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Since the EFSA enquired a call for data for TBBPA and HBCD in 2009, the analytical determination of
these compounds in food became of regulatory interest. Therefore, a method for the simultaneous deter-
mination of TBBPA and the three major HBCD stereoisomers was developed. Conventional techniques
like soxhlet, ASE, GPC, sulphuric acid digestion, and acidified silica SPE are generally used in sample pre-
treatment while detection is mostly performed by LC-MSMS. A combined analysis of HBCD and TBBPA

Keywords: is problematic due to the hydroxyl groups in the TBBPA molecule. However, using a specific mesh-size
HBCD . . . R . . L

TBBPA sodium sulphate in ASE extraction and an acid silica column combined with a Sep-pack Plus silica car-
LC-MS/MS tridge for purification resulted in recoveries between 80% and 110% for all compounds. The accuracy and
Extraction reproducibility determined using proficiency test samples were 104% and 4% for the sum of the HBCD iso-
Clean-up mers. Typical limits of detection were 0.01 ng/g product or 0.004 ng on column, while the linear dynamic

Eel range is between 0.01 ng and 10 ng on column. Levels of TBBPA and HBCD isomers were determined in eel
samples. TBBPA was occasionally detected and only marginally above the quantification limit of 0.05 ng/g,
whereas total amounts of HBCD were between 0.2 and 150 ng/g with a-HBCD being the dominant HBCD

isomer.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hexabromocyclododecane (HBCD) and tetrabromobisphenol A
(TBBPA) (Fig. 1) [1] are commonly used flame retardants in a variety
of products. In fact, TBBPA is the most produced brominated flame
retardant (BFR) since several years with worldwide production vol-
umes over 100,000 tons per year since 1998 [2,3]. In Europe over
10,000 tons of TBBPA are used annually in products, whereas the
annual HBCD usage is approximately 6000 tons [3,4]. The main use
of HBCD is in expanded and extruded polystyrene isolation foams
and in textile coatings [5]. TBBPA is used in a wide range of elec-
tronic devices such as TV sets and PCs and its main application is
in printed circuit boards where it is used in more than 95% of the
common type of boards. In this application, TBBPA is chemically
bound to the epoxy resin and therefore no longer exists as a free
chemical in the finally produced board. On the other hand, TBBPA is
also used as a non-bound additive BFR in acrylonitrile-butadiene-
styrene polymers [6].
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In 2008 the European Commission (EC) classified HBCD as a Per-
sistent, Bio accumulative, and Toxic (PBT) compound [7]. With a
Log Pow of 5.6, HBCD is likely to absorb to sediments in a water
column or to accumulate in fatty tissue [8] and high levels of HBCD
have been found in sediments and percolate [9]. Additionally, HBCD
has also been found at different levels in fishery products [8-11].
While TBBPA also has a high Log Pow value (4.5-5.3) [12], accord-
ing to a European risk assessment report it bio-accumulates to a
much lesser extent [3]. Nevertheless, TBBPA concentrations up to
400 ng/g have been found in dolphins and concentrations up to
10,000 ng/g have been found in sediments [9]. Unlike HBCD, TBBPA
has two acid hydrogens with pKa values of 7.5 and 8.5 and the
dissociation curves illustrate the susceptibility of the dissociation
state of TBBPA towards slight changes around the neutral pH. These
pKa values should be kept in mind during sample pre-treatment
and analysis since the dissociation strongly influences its behaviour
during these procedures.

Commercial HBCD is a mixture of mainly a-, 3- and y-HBCD,
but 8- and &-HBCD have also been detected at lower levels
[13]. Although the commercial mixture of HBCD contains mostly
v-HBCD, a-HBCD is the predominant isomer in biota due to bio-
transformation and its water solubility [9,14]. In Europe HBCD
production facility can be found in Terneuzen, the Netherlands,
while TBBPA is not produced in Europe. As a result it can be
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Fig. 1. Structure of the three major HBCD isomers (A) [1] and that of TBBPA (B).

expected that residues of HBCD will be present in the local envi-
ronment. In previous studies, the presence of HBCD in the Dutch
environment has already been demonstrated [11,15]. In general,
HBCD concentrations seem to correspond well with overall envi-
ronmental pollution. Contrary to HBCD, TBBPA is not abundant
throughout the environment which could be caused by several rea-
sons. First, TBBPA is often chemically bound to the product [16],
secondly, TBBPA is more polar and water soluble than HBCD which
might result in lower bio-accumulation [9], and thirdly TBBPA is
more easily metabolized and eliminated from organisms [3].
Since both HBCD and TBBPA are widely used in common prod-
ucts and have been found in different parts of the environment,
attention has been brought to the governments. As a result, the
development of a quantitative analytical method for the determi-
nation of the HBCD isomers and TBBPA is not only of scientific
interest, but also a regulatory need. Until now several groups
describe the analysis of the three major isomers, o, 3 and y-HBCD
in a variety of environmental and biological samples. However,
few are known about their occurrence and combined determina-
tions of HBCD and TBBPA are scarce. Since both compounds are of

regulatory interest, a method for the simultaneous determination
was developed. In addition, the occurrence of these compounds
in eel, which is susceptible to accumulation of hydrophobic com-
pounds, was examined.

