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Abstract

A comprehensive procedure was established for the fractionation of solvent-extracted environmental samples into three fractions containing poly
brominated diphenyl ethers (PBDES), polychlorinated biphenyls (PCBs) and polychlorinated dibéiozais and dibenzo-furans (PCDD/Fs),
respectively. The procedure includes multi-layer silica gel chromatography to separate PBDEs from PCBs and PCDD/Fs, and subsequent separat
of PCBs from PCDD/Fs using a florisil column. The numbers of congeners involved were 16, 19, and 17, for PBDESs, PCBs, and PCDD/Fs, respec
tively. The separation of the three chemical groups overcomes the potential mutual interferences, which are difficult to avoid even by the use of hig
resolution mass spectrometer (HRMS). In addition, this procedure efficiently eliminates most interfering substances from sample matrices for thi
subsequent instrumental analyses. The method was validated using mixed chemical standards, and applied for the analysis of environmental samj
including sediment, sewage sludge and fish tissue. All the recoveries are within the acceptable ranges specified in the USEPA standard method
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction US EPA has issued separate standard methods for the analy-
sis of PBDEs, PCBs, and PCDD/Fs in environmental samples;
Polychlorinated dibenzp-dioxins and dibenzo-furans for example, Methods 1614 (draft), 1668A, 1613B, and 8290
(PCDD/Fs) are highly toxic compounds formed as by-productgor high resolution gas chromatography coupled with high reso-
during chemical and combustion processes. Polychlorinateldition mass spectrometry (HRGC/HRMS), and Methods 8082,
biphenyl (PCBs) and polybrominated diphenyl ethers (PBDEsB280A for high resolution gas chromatography coupled with low
have been manufactured in large quantities and are containedsolution mass spectrometry (HRGC/LRMS) or electron cap-
in many industrial and consumer produfd<]. It was reported ture detector (ECD). Because the extraction procedures required
that both PCBs and PBDESs possess dioxin-like activity, and alby these methods are not specific to any of the three analyte
of them are toxic, endocrine disrupting, and probably carcinogroups, they can be extracted from the sample with a single
genic [3,4]. Because all these three groups of pollutants arextraction process. In view of that, simultaneous analysis of
ubiquitous, it is likely that they co-exist in most environmental these three toxic chemical families in one single extracted sam-
matrices[5-9]. Therefore, simultaneously monitoring of their ple is feasible.
levels in environmental samples is highly desired in order to Due to the extremely low levels of the target compounds and
protect human health. the large number of interfering substances, analytical method-
ologies for these three chemical groups are especially difficult.
To overcome these analytical difficulties, either a highly selec-
* Corresponding author. Fax: +86 10 62849179. tive detection or tedious cleanup or even both are demdid¢d
E-mail address: gbjiang@mail.rcees.ac.cn (G. Jiang). Thus, anisotopic dilution technique coupled with HRGC/HRMS
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has been used to provide a reliable quantification and to acc*CDD/Fs into three fractions. This procedure not only elim-
rately determine the concentrations of these analytes. Howevdnates much of the interferences from matrix substances, but
the interference cannot be completely resolved even by usinglso diminishes the possibility of mutual interference among
HRGC/HRMS due to the co-elution of these compounds on difthe three chemical families during instrumental analysis with
ferent types of columns with the same isobaric i¢h3-12]  the use of any detector.

For example, PCB180 and BDE47 were found to co-elute from

a capillary GC column, and their separation based on mass-t@- Materials and methods

charge ratioru/z) requires a MS resolution >23,5000], which

is beyond the resolutions routinely used by conventional HRMS 7. Chemicals

systems such as the one available in our laboratory. Pirard et al.

