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ABSTRACT

An analytical concept using stable isotope fractmn for analyzing persistent organic
pollutants (POPs) in food webs was developed astdde We have evaluated methods
for the extraction and clean-up of hexachlorocyelane isomers (HCHSs) as the model
compounds of POPs from water, soil, plant, milkhfoil and pork liver in order to study
the reactive transport processes of HCHs in fodoswsing multi-element compound-
specific isotope analysis (CSIA). The extractiod alean-up methods were evaluated for
recovery efficiency and isotope effects. The pieaignd accuracy for carbon, hydrogen
and chlorine isotope analysis was within the amadyprecision of +0.5%o, +5%0 and
+0.3%o, respectively. The method was applied foblstésotope analysis of HCHs in
possible food webs from soil to plants, and to amisotope compositions of HCHs in
cow/buffalo milk and dung, wild animal livers aneb$ blubber were obtained and
compared to the sources of HCHs. The magnitudeoddpe enrichment demonstrated
the potential of CSIA for analyzing reactive trangprocesses of HCHs in the food
web. The concept using multi-element stable isotopysis can be applied for source
identification, characterization of degradation hmtsms, and particularly contaminant
accumulation in the food web, which demonstratepibtential in new scientific areas for

CSIA.

Keywords: hexachlorocyclohexane; extraction; isotope fratmn; food web; reactive

transport.

1. Introduction
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Gamma-hexachlorocyclohexaneHCH) was one of the most abundantly produced and
extensively used organochlorine pesticides in . gts application and production
were banned by the Stockholm Convention in 2009tduts persistent, bioaccumulative
toxic, cancerogenic and mutagenic properties [1T@tlay, official use continues only
for pharmaceutical purposes, such as treatmeticéoband scabies [1].
Hexachlorocyclohexane isomers (HCHs) are comméyaizdnufactured by the reaction
of benzene and chlorine gas in the presence ofight [I3, 4]. Onlyy-HCH possesses
specific insecticidal properties, however, productdf one ton of-HCH generates 8 to
12 tons of HCH containing waste, the so called “H@tkck”. a-HCH is the major isomer
in technical HCH, an@- ands-HCH are chemically more stable [5]. Large amowrfts
HCH muck were produced and deposited in an unciiedrananner, resulting in serious
environmental pollution world wide [6, 7], espebtrah Germany [8, 9], Italy [10], Spain
[11], China [12], and India [13]. HCHs can be depased by dechlorination and
dehydrochlorination processes [14], and are consiblas persistent organic pollutants
due to their relative long half-life in the enviraent. For example, HCHSs in thr vapor-
phase can be degraded with the estimated halpig8-115 days in the atmosphere by
reaction with photochemically-produced hydroxylicats. Hydrolysis is likely to occur
slowly, the respective hydrolysis half-life @f andy-HCH are 26 and 42 years in natural
waters at pH 8 and 5 °C. The half-life of biodegtamh of HCHs is estimated to be 33.9-
184 days in cropped soils and 23.4-100 days inappad soils [15]. Due to the low
water solubility (5-10 mg t at 25 °C), HCHs tend to accumulate in the hydrphsoil
components and are introduced into food webs thrqlant uptake by the roots from the

soil and leaves from the air [16, 17]. HCHs carrbasported over long distances by



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

natural processes like global distillation.Today;Hiresidues can consequently be found
in elevated concentrations in Arctic and Antaretiemals at the end of the food chain

[18-21].

Compound-specific isotope analysis (CSIA) appeanset a promising method to assess
sources and the fate of organic pollutants in therenment [22-24]. CSIA has primarily
been applied to study the transformation of vaabitganic pollutants such as petroleum
hydrocarbons [25, 26], benzene homologues [27, &@8prinated ethenes [29-31], and
fuel oxygenates [32-34]. In recent years, CSIA hasen developed for investigate the
fate of several pesticides including lindane. Fatance, the carbon isotope fractionation
can be used to characterise theitu (bio)degradation of HCHs [35-37], and hydrogen,
carbon, chlorine isotope compositions allow to tdgrihe sources of HCHs [38]. CSIA
has been proposed as a tool to characterize thefdranation potential of pesticides in
the environment for risk assessment, for applicatim natural attenuation studies [39],
or for tracking the sources of these contamina@se main bottleneck for CSIA,
however, is the moderate to poor analytical sedisitand high purity requirements for
isotope analysis. In particular, the low detectiamnt of CSIA makes the investigation of
bioaccumulated contaminants in food webs challepgsince large amounts of samples
are required to enable isolation of sufficient conmpd quantities. To date, the first study
using CSIA to investigate reactive bioaccumulatioh organic contaminants was
conducted by Holmstrand et al. [40], where DDT li¢bcodiphenyltrichloroethane) was
extracted from 16 kg of seal blubber by continupasitioning with acetonitrile in 2.2 L
lipid batches using a Wallenberg perforator. Laber same sample preparation approach

was applied to study the anthropogenic origin «f--chlorophenyl)methane by the
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same research group [41]. Holmstrand and colleaged an offline conversion method
for DDT, making it necessary to recover a significanass of the target analyte.
However, this approach is not feasible for rouimeestigation of contaminants in food
webs, as it is limited by the availability of largenount of sample as well as laboratory
equipment. Thus, alternative methods for extractad clean-up of HCHs from biota

matrices for routine laboratory preparation aredeeefor implementation of CSIA.