Extraction of HBCD is similar to that of conventional contam-
inants and requires a-polar media, while for TBBPA more polar
media are required. Accelarated solvent extraction (ASE) as well
as soxhlet extraction have been used to extract HBCD and the
extraction conditions are quite consistent throughout the reported
studies. For ASE, comparable solvent mixtures are used, but more
differences are found regarding temperature, pressure and hydro
matrix. The hydro matrix was also sometimes used as clean-up, and
florisil [17], acid silica [18] and polyacrylic acid [19] were added
to remove interferences or fat from the sample. These alterations
do not seem to affect the recovery of the HBCD isomers, but low
recoveries for TBBPA has been reported [20,21] (Table 1).

Since HBCD and TBBPA have a high affinity towards apolar
media, they disperse into lipid content. Extraction methods are
designed to extract the compounds from the matrix, but these
methods also extract the lipid content and interfering components.



Table 1

Selected extraction, clean-up and analytical methods.

Reference Compounds Matrix LC column Eluent Programme Extraction Clean-up
Abdallah [17] af3y-HBCD Dust Varian Pursuit XRS3 C18 A MeOH/H,0 2 mM 50% A to 0% A to 35% A, 16 min ASE H,S04, florisil
(2mm x 150 mm, 3 pm) ammonium acetate, B MeOH
Budakowski [22] af3y-HBCD Fish C18 (2.1 mmx 5000 mm, 4 m) A H,0, BMeOH 30% A to 0% A, 6.5 min ASE GPC, florisil
Cariou [44] af3y-HBCD, Blood, adipose Symmetry C18 octadecyl A MeOH, B ACN, CH,0 0.5% 30:10:60 1 min, 50:50:0 s/l extraction
TBBPA tissue, milk grafted silica acetic acid 4.5 min
(2.1 mm x 150 mm, 3.5 pwm)
Frederiksen [20] af3y-HBCD, Biota, egg, liver, Zorbax C18 (150 mm) Soxhlet GPC, H2S04,
TBBPA adipose tissue silica
Granby [19] af3y-HBCD, Fish Gemini C-18 A MeOH, B H,0 50% A to 95% A 10 min ASE, soxhlet H,S04
TBBPA (2mm x 200mm x 3 pm)
Guerra [33] of3y-HBCD, Sediment, biota Symmetry C18 A H;0/MeOH (1:3), BMeOH 100% A to 10% A 17 min
TBBPA (2.1mm x 150 mm, 5 wm)
Heeb [13] af3y-HBCD HBCD mixture a-chiral C18-RP, Nucleosil MeOH H,0 (78:22),
100-5 (4mm x 125 mm)
Janak [8] afy-HBCD Marine Symmetry C18 A H,0/MeOH/ACN (6/3/1), B A to B in 5 min, hold 6 min Soxhlet Acidified silica
(2.1mm x 150 mm, 5 wm) MeOH/ACN (5/5)
van Leeuwen [11] afy-HBCD Marine Zorbax XDB-C18 A ACN, B 0.01 mM ammonium 70% A 4 min, 90%A in 0.1 min Soxhlet
(2.1 mm x 150 mm, 3.5 um) chloride hold 3.9 min
Morris [9] af3y-HBCD Sediment, biota Luna C18 (2 mm x 150 mm, A H;0 10 mM ammonium 80% A to 13% A in 25 min, to Ultra Turrax GPC, H,S04,
5um) acetate, BACN 10 mM 80% A at 36 min silica
ammonium acetate
Morris [24] afy-HBCD Sediment, biota Luna C18 (2 mm x 150 mm, A H,0 20 mM ammonium Ultra Turrax, GPC, H,SOy4,
5 wm) acetate, BACN 20 mM s/l extraction silica
ammonium acetate
Stapleton [10] afy-HBCD Sea lion C30 YMC Caotenoid S-5 A H,0:MeOH 20:80, B MeOH A to Bin 35min ASE GPC, silica
(4.6 mm x 250 mm)
Suzuki [31] af3y-HBCD, Sediment H,0 Develosil C30-UG-5 A 5% DCM, B 100% DCM 5% DCM to 100% DCM in s/l extraction
TBBPA (2mm x 150 mm) 20 min hold 10 min
Tomy [23] afy-HBCD Biota, sediments Vydac 218MS polymeric rp A ACN:H,0:MeOH 65:23:12 A 5min 150 pl/min, B 7 min ASE GPC, florisil
(2.1 mm x 150 mm) 10mM ammonium acetate, B 200 pl/min
ACN
Ueno [25] afy-HBCD Biota Vydac 218MS polymeric rp A ACN:H,0:MeOH 65:23:12 A 5min 150 pl/min, B 7 min Soxhlet GPC, silica
(2.1 mm x 150 mm) 10mM ammonium acetate, B 200 pl/min
ACN
Yu [28] afy-HBCD Air, soil Zorbax SB-C18 rp A MeOH, B ACNe, C H0 10 mM 80:10:10 to 50:40:10 in 18 min, Soxhlet Acidified
(4.6 mm x 250 mm, 5 wm) ammonium acetate t0 30:70:0 at 23 min hold 7 min silica, alumina
Zhou [29] af3y-HBCD Fish Restek C18 (2.1 mm x 100 mm, A MeOH:H,0 85:15, B MeOH 100% A to 0% A in 6 min hold Acidified
2.2 pm) 8min silica, carbon
Riddell [42] All HBCD Standards Restek Ultra 11 C18 A H,0:MeOH 55:45, B 90% A 2.5 min to 65% A in
isomers (2.1mm x 50 mm, 1.9 wm) MeOH:ACN 70:30 9.5 min