eliminated the potentialinterferences between PCBs and PBDEs All solvents were pesticide residue grade and were pur-

through increasing the selectivity of the deted¢®r They con-  chased from Fisher. Silica gel (0.063-0.100 mm) was obtained
firmed that combination of electron ionization (El) and tanderﬂfrom Merck. Basic alumina (150 mesh) was purchased from
in time mass spectrometry offers the accuracy of EI-HRMSa|drich. Florisil (60-100 mesh) was obtained from Riedel-de
However, separating the targeted chemical groups before instrgtagn. Bio-Beams SX-3 was purchased from Bio-Rad. Stan-
mental analysis is highly beneficial to laboratories without MSdard solutions of PCDD/Fs (1613-LCS, 1613-[$3], PCBs
detectors with high resolution. Because ECD is non-selectivqgg8a-LCS, 68a-1S]14], and PBDEs C-labeled MBDE-47,
not only the interferences from sample matrix are difficult togg and 153) were obtained from Wellington Laboratories. The
avoid, but also the interfering among the target compounds cagrgeted PCBs ranged from di- to deca-chlorinated congeners
be substantial, especially when their concentration levels difwith [UPAC number 15, 19, 37, 52, 54, 77, 81, 101, 104, 105,
fer dramatically. A few studies were published regarding to they14, 118, 123, 126, 138, 155, 156, 157, 167, 169, 188, 189, 194,
simultaneous analysis of these three toxic chemical families in 202, 205, 206, 208, and 209. EO5103 (2500 ng/mL), a mixture of
single sampl¢7—9]. But none of them had completely separatednative BDEs 17, 28, 47, 66, 71, 85, 99, 100, 138, 153, 154, 183,
PBDEs from PCBs although it is known that they may interfere190, and 209 was purchased from Cambridge Isotope Laborato-
with each other. ries. Standard reference material SRM 1941b (marine sediment)
In this study, a comprehensive sample fractionation procewas obtained from National Institute of Standards and Technol-
dure was successfully developed to separate PBDEs, PCBs aggy (NIST). Fish tissue and sewage sludge were collected from
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Fig. 1. Procedure for separating PBDEs, PCBs and PCDD/Fs.
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Taihu Lake and a wastewater treatment plant in Pingdingshan,
Henan Province of China, respectively. Detailed sample collec-
tion and extraction procedures were described elsewh&je

2.2. Sample preparation and purification

The analytical procedure was presentedig. 1 Briefly,
freeze-dried environmental samples were spiked Wi@-
labeled surrogate standards prior to a 24 h Soxhlet extraction
with 1:1 dichloromethane (DCM):hexane or other solvents.
After the extraction, acidic silica and copper powder were added
to remove lipid and sulphur in the samples, respectively. The
extract was concentrated by a rotary evaporator, and the residue
was dissolved in hexane. These extraction and concentration
steps were not needed during the development of the chro-
matographic cleanup procedure, for which a solution of mixed
chemical standards was used.

The concentrated extract was sequentially subjected to multi-
layer silica gel, basic alumina, florisil chromatography columns
and gel permeation chromatography (GPC) for further cleanup
and being separated into three groups of chemicals. The multi-
layer silica gel column (glass column with 15 mm inner diameter
and 30cm long) was packed from bottom to top with 1 g acti-
vated silica, 4 g basic silica (1.2%, w/w), 1 g activated silica, 8¢
acidic silica (30%, w/w), 1 g activated silica, 2g AgNGilica
(10%, w/w) and 4 g anhydrous sodium sulphate. The prepara-
tion of the materials was according to EPA 1613B, 1668A and
JIS K0311/2. The GPC was packed with 30 g SX-3 bio-beams
using 1:1 DCM:hexane as the elution solvent. The absorbent was
immerged in 1:1 DCM:hexane while not being used. Elution of
the sample was carried out at arate of about 1 mL/min. The eluted
sample was collected in three fractions, which were concentrated
to 10pL. Then,13C-labeled internal standards, 1668A-IS (for
PCBs and PBDEs fractions) and 1613-IS (for PCDD/Fs), were
added prior to the GC injection.

