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Introduction

Polychlorinated biphenyls (PCBe) are industrial ohesioals of wide uss and nov known to
be widely distributed in the snvironment, The commercial products are complex mixtures of at
legat 80 Aifferent substances. Dus to their extrede stability in soolegical eystsme, the use
of PCBa is now restricted to sealed eystems liks capsoitors and traneformers. Howsver, prior
to 1972, PCBe due to their good thermal and chemioal stability were used in a variety of
other applicationaj in partioular the use as heat tranefer fluide and casting vaxes was
associated with the thermal stability.

Vory closely relatsd to the PCBe are the polybrominated biphenyls (PBBa), some of which
have been ussd as flase retardants. Of epecial interest is Fire Master BP-6 or Fire Master
FF-1, which were shown to consiet painly of 2,4,5,2',4’,5'-hcnbronohiphon;1.l Intoxication
with this PBB has been directly associated with a wide-spreed sgrioultural calamity in

Michigan (USA) in 1973-74.°
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Part of the PCBe found in the envirorment has escaped open applications and closed
syetems, some probably during incineration and burning. Karleson and Rosen 3 have studied
the thermal atability of PCDe; laboratory sxperiments snd theoreticel calgulations ehowed
that at temperatures highor than 800°C PCBa are thermodynamically unstable. The main decom-

position producte were found to be C(a), CO, CO_, HCL and Cl

? 2"
!
In 1970 Yos st ;;.4 identified polychlorineted dibentofurans (PCDFs) as toxio impurities
in Buropean PCBEs at the ppm=-leval, and the same has glpo besn reported for Ameriocan and

Japanses PCBI.5'6

The toxio effeols of the PCDFs are very slmilar to those Teported for the
polychlorinatled dibgnzo-p-dioxins (PCDDs). In both cases, the 2,3,7,8-tetrachloro compounds
sare the most toxio Lsomers, having LDSO-anunl in the range of 1-10 pg/kg (guinea pig)?'a
like PCBDs, the PCDFs have bessn found to increass cytoohrome P-450 aclivity and a number of
drug metabolizing lnzymll-s'g

Morita st g;.lo have roported inorsassd amounts of PCDFe in & sample of PCP ssaled with
air in a glass tubs and heatsd at 30000 for two weeke.

In this paper, we report on the formation of PCDFe from the pyrolyeis of a commercial
PCB (Aroclor 1254) in the presence of air in a sealsd quartz tube. In order to study the

mechanism of the reaotion, we have included individuyal PCP iwcmers as podel compounds,

Experioental

Matorials

2,6,2",6'-Tatra- , 2,4,5,2',4',5'~- and 2,4,6,2*,4’,6'-hexachlorobiphenyl were prepared
avoording to known nethod-.ll Aroclor 1254 and Firsaaater BP-6 were {rom commercisl gources.
Analysis of the two hexachlorobiphanyls on glase capillary colun&a showed single peakes,
pentaschlorobiphenyle being present as impurities at levels of 1% in 2,4,5,2',4%,5'- and of
0.%% in 2,4,6,2',4',6'-hexnchlorobiphenyl. None of the individusl PCB isomers or Aroclor 1254
8id oontain detectable quantities (< 0,001-0,01%) or PCDFs, polychlorinated bencenss,
diphanylathers or biphenylols, Standard golutions of the PCBe vers prepared at conoentratione

of 1 and 10 mg/ml in n-hexane or benzene.
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M{cropyrolysig

Quartz mini-ampoules were Dade from quariz tubing using a gas-oxygen burner; the lengthe
of these ampoules wers 25-30 mm, the internal dismeters 3.4 ma and the volumes 0.3 m], Using
a mioro-syringe, 10 jil of a standard solution {corresponding to 10 or 100 ug of coapound) was
placed into the tip of an ampouls. Afiex complete svaporstion of the solvent with the aid of
s olight vacuuw, the ampoules were closed using a very small flaze; oare was taken not to
heat the tipe ocontaining the compounds. The voluse of 0.3 ml air in an ampoule was kept .
approximately oconstant. The molar ratioe of PCB to oxygen in an awpoule wers about 1:75 and
1:7.5 for amounte of 10 and 100 ug of PCB, respectively.

