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FOREWORD

Today's rapidly developing and changing technolopies and industriag
products and practices frequentlv carry with them the increased genervation of
soli{d and hazardous wastes. These materials, {f Improperlv dealt with., can
threaten both public health and the environment. Abandoned waste sites .ird
accidental releases of toxic and hazardous substances to the environment also

have {mportant environmental and public health implications. The Hazardous
Waste Engineering Research Labo-atory assists In providing an authoritative and
dofensible engineering basis for assessing and solving these problems. lts

products support the policies, programs. and regulations of the Environmental
Protection Agency. the permitting and other responsibilities of State and local
povernments and the needs of both large and small business in handling their
wastes responsibly and economically.

This report descrites the occurrence of polychlorinated dibenzo-p-dioxins
{PCDDs) and polychlorinated dibenzofurans (PCDFs) in residues following
combustion or pyvrolysis of dielectric fluids containing polvechlorinared
biphenyls (PCBs). Data from laboratory experiments and accidental tives
involving electrical equipment have been evaluated to determine velarive
tendencies for different dielectric flufd compositions to produce PIDDs and
PCDFs under combustion/pyrolysis conditions. The report will be useful to rhe
electric utility industry. the owners and Insurers of electrical equipment
containing PCBs, emergency response personnel and organizations responsible for
cleariing or dlsposing of contaminated material following a fire. For furthev
information, please contact the Alternative Technologles Division of rhe
Hazar“ous Waste Engineerirg Research Laboratory.

Thomas R. Hauser, Director
Hazardous Waste Engineering Research Laboratory
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ABSTRACT

Dielectric fiuids in transformers and cavacitors often contain
polychlorinated hiphenyls (PCBs) or chlorobenzenes. These substances may
generate polvchlorinated dibenzofurans (PCDFs) and polyvchlorinated
dibenzo-p-dioxins (PCDDs;} under certain conditions of combustion/pyrolvsis.
When electrical equipmert containing these fluids is involved in an accidental
tire, the resulting smoke, soot. and residues may be contaminated with PDDs,
PCDFs. and other chlorinated hydrocarbons.

This report contains a review of several laboratory studies investigating
the sources of PCDDs and PCDFs as well as the conditions under which thev are
formed. In addicion, some data firom sites of actual fire incidents are
avallable and are discussed. Chlorobenzenes and PCBs do not form PCDDs and
PCDFs when hea-ed in the absence of oxygen. During fires, the dielectric fluid
of transformers or capacitors may be leaked or vented frcm ruptured casings.
with exposure to oxygen, PCBs can produce PCDFs and chlovobenzenes can produce
PCODs. The particular isomers of PCDDs and PCDFs formed are related to the
rnumber of chlorine substituents in the reacting macerial.

This report was prepared in fulfillment of Contract No. 68-03-3239 bv
Technical Resources, Inc., Rockville, Maryland, under the sponsorship of the
U.S. Environmental Protection Agency. This report covers a period from
September 1985 to April 1986 and was completed as of May 1786,
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LIST OF ABBREVIATIONS

-BBRVIATIONS

ALty -- American Conference of Covernmental Industrial Hvgieunists
b.p. -+ boiling point

C <+ centigrade

coD -- chlorodibenzodioxin
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HUOH -+ hexact »rocyclohexare

Hp BP -+ heptac lorobiphenylene

HpCDD -- heptachlorodibenzodioxin

HoCDF -+ heptachlorodibenzofuran

hr --  hour(s)

HRGC /MS -- high resolution gas chromatograph/mass spectrometer
HxCBP -- hexachlorobiphenylene

HxCDD -+ hexachlorodibenzodioxin

Hxu DF .- kexachlorodibenzofuran

TAFF -- International Association of Fire Fighters
kg -- kilogram(s)

L -+ liter(s)

1h --  pound

m <. meter(s)

me square meter(s)

m3 cubic meter(s)
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MR -» Midwest Research Institute
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N.OSH -+ National Institute for Occupational Safetv and Heal:h

ocoD -- octachlorodibenzodioxin

0CDF -~ octachlorodibenzofuran

PCB -+ polychlorinated biphenyl

PCBP -+ polvchlorinated biphenylene

PCOD -- polychlorinated dibenzo :ioxin

PCOF -- pelychlorinated dibenzofuran
‘DPE -+ polychlerinated diphenyl ether
P -- pentachlorophenol

Py -+ polychlorinated pyrene

PeDD --  pentachlorodibenzodioxin
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PE -- picogram(s)

PG&E -- Pacific Gas & Electric Company

ppb -+ parts per billion

ppm -- parts per million

pvC -+» polyvinyl chloride

TCOD -- tetrachlorodibenzodloxin

TCDF -- tetrachlorodiber~sofu-an

Tri-CDD -+ trichlorodibenzodioxin

Tri-uDF - trichlorodibenzofuran

TSCA --  Toxic subs: - 'ces Control Act

TwA -+ time-welght.. average
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SECTION 1

REGULATIONS PERTAINING TO FCBs, PCDDs., AND PCDFs

In August 1982, EPA decided to permit the continued use of electiical
transtformers containing polvchlorinated biphenvls (PCBs) based on the veporsed
low frequency of leuks and spills of PCBs from rhis equipment relative o the
high costs of replacing ov ¢ cuvring these ctransformervs Ueder
section A(e)(2){(B) of the Toxic Subsgrances Control Act (TSCA)Y. EPA oL
authovize a use of PCBs provided that the use "will not present an unieasor bl
visk of injurv to health ov the covivonment *  EPA detevrmined tiha
vontinued use of PCBs contaminated transfourmers (20-500 ppin PCBsY, non- s 0

. g

transtormers (< 50 ppm PCSsY do no! present .nreasonable visks te public hieaith
ind the environment (1)

A closer evaluation ot the five-related risks posed bv the zontinued s«
of PCB transformers, and the costs and benefits of actions cesigned to reduce
those risks followed the 1982 determination. EPA issued a Proposed Rule o
Sctober 11, 1984, concerning PCB transformer fires. EPA determined tfir tives
involving transforuwers containing > 500 ppm PCBs present visks to human b it
and the envivonment. () The extveme toxicitv of matevials which can be torso

during fires involving PCB transformers, and rthe potential for human e

cnvivonmental exposures to these compounds, contributed (o EPA's proposed vl

EPA also determined that additional vestrictions on rhe use ot '

transformers to reduce risk of injury to health and the envivonment were

]

warranted. Therefore, EPA proposed additionmal regulatorv controls'=" on he

use of this equipment. requiring:

e The immediate registration of all PCB transformers with apprepsl o,
fire department jurisdictions., and the immediate vegistration 1
building owners of all PCB transformers located in or neav buildic,

o The [mmediate marking of the exterior of the vault door. machinevry oo
door, means of egress, or grate(s) accessing a PCB transformer with i@
identit{cation labels.

e The immediate vremoval of stored combustibles from PCB rtran<lormre:
locations.



e The installation. bv July 1, 1988. of additional electrical protective
devices on PCB transformers in or near buildings in high secondary
voltage systems (430/277 volt svstems).

o The isolation. bv Julv |, 1988, of all PCB transformers in or ne.-
buildiugs from building ventilation systems. building ductwork. .ud
openings in construction to reduce the widespread conraminarion ot

*

structures and the environment by sumoke and soot in the event of a g
trancformer fire.

In order to facilitate monitoring compliance., EPA proposed ithat Pu
transformer owners maintain records of their efforts in isolating transtormeyr.
through the completion of PCB Smoke Spread Reduction Plans (PCB-SSRPs) EPA
also proposed to require PCB transformer owners to take expedient measures o
contain potential water discharges. and to report all PCB transformer fire

incidents to the National Response Center before initiating cleanup efforts.

Un consideration of the extensive comments veceived during the public

commert period for the Proposed Rule. EPA modified the Final Rule concevning:

o Evaluation of the use of PCB cranslovmers in or near imdustrig
buildings separately from the use of PCB transtformers {n or ooy
commercial buildings.

e Relative probabilities of failures and fires in different tvpes ot [H
transformers installations, piacing more stringent conirols or those
transformers which EPA believes pose higher risks of fajilures .and
fires.

e Increased emphasis on the prevention of PCB transformer fi-es through
increased electrical protection, and decrease 'm hasis on the use of
lsolation measures to minimize the spread ¢ a'ready formed and/or
released contamiuve .ts.

On Julv 9. 1985, FPA promulgated its Final Rule on PCBs in electrival
transformers, the culmination of a long fact-finding and rvule-maki. g provenss
that began shortly after the transformer five at the State Office Builidivg in
¥inghamton, NY. February 5, 1981 This Final Ruie states that PCBs ar anv
concentration may be used In transformers (other than ir railvoad loccmotives

and self-propelled railroad cars) subject to the following conditions:

1) The use of higher secondary voltage (> 480 volts) networh "R
transformers in or near commercial bulldings after October | 1 i

prohibited.

(2%



2) The instaliation of enhanced electrical protection on lower secondarsy
voltage network PCB transformers and higher secondary voltage rvadial
PCB transformers in use in »r near commercial buildings (3 reguired hv
October 1, 1990.

}) Further installation of PCB transformers in or near ommevcial
buildings is prohibited alter October 1, 198%.

4) The registration of all PCB transformers with fire response prrscnnel
and building owners is required by December 1, 1985.

5) The marking of the exterior of all PCB rtransformer locations s
required by December 1, 1985.

6) The removal of stored combustibles located near PCB transfoimers is
required by December 1, 1985.