The present study aims to provide the analyticahous for a stable isotope
fractionation concept for analyzing POPs in foodsverhile taking reactivity
(degradation) into account. The first objectivelo$ study was to develop appropriate
methods for HCH extraction and purification fronveanmental and, in particular,
biological samples fo’C,?H and*’Cl stable isotope analysis in order to explore the
potential application of CSIA for food web studigsie method development includes
isolation of lipophilic HCHs from proteinaceous dnidlogical materials with high fat
content. The HCH extraction efficiency from diffatenatrices (including water, soil,
plant, milk, oil, liver) was evaluated by carryingt spiking experiments in the
laboratory, and then the isotope artifact fromgample treatment methods was critically
examined. The second objective was to evaluatpdtential of CSIA for investigating
the bioaccumulation and degradation of HCHSs inftloel webs. HCH-contaminated soill,
plants, cow/buffalo milk and dung, wild animal Irgewvere collected from contaminated
sites, and seal blubber as a repersentative sarhplaigher trophic level in the arctic
food web in a remote area was obtained. f8eand*’Cl isotope composition of HCHs
were analized and compared to potential sourcésctetl from all over the world in

order to evaluate the reactive transport of HCIlfbod webs.
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2. Materials and methods
2.1. Chemicals and reference matrices

Hexachlorocyclohexanes-( -, 6-HCH, 99.5% purity, Fluka) were purchased from
Sigma-Aldrich. HCH stock solution containing 10 § &f a-, -, 8-HCH (1:1:1) was
prepared in acetone for spiking water and soil sas@and prepared in hexane for
spiking plants, fish oil, milk and pork liver sarepl The stock solutions were stored in
the refrigerator at 4 °C before use. High puritgtaaitrile £99.9%, Carl Roth GmbH &
Co. KG, Germany), n-hexane (for pesticide resichayais, Sigma-Aldrich) and
dichloromethane (DCMz>99.9%, Carl Roth GmbH & Co. KG, Germany) were ufeed
HCH extractionFlorisil (for chromatography, ROTH, 100-200 meskgswsed as
stationary phase for liquid column chromatograptlyich was activated at 120 °C for 12
h before usage. Anhydrous 0, was activated by heating at 200 °C overnight. &las
wool (untreated, SUPELCO Analytical) and sea saatkwsed for packing the column.
To track the elution of HCHs from the Florisil cata, 7, 12-dimethyl-bena]Janthracene
(p. A, Reagent Grade) was applied as a fluoresceacer. A 360 nm UVA lamp was
used to visualize the fluorescence ban@H-free soil and gras€élamagrostis epigejos)
was obtained from a residential garden. Fish odnDriginale Moeller’s Tran), fresh
milk (3.5% fat) and pork liver purchased from adbsupermarket were used as reference

matrices to evaluate the extraction efficiency.
2.2. Extraction of HCHsfrom different matrices

2.2.1. Water



129 One liter of distilled water was spiked with HCHbait solution in a separation funnel to
130 produce concentration levels between 2.90 and 18d.5". The spiked HCHs were

131 extracted 3 times by shaking thoroughly with 30 BICM each time. The organic phases
132 were combined and evaporated to dryness undertke gérstream in a TurboVap

133 concentrator (TurboVap Il, Biotage, Sweden). Ta #nd, the HCH extract was

134 transferred into a glass vial and re-dissolved intoL hexane for further analysis.
135 2.2.2. Soll

136 Ten gram of garden soil was spiked with HCH stamkitson to generate concentration
137 levels between 290 and 1015 iy §ubsequently, the spiked soil was extracted by
138 accelerated solvent extraction (Dionex ASE 200 riffeeScientific) equipped with 11-
139 mL stainless steel extraction cells. The extractionditions were as follows: solvent:
140 hexane/acetone (1:1, v:v); oven heat up time: § fmal temperature: 100 °C; static
141 time: 3 min; pressure: 1500 psi; purge time: 6ush volume: 60%; static extraction
142 cycles: 3. The collected extracts were dried whhg-anhydrous N&O, and then

143 evaporated to dryness using a TurboVap concentiBit@reafter the dried extract was

144  re-dissolved in 1 mL hexane for further clean-up.
145 2.2.3. Plant

146  The plant sample from a residential garden wasntotsmall pieces and fully dried in a
147 freeze-dryer (Christ Beta-2-16 Freeze Dryer, Ma@inist Gefriertrocknungsanlagen
148 GmbH, Germany) at -35 °C and 0.310 mbar. The dmypdawas then mechanically
149 ground into fine powder in a grinder. Six gram of glant material was filled into a 22-

150 mL stainless steel ASE cell, in which celluloséefis were placed on both sides of the
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cell. The plant powder was spiked drop-by-drop wittmL of HCH stock solution during
placement into the ASE cell (to ensure homogendaisbution) until the target
concentrations were reached to 10 to 166 idBgfore ASE extraction, the cell was
placed in the fume hood overnight for solvent evapon. ASE extraction conditions
were the same as for soil sample extraction, exb@ptemperature was adjusted to