The quarts mini-aspoulss wers placed in an electrical oven (max, temp. 1000°C) preheatad
to temperatures ranging frem 550 to 85000. The temperature was controlled with a thermocoupls
in an ampouls placed next to the samples. Heating periods (time between placing s sample
ampoule into the oven and removing it) were kept constant at 60 eec, The tipe required to
heat the mini-azpoules up to a temperature within 20°C of the preset valus was around 55 sec,
the time of & sample at aotual pyrolyesis temperaturs thus around 5 eec,

After removing and ipmediate cooling to room temperaturs, the tips of the ampoules were
broken and 200 pl of benzene added, A 2-ul aliquot wes ueed directly for snalyels, Further
dilution was required for samplee with low decozmpositiion of PCBs to overcoms overloading
effeote of the GC-MS system. Soms gaaplae were cleaned-up on an alumins-microcolumn, weing 2%

and 50% methylenechloride in n-hexans to separately elute PCBe and l’(:DF‘li.]'2

CC-MS Anglveis

inalyeses were carried out on a Finnigan 4000 quadrupole GC-MS instrument equipped with
elsotron-inpact ion-source and a Finnigen 6111 data-systea, 0V-17 glass ocapillary coliumns of
25 and 50 @ length (0,36 wm ID) were coupled wia a platinua interface leading directly into
the lon-gource. The oolumn conditions were as follows: 100°, 2 sin fsotherwal, 15°/min to
145, 5°/nin to 25000 for the 25 m OV-17 column; 100°, 2 min ieothermal, 20°/min to 160°,
2°f|nin to 230° for the 50 m OV+17 column; hellum carrier gas at 0,80 and 1.40 at, reepec-

tively. Samples werc splitlasely introduced wiih the vaporizer at 260°C,
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All samples were directly analyzed on the 25 & 0V-17 column by repsiitive scanning of
pomplete maee epectra (m/e 35-460 in 1.4 sec) ueing the data mystem, After data acquiaition,
the pase spectra {up to 1000) were searched for PCBes, PCDFe and other poasible reaction
producte by running and plotting maes ohromatograme.

For optimal isomer separation eome of the samples were reanslyzed on the 50 m OV-17
glase capillary column. Mase specific detsction (mase fragmentogrephy) of PCIFs was carried
out by continuouely monitoring zolecular lone at m/e 202, 236, 270, 304, 338 and 372 for the

mono- to hexachlore compounds.

Resulte

clysis of 2',47.5'- and 2,4,6,2',4',6' -hexachlorobiphenyl
In Tables 1 and 2 we report the results of the pyrolysis of two hexachlorobiphanyls at
tenperatures ranging from 550 to 850°C, Ae indioated, 37% of the 2,4,5,2',4',5'- and 22% of
the 2,4,6,2',4%,6'-hexachlorobiphenyl decomposad at 550°C. Both compounéds were decomposed to
> 90% at 650°C. Complete destruction occurred at 700°c and above. No isomerication of these
hexaohlorobiphenyls or dechlorination to lower chlorinated biphenyls wae observed in thie

tamperature range,

Table 1 olypie of 2 2',4', 5" -hexachlorobi 1 (100 in tz_aini-ampoul
Tempgrature Decompoeition PCDFs formeat (%)
¢ letra-CDF  panta-CDF
550 3 1.6 0.2 + 0,15
600 83 0.3 0.35+ 0.1
650 91 0,2 1.1 4+ 0,1
700 > 99.99 < 0,01 < 0.01
850 > 99.99 < 0,01 < 0,01

+ 1 tetra- and 2 penta-CDF ipomers formed

Tetra~ and pantachlorodibenzofurans {tetra- and penta-CDFs) wers formed at tempsratures
of 550-650°C, The levale were 0.2-1.6% and 0.1-0.5% for 2,4,5,2",4",5- and 2,4,6,2%,4",6"~
hexachlorobiphenyl. At tecperatures of 700°C and above, complete destruction of these PCDFe

ocourred, No di-, tri- or hexa-CDFe were [ormed at any of these temperatures.
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Table 2 Pyrolyeis of 2,4,6,2',4*,6'-hexachlorobiphenyl {100 pg) in quartz oini-ampoules

Tempgroture Decomposition
550 22
600 90
650 94
100 > 99.99
850 > 99.99

teira=-COF

<

PCDFe formea’ (%)

0.5
0.5

0.35
0.01

< 0,01

+ 1 tetra- and 1 penta-CDF ieocmer formed

penta-CDP

0.1
0.3
©.35

< 0.01

< 0.01

The formation of penta- and hexachlorobencene was obeerved with both PCB jsomers at

temperatures of 650°C (0.05%) and 700°C (0.5-1%). The lowsr chlorinated benzenas would have

eacaped detection (elution from capillary column prior to starting of MS soanning). Both,

penta- and hexaohlorobenzens were dscomposed at 850°C.

a b

b

i

1

B

;
mse 338 {0.5V ) —eje~ m/s0 304 {1.0V)