Waters Acquity BEH C18
(2.1 mm x 50 mm, 1.7 pm)

011-101 (Z10Z) 868 g “180pwo.y) [ /v 32 wpqg uaz o

€01



104 G. ten Dam et al. / J. Chromatogr. B 898 (2012) 101-110

In order to remove the lipid content and interferences, several
clean-up treatments like GPC [10,20,22-25], sulphuric acid oxi-
dation [8,9,17,18,20,21,24,26-29] and solid phase extraction (SPE)
[30] have been developed and are routinely used in contaminant
analysis (Table 1).

Since HBCD and TBBPA have a high LogP,w, reconstitution
solvents need to be sufficiently a-polar to properly dissolve the
compounds. Since y-HBCD has been found to precipitate in ace-
tonitrile [23,24,31], this solvent is unsuitable for reconstitution of
sample extracts.

Chromatographic separation of the three main isomers of
HBCD by liquid chromatography (LC) seems to be straight for-
ward and most analyses have been performed on C;g columns
[8,10,13,20,24,28,31]. Since TBBPA has a pKa around neutral pH,
the analysis should be performed at pH 4 or lower [32] (Table 1).

Detection of HBCD has mostly been performed with electrospray
ionisation tandem mass spectrometry (ESI-MS/MS) [33,34], while
ESI with single quadrupole mass spectrometry (ESI-MS) [9,24],
atmospheric pressure photo ionization APPI-MS/MS, atmospheric
pressure chemical ionization mass spectrometry (APCI-MS) [29],
and ESI quadrupole linear ion trap (ESI-QqLIT) [35] have also been
used. For the MS/MS determination in the ESI negative mode,
the transition mostly measured for HBCD is M—H, m/z 640.6, to
bromine, m/z 78.8, and for TBBPA this is m/z 542.6-78.8, m[z 419.8
and m/z 447.8.

2. Experimental
2.1. Reagents and materials

Standards of native and '3C labelled HBCD isomers were pur-
chased from Greyhound Chromatography (Birkenhead, UK), while
standards of native and '3C ring labelled TBBPA were purchased
at Cambridge laboratory (Andover, USA). All solvents were pur-
chased from Biosolve (Valkenswaard, the Netherlands) and were
of Pesti-s or dioxin grade, water was of Millipore grade. Acetic
acid and diethylamine were purchased from Merck (Whitehouse
Station, USA) and Sigma-Aldrich (St. Louis, USA). Hydro matrix,
anhydrous sodium sulphate and anhydrous sodium sulphate with
a mesh size of 0.63-2.0 mm were purchased from Merck (White-
house Station, USA). Diatomaceous earth and Hyflo Super Cel® were
purchased from Sigma-Aldrich (St. Louis, USA) and Isolute from
Biotage (Uppsala, Sweden) For clean-up of the ASE extracts con-
centrated sulphuric acid (97%) and silica gel 70-230 mesh were
purchased at Merck (Whitehouse Station, USA), while Sep-pack
Plus silica cartridges (WAT020520) were purchased from Waters
(Elstree, UK).

2.2. Instrumentation and methods

2.2.1. Extraction

A 125 ml extraction cell was filled with two filters and approx-
imately 10 g of hydro matrix spiked with 100 ng native TBBPA and
a-,3-, and y-HBCD. The extraction cell was placed in a Dionex ASE-
350 (Sunnyvale, USA) and extracted in 3 cycles at 60°C or 100°C
with n-hexane/acetone (1/1, v/v) [19,28], n-hexane/acetone (1/1,
v/v) with 0.01% acetic acid, or n-hexane/acetone (1/1, v/v) with
0.01% diethyl amine at a pressure of 1500 psi. The heating and static
time were set to 5 min, the flush volume to 40% and the purge time
to 300s. The extracts were collected in a 250 ml collection flask
after which they were transferred over a funnel containing anhy-
drous sodium sulphate into a Turbovap tube and evaporated till
dryness under a stream of nitrogen at a pressure of roughly 1 bar.
The compounds were reconstituted in 0.5 ml of a methanol/water
(4/1, v/v) mixture containing 100ng '3C TBBPA and '3C-a-, 13

C-B- and '3C-y-HBCD and transferred to a vial after which the
extract was transferred to a press fit vial.

