and Dioxins during Combustion, Electrical
Equipment Fires and PCB Incineration

by Otto Hutzinger,*t Ghulam Ghaus Choudhry,** Brock G.
Chittim¢ and Les E. Johnston*

oivchiorinaied dibenze-pdioxire ({*Cl))s) and puivchinnnaied dibemaniurans (I*Cl1IF1) are likety (irmed
br thermal srnthesis of & Tanety of pAmary precursnes. (lighest ievers of these compbounds are expecied,
howerer. when Lhe SLAMINE MAIEMAl requIres nniT nne of (we reaction stepa {or their (ormation. as 19 the
case with chiorephensis. chiorebentenes and poivchiornnated biphenvia ([*Clla). Lannenioer pymivees
have indeed shown that I*CRs g1ve nienificam rieids of I"C)F L. snd chiersbenzenes r1ve doth ['CUFs and
PCDDUw n sddition. 2 rarety of other chiorsaromatic compounds are (ormed. From these expernments
e and {rem actidents inveiving *CB fArwe. it s knewn that [*ClIF 1 are Lhe mest important 10K compounds
S msecialed with PCDe

Mest commercial PCBe contain I"CIIFs in the lew ppm range. I'CUF concentration does nnt incrense
duUTNE nermal eseriiion In checincal reuipment. Actidents (et and expionnns ! inveiving (*Clis can nive
PCDF leveis in snet of up te 1000 ppm and hirher. ETective thermal sestruction of 'CE is possible in
edern inCINErSLIOn unis, provided Nigh |emperaiures, e1crms air and suflicient renidence times are used.
Exact Agures (or minimum |emperature and residence Lime cannet be £TTen. since {eedsinck and inCineralor
constrection rrestly influence destruction efficienct. ElTivents (rom El'A-licensed incinersion used for

-

~ Introduction

The occwrence of polychlorinated dibenzo-p-dioxins
“(PCDDs) and poiychiorinated dibenzofurans (PCDFs)
in efBuents of municipal incinerstors (/) has sumulated
_interest in the thermal formation of these compounds
tom different sources and by a vanety of processes (-
1),

The presence of PCDDs and PCDF's in combustion
efBuents can be attributed :o several possibilities: (1)
they could be trace components of the material to be
burned and do not underge effective thermal destruc.
tion; (2) they could be produced duning the combustion
and pyrolysis of chionnated precursors like poivchio-
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PCB destruction contan oaly very low leveis of CLUUs and ’CUFL

rinsted biphenvis (PC3s), chlorophenois, chlornated
phenoxyacids, poivchiorinated diphenvl ethers
(PCDPEs) and chionnated phenoxy-2-phenois: (3) they
could be formed as a consequence of a compiex arrav of
pyrolytic processes involving chemmcally unreiated or-
ganic compounds, inciuding anthropogenic chlonnated
organic chermicals such as poly (vinyi chlonde), or chio-
rocarbons, anthropogenic nonchiorinated organic chem-
icais such as polystyTene and inorgame chicnne or
naturaily oceurning organic chemicals like ceilulose. lig-
nin, coal, ete., and inorganic chionne, i.e.. Cl” and HCL
Although data and theores in the literature support the
theory of de novo formation of PCDDs and PCDFs (i.e.,
thermochemical synthesis [rom chemicaily unreiated
precursors inciuding naturally occurmng subsiances),
there i1s general agreement Lhat higher levels of PCDDs
and PCDF's are tikely produced by more direct thermal
conversion processes invoiving poiychioropnenois. po-
lychlorobiphenyi (PCBs) and polychiorooenzenes
(PCBZs).