125 °C. The collected extract was transferred &ns®-mL round bottom flask, and then
the solvent was evaporated in a rotary evaporatd 4C.A small amount of activated
Florisil was added and additionally some DCM taligsolve the extracted materials. The
extracted materials were then adsorbed on Fl@ngllevaporated to dryness for further

clean-up.
2.2.4. Fish QOil

Fish oil (100 mL) was spiked with HCH stock solutits concentration levels between 1
and 100 pug §. The spiked fish oil was extracted with 100 mlaoétonitrile in a 500-mL
centrifuge bottle (PP Copolymer, Thermo Fisher Ma&®) by placing it in an ultrasonic
bath for 1h. After that, the acetonitrile and diages were separated by centrifugation at
10.000 rpm at 4 °C for 20 min, and then acetosipihase was carefully transferred into a
TurboVap vial using a glass pipette. The same etitra procedure was repeated 3 times
for each sample with 50 mL, 25 mL, 25 mL of acetidei respectively. Thereafter , the
acetonitrile phases were combined and evaporatad urboVap concentrator (25 °C, 9-
14 psi) until only co-extracted lipids remained (aB). If the amount of co-extracted
lipids were exceeded 10 mL, the sample was re-eetleB times with an equal volume

of acetonitrile in an ultrasonic bath for 30 minxtiaction procedures were the same as

described above.
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2.2.5. Liver

Fresh pork liver was homogenized using a hand lele\¢H007, Voche, UK), and then
100 g liver mousse was spiked with HCH stock sohutb obtain a concentration of 10

1g g*. The HCH extraction procedures were the same stsitled for fish oil.
2.2.6. Milk

Milk (500 mg) was spiked with HCH stock solutiondbtain a concentration of 100 pg
g™. The spiked milk was extracted with 50 mL hexana large centrifuge bottle by
placing it in an ultrasonic bath for 1h. For impiray the phase separation, centrifugation
at 10.000 rpm at 4 °C for 20 min was applied, d®htthe hexane phase was carefully
transferred into a glass vial using a glass pip&tte extraction procedure was repeated 2
times with 50 mL and 25 mL hexane, respectively.h&ikane phases were combined and

evaporated in a TurboVap concentrator until onhegtracted lipids remained.
2.3. Clean-up of HCH extracts
2.3.1. Water and soil

The clean-up method was modified from the US EP Aok 3620C [42]. For separating
by liquid chromatography, a glass Pasteur pip€tte dm diameter x 15 cm length) was
packed from bottom to top with glass wool, 1-cmadlsea sand, 1 g activated Florisil,
and a 0.5-cm layer of activated anhydroug3@. This column was pre-conditioned

with 1 mL of n-hexane. Then 50 g of 7, 12-dimethghzf]anthracene (2 mg mt.

stock solution in hexane) was added on the topetolumn. The fluorescence tracer co-

elutes with HCHs and thus can be used as an imdiohthe HCHs elution when using a
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UVA lamp. The HCH extracts were loaded onto theicoi and eluted continuously by
adding 5 mL hexane {#fraction) and 5-7 mL hexane/DCM mixture (v/v 1(2})°

fraction) at natural gravity flow velocity. The ¢edtion of the ¥ fraction was cut-off

after the fluorescence band was eluted from thencol The eluate from thé'fraction
containing mainly hydrocarbons was disposed. Thatelfrom the % fraction

containing HCHs was reduced to ~0.5 mL under algéitstream, and then transferred
into a glass vial and adjusted the volume to 1 mladiding hexane for concentration and

isotope analysis.
2.3.2. Plant

The extract was purified using a 2.2 cm diamet82’% cm length glass column for
liquid chromatography. The clean-up procedures Weresame as described above but
with the following modifications. The glass columwas packed from bottom to top with
glass wool, 1 cm of cleaned sea sand, 15 cm ofatetl Florisil and 4 cm of activated
anhydrous Ng5Os. Florisil was packed into the column as slurrypared with hexane to
ensure that the column was tightly and homogengqastked. The plant extracts
adsorbed to Florisil and 100 pg of 7,12-dimetbgthzp]anthracene were loaded onto
the column and were then eluted by continuouslyrap80 mL of hexane fifraction)
and 45-55 mL hexane/DCM (v/v 1:1)'(Fraction). The ¥ fraction containing HCHs

was subjected to further analysis.
2.3.3. Fish oil, milk and liver

The co-extracted lipids (~3 mL) were transferred amxed with 3 times of their volume

with 95% concentrated 430, in a 50-mL glass bottle closed with Teflon coatetew

10
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cap. The mixed solution was hydrolyzed at 70 °@rirultrasonic bath for 2 h in order to
remove the co-extracted lipids by acidic hydroly3ise hydrolyzed solution was
transferred into a separation funnel with 100 midistilled water and 30 mL of hexane,
and then shaken carefully for approximately 2 rifiime acidic aqueous phase was
discharged after reaching a clear phase separdt@hexane phase was then washed
with 50 mL distilled water. After that, 20 mL ofd)M NaOH were added to the hexane
phase to remove the remaining lipids by saponibcatSubsequently the mixture was
shaken for 30 s until the hexane phase was tragsihayellow and no further color
change occurred after the addition of NaOH. Thatswi was then transferred and
centrifuged at 4 °C for 20 min at 10000 rpm to eaghase separation. The hexane
phase was collected and the remaining alkalindisolwas extracted once more with 30
mL hexane under the same conditions. Finally, telined hexane phase was
evaporated to ~1 mL and then purified by columrootatography as described for plant

extracts.

