in the lumen and ∼ 12 µl in the 198 

pores of the wall (taking into account that the porosity in the HF wall is ∼ 199 

70%). Then, a number of pre-sealed HFs, enough for one day of experiments, 200 

were filled by sonication for about 1 hour (while the sample solutions and 201 

extraction set-up were prepared) with the organic solvent spiked with PCB-202 

209 (I.S.) at 100 µg l-1, which is a concentration in about same order of 203 

magnitude as the enriched analytes. The ratio between the area of the analyte 204 

peak and the I.S. peak was monitored and considered for all analysed 205 
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samples. Before starting the extraction procedure, one filled HF was taken 206 

from the organic solvent, immersed and briefly shaken in reagent water to 207 

wash away any excess organic solvent from the surface. Then one HF was 208 

placed in the aqueous sample (100 ml) for extraction. During the extraction, 209 

the solution was stirred at 1200 rpm (previously optimised). After the 210 

extraction, the HF was taken out and the solvent in the lumen was collected 211 

by just puncturing one end of the HF with a 10 µl GC syringe. Normally, 10 µl 212 

of solvent could be obtained of which 2 µl volume was manually injected into 213 

the GC.  214 

 215 

2.5. Definitions 216 

 217 

The enrichment factor, Ee, which was selected as response variable for the 218 

optimisation of the extraction process, is defined as the ratio of the 219 

concentration of analyte in the acceptor (CA) after the extraction to that in the 220 

sample before extraction (CS): Ee = CA / Cs. CA was calculated by using the 221 

peak area ratio and the calibration curve of the standards by direct injection 222 

into GC-MS.  223 

Another variable is the extraction efficiency, E, which is calculated from the 224 

product of Ee and the volume ratio of the organic solvent in the acceptor (VA) 225 

to the aqueous sample volume (VS), and VA considers the volume in the 226 

lumen (VL, i.e. 10 μl) plus the volume of the pores (VP, i.e. 12 μl): (%) E = Ee x 227 

(VA/VS) x 100. E indicates the percentage of the total analyte present initially 228 

in the sample that was extracted into the organic solvent, present in the lumen 229 

and in the pores.  230 
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 231 

 232 

3. Results and discussion  233 

 234 

3.1. Method optimisation 235 

 236 

Since the extraction in MMLLE is based on an equilibrium distribution 237 

process, the amount of analyte extracted at a certain time depends on the 238 

mass transfer of the analyte from the aqueous sample to the organic solvent 239 

in the HF. There are several parameters such as type of organic solvent, 240 

stirring speed, extraction time, addition of salt and sample pH that can 241 

enhance this distribution process. Thus, we first optimised all the above 242 

mentioned factors affecting the extraction efficiency. To evaluate the 243 

significance of these factors, a series of 100-ml aqueous samples spiked at 244 

50 ng l-1 of each PBDE was extracted in triplicate.  245 

 246 

a) Selection of organic solvent  247 

 The selection of organic solvent was based on the selectivity of the solvent 248 

to extract the analytes and its evaporation during the extraction process. For 249 

this purpose, toluene, isooctane, octane and n-undecane were examined. 250 

We first attempted to use toluene because of its selectivity towards the 251 

analytes and GC performance. However, this solvent (b.p. 110 °C) partially 252 

evaporated after the extraction had finished, and after that, upon manual 253 

handling of the hollow-fiber, this solvent had completely evaporated. Other 254 

solvents with similar properties, such as octane (b.p. 125 °C) and isooctane 255 
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(b.p. 99 °C) were also tested, but the results were similar to those for toluene. 256 

Then, n-undecane with higher boiling point (196 °C) was tested. This solvent 257 

showed good stability after the extraction and good selectivity for extraction of 258 

highly hydrophobic compounds as PBDE (see log Kow values of the PBDEs in 259 

Table 1). Therefore, n-undecane as extraction solvent can be easily handled 260 

and it is also suitable for a good GC performance for PBDE analysis. 261 

 262 

b) Stirring speed  263 

 The stirring speed used in the extraction procedure was investigated since 264 

agitation of the sample reduces the time to reach thermodynamic equilibrium, 265 

especially for the analytes with higher molecular mass. Fig. 1 shows the Ee 266 

values, for all PBDE congeners studied, at stirring speeds between 400 and 267 

1200 rpm. As expected, stirring speed enhanced extraction with Ee reaching 268 

its maximum at 1200 rpm, the highest speed attainable by the magnetic stirrer 269 

used. Therefore, we selected 1200 rpm as stirring speed for subsequent 270 

experiments. 271 

 272 

c)  Extraction time 273 

 To determine the influence of the extraction time, aqueous standard 274 

solutions were extracted for different extraction times ranging from 5 min to 275 