It has been reported that of about 1.4 biilion pounds
of PCBs produced in the U.S. between 1929 and 1977,
about 750 million pounds are still in use in scme form.
Approximately 25% of this is estimated to be associated
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a1 the eiectmcal utility industry wnere PC3e are used
SPmarmivin two types of equipment: transformers: cun-
‘aiming mistures (askarels; of PCBs and PCBZs. and
sapaciiors: contanung oniv PCBs 17y

s wxelv thal muen of the remainig PCDBs “in use”
are peng sloreet avwailing igposal. Tnere dre 4 numoper
i (ifferent prucesc<es currently deing used and/or Lested
for PCB destrucuon.

A¢ (qiscusxed, vamous researcners have shown that
PCDFs ure formed wnen PCBs ure heated and that
PCOFxand PCDDs« are lormed when PCBZs are heated.

17 s tnerefore pusuible that large-scuie formation uf
PCDF« tand PCDDs) from PCBs and askareis cuuid
occur. Fires involving eiectmcal equipment or incfficient
PCB incineration mav give rse to conditions icieal for

the formation of PCDFs and PCDDs.

Formation of PCDDs and PCDFs
from PCBs and PCBZs in
Laboratory Experiments

Buser, Rappe and colleagues have investigated the
potentia) for PCDD and PCDF formation {rom PCBs
and PCBZs by heating the latter two types of com-
pounds in seaied giass ampuies in the presence ol wr
and at dillerent temperatures (13-17).

Pyrolysis of PCBs

Heating PCBs (Aroclor 1248) in & sealed Pyrex giass
tube for | week showed that PCDF's were formed above
apout Z70°C and resched 2 maxumum level at about 300°C
(in oxygen). The product mixture contained di- and
tnchlorodibenzofurans as major components: the max-
imum yield of PCDFs in these experiments was 0.2%.
Since major components of starting Arocior 1248 were
tetrachlorodiphenyis, it is apparent that one or two
chlonine atoms were relessed in the reaction. The oxv-
gen atom in PCDF skeieton was sssumed Lo originate
from gaseous oxyvgen in the sesied tube. It was con-
ciuded that temperztures above 270°C are necessary for
the transformation, but it temperstures above 330°C
PCDFs decompose. It is noteworthy thst 2.3.7.8-te-
trachiorodibenzofuran at 2 level of ca. 80 ppm (parus
per million) was confirmed in the products.

Simiiariv, Buser and Rappe (/6) have studied the pyr-
olysis of 18 individual PCB isomers in the presence of
r and have demonstratad the formation of PCDF's via
intramoiecular cvelizations (Eq. (1)) where m + n varies
from 4 to0 8. Individual starting PCBs

Cla o} Ci, :o: o]

PCBs PCDFs

T eyhmeoan

(1

Al ug each) were pyruivzed AL U sevardie quges
Mun-amooutes. The viewis of PULFe wers in tne ruge,
Ol V1% up Lo severui pertent. Tae LDUFMOCheMiCa Loy,
eration of the PCDFs from PURs was found 1o
fuur generai reaction routes. Thuse Fuules ciune .,
of ortien CH{Eq. 12} doss ol HCV s onving 4 2.3-cnivrna
snift at the penzene nucieus {Ea. i13)]. luss of mitu, ‘,-{Qv‘
1Eq. (43 and lose of wtho M [Eqy. (5)] The PCULF
aotatned from the pyroives of 2.27.4.5.53 - pentachior,.
pipneny] shuw the {our reaction LULNWAVE IN & reyl <um.
pie {Egs. (6)], The vverull resulls udlaineti i tNs ceres
ol experments are given in Talie L.