2.4. HCH contaminated site and sampling

Soil, plant and wild animal liver samples were afed from a large-scale HCH
contaminated site which is located at Bitterfeldsarmany. The field site history and
contamination have been described elsewhere [36T4® soil samples (10 g) were
taken from different locations. Plant samples (Gyweight) of two different species,
Plantago lanceolate andPhragmites australis, were taken in October 2015 at the heavily
contaminated “Area C” [36]. Wild boar and deer (abone year old) feeding in this area
were hunted in November 2015 with the support efEhvironmental Agency in

Bitterfeld, and the liver samples (150 g) wereextiéd for further studies. Cow and

11
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buffalo milk (1 L) and dung (4.3 g dry weight) sadegpwere collected from a HCH
dumpsite in Lucknow, India [44]. Seal blubber saes500 g) were provided by Prof.
Roland Kallenborn from the University Centre in Baad, Norway. All samples were
stored at -20 °C before treatment. The HCH exwactind clean-up methods described

above were applied for sample preparation.
2.5. Analytical methods
2.5.1. Concentration analysis

An Agilent 6890 series GC (Agilent Technologies,A)&quipped with a flame
ionization detector was used to determine the aungon throughout the study. Each
sample was measured in triplicates. The analyticaditions can be found in the

Supporting Information (SI) section 1.
2.5.2. Isotope analysis

The isotope composition of element (E) is repoded notation in parts per thousand (%o)
and expressed as the deviation from internatidmaldards according to the following

equation:

5Esample = (Rsample/Rstandard) -1

R indicates the isotope ratio BE/2C, ?H/*H or *’CI*°Cl. International standards foiC,
’H and™Cl are Vienna Pee Dee Belemnite (VPDB), Vienna &ath Mean Ocean Water

(VSMOW) and Standard Mean Ocean Chloride (SMOGpeetively.

12



258 Carbon isotope compositions-{C) were measured using gas chromatography-

259 combustion-isotope ratio mass spectrometry (GC-KSR where a GC (7890A, Agilent
260 Technologies, USA) was coupled via a ConFlo IViiaee (Thermo Fisher Scientific,
261 Germany) to a MAT 253 IRMS system (Thermo Fishae&dic, Germany). All

262 samples were injected in splitless mode at 250rftCthen separated on a Zebron ZB1
263 column (60 m x 0.32 mm x@dm; Phenomenex, Germany) under a constant carréer ga
264  flow of 1.5 mL min'. The temperature program of the GC is describéddrS| section
265 1. After separation, compounds were converted tg i6@e combustion reactor

266 operating at 1000 °C. Samples were analyzed ihdaiies. Corresponding analytical
267 precision fors*C was below +0.5%.. AB'°C values were normalized to the VPDB scale
268 by applying a two-point calibration approach usimgnouse reference compourftls

269 HCH (6*°C = -34.1%0) and-HCH (5**C = -25.3%o). A third standar@HCH (5*°C = -

270 29.1%0) was used for validation of the calibration.

271 Hydrogen isotope composition&id) were measured via a gas chromatography-

272  chromium based high temperature conversion-isotafp@ mass spectrometry (GC—
273 Cr/HTC-IRMS), as previously described elsewhere44b Briefly, Cr/HTC makes use
274  of the combination of high temperature conversioa geduction of hot elemental

275 chromium at 1200 °C. While hetero-elements (i.eSNCI) are scavenged at elevated
276 temperatures as chromium saltg,isireleased into the carrier stream and subseguent
277 isotopically analyzed by the IRMS. The GC paransetegre the same as described for
278 thes'C measurement. Samples were analyzed in triplic@®@sesponding analytical
279 precision fors?H was below +5%448]. All °H values were normalized to the VSMOW

280 scale by applying a two-point calibration approasing in-house reference compounds:
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tetradecanestH = -230%.) and hexadecan#i = +381%o, reference ID: USGS69 [49]).

A third standard heptadecanH = -73%o) was used for validation of the calibratio

Chlorine isotope compositiong®(Cl) were determined using gas chromatography
coupled with multiple-collector inductively coupl@thsma mass spectrometry (GC-MC-
ICPMS), as recently described elsewhere [50, H@Bes were injected with a split
ratio of 1:10 and a constant carrier gas flow afl2min™ using the same GC column
and oven temperature program as described fof'fiemeasurement. Once separated,
the analyte was directed to the ICP torch via afflbeElemental Transferline AE2080
(Aquitaine Electronique, France). The interface sascifically modified for the
transport of semi-volatile organics from the GQGhte cold ICP torch. The MC-ICPMS
plasma was operating at dry plasma conditions,aiedwnfavorable protonation effects
[50, 51]. The chlorine isotopes were analyzed a6 and 37{Cl*, *'CI") at low
resolution mode (n¥m = 300). All samples were spiked with an in-hoteference
compound (TCE§*'Cl = -1.19%o) as an internal standard to comperfsatainor
instrumental drifts. The obtained rai/Cl values were normalized to the SMOC scale
by applying a two-point calibration approach usimgnouse reference compounds which
were methyl chloride (MG3®'Cl = +6.02%o) and trichloroethene (TCE£/CI = -1.19%o).