300 min at the stirring rate of 1200 rpm. Fig. 2 shows the extraction time 276 

profile for all the analytes. The enrichment factors obtained for the extraction 277 

increased with the extraction time up to 60 min, and then stayed almost 278 

constant, indicating that equilibrium was attained for most compounds, with 279 

the exception of BDE-15 and BDE-28. The behaviour of BDE-15 and BDE-28 280 
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could be explained by that they are the less hydrophobic analytes of the 281 

studied compounds and might diffuse from the aqueous sample to the organic 282 

solvent more slowly. The prolongation of the extraction time more than 60 min 283 

at this high stirring speed (1200 rpm) might produce some solvent losses, 284 

which results in poor precision in the analysis (data not shown). On the basis 285 

of these findings and also considering the high Ee for all analytes after 60 min, 286 

we selected 60 min as optimum extraction time for the subsequent 287 

experiments.  288 

 289 

d) Salt addition and sample pH.  290 

 NaCl is often added to the sample in order to increase the ionic strength 291 

and enhance the analyte extraction; however, some discrepancies have been 292 

reported about the effect of salt addition [14,25,26]. On one hand, the addition 293 

of salt may change the activity coefficients of analytes in the aqueous phase 294 

and thus the extraction into the organic phase is enhanced. On the other 295 

hand, it could increase the viscosity and density of the aqueous phase and 296 

negatively affects the kinetics of the process and, consequently, the extraction 297 

efficiency [27]. 298 

The possible salting-out effect was evaluated by adding different amounts 299 

of NaCl (0 – 20 % w/v) to the aqueous solution spiked at analyte 300 

concentration of 50 ng l-1. Fig. 3 depicts that the optimal extraction was 301 

achieved when no NaCl was added. These results are in agreement with 302 

other studies, where PBDEs were extracted using SPME, and the addition of 303 

salt did not improve the extraction of these compounds [14,27].  304 
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The effect of the pH of the sample solution was also investigated in the 305 

range from pH 2 to 9. Similarly, as expected, no effect of sample pH was 306 

observed. 307 

 308 

3.2. Enrichment factor and extraction efficiency 309 

 310 

After evaluating the different parameters that might affect the extraction, 311 

the following optimised conditions were selected for all further experiments: 312 

3.5 cm HF filled (10 µl) and impregnated (∼12 µl in membrane pores) with n-313 

undecane solution containing PCB-209 (I.S.), and put in 100 ml aqueous 314 

sample (without salt addition and pH adjustment) stirred at 1200 rpm for 60 315 

min.  316 

Fig. 4 depicts Ee values for all studied compounds under the above 317 

optimised conditions. We can observe that the Ee values range from 2800 318 

times for BDE-15 to 5200 times for BDE-153. 319 

The high Ee values are at least one magnitude of order higher than those 320 

achieved (typically a few hundreds) in several previous reports (since in the 321 

present study Vs is at least 10 times smaller than those described in previous 322 

studies). In those studies, different classes of analytes with different polarity 323 

and hydrophobicities, such as PCBs (Ee from 67 to 241) [23], 324 

hexachlorocyclohexanes (221 to 538) [28], PAHs (166 to 234) [29] or 325 

endocrine disrupting compounds and pharmaceuticals (13 to 415) [30] were 326 

extracted using a similar two-phase extraction system. Moreover, it should be 327 

pointed out that the Ee values in the present study were obtained by spiking 328 

the samples at low ng l-1 levels, which are the levels that can be more 329 



 14 

probable to be found in the environmental waters. It might be anticipated that 330 

this HF-MMLLE method in combination with GC-MS would be capable to 331 

reach low detection and quantification limits.  332 

Another feature of the extraction method presented is that it is capable to 333 

completely extract all analytes with extraction efficiency (E) near to 100% for 334 

all the compounds (see the corresponding values close to the bars of each 335 

analyte in Fig. 4).  336 

 337 

3.3. Method validation 338 

 339 

a) Analytical performance in reagent water samples.  340 

To validate the analytical method using reagent water samples spiked at 341 

low ng l-1 levels, linearity, method detection limits (MDL) and quantification 342 

limits (MQL), and method precision were investigated. The performance 343 

parameters are tabulated in Table 2. Linearity was tested with PBDE spiked 344 

samples with concentration ranging from 1 to 100 ng l-1, with different lower 345 

concentration in the linear range depending on the MQL of each congener 346 

(Table 2). Each level of concentration was analysed in triplicate. All the 347 

analytes exhibited good linearity with squared regression coefficient (r2) 348 

ranging from 0.9968 to 0.9998. The MDL and MQL were determined 349 

according to the EPA method 136 [31], i.e. as three and ten times, 350 

respectively, the standard deviation of eight replicate extractions of spiked 351 

reagent water at 2 ng l-1 of each analyte. The MDL ranged from 0.2 ng l-1 for 352 