Cly Cly 0

ciy cicl . ci,
(2
= HC!
Cle Clcl Ry Cly zoﬁ §a:‘7
(3)
- HC! @ @
aH cly Cly 67 <y
(1)
s,
Clp H H Cly ik 07 Ty
T T (3

Pyrolysis of PCBZs

Buser (/7) reported the pyrolvses of tn-, tetra- and
pentachlorubenzenes, which were carred out in sesied
quartz mini-ampouies at 620°C in the presence of awr.
The pyroivzates of chiorovenzenes were anaivzed di
rectly: no cleanup was required. [n the pyroivzed sam-
ples, chiorobenzenes were sull the main component
present. The decomposition war higher for the lower
chiornated species and was > 95% for the tnchioro-
benzenes. ca. % for the tetrachlorobenzenes and ca
50Uk for pentachiorubenzene in the combined chioropen-
zene pyroivzate. Chiorooenzenes with a degree of cnio-

snation higner than the compounds used for pyroives
were observed in all pvroivzates. e.g., tetra- and penta-
from trichlorobenzenes, penta- and hexa- from tetracn:
lorobenzenes. axi hexa- from pentachiorooenzene. These

_.—__-
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irber chlorinated benzenes must have been formed in  and octachioro). polvchlorinated styrenes (hevta- and
; instion process {rom lower chiorinated conge-  octachlors) and poivchiornated biphenyis (PCBs). Poi-
«ar3 The formation of chiocrobenzenes with s degree of  ychiorinated diphenyl ethers and polychionnated bi-
ipation lower than the starting materia] utilized for  phenyienes were not observed.
sgrmolysis was not observed. In addition to chloro- According to Buser, Lhe thermochemical formation of
apsanes, TAss spectral analvses of the pyrolyzates re-  PCDF's and PCDDs from chiorobenzenes is bimoiecular
sled the presence of other chiorinated compounds [Egs. (D). The likelihood of this formation is highiv
el Inctude PCDFs, PCDDs, chiorophenols and in  dependent on Lhe concentration of chlorvbenzenes in the
ama cases paiychiorinated naphthaienes (mainly hepta-  reaction system. The author uses high concentrations

g- Tabie 1. Reswits of pyreiyus of PCHe.

Nerebupharry! studsed Process Product(s) Yiesd Remars Reference
| dfferent chiorociprernyis PiToivms 8 wr PCDF 0.]=-1% PCDF isomers (ormed 6
" contamming 4.5.6,7 and acrording to proposed

1 C soms rescion mechansm

T

T 455-CO-PCB Pyrotvee m ur - PCDF a 2% Formation actording to )
TS CePCB 23.7.4TCOP a 2% proposed reacton

mechamsm

AL L6 Cle-PCB | mrooruant formaton of

\wder 1245 and 1200 . 2.3.7.3-TCDF dunng

o Arocior pyTois
TLE-Q-PCB Pyrotyss in ur PCDF Pure PCB isomert did s
= nOC CONLALN Ay detectadie

- PCOF

L85 CL-PCB

2 L.6-CePCB

\Nciar 1254

Arveinr 1248 Pyroivus 0 wr PCDF 300 ppm Presence of O, s ud

- In Oy 11U0 pors recessary for (he
ln Ny 2 pom formavon of PCDF

2173 TCDF - 2.3,7 3etractiorodi furan.
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c, e,

DY)
b (o) .
Cly cl,

Tabie L F ‘m of peiychiorinaied dihenzo(urans ({'CI)F'1i and poivchionnsied dibenzi-pdivsing (1'CDUsi (rom the

pYroivem of chiorveenzenes a( 620°C.°°

PCODFs formed. ng'samow PCODs formed. nersamuie
Tetrs-C! Penu-"1 Hexs~Cl Heowa-Cl Ucta-Cl Tetrs-Cl Penua-Cl Hexa-Cl! Hema-C! Qeta.C)

S syemaseseo N 100 1w 350 £ <} 30 2 <$ <3 <$
Tetrachiervbensenes’ <2 3 160 50 2w <2 5 140 160 W
P e 13 <$ <5 5 0 <2 <2 <5 <5 - 3
Combuws chiorodensenes’ 80 60l ] B 4 = =y 4 3

*Data of Buser .

mmmw{m:nLhtn:kdqummmmmknmLMpmo(un
200 ug total WL equAl amounts of 1.2.3-, 1.2.4- and L.1.5-tnehiorovenzame.
200 ug total *UB vqual amouncs of 1.2.3.4. 1235 and 2.4 Seurschioroberaene.