In addition, a second trichloroethene (TGECI = +2.17%0) was used for the validation
of the calibration, as described by Horst et al.[S&mples were generally analyzed in
triplicates, with an analytical precision usualBldw +0.3%. for compound-specific

analysis of mixtures [50, 51].

3. Results and discussion

14
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3.1. Extraction efficiencies of HCHs from different matrices

CSIA is several orders or magnitudes less sengitime modern methods for
concentration analysis such as GC-MS or HPLC-MSthuas requires larger amounts of
sample material. A central step of the clean-ugg@dares and enrichment strategies is
the evaporation of solvent. A previous study repad significant losses of HCHs during
solvent evaporation and insignificant isotope @fere associated with solvent
evaporation [52]. Therefore, it is not expected tha evaporation process changes the
isotope composition of HCHs and thus large amo@inblvents can be used for
extraction. Chromatography columns packed withi§ilogave almost complete recovery
(Table S.1). The use of a co-eluting fluoresceatdr allowed for visual inspection of the

chromatographic process and precise cut-out dirtfeion containing HCHSs.

3.1.1. Water and soil

HCH spiked water sample was extracted 3 timesduwdiliquid extraction using DCM.
ASE was applied for extraction of HCHs from soiings3 static cycles in order to
improve the recovery rate. Interference from husulbstances and other co-extracted
organic substances such as fatty acids were expédterefore, the HCH extracts from
water and soil were further separated by Florsilimin chromatography. Florisil was
selected due to its potential to retain lipids high polar materials, as well as its
capability of effecting clean-up of apolar pester@sidues from food samples [53].

Overall recovery of 86 - 95% was obtained for HGksn water and soil (Table 1).

3.1.2. Plant

15
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Plant was first freeze-dried under low temperaturé low pressure conditions in order to
minimize the losses as HCHSs are relatively voldtildrophobic compounds. ASE with
hexane/acetone (1:1, v:v) at 1Z5was used for extraction. Hydrophobic compounds
such as plant waxes, chlorophyll and lipids cowdctb-extracted from plant, which may
form a lipid-layer and block the Florisil columnrihg clean-up of HCH. Therefore, the
HCH extracts were first adsorbed to a small amofifiorisil before loading them onto
the column. Overall recoveries of 36 - 66% werdeaatd fora-, B-, 5-HCH from plant
(Table 1). The losses during extraction of HCHerfiglant samples were evaluated step
by step (Table S.1). The recoveries of 98 - 1078%r ablvent evaporation and 92 - 98%
after column chromatography indicated that no sicgmt losses of HCHs occurred
during these two steps. However, only 12 - 17% ©Hd were recovered after ASE
using hexane as extraction solvent, which wasyikiele to the low polarity of hexane.
Recoveries of HCHSs increased significantly to £8% when the ASE extraction solvent
was replaced by an acetone/hexane mix (1:1 by wejulhextracted by ASE using
acetone alone, HCH extracts contained large amadimt$erfering compounds such as

pigments which were difficult to be removed by ecoluchromatography.

3.1.3. Fish oil, milk and liver

Acetonitrile was applied to remove large amountipads in the first extraction step as
lipids have a relatively lower solubility in acetoite compared to hexane. Instead of
waiting for phase partitioning in a separation felpthe ultrasonic bath and subsequent
centrifugation were applied for a better HCH exiatand phase separation between
acetonitrile and oil. A recovery of 75 - 89% wasiaved after repeating the acetonitrile

extraction for 3 times (Table S.2). Milk containitygpically 88% water, 3.4% fat and 3.3%
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protein was selected to represent fatty sampleicong a large amount of water.
Hexane was applied to remove water and hydropsiiizstances in the first extraction
step from milk. Fresh pork liver was chosen aspaagentative sample of animal tissues
containing high amounts of fat and protein. The bgemization of liver was achieved
with a food blender before solvent extraction idesrto increase the extraction recovery.
Co-extracted lipids from fish oil, milk and liveamples were removed by acidic
hydrolysis using 95% concentrated39y, followed by a saponification process using
0.5 M NaOH solution. The majority of hydrolyzed loaxylic acids were deprotonated
and polar hydrolysis products (such as glycerobevekssolved in the aqueous phase,
thus HCHSs can be extracted with hexane. OveralHHHé€toveries of 16 - 30%, 33 - 44%
and 16 - 25% were obtained from fish oil, milk diver, respectively (Table 1).
Obtaining a clear phase separation in each stegsential to improve the HCH

recoveries.

Table 1. HCH recoveries from different matrices.

sample code spiking concentration a-HCH B-HCH 6-HCH
water 10 water 2.9 mgL 93% 90% 88%
water 20 water 5.8 mg'L 94% 91% 93%
water 35 water 10.15 mg'L 95% 94% 94%
soil 10 soil 290 ugg 91% 88% 86%
soil 20 s0il 580 pug g 92% 92% 92%
soil 35 soil 1015 pgy 94% 92% 93%
grass sp-3 10 F2 grass 10 piy g 38% 36% 66%
grass sp 1000 ug F2 grass 166 ftg g 39% 48% 40%
FO sp 10 F2 fish oil 10 pg'y 30% 21% 16%
FO sp10000 ug F2 fish oil 100 pd g 26% 20% 18%
milk sp lug/g F2 milk 100 pg'y 40% 44% 33%
liver sp 10 F2 liver 10 ugly 16% 25% 20%