BDE-15 to 0.9 ng l-1 for BDE-99. These detection limits are lower than those 353 

reported for PBDEs extracted by SPME with GC-MS analysis [14] in which, 354 
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for instance, the MDL for BDE-99 in reagent water was 9.7 ng l-1. However, 355 

the obtained MDL for the proposed HF-MMLLE method is higher than given in 356 

EPA method 1614 [12] (e.g. 40 pg l-1 for BDE-99). But there the quantification 357 

was made by high resolution mass spectrometry (HR-MS), dramatically 358 

deceasing the MDL. As Ee in the EPA method is about 1000, it could be 359 

expected that the MDL for the HF-MMLLE method would be about three to 360 

five times lower than in the EPA method using a similar HR-MS detection. The 361 

repeatability and reproducibility (three consecutive days with triplicate 362 

analyses every day) were tested with water samples spiked at 10 ng l-1. The 363 

precision of the experimental procedure, expressed as relative standard 364 

deviations (%RSD), was 0.9 – 8.5 % for repeatability, and 2.5 – 10.3 % for 365 

reproducibility. Thus, the method shows good precision at such low 366 

concentration levels. 367 

  368 

b) Application to real samples.  369 

To assess sample matrix effects, the optimised extraction method was then 370 

applied to three environmental water samples: tap water, river water and 371 

leachate water. All water samples were used without any pre-treatment. Tap, 372 

river and leachate water from Halmstad did not show any trace of any PBDE; 373 

however, in leachate water from Kristianstad two peaks appeared at the 374 

retention time corresponding to BDE-153 and BDE-183. The two peaks were 375 

indeed those of the two PBDEs, which were confirmed by relative abundance 376 

of the three ions selected. Fig. 5 shows the chromatogram for contaminated 377 

leachate water from Kristianstad, in which BDE-153 and BDE-183 appeared. 378 

The concentrations of BDE-153 and BDE-183 were determined to be 3.5 and 379 
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23 ng l-1 (n = 3), respectively. In fact, these two PBDE congeners were 380 

already found at ng l-1 levels in leachate water in earlier samples from the 381 

same source [32,33]. BDE-153 and BDE-183 might be present in this 382 

leachate water because some plastic manufacturing companies, which might 383 

have been using mixtures containing these two PBDEs as plastic additives, 384 

are settled nearby the sampling point.  385 

Although contaminated environmental water could be used for validation 386 

analysis by properly subtracting the areas in the blank chromatograms from 387 

the areas obtained in working solutions spiked at different levels of 388 

concentration, we decided to use the non-contaminated leachate water to 389 

avoid misleading results. Therefore, leachate water from Halmstad was used 390 

for further experiments.  391 

100 ml of each water sample spiked at 10 ng l-1 with the mixture of PBDEs 392 

were analysed in triplicate by the proposed method. Relative recoveries, 393 

determined as the ratio of concentration in environmental water samples to 394 

reagent water sample at the same concentration level, were evaluated and 395 

the results are listed in Table 3. The relative recoveries were between 85% 396 

and 110% for all the analytes in the three different matrices studied. The 397 

precisions obtained in all the real water samples (Table 3) were similar to 398 

those of reagent water samples (Table 2) spiked at the same level of 399 

concentration. These facts clearly indicate that there is no significant influence 400 

of the sample matrix. Fig. 6 shows the chromatograms after the extraction of 401 

100 ml tap (a), river (b) and leachate (c) water spiked at 10 ng l-1. As can be 402 

seen, the chromatogram profile for any of the sample analysed is comparable, 403 

which indicates that the HF-MMLLE-GC-MS system is suitable for analysis of 404 
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different types of environmental matrices and it also shows the effective 405 

clean-up of the system. In addition, HFs are cheap and disposable, thus 406 

eliminating possible carry-over effects or any contamination between the real 407 

sample analyses.  408 

In view of the high relative recoveries as well as the good precision 409 

obtained with leachate water, the method was also validated using this water. 410 