The Final Rule also requires @ .t owners of PCB transformers involved in
tire-related incidents immediately notify cthe National Response Center. and
take measures as soon as practically ana safely possible to contain anv

potential re.eases nf PCBs or incomplete combustion products to water. (3)

This Final Rule does not spell the end of the issue surroundiung PCB fluids
in electrical equipment. Increased medis coverage of the problem of zoxic
substances generation in electrical equipment fires has prompted increascd
public awareness. In Washington, D.C.., recently, fires or leaks involving
transformers {n the Smithsonian Institution, the White House. and the
Department of Health and Human Services received front-page attention in the
Washington Post. Addition:illy, many utilities throughout the United Stutes
have hundreds of thousands of gallons of PCBs in storage awaiting proper
disposal. As some utility companies have discovered, improper disposal can
result in heavy penalties. In September 1985, the Potomac Elecrric Power
Company (PEPCO) in Washington, D.C., signed a consent decree with the State ot
Mavrvland to clean up PCB contamination at a storage company to whom PEPCO <old
’9 transformers contaminated with PCBs. The cleanup effort is expected rs cos:
PEPCO from $1.5 to $3 milllon. Furcthermore., the {issue of PCBs-filled
capacitors has not yet surfaced in the United States and {t is nrct coveved b
the Julvy 9 Final Rule.  However, capacitor fires in Sweden and Finluand b
certainly drawn attention to this area as well:. moreover. the vecent

transformer fire in Reims, France, has no~ dispelled this concern.



EPA has amended regulations for hazardous waste management under tle
Resource Conservation and Recoverv Acc (RCRA), by listing as acutel? hacardons
wastes cetrtain wastes containing particulacr polvchlorinated dibenco-p-divsin.,
«PCDDs) ., polychlorinated dibenzofurans (PCDFs), and chloarinated phenols, and by
specifving management standards for these wastes. (“)  The rule. promul ated
January 14, 1985, defines certain waste streams as dioxins-contaminated wastes
and thus, narrows waste treatment options to those approved for dioxins waste.
EPA revoked the regulation (known as the "Vertac Rule") concerning the disposal
of 2.3,7 8-tetrachlorodibenzo-p-dloxin (2,3,7,8-TCDD) contaminated vastes undcy

T5CA when the regulation under RCRA became effective on Julv 15, 1985

This rvegulartion proposes a degree of hazard approach for the dioxins.
contaminated wastes which prohibits their managenent at most types of interinr
status facilicies. Land disposal of these wastes must be conducted pursuant o
additional special standards implemented during the course of the permit
proceeding. Since all of these wastes are specifically identified as
candidates for being banned from land disposal in two years under the Hazardous
and Solid Waste Amendments (see RCRA amended Section 3004 (e)). EPA huas

proposed an interim regulatory regime for their land disposalA(S)

The only interim status facilities that ave permitted to accept dioxins:

contaminated wastes are:
e Impoundments holding wastewater treatment sludges that are created in
these impoundments as part of the plant’'s wastewater treatment svstem.

e Waste piles that meet the requirements of Section 264.250 (c¢) veferved
to as “enclosed waste piles.”

o Tanks, containers, and certified incinerators.
e Certified thermal treatment units subject to regulation underv Subpar: T

of Parc 265.

EPA mav also issue emergencv permits to facilities to stove these wasion
in situations where there is no other realisticallv available manapcmen:

capacity.



A waste man;gement plan {s required by EPA to ensure, as much as possibic,
that these wastes aire properly managed in a3 land disposal situation. The plan
will be the interim vehicle for assuring individualized consideration that the
wastes will be managed safely. The waste management plan should address waste
volume, concentrations of CDDs and CDFs in the waste aerosol/pcrticularte
dispersion, volatilization of the rtoxicants of concern, soil attenuation

properties, waste leaching potential, and anticipated solvent co-disposal.

The Final Rule prohibits combustion of dioxing and furans contaminatged
wastes in incinerators that have only interim stactus. Interim status
incinerators can burn these wastes without obtaining a RCRA permit i{f thev ave
certified by the Assistant Administrator for Solid Waste and Emergency Response

as satisfying RCRA standards for incinerators burning these wastes.

The hazardous waste regulations impose a more stringent destruction or
removal efficiency (DRE) oa incineration of CDDs and CDFs. The new DRE
99 99998, {s technically feasible and has been measured at numerous

incinerators.

This regulation defines RCRA scute hazardous wastes and subjects them ‘o
special standards when land disposed, incinerated, or stored. One part of the
rule is intended to cover : broud variety of dioxins-contaminated wastes rthat
are f{dentified as EPA implemercs 1ts Djoxin Strategy. In the implementation ot
this strategy. the Agency has established seven categories or ticrs ot
investigation. Tier 4 covers: combustion sources such as municipal and
hazardous waste incinerators, PCB transformer/capacitor fires., vreactivation
furnaces for spent granular activated carbon, boilers usirg PCBs .and
PCP-treated wood, etc.(6) Thus. this rule eventually may cover residue
materials gencrated in a PCBs transformer fire {if dioxins-contaminartion is
determined, or, in situations where dioxins are found with "PCBs waste " &
case in point {5 the problem encountered by a waste management company in
Alabama. It accepted 40,000 gallons of "PCBs waste” from the Hvde Park
Landfill in Niagara Falls, NY. Since the waste contained > 500 ppm .. 'Bs,
this waste was legally a PCBs waste. Unfortunately. Alabama Sctate authovizic.
were not informed via the forwarder's bill of lading that the nonagueous pho.

leachate (NAPL) contained 20.2 ppm 2.3.7,8-TCDD along with hundreds of by



halogenated organic and pesticidal residues and substantial quantities (190 o
1.000 ppm) of toxic heavy metals. As a result, several of the 41 storage runks
4t the waste management company’s tank farm became contaminated with dioxin and
1.2 million gallons of PCBs wastes are now termed "dioxins wastes.” with no

short-term solution in sight.

U.S. regulations have focused on PCDDs and PCBs. To date, no Federal
regulation has been promulgated specifically for PCDFs. lowever. if PCDDs or

PCDFs are founa in PCBs, disposal options for PCBs could be further restricied.



SECTION 2
SUMMARY AND CONCLUSIONS

An estimated 74,000 tons of PCBs are still in use in U.S. transformers and
capacitors. On July 9, 1985, the EPA promulgated its Final Rule cun PCBs in
electrical transformers.(3) This rule specifies that PCBs at any concentration
may be used in transformers (other than {n vailroad locomotives and seif-

propelled railroad cars) subject to the following conditions:

1) the use of higher secondary voltage (> 480 volts) network PuB
transformers in or near commercial buildings after October 1, 1990, is
prohibited.

2) the installacrion of enhanced electrical protection on lower secondary
voltage network PCB transformers and higher secondary voltage radial
PCB transformers in use in or near commercial buildings is required hv
Ocrtober 1. 1990.

3) further installation of PCB transformers in or near commervcial
buildings is prohibited after October 1, 1985.

4) the registration of all PCB transformers with fire-vesponse personic!
and building owners is required by December 1. 1985.

5) the markings of the exterior of all PCB transformer locations fis
required by Dccember 1, 1985,

6) the removal of stored combustibles located near PCB ctransformetvs is
required by December 1, 1985,

There are still many uncertainties of the scope and nature of the hazavds
created in PCB transformer and capacitor fires. One potential hazard is the
yeneration of highly toxic substances such as PCDDs and PCDFs from che
pvrolvsis of PCBs and chlorobenzenes. This report identifies 30 fire incidents
involving PCB transformers and capacitors in the United States and westors
Europe. that occurred from September 1978 through February 1985, The followi:

questions are addressed in this study:

® Are PCDDs and PCDFs formed in PCB transformers undev normal opecvatine
conditions”

e How are the constituents of the transformer fluids related to the :wp
and amount of PCDDs and PCDFs formed?

e What are the temperature and other -eaction conditions that {.aver la
formation of the PCB combustion products?

7



The July 9, 1985 rule provides for a gradual phaseout of some PCH
transformers while recognizing the potential for additional fire accidents in
the interim. Moreover, PCB capacitors are not covered under the July 9. 1985
rule and, since they have also been involved in fire incidents, capacitors are
potential release sources for PCRs and combustion by-products into the

environment.

This repori presents and evaluates the available literature and published
data on analyses of transformer fluids and soot generated in fires  Even
though there have been at least 30 reported incidents, a wide varietv of

problems that hinder the analysis and evaluation of the data remain. including:

o Limitavion of Anajytical Datuy. V..y few analytical dacta have heen

generated for each PCB fire incident. Because of che high cost of
isomer analysis and the large number of isomers that characterize the
PCBs, PCDFs, PCDDs, and PCBPs, few analyses are actually performed for
any specific isomer in the aftermath of a PCB fire incident.

i prence ampling and aly : otocols. Sampling and
analysis protocols for contaminants generated in transformer fires are
not yet fully sctandardized, and thus a wide variety of sampling and
analytical methodologies are often employed  Some data are hiased on
the analysis of soot and are reported on a weight/weight basis. Other
data are based on the analysis of wipe samples and reported on a
weight/area basis. Thus, {t {s vexry difficult to compare one tive
incident with another, or to evaluate the significance of the data in
one incident relative to that of another.

o lack of Background Data  Very few background data are available on

(a) composition of transformer fluids and, (b) composition and levels
of PCBs, PCDFs, chlorobenzenes, and PCDDs ir the environment.

Despite these problems, the following conclusions may be made from

analvsis of the data from the literature on PCB transforme1 fires:

1y PCDFs and PCDDs are not formed in transformers containing PCds under
normal operating conditlons. Their formaction rvequires thernallv
stressful conditions and the presence of oxygen.

2) Electrical arcings in ctransformers do not lead to the fovmation ot
PCDFs and PCDDs.

3) A temperature zone between 600°C and 680°C may be regavded as optiwal
for the formation of PCDFs.



4) The amount and the specitic PCDF isomers formed are related o the
concentration of and type of 3 homologs in the transtormer fluid.

5) Chlorobenzene diluents in “he transformer fluids are required for the
formation of PCDDs.

The Binghamton, NY ctranst. - ‘r Ffire accident was the first to capture
major media and scientific actentf: . In that fire, both PCDDs and PCDFs were
found in the generated soot, leadi. , to the concern that these compounds were

being formed in situ in PCB transformers and capacitors under normal operating
conditions. The available evidence does not support this concern. Analvses
conducted by Electric Power Research Institute and EPA of samples of dielecivic
fluids taken from 11 service transformers atd capacitors and those involved in
{ire acecidants showed no appreciable difference in PCDF values from srtock
matecrial. No PCDDs were detected. Under normal use conditions. it duves not

appea. that PCDFs are generated to any significant extent in the transformer

Correspondingly, a second concern was whether PCDDs and PCDFs are formed
during electrical discharges associated with transformer performance. To
investigate this issue, experiments involving the arcing of electrical enrevgy
through various transformer fluids were performed  There was no appreciuble
difference in PCDF levels before and after electrical arcing. The suppositiosn
is that the level of oxygen is very low in the transformer and., thus. does not
offer the environment for combustion resulting in the formation of PCDFs .ind

PCDDs .