2.3. Clean-up

2.3.1. GPC

GPC was performed with a Gilson (Middleton, USA) 305 HPLC
pump, a Gilson (Middleton, USA) 231-401 autosampler and a
Gilson (Middleton, USA) 202 fraction collector, controlled by Uni-
point (Winnipeg, Canada) v3.3 software. A 2.5 cm x 60 cm column
from Spectrum USA Omnilabo (Phoenix, USA) was purchased and
was filled with Biobeads SX3, 200-400 mesh (1522750) purchased
from Biorad (Hemel Hempstead, UK). A standard mixture contain-
ing 100 ng of TBBPA and «-,3-, and y-HBCD was dissolved in 15 ml
ethyl acetate/cyclohexane (1/1, v/v) and 12.5ml of this solution
was injected in the GPC system. Analytes were eluted using a ethy-
lacetate/cyclohexane (1/1, v/v) [9] mixture at a flow of 10 ml/min.
Between elution volumes of 30 and 55 ml five fractions of 5 ml were
collected and following the fifth fraction a 20 ml fraction was col-
lected. The collected fractions were evaporated and reconstituted
as described before (see Extraction). To determine the recovery of
TBBPA and a-,[3-, and y-HBCD in fish samples, 2.5 g of fish oil was
spiked with a standard mixture of TBBPA and «-,3-, and y-HBCD
and dissolved in 15 ml ethylacetate/cyclohexane (1/1, v/v). 12.5 ml
of the solution was injected on the GPC and the fraction between
elution volumes of 35 and 75 ml was collected. The collected frac-
tion was evaporated as described before, after which the amount
of residual oil was determined. The residue was reconstituted as
described before.

2.3.2. Sulphuric acid

Samples containing 0.5 g of fish oil spiked with 100 ng TBBPA
and a-,3-, and y-HBCD were prepared in a reagent tube. The sample
was dissolved in 2 ml hexane after which 1 ml of concentrated sul-
phuric acid was added [20]. The mixture was shaken gently and left
to rest till the phases were separated. The organic layer was trans-
ferred to a Turbovap tube, and the sulphuric acid was extracted two
times more with 2 ml hexane. The organic phase was evaporated,
and reconstituted as described before.

2.3.3. Silica and acid silica SPE

Glass columns were packed with glass wool, 0.5¢g anhydrous
sodium sulphate and 2 g, 4¢g, 8 g or 16 g silica gel respectively. The
columns were conditioned with 10 ml hexane after which a 0.5 ml
hexane solution containing 100 ng TBBPA and «-,3-, and y-HBCD
was brought on top of the column. After washing with 12 ml, 24 ml,
48 ml or 96 ml hexane, the compounds were eluted with 16 ml,
32ml, 64 ml or 128 ml hexane/ethylacetate (1/1, v/v) and collected
inaTurbovap tube. The collected extract was evaporated and recon-
stituted as before. The procedure for the cartridges was similar to
that for the 2 g silica column [25].

Samples contained 2.5 g fish oil, spiked with 100 ng TBBPA and
a-,3-, and y-HBCD in 10 ml hexane. Acidified silica 33% (w/w) was
prepared by adding 50 ml concentrated sulphuric acid to 408 g
silica gel in a glass bottle. The mixture was shaken firmly until
no more lumps were observed. A part of the acidified silica was
diluted 1:1 with silica gel to obtain 16.5% (w/w) acidified silica.
The column was from bottom till top filled with 5g anhydrous
sodium sulphate, 10 g silica gel, 10 g acidified silica 33% (w/w),40 g
acidified silica 16.5% (w/w) and 5g anhydrous sodium sulphate.
The column was conditioned with 100 ml hexane and the sample
was brought on top of the column. Next the column was washed
with 400 ml hexane, after which the compounds were eluted with
500 ml hexane/dichloromethane (1/1,v/v)[8]. The collected extract
was evaporated and reconstituted as before.
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2.3.4. Automated acid silica SPE

The automated SPE was performed on the Power-Prep™ from
FMS (Watertown, USA). Two types of columns were investigated for
automated SPE clean-up, the high capacity disposable acidic silica
column (HCDS-ACD-STD, Campro Scientific, Berlin, Germany) and
the classical disposable neutral silica column (CLDS-NSS-060, Cam-
pro Scientific, Berlin, Germany). The high capacity disposable acidic
silica column consists of a Teflon column of which the first part is
filled with Teflon chips and the rest with 45 g of acid silica. The acid
silica contains 44% (w/w) of sulphuric acid and has a prescribed
capacity of 4 g of fat. The classical disposable neutral silica column
consists of 6 g silica.