The same performance parameters and the same experimental procedure as 411 

described for reagent water were used. Table 4 summarises the linearity, 412 

MDL, MQL and precision of the method with leachate water samples. 413 

Linearity was excellent (r2 0.9943 – 0.9984), MDL lower than 1 ng l-1 for all the 414 

congeners, with the exception of BDE-99 (1.1 ng l-1). The method repeatability 415 

and reproducibility were evaluated at two different concentration levels. At 50 416 

ng l-1, the RSD values were lower than 10%, and at 10 ng l-1 the RSD values 417 

were somewhat higher with values up to 16.9%, which are still reasonable in 418 

such samples of low concentration of analytes and high complexity. From the 419 

above results, we can conclude that the overall method performance with 420 

leachate water is comparable to that with reagent water.  421 

Thus, the HF-MMLLE-GC-MS system shows a great potential for analysing 422 

trace levels of PBDEs in environmental water samples. 423 

 424 

 425 

4. Conclusions 426 

 427 

In this study we have demonstrated the applicability of the HF-MMLLE 428 

technique followed by GC-MS for trace-level determination of PBDEs in 429 
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environmental waters. The extraction technique under the optimised 430 

conditions combines high enrichment factors (up to 5200 times), allowing 431 

optimal sensitivity, and efficient sample clean-up of complex dirty samples.  432 

The analysis of different environmental aqueous samples such as tap, river 433 

and leachate water showed no matrix influence. The method was successfully 434 

validated for reagent water and for leachate water. Low MDLs (values not 435 

higher than 1.1 ng l-1) for all congeners in both matrices were obtained with a 436 

relatively small effort and negligible solvent consumption. It is worth noting, 437 

that the MDL can be further enhanced by GC-MS-MS or GC-HR-MS as in 438 

EPA method 1614.  439 

The most relevant features of the extraction device are the simplicity to 440 

prepare and very low cost, making it suitable for single use, and thus avoiding 441 

carry-over effects, and also promotes high sample throughput. In addition, the 442 

HF–MMLLE method is shown to be very effective in sample clean-up, 443 

resulting in very good chromatographic behaviour for the extracts. The 444 

proposed HF-MMLLE technique with GC-MS analysis is well suited as a 445 

potential method in routine analysis to determine trace levels of PBDEs in 446 

environmental matrices. 447 
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Table 1. GC-MS-SIM conditions for PBDEs’ analyses, boiling point (b.p.) and octanol/water partition coefficient (log 525 

Kow) of the PBDE congeners studied. 526 

 527 

Analyte tR (min.) target ion (m/z) confirmation ions (m/z) b.p. (°C) Log Kow 

BDE-15 6.8 327.9 325.9, 168 339 6.0 ± 0.6 a 

BDE-28 9.1 405.8  407.8, 247.9 370 6.7 ± 0.7 a 

BDE-47 12.2 485.7 483.7, 325.8 396 7.4 ± 0.7 a 

BDE-100 14.9 403.7 563.6, 405.7 434 8.0 ± 0.8 a 

BDE-99 15.8 403.7 563.6, 405.7 416 8.2 ± 0.8 a 

BDE-154 18.2 483.6 643.5, 485.6 471 9.0 ± 0.7 a 

BDE-153 19.5 483.6 643.5, 485.6 453 8.9 ± 0.7 a 

BDE-183 23.3 561.6 721.5, 563.5 491 9.7 ± 0.7 a 

PCB-209 (I.S.) 17.3 497.7 495.6, 427.7 466 8.1 ± 0.4 b 

 528 
a Value calculated using a computer program, ACD/Labs for Chemistry, Advanced Chemistry Development Inc., Canada. b Value from ref. 34 529 

 530 
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 531 

Table 2. The analytical performance of the HF-MMLLE-GC-MS system in reagent water samples. 532 

 533 

 
 

Linearity  
 

Limits (ng l-1)   Precision a (%RSD, n = 3) 