The amount and the specific PCDD and PCDF isomers formed in a 8
transformer fire appear to be related to the concentration of and tvpe ot (B
homologs in the transformer fluids. This supposition is supported bv tvvent
estimations on the boiling points for dioxins and furans that indicate that the
hoiling temperatures for tri-CDDs and tri-CDFs and the h.gher chlorinated CDDc
and PCDFs range from 375°C to 537°C. A first approximation of the thermo-
dynamic conditions would favor the formation of tri- and higher chlovinateu
PCOFs . d PCDDs. Combustion studies conducted bv EPA and EPRI alsos provide
evidence that the concentration of and type of PCB homologs in the trans{ovmer
fluids are probably related to the amount and the specific PCDD and PUILYF
isomers formed in a PCB transformer fire. (7.8) The EPA studv indicaiod

that the optimal conditions for PCDF formation from PCBs are a temperature noar



675°C and a residence time of 0.8 second or longer. The EPRI study
demonstrated that tetra- and penta-CDF yields are roughly proportional to PC%
concentrations in rthe starting material, but it indicated that significant

dibenzofuran desrruction begins to occur at approximately s5500c. (7.8)

A final issue pertains to the question of the use of diluents in
transformer fluids. Of zhe 30 reported fire incidents involving PC§
transformers and capacitors, unequivocal evidence of PCDDs formation was found
only in the Binghamton, NY fire. The Binghamton, NY transformer contained
chlorobenzenes as a diluent, adding to the evidence that the pyrolysis of
chlorobenz~nes leads to the formaticvn of PCDDs. Such evidence has also bheen
found in chemical manulacturing processes and in metal recovery sites invelving
PCB transformers. Chlorouenzenes should be carefullv evaluated for use ar

transformer fluids or diluents.
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SECTION )

FIRE INCIDENTS INVOLVING PCB TRANSFORMERS
AND CAPACITORS

PCBs have been used extensively as dielectric fluid in capacitors .nd
tvansformers since the 1950s. An estimated 74,000 tons of PCBs are still in
use in U.S. transformers and capacltors.(q) At least 30 five incidents
involving PCB transformers and capacitors have occurred i{n the past 7 wears
(Table 1). These fire incidents can be divided Int» three categories: (1) FUB
fires with mineral oil as the external energy source; (2) PCB ftires with
electrical energy as the external energy source; and (3) explosions in ¢IB.
filled capacitors. The following fires are discussed in more detail i rhis

section:

Binghamton, New York

San Francisco, California
Chicago, Illinois
Cincinnati, Ohio

Boston, Massachusetts
Miami, Florida

Columbus, Ohio

St. Paul. Minnesota
Norrtalje. Sweden
Stockholm, Sweden

Skdévde . Sweden
Surahammar, Sweden
Imatra. Finland
Hallstahammar, Sweden
Railway Locomotive, Sweden
Kisa, Sweden

Reims, France

Ocher Fires.

The finding of PCDFs and potential generation of PCDDs from askavels ey
thevmal conditions may influence strategies for mitigating and contvellin,
chlorinated dioxins and futvans {n the nation’s environment — These
combustion products have complicated cleanup procedures for buildivegs lLaine
fires involving PCB transformers and capacitors. The analvsis ot soot «<amples
from actual PCB ctransformer or cap se fire incidents has indicared i

presence of PCDFs, and, in at least two i1ncidents, the presence ot PuDD.

11



Table 1. Fire Incidents Involving PCB Transformers
or Capacitors Since 1978(9.

LOCATION

DATE

Norrtalje. Sweden
Cincinnati, Ohio

Bi ~hamton, New York
Stockholm, Sweden
Danviken, Swedan
Boston, Massachusetts
Skdvde, Sweden

Miami, Florida

Arvika, Sweden

St. Paul, Minnesota
Imatra, Finland
Helsinki, Finland
Surahammar Sweden
Hallstahammar, Swe:en
Railway Locomotive, Sweden
Kaukopaa, Sweden

Kisa, Sweden

San Francisco, California
Halmstad, Sweden
Chicago, Illinois
Bofors, Sweden
Columbus, Ohio
Sodertalje, Sweden
Finspang, Sweden
Hofors, Sweden
Vetlanda, Sweden
Reims, France

Oslo Lysverker., Norway
Sandnes, Norway
Raufoss, Norway

3eptember 25, 1978
December 3, 198¢
February 5. 1981
August 25, 1981
1981

January 1982

March 19, 1982
April 13, 1982

May 1982

June 22, 1982
August 3, 1982
August 1982
September 23, 1982
November 8, 1982
Winter 1982/83}

1982
April 25, 1983
May 15, 1983

August 15, 1983
September 28, 1983
December 21, 1983
March 1984

April 27, 1984

May 24, 1984
September 13. 1984
October 10, 1984
January 14, 19895
January 1985
February 1985
February 1985

12



Binghamron, New York

On February 5, 1981, a fire broke out in the basement mechanica’ room
the 18-story State Office Building in Binghamton, New Vork. The switchgear in
the mechanical room was located adjacent to two electrical cransformers filled
with 1,060 gallons of Pyranol, a nonflammable insulating oil. Electrical
arcing from the switchgear ignited insulation around one ot th- transtovrmers.
Several exnlosions were heard from the machine voom and, before the elecruical
power could be switched off., (t was onvious that :the fire had affecred the
transformer. The heat from the fire cracked a cevamic bushing on one ot the
transformers and approximatelv 180 gallons of Pyvranol (A5 Avroclor 1254 and 25

chlorinated bernzenes) spraved onto the floor and into the hot switchgear.

Immediately following the fire and before the extent and nature of the
contamination was known, more thar 300 people reentered the building to help
with the cleanup or to retrisve documents and personal effects. Ouver
S1L billion in lawsutlts have been filed in the names of 23 individuals and
sroups against the state, most filed by fire fighters. Some 500 perple - ho

believe thev were exposed are being monitored.

The New York Office of General Services began an immediate clenup ot :the
huilding. Members of the cleanup crew developed skin rashes and on Fehruarw
26, cleanup was halted when the presence of PLDFs and PCDDs was discovered
Analysis of soot samples recovered from the building revealed bhigh
concentrations of PCBs and the presence of ten ditferent polvchlovinared
Jdihenzofurans, dibenzo-p-dioxins, and biphenvlenes ar lower concentirations
PCBe. 2.3.7.8-TCDD. and 2.3,7.B-TCDF were found throughout the building.
Analvsis results are summarized in Tables 2 and }. The total 1 DF
concentrations in the soot were inictially reported to he as high as 1 ial e

PeDDs 10-20 ppm, and PCBs 100,000-200.000 ppm ('1.12.13. 1@

Solid waste dispnsal from the site had reacned a total of +.n0 cnbiy
vards ot materfal by Februaty 1985, This material filled l.4h4 barvels wiiich
were buried in an approved secure landfill site. All ot the furnicur. o

the building was removed. destroved and buried, and will have to be replaved



Table 2. Concentrations of PCBs, PCDDs. and PCDFs Fu . at Binghamion
State Office Building Prior to C.eanup’!}.12)

SAMPLE LOCATION TYPE OF SAMPLE CHEMICAL CONCENTRATION(AVERAGE)
“omposite (throughout Alr PCBs 1.48 mcg/m3
building)

Composite Alr 2.3,7,8-TCDD 0.3 ppm
Composite Air 2,3,7.8-TCDF 21 ppm
Composite Soot 2,3,7,8-TCDO 3.5 ppm
composite Soot 2.3.7,8-TCCF 200 ppm

azh and 7th floor Soot 2.3,7.8-TCDD 25 ppm

+*h and 7th floor Soot 2.3.7.8-TCOF 30C ppm

Ajr ducts Soot PCBs 156-1200 mcgzmz

Interstitial space X
above ceiling levels Soot PCBs 1995 mcg/m-

Expused horizontal surfaces
(desk tops, floors,
sitlls) Soot PCBs 162.18 mcg/mz

Exposed vertical sucfaces \
wilis, desk sides) Soot PCBs 6.76 mcg/m*

I'nexposed horizontal
surfaces (inside closed
file cabirets and desk ,
dravers) Soct PCB« 74 .47 mcg/m:

Unexposed vertical surfaces
(inside closed cabinets .
and drawvers) Soot PCBs +.62 mcg, m-

varege and sul-basement
tloors and surface X
areas Soor. (swab) PCBs 0.61 mcg,/m~
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Table 3. Levels of PCDFs and PCDDs in Soot from Accidental Burniny
of PCB-Containing Electrical Equipment at Binghamton(13.14)

ISOMERS AMOUNT (ppm)

Total PCDFs 2163

Tocal Tri-CDFs -

Total Tetra-CDFs 28
2.3.7.8-Tetra-CDF 12
Other Tetra-CDF Isomers (6) 16
Total Penta-CDFs3 670
1.3.4,7,8-Penta-CDF 65
1.2.4.7,.8-Penta-CDF 25
1.2.4,7.9-Penta-CDF 22
1.2,3.7.8-Penta-CDF 310
1.2.3.6.7-Penta-CDF 60
1.2.6.7 8-Penta-CDF 25
2.3, 4.7.8-Penta-CDF 48
2.3, v.6,7-Penta-CDF 12
Other Penta-CDF lsomers (12) 110
Total Hexa-CDFs 965
1.2.3.4,6,8-Hexa-CDF 50
1.3.4,.6,7,8-Hexa-CDF 13
1.2,4,6,7,8-Hexa-CDF 0
1.2.3.4,7,8-Hexa-CDF 510
1.2,3,6,7,.8-Hexa-CDF 150
1.2,3,6,8,9-Hexa-CDF 58
2.3.4,6,7,8-Hexa-CDF 10
Other Hexa CDF lsomers 250
Total Hepca-CDFs 460
1.2,3.4,6,7,8-Hepta-CDF 230
1.2,3,4.6,7,9-Hepta-CDF 120
1.2.3,4,6,8,9-Hepta-CDF 55
1.2,3.4.7.8,9-Hepta-CDF 55
(Octa-CDF 40
Total PCDDs 20

Total Tri-CDDs ..