2.3. Instrumental analysis

The quantification was performed on an Agilent 6890 gas
chromatography coupled with an Autosepc Ultima high resolu-
tion mass spectrometer with an electron impact (El) ion source.
The HRMS was operated in SIM modeRt 10,000. Exactly
1 L of sample solution was injected with a CTC PAL autosam-
pler in splittess mode into a capillary column. Helium was
the carrier gas with a constant flow of 1.2 mL/min. The other
instrumental conditions for the analysis of PBDEs, PCBs and
PCDDI/Fs are listed iffable 1

3. Results and discussion

3.1. Separation of PBDEs from PCBs and PCDD/Fs using
multi-layer silica column

Because PBDEs have different chemical structures from
PCBs and PCDD/Fd.6] and thus different polarities, it is pos-
sible to separate PBDEs from PCBs and PCDD/Fs by using
column chromatography. Separation of PBDEs from PCBs and

Table 1

HRGC/HRMS conditions for the analysis of PBDEs, PCBs and PCDD/Fs

Oven temperature program

Injector

Column

SIM

Electron Source

Analyte

temperature®C)

temperature°C)

energy (eV)

90°C held for 2 min, 90-210C at 25°C/min held
for 1 min, 210-275C at 10°C/min held for 10 min,

275-330°C at 25°C/min held for 10 min

300

HP-5 (30 mx 250pm i.d. x 0.25um

film thickness)

M + 2 for mono- to tri-BDEs M + 2-Br

for tetra- to hepta-BDEF9]

280

38

PBDEs

80°C held for 2 min, 80-150C at 15°C/min,

150-270C at 2.5°C/min held for 3 min,
270-330C at 15°C/min held for 1 min

270

DB-5MS (60 mx 250pm

M +314]

250

35

PCBs

i.d. x 0.25pum film thickness)

160°C held for 2 min, 160-220C at 7.5°C/min
held for 16 min, 220-235C at 5°C/min held for
7 min, 235-330C at 5°C/min held for 1 min

270

DB-5MS (60 mx 250m

M+ 213]

250

35

PCDDI/Fs

i.d. x 0.25um film thickness)
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80 hexane
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Fig. 2. Elution of BDE-47 from multi-layer silica column with different mass of silver nitrate silica.

PCDD/Fs was investigated by using different chromatographynulti-layer silica column with different mass of AgNGilica
columns with various solvent mixtures. The results showed that presented irfrig. 2 However, PCBs and PCDD/Fs could be
basic alumina and florisil chromatography columns, when usedluted out almost completely with those amounts of solvents.
alone, could not separate PBDEs and PCBs effectively. Silicahe result showed that increasing the amount of Aglisilica

gel, the most widely used sorbent in sample cleanup, was founid the multi-layer silica column would strengthen the retention
to retain PBDEs more strongly than other sorbents. This obsenf PBDEs to a larger extent than those of PCBs and PCDD/Fs.
vation is in agreement with the capabilities of neutral silica toMoreover, AQNQ silica was found to be a very efficient sulphur
fractionate PCBs from PBDEs previously descrifiEq]. There-  removing agenil8—20] Considering both the performance and
fore, the separation of PBDEs from PCBs and PCDD/Fs was thetost, multi-layer silica columns with 2 g AgNilica was more

further investigated using a multi-layer silica gel chromatograpreferable.
phy column. In general, almost all PCBs and PCDD/Fs were eluted prior to

The results show that silver nitrate (AgNsilica in the  the elution of PBDEs. The earlier elution of PCBs and PCDD/Fs
multi-layer silica column plays an important role in the pro- than PBDEs may indicate stronger interactions between PBDES
cess of separation. Without AgNGilica layer, all PBDEs were and silica gel sorbent. By using various solvent mixtures as the
eluted mostly along with the other two chemical groups withineluents, the elution behaviors of three chemical families were
the first 80 mL hexane. When 2 g AgNGilica was packed in  studied on multi-layer silica chromatography column. For PCBs,
the multi-layer silica column, PBDEs were not eluted out everthe heavier congeners were eluted earlier thus would not over-
with 150 mL hexane. With 3g AgN©silica, 160mL of 2% lap with PBDEs. To efficiently elute lower chlorinated biphenyls
DCM in hexane could not elute PBDEs out from the multi- such as PCB15 efficiently, hexane, 2% DCM in hexane, and 5%
layer silica column, and that for column with 2g AgNGilica  DCM in hexane were tested. After cutting off the collection of
was 140 mL 2% DCM in hexane. Elution curve of BDE-47 on PCBs and PCDD/Fs, 10%, 20%, and 50% DCM in hexane were