3.2. Effects of sample treatment on the stable isotope composition
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The HCH molecule contains C, H and CI, which camjmglied for compound-specific
stable isotope analysis. Experientially, similaantity of HCH is required for reliable
6**C and¢®’Cl analysis, and 5 ~ 10 times higher quantity isdeel for reliablé’H
analysis. Therefore, higher spiked concentratioasevapplied in this study to ensure
reliables®H analysis for method development. In order to yreathe isotope effects of
sample treatment, th&°C, 5°H andd®’Cl values of HCHs after extraction from different
matrices (using the highest HCH concentration lavelach matrix listed in Table 1)
were compared with the values of HCH standard leepiking to matrices. The
observed isotopic shifts ranged from 0.1 to 0.8%w°C, from < 1 to 10%for 6°H and
from 0 to 0.27%. fow*’Cl (Table 2). Considering the acceptable analyficatisions of
+0.5%o for5-3C, 5% ford°H [48] and +0.3%. fow>'Cl [51], the shifts of the isotopic
values before and after HCH extraction from diffénmatrices are in agreement with
uncertainty typically associated with the measurgmeAn exception was thiH of the
HCHs extracted from the liver, which showed thehlest deviation between -8 and +10%o
compared to thé ?H values before extraction. The tendency for iseteprichment or
depletion ofH was not constant and therefore the small vaitglisl not a result of
systematic change by isotope fractionation duéecektraction procedure. Liver is the
most complicated matrix for extraction and the aiitity might be a result of impurities
from co-extracted organic substances, moreovey HHeshift is still small compared to
large primary kinetic isotope effects expected’fbisotope fractionation of bond
cleavage reactions. Conclusively, negligible st&xéope fractionation could be

observed after extraction and separation of HCbis fapplied sample matrices.
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384 Physical extraction processes governed by sorpinaiphase partitioning where the

385 molecule remains intact are not expected to caurgel isotope effects [54]. Solvent

386 extraction is based on phase partitioning of tHetedetween phases and the isotope
387 effect of phase partitioning needs to be taken actmunt. However, the isotope effect of
388 phase partitioning at equilibrium conditions isatelely low [54] compared to kinetic

389 isotope effects, and the obtained offsets of isetmpmpositions in the experiments agree
390 reasonably well with expectations (Table 2). Hetleeisotope effect of phase

391 partitioning may be negligible for HCHs. In contrasansformation processes involving
392 chemical bond breaking could lead to kinetic isetfjactionation. Among the

393 procedures applied in the present study, HCH toanmsdtion processes could occur

394 during the saponification step using NaOH solutengce HCHs can be hydrolyzed

395 under alkaline condition [55]. However, the obsdraotope shifts due to sample

396 treatment were within the analytical uncertaintylicating that the isotope fractionation

397 occurred during the short time period of the safication process was negligible.

398 Despite the achieved lower extraction recovertesmain contribution of the present
399 study is to prove that the modified methods are &bkxtract and clean-up HCHs from
400 complicated matrices. More importantly, the apphketraction and clean-up procedures
401 do not cause considerable isotope effects, andftirercan be applied to investigate the

402 reactive transformation of HCHs in food webs.

403 Table2. Changes in isotope compositions of HCHs after $atngatment procedures € dsampie

404 - bgy).
sample a-HCH A B-HCH A 3-HCH A
HCHstd  6™C (%) -29.3+0.4 -28.8+0.2 -28.8+0.2
water [vs VPDB] 29.1+0.3 +0.2 -29.4+0.3 -0.6 -28.9+0.1-0.1
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406

407

408

409

410

411

412

413

414

415

416

417

418

soil -28.7+0.2 +0.6 -29.0+0.1 -0.2 -28.9+0.2 -0.2

grass -29.7+0.0 -0.4 -28.7+0.4 +0.1 -28.4 +0.2+0.4
fish oil 295+0.1 -0.1 -28.4+0.1 +0.4 2894  +0.5
milk -29.3+0.3  +0.1 -28.4+0.2 +0.5 -28.2+0.3 +0.6
liver -29.8+0.2 -0.4 -28.9 +0.0 0.1 -28.7+0.1 +0.1
HCH std -102+3 -112+5 -105+6

water -101+3 +1 -110+5 +2 -108 + 4 -3
soil 2H (%) 2102+ 1 <1 -113+3 -1 -106 + 0 -1
grass [vs VSMOW]

fish oil -106 +5 -4 -112+3 <1 -105 + 8 <1
milk

liver -110+ 4 -8 102+ 2 +10 111+ 4 -6
HCH std -0.67+0.14 -2.64+0.13 -0.34+0.28

soil 056 £+0.06 +0.11 -257+0.13 +0.07 -0.30.#8 +0.04
grass 5%'Cl (%o) -0.40+0.03 +0.27 -2.50+0.10 +0.14 -0.8106 +0.03
fish oil [vs SMOC]  -0.55+0.27 +0.12 -2.60+0.15 +0.04 49©=80.30 +0.00
milk -047+0.17 +0.20 -2.63+0.08 +0.01 -0.26.87 +0.08
liver -0.42+0.10 +0.25 -259+0.40 +0.05 -0.46.43 -0.12