Total Tetra-CDDs
' 3.7.8-Tetra-CDD
dther Tecra-CDD Isomers (4)

oo -
fo Al o L S99
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Table 3. Levels of PCDFs and PCDDs in Socot from Accidental Burning
of PCB-Containing Electrical Equipment at Binghamton (Continued)

ISOMERS AMOUNT (ppm)

Total Penta-CDDs 5.0
1,2,3,7.8-Penta-CDD 2.5
Other Penta-CDD Isomers (7) 2.5
Total Hexa-CDDs 4.7
1,2,.3.4,6,8-Hexa-CDD 1.2
1.2,4,6,8,9-Hexa-CDD 1.2
1,2,3,4,7,8-Hexa-CDD 0.7
1.2,1,6,8,9-Hexa-CDD 0.6
1.2.3,7.8.9-Hexa-CDD 0.4
1.2.3,4,6,7-Hexa-CDD 0.5
Total Hepta-CDDs 7

1.2,3.4,6,7,9-Hepta-CDD 4

1.2.3,4,6,7,8-Hepta-CDD 3

L3

Octa-CDD

The building is scheduled to be reopened during the summer of 1986. by which
time the cost of the cleaning operation is estimated at close to $22 millinn,
which exceeds the building’'s original cost of $20 willion. Estimates o! the
cost of rtearing down the building, safely disposing of the countaminated
materials, and erecting a replacement building, reached as high as $l10n

million.

Reoccupancy of the building is based on an exposure assessment carvried out
by the Bureau of Toxic Substance Assessment of the New York State Departmen: of
Health. The contamination cleanup criteria est blished by the expert advisory
panel was v pg/m3 of 2,3,7.8-TCOD equivalents in the air of the buildinyg. .nd
3 pg/m2 of 2,3,7,8-TCDD equivalents present on suri.ces. (13)
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San Francisco, California

On the morning of Sunday, May 15, 198}, an electrical fire of unknown origin
occurred in an underground transformer vault located at One Market Plaza in San
Francisco adjacent to a 28-story high-rise. The wvault, located beneath a
sidewalk manhole grate, contained three Pacific Cas and Electric Company (PCAE)
transformers and associated network protection equipment. Each of the rthree
transformers was filled with approximately 515 gallons of PCB fluid (l100%

Aroclor 1242).

During the course of the fire, a cooling fin on one of the transformers was
damaged, resulting in the release of approximately 50 gallons of PCB tluid.
The fire burned and smoldered for approximately 8 hours afrer discoverwy
Subsequent sampling of the building and surrounding area indicated that PCBs
and by-products of PCB combustion had been released through the side- walk
grate, through conduits into the building's switchgear room., and through
disccntinuities in the wvault wall into an adjacent basement garage.  The
ventilation system serving floors B-2 cthrough 6, which draws air from a4 point
near the switchgear room, was also shown to have surfaice contamination of PCLs

and combustion by-products.

Samples taken and analyzed after the incident revealed that cthe trans-
former oil involved was 100% Aroclor 1242 and contained nn chlorobenzenes.
Sampling for PCBs and tetrachlorodibenzofurans (TCDFs) {n the vault after the
fire and prior to cleanup revealed the following (highest recorded?

contamination levels: (13)

Sample PCBs ICDFs

Soot from manhole cover 110,000 ppm

Wipe sample from floor 910,000 mcg/100 cm?

Sootr from vaulc wall .- 15.5 ppm
Analysis revealed 2.3.7,8-TCDD in a concentration approximately .1 ot

that detected In soot of the Binghamton State Office BuildingA(16)

17



Approximately 4,000 air samples were taken {n various locations inside and
outside the high-rise tower to monitor decontamination efforts. The highes:
air concentrations were measured in the vault. the second highest concern-
trations were found in the switchgear room, adjacent to the vault. Prior to
cleanup, air samples in the vault revealed PCB levels up to 1,500 mcg/ml. and
air samples from the switchgear room showed PCB levels up to 98.6 mcg/ma. The
highest level outside the vault and switchgear rcom was found in a stovage

vroom, where a level of 12 mcg/m3 was measured.

chicogo, Illinois

On September 28, 1983, an electrical fire in an underground PCB trans-
former vault forced the precautionary evacuation of a Chicago office building.
The fire was caused by a 480 volt fault and resulted in the release of 15
gallons of oil from one of four transformers in the vault. The oil was
composed of 658 PCBs (Aroclor 1260) and 358 trichlorobenzene. PCB contam-
ination was limited to the vault, an adjacent fan room., underground garage.
vault exhaust, sidewalk grill, and external face of the building. Analvsis of
the oil remaining after the fire revealed the presence of PCDFs and PCDDs. A
square foot (1 ft x 1 ft) wipe sample of soot on the vault ceiling contained
PCDFs and PCDDs. The results of the analysis of the oil and soot are presented
in Tables &4 and 5.

- e L Ohi

On December ), 1980, a capacitor containing PCBs for an electric motor in
a unit heater overheated in a basement storage room of Our lLady of Visitation
Elementary School {in Cincinnati, Ohto. (18) The capacitor was used ftor
one-half horsepower electric motor in the unit neater. The motor's capacitor
contained a design specification dielectric fluid volume of 22 ml, of which
99 6% by volume (or 21.91 ml) was a biodegradable fluid and 0.4% by volume (or
0.088 ml) was PCBs (Aroclor 1254). On March 18, 1981, cthe National Instiruze
for Occupational Safety and Health (NIOSH) was requested by the Hamflton Countv
Healcth Department to determine the extent of PCB contamination of the school.
Alr and surface wipe samples were obtained throughout the school buildiug on

March 19 and 26 to determine the presence of PCBs.

18



Table 4. PCBs, PCDFs, and PCDDs in the Askarel
After the Chicago Firell’

ISOMERS CONCENTRATION (ppb)
PCBs 650,000,000
PCDF's

2.3,7.8-TCcDF?3 75

Tsoral tetra- 230

Penta- G40

Hexa- 980

Hepta- 1,850

Occta- 1,600

Total PCDFs 5,100
PCDDs

2,3.7.8-TCDD N.D.P (2.9)

Toctal tectra- N.D. (2.5)

Penta- N.D. (2.9%)

Hexa- N.D. (3.0)

Hepta- N.D. (2.0)

Octa- 8.0

Total PCDDs 8.0

42.3,7.8-TCDF and co-eluting isomers.

bi.D. = Not Detected; detection limits in parentheses.
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Table 5. PCBs, PCDFs, and PCDDs in Wipe Samples from the
Interior of the Transformer Vault from Chicago Fire

ISOMERS AMOUNT (ng/ft?)
PCBs 20,900,0009
PCDFs

2,3,7.8-7CDFP 3,800

Total Tetra- 28,000

Penta- 40,000

Hexa- 33,000

Hepta- 11,200

Octa- 1,238

Total PCDFs 113,438
PCDDs

2.3,7.8-TCDD N.D.€ (%)

Total Tetra- N.D. (95)

Penta- N.D. (25

Hexa- N.D. (59)

Hepta- 314

Octa- 127

Total PCDDs 441

4pCBs from wipe of vault wall; PCDFs/PCDDs from wipe of vault cefiling.
b2.3,7.8-TCDF and co-eluting isomers.

CN.D. = Not Detected; detection limits In parentheses.
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Airborne PCB concc.trations were reported as micrograms (mcg) of PCBs per
cubic meter (m3) of air sampled. As seen in Table 6, PCBs were not detected in
air samples obtained in the basement storage room nor in arother room tested
These results were as expected, based on the extremely low vaporization rate

(0.000052 g/cm?/hr at 100°C) of Aroclor 1254.

Wipe samples of surfaces were obtained by wiping an area of approximatelv
100 cm? using a Whatman smear tab moistened with pesticide quaiity cvclo-
hexane. The samples wer: extracted using toluene and analyzed using the
procedure used for the air samples. The presence of P’Bs was reported as mcyg

2 of surface area. As seen in Table 7, samples obtained from the

per 100 cm
floor, ceiling, desk, and bookshelves {n the basement storage room (Room 27)
showed a surface presence of < 0.05 to 7200 mcg PCBs/100 em? (< 5-720,000 meg/
m?) Background levels of PCBs on surfaces in the school showed a presence of
< 0.05 to 0.45 mcg PCBs/100C cm? (< 5-45 mcg/mz)‘ Surfaces tested in buildings
in eastern, central, and western Cincinnati showed a background presence ot

< 0.05 to 0.13 mcg/100 em? (< 5-13 mcg/mz).

The two wipe samples with the highest concentration of PCBs were .also
analyzed for PCDDs and PCDFs with special emphasis on the 2,3.7 8-isomers. XNo
dibenzodioxins or dibenzofurans were detected in either of the samples. The
lower limits of analytical detection using this method .rere 0.10 and 0.09 mcg/

100 cm? sample, respectively.

The Health Commissioner of Hamilton County offered the following

recommendations to the school:

1. The concentration of PCBs on surfaces (i.e.. floor. desks. hoak.
shelves) in Room 27 should be reduced to background levels. .«
< 0.5 mcg PCBs/100 cm? surface area (50 mcg/mz)h

2. Other than Room 27, no rooms require decontamination.

The school was reopened in all areas except the wing containing the

contaminated storage Room 27 ard nearby classrvooms 24, 25, and 26.(18)

21



Table 6. Analysis of PCBs in Air Samples from School in Cincinnati, Ohioll8)

AIR SAMPLE
SAMPLE LOCATION VOLUME (L) LEVELS
Inside heating unit on floor (Room 27) 45 .2 N.D. 2
Center of room on bookshelf 433 N.D.
Principal’s office 347 N.D.