2
& 70 0 PBDEs M PCBs O PCDI/Es

PCDD/Fs
PCBs

50

Retention volumn (mL)

5% DCM in hexaneS0

1:1DCM:Hexane 30

Fig. 3. Elution pattern on multi-layered silica column by using 5 and 50% DCM in hexane as eluents.



318 H. Liu et al. / Analytica Chimica Acta 557 (2006) 314-320

o B ARRRRRR R B

, 100

90

2 o4 =
Recovery (%)

o

40

528

PeCDI
PeCDF
BDE-17

BDI

13C-0CDD)

13C-PCB-15
13C-PCB-19
13C-PCB-37
13C-PCB-54

13C-2378-TCDF
13C-12378-PeCDF

13C-23478
13C-1234678-HpCDD

Fig. 4. Elution of PCBs, PCDD/Fs and PBDEs on multi-layer silica column with 2 g silver nitrate silica.

studied to elute PBDESs. The results showed that lower chloriused in the separation of PCBs and PCDO#RB3. However, the
nated biphenyls could not be eluted completely by using 130 miperformance of activated carbon chromatography column was
hexane, while PBDEs could be eluted by 5% DCM in hexandound to be inconsistent due to the inconsistent sorbent packing.
along with PCBs and PCDD/F&ig. 3). However, 2% DCM in  In this study, a small column (150 mm8 mm i.d.) contain-
hexane could separate PBDEs from PCBs and PCDD/Fs effing 1g florisil sorbent was selected to achieve the separation
ciently. As shown irFFig. 4, PCBs and PCDD/Fs could be eluted according to the good performance in the separation of PCBs
out of the multi-layer silica column in the first 110 mL of 2% and PCDD/Fs of florisi[21-23] Thirty-five millilitres of 5%
DCM in hexane. PBDEs were not eluted out almost until theDCM in hexane was selected to elute PCBs, followed by 40 mL
eluting solvent was changed to 10% DCM in hexane, indicatingf 100% DCM for the elution of PCDD/Fs.

separation of PBDEs from PCBs and PCDD/Fs can be achieved Forsamplesrich in high molecular weight interferences, such
by using the multi-layer silica column in the process of routineas sludge, sediment and tissue, GPC is very necessary to cleanup
cleanup with lower than 1.5% overlap. From the elution patternthe PCB fractior{24,25] High molecular weight interferences
we found that PBDESs 28, 100, 154 were more weakly sorbed othat cause degradation of GC column performance can be effi-
multi-layer silica column than the other congeners. In additionciently removed by using GP[13].

all 10%, 20% and 50% DCM in hexane eluted PBDEs com-

pletely from the column with the volume of 70, 50 and 30 mL, 3.3. Method validation

respectively. It is necessary to choose the eluting solvent for .
PBDEs in the analysis of environmental samples, based on the Method performance was evaluated by triplicate analyses of
: ; C mixed standards including 1613-LCS, 68A-LCS and EO5103,
type and levels of the interfering substances in the sample. N0 1613-1S. 68A-IS antiC-labeled MBDE 47 99 and 153
Based on these results, efficient separation of PBDEs frorf>"Y "S5, 06A-1S andt.-labele , , 99 an as
internal standards. The average recoveries and relative standard

PCBs and PCDD/Fs could be achieved by using multi-layer sil-, ™~ "~ . X
ica column packed with a total of 17 g silica gel including 2g deviation of PCBs, PCDD/Fs and PBDEs are listedahle 2

AgNOs silica. PCBs and PCDDJFs fractions were collected inThese results met the criteria of acceptance specified in the US-

150 mL of 2% DCM in hexane and PBDEs were eluted WithEPA methods 16138, 1668A and 1614-draft.
70 mL 50%, 100 mL 20%, or 150 mL 10% DCM in hexane.