The high capacity disposable acidic silica column was condi-
tioned with 100 ml hexane at a flow of 10 ml/min after which a
sample containing 0.5 g fish oil spiked with 100 ng TBBPA and «-,3-,
and y-HBCD in 25 ml hexane was applied at a flow rate of 5 ml/min.
The Power-Prep™ was programmed to draw 35 ml from the sam-
ple, so when the sample was almost completely applied, three more
times 5 ml was added and transferred to ensure a quantitative sam-
ple application. Subsequently, the column was washed with 150 ml
hexane and eluted with 500 ml hexane/dichloromethane (1/1, v/v).
The fractions were evaporated and reconstituted as before. This
experiment was repeated with addition of the classical disposable
neutral silica column after the high capacity disposable acidic sil-
ica column. Elution patterns were determined by collecting 50 ml
fractions.

2.4. LC-MS/MS analysis

Analyses were performed on an Agilent (Santa Clara, USA)
1200 series HPLC equipped with a Waters (Elstree, UK) Sym-
metry Cig, 150mm x 2.1 mm, 3.5 wm column [33]. The injection
volume was 5l and the elution flow rate 0.4 ml/min. To test
elution patterns of the HBCD isomers and TBBPA, standards
of the individual analytes and analyte mixtures at a concen-
tration of 50ng/ml in methanol were injected and separated
using the following LC gradients: from methanol/water (80/20,
v/v) to methanol in 15min [13]: from acetonitrile/water (80/20,
v/v) to acetonitrile in 15min: from methanol/acetonitrile/water
(56/24/20, v/v/v) to methanol/acetonitrile (70/30, v/v) in 15 min
[8]: from methanol/acetonitrile/water (56/24/20, v/v/v) with 0.01%
acetic acid to methanol/acetonitrile (70/30, v/v) with 0.01% acetic
acid in 15 min. Detection was performed using a Waters (Elstree,
UK) Quattro Ultima in MS/MS negative mode. The capillary voltage
was set at 2.5 kV with a cone voltage of 50V for HBCD and 130V
for TBBPA. The source temperature was set at 150 °C and the desol-
vation temperature at 400 °C. The cone gas flow was set at 180 I/h
and the desolvation gas flow at 5501/h. The MS/MS settings were
optimized by flow injection analysis. The system was optimized
for the highest response of the M—H ion by injecting the individual
compounds into an LC flow of 0.4 ml/min, followed by an optimi-
sation to obtain the highest response for the selected transitions.
Transitions selected for HBCD are m/z 638.8-79 and m/z 640.8-79
(collision energy 13 eV), and transitions selected for TBBPA are m/z
552.9-417.8 (collision energy 41 eV)and m/z552.9-447.8 (collision
energy 33 eV).

2.5. Sample analysis

Samples eel were collected in two areas in the Netherlands,
samples egg, mozzarella cheese and salmon were part of the Folke-
helse 2011 proficiency test. The eel samples were skinned and the
filet was grounded with liquid nitrogen while the samples egg,
mozzarella and salmon were homogenized. From the grounded
and homogenized samples 10g was mixed with 6g Isolute and
spiked with 100ng '3C TBBPA and !3C HBCD labelled internal

standards. The mixture was transferred to a 125 ml extraction cell
and extracted in the ASE 350 from Dionex with hexane/acetone
(1/1,v/v)at 100°C and 1500 psi in 3 cycles of 5 min each. The heat-
ing and static time was 5min with a flush volume of 40% and a
purge time of 300s. The extracts were filtered through a funnel
containing anhydrous sodium sulphate and transferred to a Tur-
boVap tube. Next, the solvent was evaporated until approximately
0.5 ml. Next, 25 ml of hexane was added, the extract was homog-
enized and purified using the manual multi-bed acid silica SPE
method described in the previous paragraph. The collected fraction
from SPE was evaporated till dryness and the residue reconsti-
tuted in 0.5 ml methanol/water (4/1, v/v). 10 .l of the final sample
extract was injected into the LC-MS/MS system and analysed using
a gradient from methanol/acetonitrile/water (56/24/20, v/v/v) to
methanol/acetonitrile (70/30, v/v) in 9 min. The MS/MS transitions
monitored are m/z 638.8-79 and m/z 640.8-79 for HBCD and m/z
552.9-417.8 and m/z 552.9-447.8 for TBBPA.

2.6. Validation

The method was provisionally validated using salmon samples
of Folkehelse proficiency test 2011. Multiple analysis (n=7) was
performed to determine the reproducibility and accuracy of the
method. LOD’s were based on 3 times the signal/noise ratio of the
added internal standard. The instrumental linear dynamic range
was determined by multiple injections of compound standards
in the range of 1-1000 ng/ml. The robustness of the method was
determined by the variation of the recovery of the added internal
standards.