8N.D. or Not Detected means that the PCBs were not detected at the lowest
level (< 0.05 mcg/sample) capable of being measured by the analytical method
equivalent to an airborne concentration of approximately < 1 mcg/m3 for these
samples.

Table 7. Summary of PCB® Wipe Sample Results from School in
Cincinnati, Ohtof

PCBs LEVEL (mcg/100 cm?)

NUMBER OF

SAMPLE LOCATION SAMPLES MEAN RANGE

Room 27 (Basement location)P 20 7 < 0.05-7200¢
Room 25 4 0.08 < 0.05-0.14
Room 26 3 0.05 < 6.05-0.06¢
Room 26 3 < 0.05 < 0.05¢
Hallway between rooms 24-27 4 0.05 < 0.05-0.07
Room 8 4 0.06 < 0.05-0.08
Room 22 6 0.11 < 0.05-0.29
Room 9 2 0.11 < 0.05-0.16
Room 10 4 0.12 < 0.05-0.20
Room 11 2 0.09 < 0.07-0.11
Room 12 2 0.08 < 0.06-0.0)
A.V. room 4 < 0.05 < 0.05
Principal’s office B 0.21 0.05-0.45
Mobile classroom 2 0.06 0.06
Background level (3 locations) 10 0.07 < 0.05-0.13

dReported as Aroclor 1254.
bRooms 27, 25, 26, and 24 were all in the basement.
€A < value means PCBs were not detected at detection limit.

dExcludtzzs sample taken on capacitor surface showing PCB presence of 4 Y noy
100 cm“.

€Excludes sample taken on capacitor surface showing PCB presence of ) } woy
100 cm?. 2



Boston, Massschusects

In January 1982, an electrical fire involving a transformer containing
Aroclor 1254 occurred in a government office facility in Boston, Massachusetts.
One bulk soot sample was spiked with 200 ng d)j-chrysene and was then Soxhlet-
extracted for 24 hours with hot toluene. This extract was decanted and labeled
fraction 1. More hot toluene was added to the sample for an adaitionai
24 hours. The extract was labeled fraction 2. Both extracts were analvied.
708 of the d)j-chrysene was recovered in fraction 1. The two extracts were
concentrated. Fraction 1 required multiple HRGC-MS analysis because of its
complex components. PCDFs were confirmed in fraction 1. These results ave
shown in Table 8.¢19)

iami. Florid

On April 13, 1982, a fire involving an electrical transformer occurred in
an underground vault in Miami, Florida (20)  The International Association of
Fire Fighters (I1.A F.F.) requested NIOSH to perform analyses of surface samples
in order to determine if fire fighters had been exposed to PCBs or other more

toxic decomposition products such as PCDOs and PCDFs.

In these analyses, NIOSH collected sampics using two different methods.
Wipe samples were collected using sterile cotton pads saturated with hexane
from sample areas with an approximate size of 100 em?.  Surfaces thought to be

less heavily contaminated were wiped with dry Whatman smear tabs.

Table 9 pre -nts the results of the surface sample analyses for ?CB con:
ramination. Samples taken within the vault showed the heaviest contamination
furnout coats and other personal protective equipment were not found to he con-
taminated (probably due to the decision to allow the fire to self-extinguish:.
The only contaminated equipment at the station was found to be the smuke
ejector fan. Results showed PCB contamination of > 31 mcp/100 em? . Previous
NIOSH investigations indicate normal background levels for PCBs on non-

contaminated surfaces should be less than 0.5 mcg/100 cm? (20,
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Table 8. Levels of PCDFs and PCDDs from the Accidental Burnin§ of
PCB-Containing Electrical Equipment at Boston, Massachusetrts(1?)

CONCENTRATION
ISOMERS mcg/g SOOT
Total PCDFs 165
Total Tri-CDFs 50
Total Tetra-CDFs 60
2,3,7,8-Tetra-CDF 3
Total Penta-CDFs 35
Total Hexa-CDFs 15
Total Hepta-CDrs 2
Octa-CDF N.D.2
Total PCDDs N.D.
Total Tri-CDDs N.D.
Total Tetra-CDDs N.D.
2.3,7.8-Tetra--DD N.D.
Total Penta-CUDs N.D.
Total Hexa-CDDs N.D.
1.2,3,6,6,7,9-Hepta-CDD N.D.
1.2,3,4,6,7,8-Hepta-CDD N.D.
Octa-CDD N.D.

AN.D. = Not Detected; detection limic at 100 ng/g = 0.1 mcg/g = 0.1 ppm.
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Table 9. PCB Residue from a Transformer Vaulr Fire,
Collected 4/16/82 in Miami, Florida(20

SAMPLE LOCATION/DESCRIPTION SAMPLE TYPE PCBs®
(mcg/100 cmz)

Inside Transformer Vaulrc:

Wall behind removed transformer (soot) wipe 434P
Top of primary cable above fire (soot) wipe 389
Primary cable support bracket (soot) wipe 704
Floor neatr base of isolating switch (dirt) wipe 27.400
Ceiling near fire location (soot) wipe 860
Secondary bus neatv vault ceiling (dirt) wipe 195
wall next to exit ladder (dust) smear tab 2
Rung of exit ladder (dust) smear tab ’9

Above Transformer Vuulrc:

Sidewalk grating smear tab 2
Standing water at curb near vault wipe 3
Fire Fighters’ Clothing and Equipment:
Sleeves of turnout coat smear tab < 0.1
Top of boot smear tab < 0.1
Inside helmet smear tab < 0.1
Front of turnout coat smear tab < 0.1
Inside helmet face shield smear tab < 0.1
Outside facepiece smear tab < 02
Smoke ejector fan smear tab > 31

3As Aroclor 1260 (used as standard for quantitation of samples).

bas mixture of Aroclor 1254 (231 mcg) and Aroclor 1260 (203 mcg).

Table 10 presents the results of the analyses . 6 bulk samples of soor
and other fire residues for tne presence of PCDD and t OF isomers. No PulDs
were detected in these samples, but PCDFs from ctrichloro- - hexachloro:
isc ers were detected in samples Bl to B6. The samples also exhibited high
levels of PCBs through Clyg and polychlorinated diphenylethers (PCDEs) throuch
Clg. The highly toxic 2.,3,7.8-tetrachloro isomer was not detected in anv ot

these samples.

Gas chromatograph/mass spectrometer (GC/MS) analyses of soot samples
collected from the vault ceiling directly above the fire scene were alwo
performed. Peaks identified included penta-, hexa-. and heptachlorobiphenvis.

and numerous alkanes. mostlv larger than CZOK(EO)
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Table 1U0. Results of Analyses of PCDDs and PCDFs in Bulk Samples of Residue from

Miami Transformer Fire

NUMBER CONCENTRATION
ISOMERS POSSIBLE NUMBER DETECTED IN SAMPLE (ng/g or ppb)
Samples: B1® B2 B3 B4 BS Bé6 Bl B2 B3 B4 BS b6
Mono - CDDP 2 2 0 0 0 0 0 N.D.€ N.D. N.D. N.D. N.D. N.D.
Di -CDD 10 0 0 n 0 0 0 N.D. N.D. N.D. N.D. N.D. N.D.
Tri-cuD 14 0 0 0 0 0 0 ND. N.D. N.D. N.D. N.D. N.D.
Tetra-CDD 22 0 0 ) 0 0 0 N.D. N.D. N.D. ND. N.D. N.D.
Penta-CDD 14 0 0 0 0 0 0 ND. N N.D. ND. N.D. N.D.
Hexa-CLD 10 0 0 ) 0 0 2 ND ND. N.D. N.D. N.D. N.D
Hepta-CDD 2 0 0 0 0 0 0 N.D. N.D. N.D N.D. ND. N.D.
Octa-CDD 1 0 0 0 0 0 0 N.D. N.D. N.D. ND. N.D. N.D.
2.3.7,8-TCDD 1 0 0 0 9 0 0 N.D.D N.D N.D N.D N.D N.D.

4sample Description/lLocation: Bl Soot, dusc, and dirt from top of primary cable support bracket, circuit #2.

B2 Residue from floor under isolating switch near burned transformer.

B3 Scrapings from ceiling above transformer.
B4 Scrapings from secondary bus.
BS Vault wall near exit ladder.

B6 Scrapings of soot and dirt from smoke ejector fan used to exhaust smoke from

vault during fire.

bjpetection Limiz for PCDDs - 10 ng/pg for samples Bl, BS, and B6; 100 ng/g for samples B2, B3, and B4

AP P Mt

Detected.



Table 10. Results of Analyses of PCDDs and PCDFs in Bulk Samples of Residue from
Miami Transformer Fire (Continued)

NUMBER CONCENTRATION
ISOMERS POSSIBLE NUMBER DETECTED IN SAMPLE (ng/g or ppdb)
Samples: B12 B2 B3 B4 BS Bé6 Bl B2 B3 B4 BS B6
Mono - CDFP 4 0 0 0 0 0 0 N.D.© N.D. N.D. N.D. N.D. N.D.
Di-CuF 16 0 0 0 0 0 0 N.D. N.D. N.D. N.D. N.D. N.D.
Tri-CDF 28 6 0 0 0 0 6 180 N.D. N.D. N.D. N.D. 110
Tetra-CDF 38 6 0 0 0 0 7 540 N.D. 4.D. N.D. N.D. 280
Penta-CDF 28 7 0 0 0 0 5 1000 N.D. N.D. N.D. N.D. 290
Hexa-CDF 16 B) 0 0 0 0 4 180 N.D. N.D. N.D. N.L. 100
Hepta-CDF 4 0 0 0 0 0 0 N.D. N.D. N.D. N.D. N.D. N.D.
Octa-CDF 1 0 0 0 0 0 0 N.D. N . N.D. N.D. N.D. N.D.
2.3,7,8-TCDF 1 0 0 0 0 0 0 N.D. N D N.D. N.D N.D. N.D.

4Sample Description/Location: Bl Soot, dust, and lirt from top of primary cable support bracket, circuit »2.
B2 Residue from floor under isolating switch near burned transforaer.
B3 Scrapings from ceiling abo transisrmer.
B4 Scrapings from secondary bus.
BS Vault wall near exit ladder.
B6 Scrapings of soot and dirt from smoke ejector fan used Lo exhaust smoke from
vault during fire.