Table 2
) ) Average recoveries and relative standard deviation (R.S:3=8] of PCBs,
3.2. Separation of PCBs from PCDD/F's using a small PCDD/Fs and PBDESs of mixture of 1613-LCS, 68A-LCS and EO 5103
florisil column Average recoveries (%) R.S.D. (%)
After the separation of PBDEs from PCBs and PCDD/Fs, furPCBs 62-105 0.7-22.0
ther separation of PCBs and PCDD/Fs was performed. ActivategCPDP/Fs Zg‘igg g'é_sg'g

carbon chromatography columns with toluene have been widely
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Table 3 Table 5
Background contamination of PCBs and PBDEs in method blankS) PCB concentrations in standard reference material (NIST SRM 1941b)
Congeners Average (pg/g) S.D. Congeners Certified Concentrations Z-score
BCB-77 0.4 0.06 concentrations in this study

- ' : Ik /k
PCB-61 ND - (ro/k) (rg/kg)
PCB-105 0.3 0.24 CB28 452+ 0.57 454 0.03
PCB-114 ND - CB 52 5.24+ 0.28 5.27 0.11
PCB-118 9.1 6.53 CB101 5.11+ 0.34 5.08 0.09
PCB-123 12.1 17.16 CB 105 1.43+ 0.10 1.40 0.30
PCB-126 ND - CB 118 4.23+ 0.19 4.24 0.05
PCB-156 ND - CB 138 3.60+ 0.28 4.08 171
PCB-157 ND - CB 153 5.47+ 0.32 5.46 0.03
PCB-167 ND - CB 156 0.507+ 0.090 0.40 1.19
PCB-169 ND - CB 180 3.24+ 0.51 3.28 0.08
PCB-189 ND - CB 209 4.86+ 0.45 5.96 2.44
PCB-28 227 2.16
PCB-52 3.6 0.46
PCB-101 2.7 0.25 silica columns were needed for matrixes with large quantities of
PCB-138 15 0.17  interferences.
PCB-153 1.5 032 It should also be noted that inclusive solvent exchange is
PCB-180 ND - . . . . .
PCB-209 07 007 Importantin order to achieve an efficient separation of PBDEs
BDE-17 1.8 0.99 from the other two chemical groups. This is especially true if
BDE-28 1.9 0.91 toluene is used in the extraction process. It was found that the
BDE-47 10.2 720 extract with approximate 2 mL toluene could elute down all the
BDE-49 20 187 three groups of chemicals together from the multi-layer silica
BDE-66 1.7 0.43 o .
BDE-71 12 045 columnwithinthe first 30 mL hexane. Therefore, toluene should
BDE-77 0.4 061 be completely replaced by hexane prior to loading the sample
BDE-85 ND - into the multi-layer silica column.
BDE-99 5.2 2.52 The method applicability was further examined using sewage
gggﬂ’g N°b7 078  sludge and fish tissue samples. A standard reference material,
BDE-126 ND B SRM1941b, was also analyzed as part of the international inter-
BDE-138 ND _ calibration study on PBDEs organized by NIST in 2004. Three
BDE-153 1.0 171 method blanks were analyzed along with the samples. Seventeen
BDE-154 ND - 2,3,7,8-subsituted chlorinated congeners of PCDD/Fs, 12 WHO
BDE-183 1.0 179 toxic congeners of PCBs, 6 indicator PCBs (PCB 28, 52, 101,