3. Results and discussion
3.1. Method development

3.1.1. Extraction

The development of a simultaneous extraction method for
TBBPA and the three most common HBCD isomers by ASE, started
with a study of the influence of the hydro matrix material on the
recovery (Fig. 2). The results showed that only one of the five hydro
matrices, sodium sulphate with mesh size 0.63-2.0 mm, gave sat-
isfying recoveries for all analytes. Of the analytes, TBBPA was the
most sensitive towards the choice of hydro matrix, leading to low
and varying recoveries. Although this may have troubled earlier
studies [19,20], low recoveries have also been accounted to bind-
ing of TBBPA to endogenous matrix compounds in muscle tissue
[36]. The fact that all three silica based hydro matrices, diatoma-
ceous earth, hyflo super cell and Isolute result in low and varying
recoveries can be explained by the presence of two hydroxyl groups
in the structure of TBBPA. These hydroxyl groups can form hydro-
gen bonds with free silanol or siloxane groups in the silica skeleton
of the hydro matrices. These findings are also supported by the
extraction recoveries at different pH values and using Isolute as
the hydro matrix (Fig. 3). At pH 4 the hydroxyl groups on TBBPA
are fully protonated, as a result the hydroxyl groups will undergo
maximum hydrogen bonding with the silanol groups resulting in
low extraction recoveries, whereas at pH 11 TBBPA is fully dissoci-
ated and hydrogen bonding is virtually absent, leading to recoveries
of nearly 100%. Particle size is also of importance. Sodium sul-
phate (mesh size 0.63-2.0 mm) contains much larger particles than
diatomaceous earth, hyflo super cell and especially regular anhy-
drous sodium sulphate. The recoveries of TBBPA and the HBCD
isomers using the “large particle” sodium sulphate material is sig-
nificantly better when compared to the other materials. From this
it was concluded that a lower surface area leads to higher extrac-
tion recoveries. The extractions performed at 60 °C and 100 °C both
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Fig. 2. Recoveries of TBBPA and HBCD isomers in blanks after accelerated solvent extraction (ASE) using different hydro matrix materials. Extraction was performed with a
mixture of hexane/acetone (1/1, v/v) at a temperature of 100 °C and a pressure of 1500 psi. The extraction was performed in 3 cycles with a static time of 5min and a flush

volume of 40%. The heating time was 5 min.

resulted in recoveries between 80 and 100% leading to the conclu-
sion that the temperature does not affect the recovery significantly.

3.1.2. Clean-up

3.1.2.1. GPC. The GPC elution patterns TBBPA, HBCD, milk fat and
fish oil were determined. The elution window of TBBPA and HBCD
ranged from 35 to 50 ml. The majority of the milk fat eluted before
35 mland approximately 5% of the milk fat eluted within the elution
window of TBBPA and HBCD. Overall recoveries after GPC clean-up
appeared to be around 100% when summing the amounts of the five
individual fractions. However, a compromise between recovery and
fat removal will lead to a decrease in recovery.

3.1.2.2. Sulphuric acid. Recoveries of the compounds in the sul-
phuric acid treatment varied from 40 to 80% for the different
compounds with arepeatability of 20%, and taking into account that
the recovery of added internal standard in the LC-MS/MS analysis
was only 20-40%. These poor recoveries and repeatability’s prob-
ably originate from insufficient clean-up or co-extracted sulphuric

acid. Whatever reason, it is clear that the sulphuric acid clean-up
procedure interferes with the LC-MS/MS analysis. Based on the
results it cannot be concluded whether compounds are lost dur-
ing the clean-up or that losses result from a reduced repeatability
in the instrumental analysis. By applying additional clean-up steps
the interferences due to the sulphuric acid clean-up may be reduced
or even removed [9,17,20,24]. Another improvement could be to
improve the phase separation by the centrifugation of the extract
after sulphuric acid treatment.

3.1.2.3. Silica and acid silica SPE. Methods for silica clean-up
derived from literature [10,20,25] resulted in recoveries between
80 and 100% with standard deviations below 10%. The major prob-
lem with this procedure is that the capacity for fat removal is
insufficient for fatty samples.

The mixed bed column was capable of removing 2.5g of fat
with recoveries around 80% and standard deviations below 5%.
Compared to the silica columns, ethyl acetate could not be used
for elution since ethyl acetate is rather polar and will elute
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Fig. 3. Recoveries of TBBPA and HBCD isomers in blanks after accelerated solvent extraction (ASE) using Isolute and hexane/acetone (1/1, v/v) containing 0.01% acetic acid
(pH 4), hexane/acetone (1/1, v/v) (pH 7) and hexane/acetone (1/1, v/v) containing 0.01% diethylamine (pH 11) at 100°C and 1500 psi. The extraction was performed in 3
cycles with a static time of 5 min and a flush volume of 40%. The heating time was 5 min.
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sulphuric acid from the column. Therefore, dichloromethane was
used instead of ethyl acetate. Another problem was clogging of the
acidified silica layer of the multi bed column by fat degradation
products. For this reason the acid silica layer was replaced by one
with a lower sulphuric acid content. In addition, a column with a
larger internal diameter was used which resulted in better column
permeability.