Phetection Limit for PCDFs - 10 ng/p for samples Bl B2, BS, and B6, 50 np/p tor sawple B 100 ng/g for
ooty le B3



Columbus, Ohio

i March 1984, a capacitor fire occurred in a Columbus office building.
The capacitor was filled with Aroclor 1242. Analysis of soot samples revealed
rhe piesence of PCDFs and trace amounts of PCDDs (tetra- to octa-isomers).
Chloruvbenzene was also detected in trace amounts with a detection limit at ppm
level. Analysis of wipe samples indicated the presence of PCDFs and
pcoDs . (21.22)  Table 11 presents the results of the analyses of the soot and

wipe samples.

Table 1l1. Analysis of Wipe and Scot Samples
from Columbus Fire(Zl.:

TOTAL
SAMPLE ISOMER CCNC FNTRATIC
Wipe 2.3,7.8-TCDF < 1,000 ny
Total PCDFs < 10,0C0 ny
2.3,7,.8-TCDD < 1.0 ng
Tozal PCDDs € 44 ng
Soot Totral PCOFs 10.9 ppm
Tetal PCDDs (tetra to octa) Trace?
Chlorobenzene Trace?

. ection limir ac ppm level.

St. Paul, Minnesvta

On June 22, 1982, a PChbs fire occurred at the Hill-Murray High Schoel in
St. Paul. Minnesota.(23) NIOSH samples of surface wipes and air were obrained
on June 23, 1982, and again on July 7. The rvesults of the analvses .ure

reported in Tables 12 and 13,

Norrralle, Sweden
On September 25, 1978, there +as an intense fire in a capacitor batteyvv

north of Norrtalje, Sweden. The fire could not be extinguished tor owver

30 minutes while high voltages were turned off. [FEighteen PCBs-containing
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Table 12. Analysis of PCBs (Reported as Arocloq’1260) in Wipe
Samples from the Hill-Murcray School (¢

PCBs (mcg/100 cm?)

SAMPLE LOCATION 6/23/82 1/7/82
vault Room 100.5000 2-120
Vault Door <9

Corridor outside Vault Room <

Roon (48 20 3
Boiler Room <5

Cafeteria 0.22-0.24 < .05
Corridor leading to the Fieldhouse < 0.05 < 0.05
Corridor wall across from Room 109 0.26 < 0.05
Corridor wall adjacent to Music Suite 0.27

Corridor wall leading to Office 1.6 < 0.0%
Outside Room 106 5.8

Room 106 0.61-0.93 U
Room 138 1.4-2.1 0.2.0
Cvmnasium 0.29

A~hletic Building lobby 0.1l4

Priory < 0.05
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Table 13.

Area Concentrations of PCBs (Reporied as ArcPlor 1260
and CHlorinated Benzenes at Hill-Murray School(23)

AIRBORNE CONCENTRATION (mg/mJ)

SAMPLE SAMPLE TOTAL TOTAL

SAMPLE VICINITY DURATION VOLUME TRICHLORO- TETRACHLORO -

BY DATE (HOURS) (LITERS) PCBs? BENZENED BENZENEC
June 23, 1982
Transformer Vault 2.5 137 0.05 22.6 182
Transformer Vaulc 2.52 136 0.09 17.6 25,7
Vaulc Doors 2.37 123 0.02 10.2 1.7
Room 018 3.06 165 0.004 0.73 1.21
Qutside Room 109 2.67 144 < 0.001 0.12 0. 26
Cafeteria 2.98 16l < 0 001 0.35 0,27
July 7, 1982
Transformer Vault 2.82 169 0.007 0.331 0.6%1
vault Doors 2.83 170 < 0.001 0.048 0.229
Outside Room 018 2.82 169 < 0.001 0.020 0. ugH
OQutside Room 109 2.92 175 < 0.001 0.011 Q.o
vafeterla 2.92 175 < 0.001 0.010 0oy
INIOSH recommended permissible exposure limit tor an B8-hour time-weighted

average (TWA) exposure criteria (s 0.001 mg/u3.

PACGIH threshold limit value is 40 mg/m> for 8-hour TWA.
OSHA have exposure criteria.

®No B-hour TWA exposure criteria.

Neither NIOSH nor



capacitors (100 kVA each) were involved in the fire. When the capacitors were
demounted, some showed no signs of damage while others had exploded, releasing
their contents. B. Jansson and G. Sundstvom, at the Special Analvtical
Laboratory, National Swedish Environmental Protection Board located at the
University of Stockholm, were contacted a few weeks after the accident and
asked to perform sample analysis for PCDF formation. (24) Up to 300 mg samples
together with 100 ng {2,3,7,8~37Cl}-tecrachloro-[1,6,6,9«2H]~ dibenzo-p-dioxin
as the {internal standard dissolved in 1 ml n-hexane were chromatographed on
aluminum oxide. The first fraction containing most of the PCBs was eluted with
90 ml 5% dichloromethane in n-hexane. The second fraction, which was eluted
with 60 ml dichloromethane, contained all PCDF references, the internal

standard, and at least two PCBs.

Results of the analyses are given in Table 1l4. An Aroclor 1242 standard
was used as a rveference. Samples were taken from intact and exploded
capacitors, from the wire fence surrounding the capacitors (fence was washed
with acetone to obtain sample), and from pine tree needles which were located

about 10 meters (m) downwind from the fire.

The wire fence was found to contain unexpectedly 'ow PCB concentrations.
The extractable part contained only 0.3 mg PCBs per g extractables. As a
result of this low PCB level, the upper limit of the PCDF/PCB ratio for the
fence extract becomes high. While no presence of PCDF was found in the fence
sample, {f the extremely high detection limit for the dichlorinated compounds
is excluded, the highest possible concentration should be about 300 mcg per g
PCBs .

In addition to these environmental samples, blood samples were taken trom
six firemen who were exposed to the fire. The samples were not taken untii .
few weeks after the fire incident. At that ctime the PCP levels in the hlood
samples were within the same range (2.3 to 3.6 mg PCBs/g) as those for un-

exposed Swedes . (24)
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Table 14.

PCB and PCDF Levels in Capacitors and

Environmental Samples at Norrtalje, Sweden(9.

PCDF SAMPLE (mcg/g)

SAMPLE PCBs® MONO-CDF DI-CDF TRI-CDF TETRA-CDF PCDF  PCDF/PCB
(8/8) (acg)
Liquid in intact 0.83-0.86 0.2-0.5 0.2 0.2-0.3 0.2-0.3 0.9-1.1 1.1-1.3
capacitor
Liquid in exploded 0.93 26 38 11 3 75 81
capacitor
Liquid on exploded 0.49-0.60 12-21 9.21 3-7 2 27-52 45-107
capacitor
Extract from wire 0.3x10°3 < 0,03 < 0.2 <0.03 <0.04 < 0.3
fence
Pine needles 0.3x10°6 N.D.b N.D. N.D. N.D. N.D. .-

qAroclor 1242,

bN.D‘ = Not Detected.




Stockholm, Sweden

On August 25, 1981, an explosion (electrical are) took place in an 11 kV
capacitor battery in an electrical power station in Stockholm, Sweden. The
explosion was caused by an electrical failure in the capacitor battery that was
so violent that it caused the wall to rup%ure. Wipe samples were taken about
1 m from the capacitor and were tested for PCDF and PCDD levels. Extraction
and measurement were accomplished by spiking the wipe tests with 1-5 ng of
labeled CDD. The sample was treated with 10 ml of 1M HCl for 1 hour. The
slurry was filtered and dried, extracted with toluene, and dried with Ny  The
residues were dissolved in 2 ml of n-hexane, added to a silica gel colivmn and
elutad with ml of n-hexane. The hexane was evaporated with Ny until 10 mcl
remained. PCDDs and PCDFs were separated from other polychlorinated impurities
using an Alox-column. Tne first fraction, 10 ml n-hexane:methylene chloride
(98:2), was discharged. The second fraction, 10 ml n-hexane:methylene chloride
(1:1), was collected and dried in Ny. This residue was used in the GC/M$
analyses. Individual MS-response factors were used to calculate levels given
in Table 15. The total levels of polychlorinatec biphenylenes (PCBPs) weve
reported to be 25-30 mcg/mz.(9~13~25) Polychlorinated pyrenes (PCPYs) were

also detected but not quantified.
kBvd wed

On March 19, 1982, a violent fire broke out in a capacitor battery (400 \)
serving a high-frequency oven in a metal ctreatment factory in Skdvde, Sweden.
The dielectric fluid in the capacitors consisted of either mineral oil ov PCBs,
and both types of capacitors were in use. There were no chlorinated benzene
additives in the oil. The fire started in a mineral oil capacitor and 2 hours
elapsed unti{l the fire was extinguished. The smoke spread to an exten: of
1800 m2 (60 m x 30 m). Copper bars for electricity in the capacitor voom
ceiling partially melted (m.p. 1080°C). The capacitor battervy contained [l
capacitors filled with PCBs (5 kg each). After the flre. 12 of these

capacitors had been opened and 9 remained sealed.

Wipe tests (tissue 1 din?) were used to take samples from a) the floor of

the capacitor battery, b) -he floor close to the battery. c) the wall of the

13



Table 15. Concentrations of PCDFs Found in Samples froman
Accidental PCB Fire in Stockholm, Sweden(9.13.

