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Introduction
BDE-209 is the major component in DecaBDE.  There is 
concern that degradation (through photolysis or metabolism) 
may produce lower brominated BDE congeners that are more 
toxic to environmental species and to human health. 

Photolysis of BDE-209 affords lower brominated diphenyl
ethers by either direct homolysis of the C-Br bond or by 
photoinduced electron transfer [1-4]. 

Identified products from the metabolic transformation of BDEs
include lower brominated diphenyl ethers, as well as methoxy
and hydroxy derivatives.  Debromination of BDE-209 has been 
reported in rainbow trout [5], carp [6], rats [7], cows [8] and 
humans [9], with preferential loss of bromines meta- and para-
to the ether linkage. Metabolic debromination of BDEs may 
also occur through an electron transfer mechanism [10,11].

Electrochemical reduction is by nature an electron transfer 
process.  Hence the objective of this work was to compare the 
electrochemical debromination of commercial DecaBDE (DE-
83TM) in the presence of water with the analogous 
photochemical and metabolic processes . 
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Experimental 
Electrolysis Experiments
Electrolyses were performed in an undivided cell with fixed 
platinum black electrodes. DE-83TM (Great Lakes) was 
dissolved in freshly distilled THF (Aldrich) (ca. 1 mg/mL) 
containing tetrabutylammonium perchlorate (Fluka), as 
supporting electrolyte (30 mmol/L), and water (HPLC Grade; 
Caledon) or D2O (CDN Isotopes). A current of 20 mA was 
applied to the stirred solution resulting in a voltage of 20-26 V. 
Samples (50 µL) were withdrawn at the chosen time intervals, 
diluted with 3 mL hexane/10%DCM, and eluted through a short 
silica plug to remove the supporting electrolyte.  

In order to quantitatively determine the BDEs using isotopic 
dilution, the samples were spiked with MBDE-MXE (13C12-
BDE surrogate mixture) before elution through the silica 
column. BDE-CVS-EISS (13C12-BDE-138 injection standard) 
was added after the eluent volume was reduced and prior to 
injection on the HRGC/HRMS system.  The BDEs were 
quantitated using a 5-point (BDE-CVS-E) calibration curve 

High Resolution Gas 
Chromatography/High Resolution Mass 
Spectrometry (HRGC/HRMS).

The analyses were conducted on a HP6890 HRGC with a J&W 
30 m DB-5HT column (0.25 mm ID, 0.1 µm film), coupled to a 
Waters Autospec Ultima HRMS.  The injections were done in 
splitless mode (injector temperature 280oC, constant He flow 
rate 1.25 mL/min).  The temperature program was 100oC (3 min 
hold), 12oC/min to 280oC, 20oC/min to 325oC (10 min hold). 

The mass spectrometer was operated in selected ion monitoring 
(SIM) mode (EI+) with resolution >10,000 in each of five 
acquisition functions. The transfer line and source were 
maintained at 280oC. Perfluorokerosene-H was used as 
calibration standard. 
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Results & Discussions
Technical DecaBDE has higher solubility than pure BDE-209 in 
organic solvents such as THF due to the presence of impurities. 
Quantitation of the debrominated products after electrolysis was 
aided by setting the retention time ranges for each congener 
group using Wellington Laboratories’ window defining mixture 
BDE-WD (Figure 1), and was corrected for the lower BDE 
congeners initially present in the DE83 mixture.   This assisted
in assigning the peaks to the proper congener groups thus 
allowing the quantification of products with a higher degree of 
confidence.

When the electrolysis experiments were conducted in the 
presence of D2O, bromine was replaced exclusively by 
deuterium to give the lower brominated BDE congeners. This 
demonstrates that proton transfer involves exclusively water 
(Path A in Figure 3) and rules out the possibility of a hydrogen
abstraction by Ar.. Attempts to measure reduction potentials of 
the individual BDEs in aqueous THF were unsuccessful due to 
competing reduction of water at the potentials needed to reduce 
the BDEs.

The sequential reduction of BDE 209 was accompanied by a 
progressive loss of material balance (Figure 4), possibly due to
other pathways (arylation ?) that involve radical intermediates.

Electrolysis of DE-83TM in THF in the presence of water 
resulted in the formation of a complex mixture, containing di-
through nona- bromodiphenyl ethers. 

The recoveries for most congeners were near 100%, except for 
the mono-BDEs (6-10%) and the Di-BDEs( 75-85%), whose 
low recoveries were due to volatilization during solvent 
evaporation. Sampling times were chosen to allow us to 
examine both early and late stages of electrolysis (Figure 2).  
Congener groups nona- to tri-BDEs were quantitated, with the 
nona congener group corrected for the amount initially present 
in the technical mixture. 
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Figure 1. Window Defining Mixture BDE-WD.
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Figure 2. Products of DE-83TM Electrolysis.  

Secondary Y-axis is the concentration of total Tri- and Tetra-BDEs in pg/µL.

The data suggest a rapid, sequential debromination under our 
conditions, with the most heavily brominated congeners 
undergoing the fastest debromination.  Electron transfer is 
facilitated the greater the number of electronegative bromine 
atoms . The tetra- and tri-BDEs were much less reactive under 
our conditions. 

Experiments in the presence of D2O were used to probe the 
mechanism of electrolytic debromination (Figure 3). Following 
electron transfer, the radical anion can either accept a proton 
from water (Path 3A) or undergo expulsion of a bromide ion to 
give an aryl radical that can abstract a hydrogen atom from THF 
(Path B). 

Conclusions
Electrochemical debromination of BDE-209 involves sequential 
loss of bromines, to give lower brominated congeners. 
Debromination is most facile for the most heavily brominated
congeners. The reaction takes place by an initial electron 
transfer, followed by protonation in the partly aqueous medium, 
followed by loss of a bromine atom.  Significantly, the 
environmentally relevant congeners  BDE-47, BDE-99, and 
BDE-154 do not appear to be major products of debromination
of BDE-209 by the electron transfer mechanism.

The debrominated BDE products obtained by electrolysis 
seem to be formed by a limited number of reproducible 
mechanistic pathways (Figure 5), and are similar to those 
seen in the debromination of BDE 209 in rainbow 
trout[5] (although more products were identified in our
experiments).

We note a definite preference for debromination at the
positions meta and para to the ether linkages.
Accordingly, the major products within the congener 
groups are likely to form through a single debromination
of higher major congeners (see the colored arrows in
Figure 5).

Figure 3. Mechanism of Debromination
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Figure 5. HRGC/HRMS analysis of the reaction mixture 
obtained from DE-83TM after 20 minutes of electrolysis.

Figure 4. Material balance of BDEs During 
Electrolysis of Great Lakes DE-83TM Mix

Structures in red squares were determined by 1H NMR analysis.

7. Huwe JK. 2005. Organohalogen Comp 67:633.

8. Kierkegaard A, Asplund L, de Wit CA, McLachlan MS, Thomas GO, 
Sweetman AJ, 

Jones KC. 2007. Environ Sci Technol 41:417.

9. Thuresson K. Bergman A. Jakobsson K. 2005. Environ Sci Technol
39:1980.

10. Simon G, von der Recke R, Tomy G, Vetter W. 2006. Environ Tox
Chem. 25: 1283.

11. Dolfing J, Harrison BK. 1992. Environ Sci Technol 26:2213.

O
Br

Br

Br

BrBr

100

O
Br

Br

Br
Br

BrBr

140



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