220 212 200 *C
as 25 min

Pigure 1 Partial mase fragnentograme (50 m OV-17, n/e 304 and 338) showing elution of
totra- and penta-CDFe in a) pyrolyzed 2,4,5,27,4',5- and b) pyrolyzed
2,4,6,2’,4',6'-hexachlorobiphenyl., 1 = 2,3,7,8-tetra-, 2 « presumsbly 1,3,7.9-
tetra-CDF,
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In Figure 1 mass fragdentograms of both hexachlorodiphenyls pyrolyzed at 600° show the
elution of tetra- and penta-CDFs on the 50 m 0Y-17 glasas capillary column. The pyrolyais of
2,4,5,2',4',5 -hexachlorobipheny)l did yield one tetra- and two penta-CDF isomers. By
couparison with an authentic standard, it could be shown that the 014-1oomr is the very
toxio 2,3,7,8-tetra-CDF. ‘Connequently, no rearrangement ie involved in the cyclization
forming this ieocmer. In the case of the two penta-CDFe, it is svident that a rearrangepent
pust be involved. The nonrearranged product should bs tha 1,3,4,7,68-penta-~-CDF, but addi-

fional work is needsd to eetablish the identity of these penta-{UDFe,

CI Cl -Clz @ @

1Cl 2,3.7,8-tetra—CDF
-HCI
o)
clg
2 lisomers

The pyrolyeis of 2,4,06,2",4*,6'-hexachlorobiphenyl 2id yiold onc tetra- and one penta-
CDF isomer. The Cl‘-isonnr prosumably la the 1,3,7,9-tetra~CDF, but thig ocannot be confirmed
dus to lack of an suthentic atandard. The pente-CDF ie forwed in a rearrangement and ite
struoture is etill unlmown. Ho additional PCDFs were formed in a mixed pyrolyasie of ths two

haxachlorobiphenyle indicating only intrasoclecular syclization processese.

Exxelysie of Aroolor 1254

Aroclor 1254 is a commercial PCB oontaining tri-, tetra-, panta- and hexachlorobi-
phenyls as the mejor constituonts, GC-MS analyeis ueing the 50 m OV-1T glaes caplllary

ooluan showsd the presence of the 2,4,5,2',4',5'- substiiuted isomer am one of the major
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hexachlorobiphenyle. No 2,4,06,2',47,6'~hexachlorobiphenyl wae detectsd (< 1% relative to the

2,4,5,2',4',5'~ieomer).

Table 3% olysis of Aroclor 12 in quart: mini-ampouleg
Temp. Ant., Decomp. PCDFs formed’ (%)
! _(El () (%) mono- di- tri- _tetrs- ponta-
550 100 12 0.2% 0.65 0.90 0.75 .20
" 10 80 0.02 0.40 0.70 .70 .15
600 100 45 0.10 0.40 0.70 0.60 0.12
" 10 90 < 0,01 0.10 0.25 0.35 0.05
650 100 90 < 0.01 0.02 0.18 0.2% 0.12
" 10 98 0.01 0.12 0.2% 0.12 <. 0,02
700 100 >99.9 < 0.01 <« 0,01 <« 0.01 < 0,02 < 0,02
" 10 >99.9 < 0.01 < 0.01 «£0.01 < 0.02 <. 0,02
ase 100 >99.9 <, 0.0l «< 0.01 = 0.01 <, 0,02 < 0,02

4+ oombined values of all isomere of a PCDP

In Table } the results of the pyzolyels of Arcclor 1254 in the temperaturs range of
550-850°C and levels of 10 and 100 pg are reported. At 550—65000. the decomposition at the
100 pg-level ranged from 12% to 90%, at ths 10 pg level from B0 to 38%. Aroclor 1254 wae
completely destroyed at temperatures of 700°C and abova. These doooaposition values are bassd
on the hexachlorobiphenyls present. The dsccaposition of the lowst chlorinated biphenyle wvas
somevhat higher than the stated values. No penta- or hexachlorobenzena waa detected at any
tenporature. Agein, lower chlorinated benzenes would have sscaped detection.

Mono- to penta-CDFs wers found at 550-650°C at levels ranging from 0.1-0,9%., The
asximun apcunts found were at SSOOC. Taking into consideration the amount of PCB recoversd
aftar pyrolysie, the total yield of PCDFe ranged frow 3-25%. In addition to PCDFs, poly-
chlorinated biphenylols as possible precursors wers identifiesd at levels of approximately one
fifth of the amount of PCDFs present.