PCDF PCDF CONCENTRATION
(ng/m?)
J.3,7,8-Tecra-CDF 150
1,2,7,8-Tecra-CDF 150
2.3,6,8-Tetra-CDF 125
1,4,6,9-Tetra-CDF 75
2.4,6,7-Tetra-CDF 37
1.4,5,7-Tetra-CDF 7.5
1.3,6,7- and 1,3,6,9-Tetra-CDF 300
Other Tetra-CDFs 750
Total Tetra-CDFs 1200
2.3,4,7,8-Penta-CDF 49
1,2,4,7,8-Penta-CDF 38
1.2,3,6,7-Penta-CDF 15
1.3,4,7,8-Penta-CDF 11
2.3,4,6,7-Penca-CDF 7.5
1,2,4,6,8-Penta-CDF 3.8
1.2,4,7,8-Penta-.DF J.8
1.2,3,6,7-Penta-CDF 3.8
1.2,4,8,9-Penca-CDF 1.8
2.3.4,6,8-Pencta-CDF 2
1,2,3,7,8- and 1,2,3,4,8-Penca-CDF 15
NOther Penta-CDFs 19
Total Penta-CDFs 175
Total Hexa-CDFs < 0.5
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capacitor room, 2 m from the battery, 3 m above the floor, and d) the bench
10 m from the oven (1 floor above the capacitor). Table 16 shows the results
of the analysis. High levels of PCDFs (> 0.10 mcg/g) could only be found close
to the fire. Although polychlorinacted pyrenes were detected, no PCDDs or PCBPs
could be identified in the samples from chis fire. (9.13.25)

Table 16. Levels of PCDFs in Wipe Samples
from the Skovde Fire(?.13.25)

CONCENTRATION (ng/mz)

SAMPLE NUMBER

ISOMER 1 2 3 4
2,3,7,8-Tetra-CDF 20 100 <1 <1
Total Tetra-CDFs 100 600 <1 102
Total Penta-CDFs 40 100 <1 -1
Total Hexa-CDFs 40 60 <1 <1
Total Hepta-CDFs 8 8 <1 <1
Octa-CDF 5 5 <1 <1

Apifferent {somers than found in samples 1 and 2.

Surahammar, Sweden

On September 23, 1982, a 500-unit capacitor battery at a steel mill in
Surahammar, Swcden, was ignited by 5 tons of molten steel (1500°C). The
capacitors were filled with PCBs (2 tons) and mineral oil (: tons). A violent
fire broke out and burned for 2 to 3 hours filling the entire building (140 m x
70 m x 25 m) with smoke.(9) Table 17 presents the results of analvses of rtheo

wipe samples.
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Imatra, Finland

On August 3, 1982, a bank of capacitors in a paper mill outside Imatra was
descroyed by explosions and fire. The fire was localized in the capacitor bhank
behind the 10 kV contactor station. Soot and gas had spread with the pressuve
wave through dn open doorway to the 10 kV contactor station and the adjacent
J kV contactor station, and through cabie boles to the storage space directly
above the contactor stations, to the floor beneath, and to the instrument

cro.s-connecticn room.

Table 17. PCDFs Found in Wipe Tests at surahammar, Sweden (ng/mz)())

TOTAL 2,3,7.8-

SAMPLE LOCATION TCDFs TCDF Clsy Clg Cl;  Clg
Capacitor Room (Sample 1) 4000 875 3300 1800 1500 300
Capacitor Room (Sample 2) 1100 365 1250 940 625 Lab
N.E. Corner, 10 m height 1250 300 355 150 65 13
S.E. Corner, 10 m height 480 120 210 140 60 30
N.E. Corner, floor 100 25 27 15 5 2
S.E. Corner, floor 90 22 25 17 17 4
10 m Outside, downwind < 250 < 25 < 25 < 60 588 179
300 m Outside, downwind < 250 < 25 <25 <60 <30 <12
After Cleaning (Sample 1) < 20 < 4 <10 < 12 < 15 24
After Cleaning (Sample 2) < 40 < 8 < 20 < 20 < 130 6

dpossibly due to use of decachlorophenyl as an additive In casting wax.
Each capacitor contained 20 liters of Clophen A 30 (a mixture of PCBs with

an average chlorine content of 42%). Soot samples were analyzed for PCDFs and

PCDDs. The results are included in Table 18.
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Table 18. Levels of PCDFs and PCDDs in Soot Samples
from Imatra, Finland Fire(%.

CONCENTRATION (ppm)

ISOMERS SAMPLE 1 SAMPLE 2 SAMPLE 3
PCDFs
»ono-CDFs 80 .- .
i-CDFs 250 .- .-
Tri-CDFs 200 .- .-
Tetra-CDFs 20 16 1.0
2.3,7,8-Tetra-CDF - 1.0 0.07
Penta-CDFs 1 1.0 0.2
Hexa-CDFs - 0.3 0.04
Hepta-(LUFs .- 0.2 0.02
Octa-CDF .- 0.1 0.0l
PCDDs N.D. @

AN . D. = Not Detected.

Halls:ahammar. Sweuen

On November 8, 1982, a capacitor exploded in a foundry in Bulten-Kanthal
in Hallstahammar, Sweden. The capacitor was located close to a melting oven in
the ground floor, and the fumes spread through the entire building (40 m x 15 m
X 5 m). Wipe tests were collected for analysis and the results are presented
in Tahle 19.

Table 19. Levels of PCDFs in Wipe Samples from
Hallstahammar, Sweden Fivel

CONCENTRATION (ng/m?)

SAMPLE TOTAL 2,3,7.8-
TCDFs TCDF PeCDFs HxCDFs HpCDFs OCDF
Cop .r bar, 2 dm above 1600 540 360 600 800 1340
Bar, 5 m above 5000 1000 1800 850 550 aae
Floor 50 10 12 10 30 0
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During the winter of 1982/83 a capacitor exploded in a railway locomotive
in southern Sweden. The incident was not reported immediately and therefore,
the samples were not collected until February 1983. The results of the

analysis are given in Table 20.

Table 20. Levels of PCDFs in Rallway Locomotive in Sweden(?)

CONCENTRATION (ng/m?)

SAMPLE TOTAL 2,3,7.8-
TCDFs TCDF PeCDFs HxCDFs HpCDFs OCDF

Floor below capacitor 69,000 1,700 29,000 14,000 6,200 1,400
1l m from capacitor 4,900 120 1,500 400 170 &0

Kisa, Sweden

On April 25, 1983, a PCB-filled capacitor exploded at the debarking line
in a saw mill in Kisa, Sweden. The explosion was associated with external
arcing and fuming, causing the dielectric fluid to be sprayed around. Three
days following the explosion, samples were taken for analysis. The results ave

presented 1n Table 21.

Table 21. Levels of PCDFs in Wipe Samples from
Kisa, Sweden Explcsion(

CONCENTRATION (ng/m?)

SAMPLE TOTAL 2,3,7.8-
TCDFs TCDF PeCDFs HxCDFs HpCDFs OCDF
Near capacitor 100,000 40,000 N.A.2 N.A. N.A. N.A
Closed operator room 500 125 N.A N.A. N A N.A.
Near capacitor afcer
cleaning < 90 < 21 70 30 < 10 5
Closed operator room
afcer cleaning < 12 < 9 < 9 <5 <9 B

AN A. = Not Analyzed.
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Reims, France

On January l4, 1985, a violent transformer explosion occurred in a h-stovy
building in Reims, France. The transformer was filled with an askarel of 60s
PCBs and 40% ctetrachlorobenzene. The dirty, highly contaminated soot was
analyzed on February 21, 1985 and April 2, 1985. The results of these analvses

ave presented in Table 22.

Ocher Fires

There have been a host of other fires associated with PCB transformers and
capacitors. Many in the U.S. probably go unreported. Table 23 lists sone

other fire incidents that have been reported.



Table 22.

Levels of PCDFs and PCDDs in Soot Samples from
Reims, France Explosion

ISOMER CONCENTRATION (mcg/m?)
SAMPLE NUMBER
1 2 3 6
Tetra-CDFs >30 >8 >4.5 0.11 0.22 0.8
Penta-CDFs 960 590 37 0.89 1.5 1. 40
Hexa-CDFs 760 570 36 0.79 1.2 1 w0
Hepta-CDFs 530 490 27 1.2 1.9 3.1
Ocrta-CDF 290 220 36 N.A O N.A. NOAL
Terra-CDDs N.A N.A. N.A N.A. N.A. NOA.
Penta-CDDs <l <1 <0.005 <0.00%5 <N.005 <. 003
Hexa-CDDs <l <] <0.005 <0.005 <0.005 <0. 003
Hepta-CDDs 35 32 <0.005% 0.11 0.14 0.3}
Octa-CDD 16 le <0.005% 0.18 3.45 0.3}

8N A. = Not analyzed

Samples 1 and 2 were taken on the ceiling of the basement near the door of rthe

transformer vault (February 21).

Sample 3: wipe sample collected externally cn the dcor of the transfoiser
vault (February 21).

Sample 4: wipe sample on the second floor, near the doovr of an apavtwen:
(April 2).

Sample 5: wipe sample in a bathroom, second floor (April 2).

Sample 6: wipe sample in a kitchen, second floor (April 2).

Samples 4,5, and 6 were collected afier cleaning.
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Table 23 PCDF Levels in Otheyr PCB Fires(<”)

SITE PCDF LEVELS PCBP LEVELS

Danviken., Sweden 1.5 mcg,’m2 None
Helsinki, Finland .- .-
Halmstad, Sweden . ..
Arvika, Sweden . .
Kaukopdad, Sweden Nona None

CONTAMINATION CLEANUT CRITERIA

There are no Federal guidelines to define acceptable cleanup levels fov
toxic releases from PCB transformer and capaciror fires. Current regulations
state, however. that all sp.lls and leaks .f PCBs dioxins-contaminatoed
material should LUe cleaned up to preexisting background levels whenever there
is a threat of contamination of water, food, feed. or humans. NICSH has
detected background levels {n urban areas of up to U. > mcg PCBs/la0 et ot
surface area. Following the occurrence of PCBs-related five incidents. scverad

states and other countriec nhave established contaminarion cleanup criteria

These criteria are presented in Table 24.
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Tabl 24 Cowtamination Cleanup Criteriat10.13,15,27)
LOCATION CONTAMINANT AlIR SURFACE
Binghaston, NY Building PCDDs/PCDFs 10 pg/m3 of 2,3,7,8-TCUD/TCDF 3 pg/m? of 2,3,7,8-TCDD/TCDF
PCBs 200 ng/n3 of PCBs 60 mcg/m2 of PCBs
Inside Vault PCDDs/PCDFs 80 pg/m’ of 2,3,7,8-TCDD/TCOF 24 ng/m? of 2,3,7,8-TCDD/TCDF
PCBs 1 mcg/m> of PCBs 1 mg/n of PCBs
San Francisco, CA PCDDs/PCDFs 10 pg/m3 of 2,3,7,8-TCOD/TCDF 3 pg/mza
PCBs 200 ug/53 of PCBs 60 mcg/m2 of PCBs
Inside Vault PCDDs /PCDFs 80 pg/n3 of 2,3,7,8-TCOD/TCDF 24 ng/m2 of 2,3,7,8-TCDD/TCDF
PCBs 1 mcg/-3 of PCBs 1 mg/m2 of PCBs

ASum of all PCDD/PCDF isomers Cl, - Clj; with Cl substitution in the 2,3,7, and 8 positions.