3.3. Evaluation of the isotope effects of matrices on *’Cl analysis

The bottleneck fos**C ands?H isotope analysis is the clean-up step. Even igdrif
samples may still contain interfering organic connpas that make baseline separation of
chromatographic peaks and hence isotope ratioleitwmo a difficult task. In contrast, the
analysis 065°'Cl only requires baseline separation of chlorinataiming analytes
because the MC-ICPMS measures chlorine ions dytetitlerefore, chlorine-free
organics should not affect tB&'Cl analysis. In order to evaluate potential intefees

of chlorine-free organics aff'Cl measurements, analytical standards of HCHs and
different amount of diesel were dissolved in hex@angimulate a complex solvent matrix.
The samples were first measured by GC-MS and tigd®MC-ICPMS fors*'Cl
analysis. The GC-MS chromatogram indicated that Hi@bks were overlapped with the
added compounds (Fig. S.1). Detailed informatiamtwa found in the Sl section 4.
However, when the same samples were analyzed bMGOCPMS, a clear base line

separation could be achieved and no elevated baukdrsignal was visible in the
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chromatogram (Fig. S.2). Furthermore, no significdranges i@*'Cl values were
observed for HCHs dissolved in the diesel comp&rddiCHs dissolved in hexane (Table
S.3). These results indicate that the large amaafrdarbon and hydrogen from the diesel
do not create interfering ions in the plasma thatily otherwise affect the precise
analysis of chlorine isotopes. Thus, no rigoroesuwcstup procedure by column
chromatography was required f8¥Cl analysis. The analytical precision was usually
below £0.3%. for compound-specific analysis of miesias reported before and with

high sensitivity typically in the range of 2-3 nn®@l on column [51].

It is worth noting that introducing large amount$gdrogen into plasma could have
resulted in forming®ArH* dimers which would affect th€CI* signals. However, such
influences were not observed despite co-elutingdy@h-containing compounds from
the diesel mixture and therefoftrH* formation was considered negligible. However,
extreme high hydrogen background from hydrocarl®iikely become relevant when
analyzing trace amount of chlorinated organic commois. The detection limit of the

measurement was not evaluated in this study.
3.4. Analysis of environmental samples

Surface water and groundwater in the area of BafttGermany) are heavily polluted
by HCHs, as already reported in several studied3p,A similar contaminated area can
be found in Lucknow, India [13, 44]. ConcentratmifHCHS in environmental
compartments and dispersion in the environmenbbkasa studied. However, studies
addressing the transformation of HCHs upon biodiggran in soil, degradation during

uptake into plant biomass as well as transformdtdmigher organisms are missing. For
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441 analyzing transformation processes associatedredtttive transport along the potential
442  food webs, HCH-contaminated soil, plant, cow/buffalilk and dung, wild animal liver

443 and seal blubber were collected from 3 differemtaminated sites for analysis.

444  The concentration of HCH residues (without consitlen of extraction recovery) were
445  ranging from 0.007 to 117.4 pd dor a-HCH (Fig. 1a) and from 0.01 to 48.7 pg fpr
446  B-HCH (Fig. 1b) in all analyzed samples. The low@sicentration of 0.007 pg'gvas
447 determined from seal blubber obtained from the idretnd the highest concentration of
448 117.4 pg g was determined from cow dung obtained from LucknBwperientially, the
449  minimum concentration of HCHs for reliabi&€’C analysis is 15 mgt.for injection

450 (assume at least 1.5 pg of HCH was extracted @@opd of solvent for measurement).
451  Similar quantity of HCH is required for reliab#’Cl analysis, and 5 ~ 10 times higher
452  quantity is needed for reliabdH analysis. Therefore, on>C andd*'Cl values ofu-
453 andp-HCH from contaminated samples were determined.iddtepe composition af-
454  HCH varied from -26.1%o to -15.1%o #51°C and from -0.86%. to +4.33%o 5t 'Cl,

455  resulting inA6*C = 11.0%0 and\d*'Cl = 5.19%., respectively (Fig. 1c). The isotope
456 composition of3-HCH varied from -27.3%o to -18.7%o i#1°C and from -2.19%o to +4.21%o

457  in 0°'Cl, resulting inA6*3C = 8.6%0 and\d*'Cl = 6.40%o, respectively (Fig. 1d).

458 Information on the extraction and clean-up perfarogacan be obtained from the GC
459 chromatograms of HCH extracts from contaminatedrenmental samples (Fig. S.3).
460 Low interferences and good separation of HCHs foackground matrices were

461 obtained for all extracted samples (Fig. S.3, a&rgept for seal blubber (Fig. S.3, e) due
462  to too low concentration of HCHs. Therefore, 8h%C values of HCHs in seal blubber

463 were not performed. However, the large backgroufeténces did not affect the
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measurement af 'Cl even with such low HCH concentration (Fig. SEes*'Cl value

could, however, not be determined from pork and teer samples because too small
amounts of HCH extracts were left aff&fC measurement. ThE°C ands®’Cl values of
B-HCH in soil were not determined due to the todhhapundance af-HCH (Fig. S.3, a),

making the separation af andp-HCH difficult.
3.5. Proof of concept for studying transfor mation reactions of HCHs in food webs