3.1.2.4. Automated acid silica SPE. Since the manual acid silica SPE
required large columns and high solvent volumes, the clean-up pro-
cedure was tedious and the sample throughput was relatively low.
Therefore, the silica clean-up was automated using an automated
SPE system Power-Prep™ from FMS. Since the silica in the high
capacity disposable acidicsilica column differed from the silica used
in the manual (gravitational) silica SPE, the retention of the com-
pounds was different than in the manual approach and the wash
and elution volumes had to be adapted to this column [30]. Recov-
eries of TBBPA and the HBCD isomers between 70 and 100% with a
repeatability of 5% were obtained. However, as with the sulphuric
acid clean up, matrix interferences were found in the LC-MS/MS
analysis, indicating that an additional clean-up of the extracts was
required. Additional extract purification using a Sep Pack Plus silica
cartridge resulted in good results (Fig. 4). As an alternative to the
Sep Pack silica cartridge an additional silica clean-up in line with
the high capacity disposable acidic silica column in the FMS system
was tested, however, contrary to the previous results, the recovery
of TBBPA was only <20%. When determining the elution pattern of
the compounds it was found that TBBPA was retained firmly on this
column and that during the elution window only small amounts of
TBBPA were recovered.

3.1.3. LC-MS/MS analysis

The three major HBCD isomers could be separated using a
methanol, acetonitrile and water gradient. It was shown that
methanol had a positive effect on the separation of a- and 3-HBCD,
whereas acetonitrile improved the separation between 3- and y-
HBCD. In addition to a-, B-, and y-HBCD, 8- and e-HBCD were also
injected onto the system and both isomers interfered with another
isomer (Fig. 5). While 8-HBCD was still partly separated from o-
HBCD, e-HBCD eluted at the same time as 'y-HBCD. If the retention
of 8- and e-HBCD is similar on all C;g columns, many results in
literature may be overestimated [13]. On the other hand, Dodder
et al. found unidentified resolved peaks not being a.-, 3- or y-HBCD
using an Eclipse Cyg column [37], while levels of 8- and e-HBCD in
the technical mixture are generally in the order of 0.5%. Since «-
and y-HBCD are present at levels of 10-80% in the technical mix-
ture, quantification of the main isomers might not be affected by
the co-elution of other isomers.

When applying the method to samples, retention times of TBBPA
shifted depending on the type of sample. Extracts of fish sam-
ples were eluting after 2.6 min, while a standard mixture eluted
at 3.8 min and a wastewater dilution at 4.6 min (Fig. 6). These dif-
ferences could be explained by the pKa of TBBPA (pKa; 7.5) and the
pH of the wastewater (pH 5.5). Since TBBPA is almost for 100% pro-
tonated at pH 5.5 and therefore will undergo more retention than at
neutral pH (standard). The early elution of TBBPA in fish samples is
due to a higher pH in the extract (pH > 8). The higher pH leads to dis-
sociation of the hydroxyl groups, making the molecule more polar
and thereby minimizing retention. Addition of 0.01% acetic acid to
the mobile phase leads to protonation of the hydroxyl groups and
results in stable retention times.

MSMS optimized settings were according to the settings in
Section 2. MSMS detection of HBCD and TBBPA was straightfor-
ward and the transitions reported in the literature could be used.
The daughter scan of TBBPA showed three intense fragments, m/z
79, m/z 418, and m/z 448. Since the second transition involves a

ring-opening, the same m/z differences cannot be used to monitor
the internal standard '3C TBBPA. Since two transitions originating
from the parention to different fragments are measured for TBBPA,
the analysis of TBBPA meets the criteria for identification points by
EU legislation [38]. For HBCD the situation is different since there
are only few fragments other than bromine itself. Therefore it was
decided to monitor two transitions from the parent ion cluster to
bromine. Since both transitions to bromine originate from the same
fragment, the analysis of HBCD does not meet the EU criteria.

3.2. Validation

The accuracy of the method for HBCD was 104% with an aver-
age concentration of 2.2 ng/g and an assigned value of 2.0 for the
sum of the HBCD isomers in Folkehelse proficiency test 2011 [39].
The concentration of the individual isomers was 2.0 ng/g (a-HBCD),
0.03 ng/g (B-HBCD) and 0.11 ng/g (y-HBCD), while TBBPA was not
detected. Since the concentrations of the individual isomers were
not reported their accuracies could not be determined, however the
concentration of a-HBCD was reported to be 94% [39] of the total
amount. The reproducibility standard deviation was determined by
analysing the sample material on different days and was found to
be 0.078 ng/g (4%) for a-HBCD, 0.0099 ng/g (33%) for 3-HBCD and
0.012ng/g (11%) for y-HBCD.