*200 ug penKachioroeniene.

lwuwmwmua{wm.mww )

in these experiments: the vields are expected to be sub-
stantially smalier if lower concentrations were used.
The yieids of PCDFs and PCDDx obtained as 2 resuit
of pyroivtic decornposition of chiorobenzenes are re-
corded in Table 2

A postulated mechanism for the thermochemical for
mation of PCDFs and PCDDs from chiorobenzenes 1is
givenin £q. (8). As stated eariier, ail pyroivzed samples
contained chicrophenois. The degree of chiorination of
these phenois was the same and higher than the degree
of chiorination of the chiorobenzene used: tni-, tetra-
and pentachiorophenol were coserved from tmchioro-
benzenes. tetra- and pentachiorophenol from tetrach-
lorcbenzenes, and pentachioropnenol also from
pentachlorotenzene. These chiorophenois could possi-

O — or"—

Clm Cm

blv terve a5 resction intermediates in the formation of
PCDFs and PCDDs from chiorobenzenes. A reaction of
chiorophenol with unreacted chiorobenzene couid lead
10 polychlorinated diohenyi ethers, which are knoun to
form PCDFs tand to a lesser extent PCDDs) upon pyvr-
oivsis. However, PCDEs were not actually observed in
the sampies snaivzed here. Dimerization of chiorophen-
ols is a further route to PCDDs. According to Buser.
the former condensation (path A) via PCDPEs may o=
preferred in these pyToivses due to the initially muc:
higher concentration of chicrobenzene present. but for

1 substantiaton of these assumptions and to ootain 2.

more detailed picture of the reactions invoived. further
work will be required.

(o}

—> PCDFs
Clm Clam=)y
PCOPESs
PCDOs (8)

A 0009410
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PCRB COMBUSTION "

Tabie 3. Fires invoiving PCH askarei-filied eiecincal euuipment,

T ocation (Dater Caune Conaitions HCDF MDD fyrmea Comments Celerences
Zoronto. Ontare Fault in areun AFCINE CBUAed Cruck in SUOL ~aMires contaimedt  Sont cuntained ca Te9
T Decemoer 197 breser cawsed LrRRs{Or™er dusninge ca. Jppm PCUF. [IRLLURIN T
unaerground vault arong and cenall ca. N gl of askurel 1o ppm PCDF an
Are susiled; some vaporized PCB v wot)
hre
namion. New York Electncal failure 1n Extremety hot fire: Suut aampies angiviml:  Chinmnated binnenviene 13,2000
Bmt(hw 1963) switeming trynsformer runurei 2T ARTCDF 1Mo (PCRPe aise
ofhce DuMGing Quibment reressing L iB0 gal, ppm: tows PCDF detected total
of asxarel TG LMY vpem: PCUPs
2LTETCUD 1 6=2.8 > ppm
pom: toeal PCDLm
U ppen
Swockholm, Sweden Malfunetion n Fire deveioned: Wipe tess anaivied: PCOFs and chiomrated  (1S.00.00
(August LaL) ehoctneal syTem 18 PCU cxnecitors vere  2.1.7.8.TCDF 130 mrenes (PCPY's)
Lransionmes saton invoived; some ne-m’. towad PCOFs tetected PCOP
explodied 1.4 we leveis grester than
No PCDDs PCOF leveis due Lo
Tocal PCDF in PCO temperature of Are
In exméoded caymenor {see Sunce Nre)
T8 ppm v | ppmoan
Ntact capecTior
, Sweden Electnaal malfuncuon Fire soread 1o other Wipe test sampies (rom PCPY's detected 118,20
(March 1962), caused fAre in cxpacriors: 2] contaned  capecitor building No PCBPs were
. e capmextor batiery minersl ol Alled PCBx: 12 PCB snaivzed rietected due 1o “low”
. . in metal Lreatment apscor cApacMors were broken Hign PCDF leveis tempersture of fue
0T : opan by fire were onir found in
[T Ummneciate Namty of
< m
il Toeal PCDFy M0
Lo newe 2.3.7.5-TCDF.
[N 100 nemr
T No PCDULs detected
b e Swed Exph in stowl Fire developed: 300 Wipe test samples in PCPYs aise detected 97 M3}
T (Sepramnber (96D din: moiten steel CEMETLONY IRTiTedT the capacttor roorm
Pf_',?::u.d mall Sowed inte 200 PCB/00 nunersl showed lenels of
—i c2pecnor room oal { nem® TCDF