The shift in isotope composition of a sample coraddo that of sources can be used to
characterize the degradation process and quahgffraction of degraded contaminants
[23]. The soil, plant and animal liver samples westected from the Bitterfeld site, and
the isotope composition of three HCH muck sampl#ained as the sources of this site
resulted in an average value-&#838 + 1.2%0 -HCH) and-284 + 1.3%. 3-HCH) for
5C, —1.38 + 0.57%0d-HCH) and-1.27 + 0.69%o [;-HCH) for 5°'Cl, respectively.
Compared to the sources, the maximal enrichmei 8p6%o fors™*C and 2.54%. for
5°’Cl of a-HCH from soil and plant (Fig. 1c) indicates thatake of HCHs in plant is
associated with isotope fractionation, which mag thuthe biodegradation in the
rhizosphere or in the plants. The stronger carbotope enrichment eFHCH, which

was up to 13.7%o (Fig. 1c), in the pork and deezrlisuggests intensive metabolism taken
place. The variability 0§*°C ands®’Cl presented in Fig. 1 cannot be explained by
diffusion as lighter isotope is expected to bec@meched when diffusion is a dominant

process.

The isotope composition of HCHSs in the cow/buffalidk and dung obtained from India,

and in seal blubber obtained from the Arctic wesmpared to the worldwide sources of
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HCHs from a collection of 77 samples based on wadd manufacturing [38]. The
majority of *°C values of HCHs are between —31%. and —25%o, withénrange 0§'°C
values of benzene from fossil stocks [56]. The migjof the 9°*'Cl values of HCHs fall

in the range between —1.60%0 and +0.54%., closed@ipected 0%o for seawater
chlorides and salts [57]. In contrast to the regbisotope composition of HCH sources,
the obtained isotope values of HCHs in the milkygland seal blubber were much
heavier (up to 5.5%. fa¥*C and 3.79%. fov*'Cl) even comparing with the upper limit
of the reported source range (Fig. 1). The strentppe enrichment in the dung and milk
indicates that degradation of HCHs may take pladae digestive track of cow/buffalo
during metabolism. The significant isotope enrichtref HCHs in the milk, liver and
blubber further suggests that only a residual ivacivas accumulated in the fat after
intensive metabolism. The isotope enrichment inrisedual HCH fraction reflects the
metabolic degradation in the higher organisms. Begfion changes the concentration of
HCHs in the organisms and hence the concentrafitreaesidual fraction does not
represent the exposure of the organisms adequatedydetected concentration is
believed to reflect the accumulation of contamisagdvern by phase partitioning of
hydrophobic contaminants into the hydrophobic lipidwever, the isotope enrichment
of the residual HCH fraction compared to possiblgrses indicates that the exposure of
the organisms might be higher as a major fractidth@HCHSs have been already
degraded. Therefore, the isotope composition coetbwith the concentration of HCH

in higher organisms could be used as an indicatoedonstruct exposure.
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Fig. 1. Concentrations (a-b) and isotope compositions) @d-HCH andB-HCH from
contaminated soil, plant, cow/buffalo milk and dupgrk/deer livers and seal blubber. Gray bars
indicate the concentrations of HCHs. Red triangles blue circles indicate t#&°C andd*’Cl
values, respectively. The red and blue bars indittees™°C ands*’Cl values of HCH muck in
Bittefeld. The red and blue dashed lines indidast’C ands*’Cl values of HCH sources from

former and recent manufacturing worldwide.
4. Conclusion

A method for extraction and clean-up of HCHs foraaourate and precise analysis of
01*C, 6°H ands®'Cl in various sample matrices was evaluated. Theetion and clean-
up methods were applied for isotope analysis-@ndp-HCH in contaminated

environmental samples in order to evaluate poteapplication for analysing reactive
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transport in food webs. The multi-element isotopalysis offers the opportunity for the
identification of chemical and biological transfation processes in the environment
[23], as well as obtaining information on dehalogtgon reactions [58]. Thus, it can
provide evidence for developing a concept for situglynulti-element isotope
fractionation to characterize degradation processt®e food web at field sites. Based
on the Rayleigh approach, significant isotope démient combined with specific stable
isotope enrichment factors can be applied to gfyatfie in situ degradation of
contaminants. For example, based on the carboope@nrichment of HCHs and an
enrichment factor for microbial degradation, Bagtial. estimated that biodegradation
contributed to 30 to 86% of HCH removal within antaiminated aquifer at
Bitterfeld/Wolfen [35]. The same approach using £8blds great potential to quantify
the reactive transport of HCHs from soil to plamisd to higher organisms. Correlation
of hydrogen, carbon and chlorine isotope fractimmaiay be used to identify bond
cleavage reactions of degradation processes ofjyadded contaminants [59-61]. The
method has potential for isotope forensics, momigpof HCH in food webs,
characterizing HCH degradation at contaminated sitewell as application in risk

assessment and public health studies.
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Highlights

»  Concept for analysing degradation reactions of organic contaminants in food webs
using multi-isotope analysis (§*°C, §°H, §'Cl)

» Developing of an extraction methods for isotope analysis of HCH in soil, plant,
milk, fish oil and liver samples

«  Compound-specific isotope analysis (CSIA) of §'°C, §*'Cl isotope composition of
HCH in food webs

« Evidence for isotope fractionation of HCH (5*3C, §*’Cl) during up-take into plants

« Evidencefor isotope fractionation of HCH (5*3C, §*'Cl) during passage through

ruminants with food stocks
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