In Figure 2 mase {ragmentograme of pyrolyzed Aroclor 1254 (100 1E at 600°. ¢leaned-up
sazple) on a 50 m OV-17 glase capillary column ere ehown. The elution of up to 30 major and
more than 25 minor PCDFe can ba obeerved. They range {rom the wono- (all 4 theoretically

poseible isomera) to the penta-CDFs. Since 2,4,5,2%,4',9'-hexachlorobiphenyl is one of the
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Figure 2 Mase fragnentograme (50 m OV-17, m/e 202, 236, 270, 304 and 338) ehowing slution of (right to left) mcno-,
di-, tri-, tetra~ and penta-CIFs from pyrolysed Aroclor 1254 (600°C). Sensitivities: mono- and di-: 2 V;
tri- and tetra—: 1 7; penta~CIOF: 0.5 V, Peak ldentifications: l= 2,3,7,8-tetra-; 3 and 4= penta-COFa from
2,4,5,2',4',5" -hexachlorobiphenyl; 2= position where tetra-CDF froa 2,4,6,2',4',6'<hexachlorobiphenyl

would elute.
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tri- and tetra-: 1 ¥; penta-CDF: 0.5 V. Peak {dentilicallions: l= 2,3,7,8-tetra-; 3 and 4= penia-CiFs {rom

2,4,5,2*,4",5" -hexacklorobiphenyl; 2= position where tetra—CIF [rom 2,4,6,2%,4',6"-hexachlorobiphenyl
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maln hexachlorebiphenyle in Aroclor 1254, 1t is of intersat to confirm the presence of
2,3,7,8-tetra-COF and of the two penta-CDFa in thie complex mixturs. The 2,3,7,B+tetra-CDF
ie not completsly separated on this column froa anothsr tetra-CLFP isomer. The tetra-CDF
formed from 2,4,6,2',4',6'-hexachlorocbiphenyl was not found to be prosent,

In caso of the major ieomera, the disorete PCDFe could be 1dsntified by running
coapiste EI mass speotra. Al]l mass spectra showed iptenss solescular ions with the expscted
ion cluetering due to tha chlorine isotopes and the characteristic fragnentation for PCDFs

vith formation of M*-COC1 and H*-coc1-c12.

lypis of additie unds

Additionaly we have studied the pyrolyeis of 2,6,2°,6'~tetrachlorobiphenyl and of
Firemaster BP-6 (mainly 2,4,5,27,4*,5'-hexabroacbiphenyl). Tetrachlorobiphenyl formed st
55000 one 4i- and ons tri-CDF iscmer at levels of 1.6 and 2,.5%, reepsotively. The tri-CbF
pust be formed in a rearrsngement. At 700%¢, the tetrachlorobiphenyl was completsly destroyed
and no PCIFs vere found. Firemaster BP-6 vas slsc complately destroyed at 700°C, but et 600°C
new compounds vers formed, ons of which could be & tetrabromodibenszofuran (H+-480. Br‘;
najor fragment H*-Br.‘,; other fragments M -Br and M'-COBr), In anslogy with the corresponding
PCB ilscmer, it seens moat likely that it le the 2,3,7,8-tetra-BDF, The amount formed is sbout

equal to the amcunt of tetra-CDF forwed frca the ocorrssponding PCBH.

Conclugions \
The results reported in thie peper suggest that uncontrolled burning of PCEs can bte an
important environmental source of the hazardous PCDFs. Although FCDFs have not yet been fourd
in the snvironment, they have been identified in {ly ash from municipel incineratore and

induatrial heating facili t:lu.u"14 15

Yorsover, Nagaysoa et al. ~ have found highly inoreased
levels of PCIFs in the PCB associated with the Yusho accident in Japan in 1968, snd one of
the main components was alec the 2.3.7.8-tctrl-CDF.16

In spite of being partly banned, largs volumes of PCBa are otill in uoce, especially in
irancformere and capacitors. In Svedan the amount now in uge in cspacitors le about 2500
\ingy

& similar ssount appliee for Switzorland smccording to s survey by the Sviss Federal

“fi"% of Publio Hoalth. It is evident that all disposal of FCBs should be carafully
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oontrolled in order to avoid acoldental formation of hazardous PCDFs.

Our investigation also indicates that special processes may be associated with
cocupational health riske due to formation of PCDFe, One of thess procesess is the welding
of leaking systems containing FPCBe, Another process {s the caeting of iron ueing PCB
containing casting vaxes. !

Acoidental bumning of material impregnated with 2,4,5,2',4',5'~hexabromobiphsnyl may
yield gnese containing the very toxiec 2,3,7,8-tetra-BDF. Coneequently, ths use of thim

compound ae a flame retardant should bs carefully reconsidered,
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