Limit of detection (LOD) for HBCD and TBBPA was determined
as 3 times the signal/noise ratio of the added internal standard. In
biological matrices they were found to be 0.01 ng/g respectively
with the exception of egg samples. For egg the recoveries of HBCD
were good, however, for TBBPA the recovery was repeatable but
only 10% resulting in an LOD of approximately 0.1 ng/g. The lin-
ear dynamic range of the relative response factor in the LC/MSMS
analyses is from 0.01 ng till 10 ng injected on column. Although the
LC column was saturated over 2 ng injected on column, resulting
in some distortion of the chromatography, the response remained
linear.

3.3. Sample analysis

HBCD was detected in samples salmon and eel (Fig. 7). Since
a-HBCD is most prone to bioaccumulation [40] relative high lev-
els of a-HBCD were found compared to (3- and y-HBCD. In known
HBCD polluted regions total levels of HBCD up to 134 ng/g were
found, whereas in clean areas levels between 0.1 and 1 ng/g were
observed. These results are complementary to earlier studies on
HBCD, and over the years the potential of HBCD to bio accumulate
has been demonstrated, which supports the EFSA commandment
[41]. While 8-HBCD and e-HBCD are present in commercial HBCD
mixtures [42], they are not observed in the samples since e-HBCD
co-elutes with y-HBCD while the relative high concentration of a-
HBCD and the limited separation between a- and 8-HBCD make
identification of 8-HBCD impossible. HBCD is being produced in
the Netherlands in a plant situated in the south-west and the
higher HBCD concentrations were found in this region. However,
low HBCD concentrations were found in relatively remote areas
or upstream of the production area. This indicates that there are
also other, probably diffuse sources as emissions from consumer
products, of HBCD.

While HBCD was widely found in water samples collected
throughout the Netherlands, TBBPA was found only in a few sam-
ples of eel at levels up to 1ng/g. Previous studies also reported
low levels and mostly non-detect results for TBBPA. There are a
number of reasons that only low TBBPA concentrations are found
in aquatic biota. Firstly, TBBPA emissions are probably low since
TBBPA is chemically bound in most applications, secondly, TBBPA
has a lower bioaccumulation potential compared to other BFR’s
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Fig. 4. Accuracy and recovery in sample fish oil after automated SPE. The system was equipped with either a high capacity disposable acidic silica column or a high capacity
disposable acidic silica column in line with a Sep-pack plus cartridge. Conditioning was performed with 100 ml hexane at a flow of 10 ml/min, 35 ml of sample solution (0.5 g
fish oil in hexane) was applied at a flow rate of 5 ml/min, after which the column was washed with 150 ml hexane and eluted with 500 ml hexane/dichloromethane (1/1, v/v).
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Fig. 5. Chromatograms of 10 pl injections of standard solutions containing 100 ng/ml -, -, y-, 8- and e-HBCD in methanol/water (4/1, v/v) on a Waters Symmetry Cig,
150mm x 2.1 mm, 3.5 wm column, using a mobile phase A water 0.01% acetic acid, B methanol:acetonitrile 7:3 0.01% acetic acid, and a gradient from 70% B till 95% B in

18 min at a flow of 0.4 ml/min.
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Fig. 6. Chromatograms '3C TBBPA of 10 pl injections of a standard, a fish sample and a waste water sample containing 50 ng/ml '>C TBBPA on a Waters Symmetry Cis,
150 mm x 2.1 mm, 3.5 wm column, using a mobile phase of A water, B methanol:acetonitrile 7:3, and a gradient from 80% B till 100% B in 9 min at a flow of 0.4 ml/min.
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Fig. 7. Concentrations of HBCD in eel in the Netherlands 2009-2010.

as PBDE's, thirdly, the polar nature of TBBPA can subject it to
metabolism and elimination from the organisms [14,41,43].

4. Conclusion

An automated method for the combined determination of
HBCD isomers and TBBPA in biological samples was developed.
The method comprises of ASE extraction followed by auto-
mated SPE purification using a Power-Prep™ system, and finally,

instrumental analysis with LC/MSMS TBBPA was found to bind
easily to silica based materials leading to losses during sample pre-
treatment. By using non-silica based materials in ASE extraction
and a wide elution window in the SPE Power-Prep™ clean-up,
TBBPA could be fully recovered from spiked blanks with the excep-
tion of egg samples where the recovery of TBBPA was only 10%.
Nevertheless, the performance characteristics of the method allow
HBCD as well as TBBPA to be measured in biological samples as fish,
cheese and eggs at relevant levels. Analysis of samples eel from
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the Rhine, Waal and Maas delta, and from lakes in the north of The
Netherlands showed that HBCD is present in all samples in concen-
trations up to 134 ng/g. While a-HBCD is the predominant isomer,
[3-HBCD and y-HBCD were also detected in all samples. HBCD was
evendetected in relatively clean regions of the Netherlands indicat-
ing that other, possibly diffuse sources of HBCD are present. TBBPA
was found only in a few samples in concentrations up to 1 ng/g.
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