Analyte 
 Range 

(ng l-1) r2 
 

MDL  MQL   Repeatability Reproducibility 

BDE-15 
 

1 - 100 0.9968 
 

0.2 0.8  0.9 10.3 

BDE-28 
 

2 - 100 0.9988 
 

0.3 1.1  2.8 4.0 

BDE-47 
 

1 - 100 0.9995 
 

0.2 0.6  4.1 9.6 

BDE-100 
 

5 - 100 0.9998 
 

0.7 2.3  8.1 9.6 

BDE-99 
 

5 - 100 0.9998 
 

0.9 2.9  8.5 10.4 

BDE-154 
 

2 - 100 0.9995 
 

0.3 1.1  6.1 6.3 

BDE-153 
 

2 - 100 0.9994 
 

0.6 2.0  5.9 6.1 

BDE-183 
 

5 - 100 0.9997 
 

0.7 2.3  2.5 5.6 

 534 

a Spiked at 10 ng l-1 535 
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Table 3. Mean % relative recoveries (%RSD, n = 3) of PBDEs in environmental 536 

water samples with HF-MMLLE-GC-MS system. 537 

 538 

 % Relative recovery a (%RSD, n = 3) 

Analyte Tap River Leachate 

BDE-15 108.6 (1.5) 110.4 (6.3) 106.7 (2.4) 

BDE-28 100.1 (2.0) 101.4 (9.8) 100.1 (2.7) 

BDE-47 99.9 (6.8) 94.9 (13.9) 92.7 (7.6) 

BDE-100 97.4 (4.2) 86.1 (11.4) 90.0 (8.2) 

BDE-99 101.7 (7.0) 103.4 (4.0) 87.3 (7.9) 

BDE-154 99.7 (8.0) 94.1 (6.4) 92.1 (5.2) 

BDE-153 96.1 (7.4) 90.1 (5.1) 85.4 (3.9) 

BDE-183 107.4 (3.0) 98.8 (4.1) 94.7 (3.9) 

 539 

a Spiked at 10 ng l-1 540 
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Table 4. The analytical performance of the HF-MMLLE-GC-MS system in leachate water samples. 541 

 542 

 
 

Linearity 
 

Limits (ng l-1)   Precision at 50 ng l-1a  

(%RSD, n = 3) 
 Precision at 10 ng l-1a  

(%RSD, n = 3) 

Analyte 
 Range 

(ng l-1) r2 
 

MDL  MQL   Repeatability Reproducibility 
 

Repeatability Reproducibility 

BDE-15 
 

2 - 100 0.9984 
 

0.3 1.1  2.7 3.1 
 

2.4 12.3 

BDE-28 
 

2 - 100 0.9984 
 

0.3 1.1  2.2 2.9 
 

2.7 15.2 

BDE-47 
 

1 - 100 0.9983 
 

0.3 0.8  5.7 2.7 
 

7.6 16.9 

BDE-100 
 

5 - 100 0.9943 
 

1.1 3.6  7.4 8.8 
 

8.2 11.4 

BDE-99 
 

5 - 100 0.9949 
 

1 3.2  8.8 9.1 
 

7.9 12.0 

BDE-154 
 

2 - 100 0.9965 
 

0.5 1.5  8.6 8.5 
 

5.2 2.9 

BDE-153 
 

2 - 100 0.9952 
 

0.6 1.9  6.6 10.0 
 

3.9 7.5 

BDE-183 
 

5 - 100 0.9958 
 

0.8 2.5  3.8 9.0 
 

3.9 8.4 

 543 

a Spiked 100 ml sample 544 

 545 
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 546 

Figure captions  547 

Figure 1. Effect of stirring speed on Ee of PBDEs. Extraction conditions: organic 548 

solvent, n-undecane; sample volume, 100 ml; spiked concentration of the analytes, 549 

50 ng l-1; extraction time, 60 min. 550 

 551 

Figure 2. Effect of the extraction time on Ee of PBDEs. Stirring speed 1200 rpm. For 552 

other extraction conditions, see Figure 1. 553 

 554 

Figure 3. Effect of salt addition on Ee of PBDEs. For the extraction conditions, see 555 

Fig. 2. 556 

 557 

Figure 4. Ee (depicted in the bars) and E (indicated by the number) values of PBDEs 558 

achieved by HF-MMLLE under the optimised extraction conditions (at concentration 559 

50 ng l-1 of each analyte).  560 

 561 

Figure 5. Total ion chromatogram from GC-MS analysis of the extract from 100 ml of 562 

contaminated leachate water sample from Kristianstad. 563 

 564 

Figure 6. Total ion chromatogram from GC-MS analysis of the extract from 100 ml of 565 

tap (a), river (b) and leachate from Halmstad (c) water samples spiked at 10 ng l-1 of 566 

each analyte under the optimised HF-MMLLE conditions. Peak designation 567 

corresponds to the BDE congener numeration used along the text; I.S. = PCB-209 at 568 

100 µg l-1. 569 

 570 
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