No PCDDs detested

— Formation of PCDDs and PCOFs in
* Electrical Equipment _ _

PCB Transformer and Capacitor Fires

There have been {ew documentad incidents of fires
involving PCB-filled electrical equipment (18-24). This
_ islikely to be due to the {act that PCBs are fire resistant,
although it is possible that many such fires go unreparted.
. In North America, to our knowledge, only two such
inaddents have been reported and are reasonabiy well
documentad (see Table 3) (14). Both were transformer
fres caused by eiectrical maifunction
In Scandinavia, since 1977, there have been seven
such fires (five in Sweden, two in Finland). All of these
nvoived capacitors and all but ocne was caused by an
electrical malfunction
These fires were characterized by the reiease of large
amounts of olly black soot with very littie fire. Where
the fire invoived 3 wransformer containing PCBs and

PCBZs, PCDFs and PCDDs were detected: where ca-
pacitors were involved. PCDFs and no PCDDs were
found. In addition to PCDFs and PCDDs. chionnated
biphenyienes (PCBPs) and pyrenes (PCPY's) have aiso
been {ound to be formed in some of Lthese fires.

PCDF and PCDD contamination of the surrounding
environment was almost entireiy due to movement of
the soot [ormed during the fire.

Five of these fires, their cause and the resultant con-
tamination, are summarized briefly in Tabie 3.

Qther Factors Leading to PCDF and
PCDD Formation in Electrical Equipment

PCDF's have been found as contaminants in virtually
all commercial PCB mixtures. doth North Amencan and
Europesn, as shown in Table 4 (23-27). However. there
has been very little effort to determine if these jeveis
increase during the operation of PCB-filled eiectncal
equupment and, if they do, what (actors are responsidie.

A 0009331
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Tabie . PCDF1 :1n Arocior. Closhen and Phenocioe.*

PCDFs spm

RO Wow s -

29:]

Arocior 248 (1989
Arocior 1254 (1969)
Arocior 1254 (1970Y
Arocsor 1260 (1359)
Arocior 1280 tlot AKD)
Arocsor 1016 (1972)
Cloonen A-60
Phenocsar DP4

*Duta of Yos & aL (25),

o-sLoeoooolO
BN« N R SR

“Loooo.- |
coBTwae o]’
PP LSO C .-

© o

Rn-a(xnwso-n«uu’a

[t has been found that transformer askareis are con-
taminated with PCDF's and that their levels increased
with the time in service of the transformer (28). Levels
of TCDF in these fluids reached a maximum of approx-
unately 3 ppm. This study. however, was carmed out
in 1978 and used analytical techniques that have since
been outdated. In addition. the authors found that it
was very difficult to optain sampies from vanous trans-
formers so that one variable (e.g.. size, age, volume)
could be unequivocally isolated. Since that time it has
been reported (29), although using a limited number of
sampies, that askarels that have been in use in electrical
equipment do not contain higher leveis of PCDF's rel-
ative to the unused fluids. [n retrospect. it was consid-
ered that the normal operating temperatures in such
equipment were not high enough for PCDF formation.