138, 153 and 180) and PCB 209 as well as 16 PBDEs (BDE17,
28,47,49,66, 71,77, 85, 99, 100, 119, 126, 138, 153, 154 and
The above method was applied in the analysis of sedimert83) were quantitatively determined. The background contami-

samples. It was observed that PBDEs could be eluted togethBation of PCBs and PBDEs in method blanks is listetehble 3
with the other two families even by hexane if the layer of acidicRecoveries and concentrations of PCBs, PCDD/Fs and PBDEs
silica was nearly overloaded, indicating severe matrix effect o €nvironmental samples are depictedTable 4 Congener-
separation efficiency. In these cases, another multi-layer silicPecific concentrations of PCBs in SRM1941b is summarized
column was needed to clean the Samp|e before the SeparatiBhTable 5and ComparEd with the certified values. The results for
of the three groups. In the first multi-layer silica column, 70 mL PCBs and PBDEs were satisfactory, witscores being <1 for
50% DCM in hexane was used as the eluent, and all the eluted! congeners of PBDEs analyzed. To simplify the cleanup pro-
solution was colleted and concentrated. Then, the second mulgedure, a single multi-layer silica column was used for each
layer silica column was used with the procedure described igample. All recoveries met the criteria specified in US-EPA
the previous section. Thus, in order to achieve a complete seprethods 1668A, 1613B and 1614-draft for PCBs, PCDD/Fs,

aration of PBDEs from PCBs and PCDD/Fs, two multi-layerand PBDEs, respectively.

Table 4
Recoveries and concentrations of PCBs, PCDD/Fs, and PBDEs in environmental samples

Concentratiorfs Recovery (%)

PCBs PCDD/Fs PBDEs PCBs PCDD/Fs PBDEs
Sewage sludge 1.63 20.66 5386 96-139 64-87 67-107
Sediment (SRM 1941b) 3.92 33.90 3228 75-113 43-110 50-52
Fish tissue 0.99 2.06 4911 94-122 46-96 47-75

@ Concentrations are in pg WHO-TEQ/g dw for PCBs and PCDD/Fs, and in pg/g dw for PBDEs.
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4. Conclusion [4] G. Chen, A.D. Konstantinov, B.G. Chittim, E.M. Joyce, N.C. Bols, N.J.
Bunce, Environ. Sci. Technol. 35 (2001) 3749.

A Comprehensive procedure was established for determinaﬁ E. Eljarrat, A. De La Cal, D. Larrazabal, B. Fabrellas, A.R. Fernandez-
Alba, F. Borrull, R.M. Marce, D. Barcelo, Environ. Pollut. 136 (2005)

tion of PBDEs, PCBs and PCDD/Fs in environmental samples. o

Multi-layer silica gel chromatography with silver nitrate silica [6] . Fal®, A. Bocio, J.M. Llobet, J.L. Domingo, Food Chem. Toxicol.

was used firstly to separate PBDEs from PCBs and PCDD/Fs. 43 (2005) 1713.

The separation of the three chemical groups overcomes thé&’] A. Fernandes, S. White, K. D'Silva, M. Rose, Talanta 63 (2004)

potential mutual interferences to determine more accurately. In__ 1147- _ _ _

addition, this procedure eliminates most interfering substanceéS] S. Litten, D.J. Mcchesney, M.C. Hamilton, B. Fowler, Environ. Sci
” a > Technol. 37 (2003) 5502.

from sample matrices efficiently. The method was validated(gj c. pirard, E. De Pauw, J.-F. Focant, J. Chromatogr. A 998 (2003) 169.

using mixture of three groups of standards, and applied for thgo] E. Eljarrat, A. de la Cal, D. Barcelo, J. Chromatogr. A 1008 (2003) 181.

analysis of environmental samples. This method can be used Bl E. Eljarrat, D. Barcelo, Trends Anal. Chem. 23 (2004) 727.

simultaneously analyze PCBs, PCDD/Fs and PBDESs in a singlé2] M- Alaee, in: R. Clement, B. Burk (Eds.), Proceedings of the Fourth
Biennial International Conference on Monitoring and Measurement of
extracted sample.

the Environment, Toronto, 2002, p. 309.
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