There is aiso a possibility that ~abnormal™ operstion
of a ransfarmer or capacitor may create conditions (e.g.,
areing, overheating) that may lead to the formation of
PCDFs (and PCDDs). Agein this is an area where much
more research is required.

The Electric Power Research [nstitute has recently
(February 1983) initiated a project to study the for-
mation of PCDFs and PCDDs in electrical equipment
under normal and abnormal conditions (J0). This project
has not as yet been compieted.

Destructiorvincineration of PCBs:
PCDO/PCDF Formation

Technologies for PCB Destruction

A number of processes are currently being evaluated
or., in some cases. art already in use for the destruction
of PCBs or PCB containing wastes (31). These inciude:
incineration, including conventional incineration (high
temperature oxidation) and “novel” incineration (i.e.,
moiten salt, oxygen incinerators. diesel engine inan-
erators); chemical processes such as dechiorination,
photolysis and wet-chemical oxidation; and, biolofical
processes (e.g., bacterial degradation).

By far. one of the most promuaing, on the basis of

both eficiency and cost, is high-temperature incners-’

uon. [n 1970 the possioilities of using .

for the ciisposal of PCBs was put lorwary ., '\'
manufacturer of these compounds in \o.. N
Monsanto t./2). Since tnat Ume. severy b’ BN
invesugated anwor are using nign

lemn.. 1
uQv‘

cesses. [n 1S70. Monsanto reported thy o

are destroved at 300°C with 2t FTANSIE img L

at 1000°C with a transit time of 2 sec. >,y -
portedly destroved In a muitipie hearwp ,“‘ \
erator equpped with an after burmer 3: -50&:7‘
contact ume of 0.1 sec (99.9% erficiency, ,,,"*
chiornated nydrocarbons. inctuding PCRg. *'.‘_"l
in a rotary cement kiln (99.98% qestruc: ton ga X
(44). PCBs were destroved in a laboratop, 5
stage, quartz furnace at 1000°C (99.995% e.xk’*
PCBa were. agun. incinerated in 2 rotary
temperazure uf approximateiy 1400°C (%
ciency) (J6). Organochiorine cherucal wu\
cinerated in the Gulf of Mexico using the "
ship Vulcanas (OCS, Rotierdam). A mxm-nur::"
flame temperature of 1200°C was mMauntaineg u,
idence time of 1 sec (7). PCBs were xg-meqzm N
by atormuinng with oxygen at the tip of an oxy
burner giving a flame temperature ovg N
(99.99999% destruction reported) (J8).

The Energy Systems Group of Rockweux
tional recently (1981) developed 2 PCB desm:,‘
(incinerstor) which features 2 fluid- oed
chamber {ollowed by 2 cataiytic u'..emumn ™
atures in both units do not exceed 635°C (99,3
struction efficiency reported) (J9). Two comrm
incinerstion units, one in Arkansas { E\Sco_,
Systems) and one in Texas (Rollins Enveom
Services) have been licensed by the U.S. Envirey
Protection Agency (EPA) for destrucuon (31.in;
of these systems use combustion temperaturs py
than 1200*C and report PCB destruction effcmg
excess of 39.9999%. Severwl other similar incnm
units have been tested and are awaung idpm
EPA 31).

PCDF's and PCDDs Formed During v
Scale PCB Incineration

There is very little data on the levels of PCIi
PCDDs emitted from large-scaie PCB inanenm

The Roltins and ENSCO incnerators have deets
for such ermussion. and “small amounts”™ were nx
in the incineration products. The leveis were s
the “additional cancer msk” was considered 0%
tremely low (31).

PCBs were test burned in 2 rotary cememc
Norway ind the products and erussions anu)®
PCDFs and PCDDs (22). None couid be found?
of the samples.

It is qute probable that the emperatures &
these incnerstors (i.e., > 1200°C) compietely ¥
the PCBs and any PCDF's or PCDDs that are @
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