Table 24.

Contamination Cleanup Criteria (Continued)

LOCATION CONTAMINANT AIR SURFACE
Sante Fe, NM PCDDs/PCDFs - 1 ng/l2 of 2,3,7,8-TCDD/TCDF
A wpors . S
i s . o oy ot ot 10T




SECTION 4
PCDFs, PCDDs, AND PCBPs FROM THE PYROLYSIS OF PCLD FLUIDS

The formation of PCDFs and PCDDs has beon attributed to the range of
chemical reactions that occur during the pyrolysis of PCBs, the condensation ot
chlorobenzenes, and the condensation or dimerization of chlorophenols. PCBs
and chlorobenzenes are major components of most PCB transformer fluids, whereas
the chlorophenols are intermediates formed in the range of 550 to 700°C. The
amounts of these compounds formed during the combus-io1 vrocess varv with

temperature and concentration.
FORMATION OF PCDFs FROM PCBs

Laboratory studies have indicated that with adequate reaction time and
efficient mixing between air and fuel, PCBs are completely decomposed into H,0.
COp. and HCl at a temperature range of 800-1000°C. Pyrolytic conditions,
however, allow the formation of PCDFs. The pyrolysis of commercial PCBs vields
about 30 major, and more than 30 minor, PCDFs and an indeterminable number of
PCBPs.

The importance of combustion as a source of PCDDs and PCDFs (and various
chlorohydrocarbons) was discovered in 1977, when these toxic materials were

found in fly ash and flue gases of municipal incinerators.

In 1978, Morita reported that heating Aroclor 1248 to 300°C in a sealed
glass ampoule for 2 weeks produced approximately a 4-fold increase in the
amount of PCDFs.(28) In the presence of oxygen, PCDFs formation began <hen
samples were heated for 1 week above 270°C, reaching a maximum of approximsrels
0.2% conversion at 300°C. Dichloro- and trichlorodibenzofurans wevre .lso

formed from the tetrachlorobiphenyls in Aroclor 1248.
In a study by Buser er al., Arocler 1254 was pyrolyzed at temperat..res ..

550°9.750°C in quartz mini-ampoules.(zg) GC/MS analysis ihowed PCD! core

formed in the process. The results are presented in Table 25.
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Table 25. Pyrolysis of Aroclor 1254 in Quartz Hin.-Ampoulea(zg)

PCDFa FORMED® (%)

TENP. ANT . DECOMP.
(°c) (meg) 4 )
MONO - DI- TRI- TETRA- PENTA- TOTAL
550 100 12 0.25 0.65 0.90 0.75 0.20 2.75
" 10 80 0.02 0.40 0.70 0.70 0.15 1.97
600 100 45 0.10 0.40 0.70 0.60 0.12 1.92
" 10 90 <0.01 0.10 0.25 0.35 0.05 <0.76
650 100 90 <0.01 0.02 0.18 0.25 0.12 <0.58
" 10 98 0.01 0.12 0.25 0.12 <0.02 <0.52
700 100 >99.9 <0.01 <0.01 <0.01 <0.02 <J.02 <0.07
" 10 >99.9 <0.01 <0.01 <0.01 <0.02 <0.02 <0.07
750 100 >99.9 <0.01 <0.01 <0.01 <0.02 <0.02 <0.07

3Combined values of all {somers of a PCDF.

Mono- to penta-CDFs were found at temperatures of 55C0%-650°C at levels
ranging from < 0.01-0.908. The maximum amounts were found at 550°C.
Considering the amount of PCBs recovered after pyrolysis, the toral yleld of
PCDFs ranged from 3-25%.

cly
600°¢
02
cl, o
PCBs PCDFs
x =1 to 8 y =1 to 6 (yleld 3-25%)

> 30 isomers > 60 {somers



Buser and Rappe, in subsequent sctudies, pyrolyzed 18 individual PCB
i{somers in the presence of air at 600°C in sealed ampoules.(29~30'31) It was
found that the cyclization process which yields PCDFs from PCBs was
intermolecular and followed several competing reaction pathvays.(30'31) In
addition to PCDFs, polychlorinated biphenylols {dentified as possible

precursors, were present at levels of approximately one-fifth ot the amount of

FCDFs present,

From this work, four thermochemical reaction mechanisms were proposed
for formation of PCDFs from PCBs.

1. Mechanism 1: Loss of Ortho-Cls

Example:
Cl C 1
a
02
i ci o
2,4,6,2',4"' 6'-Hexachlorobiphenyl 1,3,7,9-Tetrachlorodibenzofuran

2. Mechanism 2: Loss of -

Nucleus
Example:
c.a 1 Cl
A
(of] C}| = Cl) ¥+  HCl
02
o cl o
2,4,6,2'.4',6'-Hexachlorobiphenyl 1.3.4,7,9-Pentachlorodibenzofuran

u6



3. Mechanism J: Loss of Orcho-HCl

Example:
c
Cl Cl\ p
a
02
C cl ct 0
2.3.5,6-Tetrachlorobiphenyl 1,2,4-Trichlorodibenzofuran

4. Mechan'sm 6: Loss of Orcho-H

Example:

(o] Cl Cl\ Cl
a /
DB = e -
H o OO
ci C cl O CI

3,4,5.3',4",5" -Hexachlorobiphenyl 2.3,4,6,7,8-Hexachlorodibenzofuran

Table 26 summarizes the resulte observed by Buser and Rappe, including
each chlorinated biphenyl itomer, {ts chlorinated dibenzofuran reaction

products, and the assoclated thermochemical reaction mechanism.

EPA., through a contract with Midwest Research Institute, Kansas City,
MO, has recently conducted several studies to evaluate thermal degradation
products from dielectric fluld using a bench scale thermal destruction

(7 The purpose of this study was to optimize conditions for PCDF

system.
formation {n orde:r to examine the potential for formation of PCDFs and PCDDs

from combustion of selected PCB-containing dielectric fluids. The first part

47



Table 26. Thermochemical Conversion of PCBs to PCDFs(30.31)

PCB CONGENER PCDF REACTION PRODUCTS REACTION MECHANISM
2.3.4.5-Tetrachlorobiphenyl 1,2.3,4-TCDF® 4
2.3,4-TriCDF8.b 3
J.).5.6-Tetrachlorobiphenyl 1,2,6-TriCDF® 3
2.6.2".6'-Tetrachlorobiphenyl 1,4,9-TriCcDF8.b 2
1,9-DiCDF® 1
2.3.4.5,6-Pentachlorobiphenyl 1,2,3,4-TCDF® 3
2402 .5 -Pentachlorobiphenyl 2.3,8*Tr£CDFb 1
2. 4.5.2".5" -Pentachlorobiphenyl 2,3,6,8- and 2,3,4,8-TCDF8 2
J.e.3, 27,5 -Pentachlorobiphenyl 2,3,6,9-2 and 1,3,4,8-TCDF2 3
J.4.3.2",5" -Pentachlorobiphenyl 1,3,4,6,9-PeCDF® 4
2.4.5.3" 4" -Pentachlorobiphenyl 2.,3,7,8-P and 2.3.6,7-TCDF? 3
2.4.5.3" 4’ -Pentachlorobipheyl 1,3,4,7.8- and 1,3,4,6,7-PeCDF? I
2 «.6.2" 4'-Pentachlorobiphenyl 1,3,7-TriCDFP 1
J.4.6,2" 4" -Pentachlorobiphenyl 1,3.6,7- and 1,3,4,7-TCDF®
J.e.n, 2" 4" -Pentachlorobiphenyl 1,3,7,9-TCDF 3
'} 4.2 5 .Pentachlorobiphenyl 1.4,8-8:® and 1,2,8-TricDF8. 1
1-a'608'a.b- 1‘2'6'8‘3' and 2
1,2,6,8-TCDF8
1,2,6.9-2 and 1.4,6.9-TCDF® 3
230,26 ,6' -Hexachloro- 1,6,6,9-4, 1,2,6,9-8%, and 1l
hiphenyl 1,2,8,9-TCDF4
1,2,6,8,9-® and 1,2,4,6,9-pecDFa.® 2
F.oe03.3 .47 ,5" -Hexachloro- 2.3.4,6,7,8-HxCDF 4
hiphenyl
'.4.3.2" 4" 5" -Hexachloro- 2.3.7.8-TCOFP 1
hiphenvl 2,3,4,7,8-TCDF 2
1,3,4,7,8-TCDF 3
Jou.h, 2 4" 6" -Hexachloro- 1.3,7.9-TCDF 1
biphenyl 1,3.4,7.9-PeCDF 2

TTenratise isomer identification.

“nu;ur {somer among reaction products.
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Table 26. Thermochemical Conversion of PCBs to PCDFs (Continued)

PCB CONGENER PCDF REACTION PRODUCTS REACTION MECHANISM
2. 4.5,2',4°,6" -Hexar ioro- 1.3.7.8*TCDF°'b 1
biphenyl 2,3,6,7,9-3 and 1,3,4,7,8-PeCDF 2
1.3,4,7,9-PeCDF 3
2.3.4,2',3",64'-Hexachloro- ,4,6,7-TCDF 1
biphenyl 1.2,3,6,7-PeCDF 3
2.3.5.2",3",5-Hexachloro- 2,4,6,8-TCDF 1
biphenyl 1,2,4,6,8-PeCDF 3
2.3.4,5,2',3" .4 -Heptachloro- 2.3,4,6,7-PeCDF 1
b{phenyl 1,2.3,64,6,7- and 1,2,3,6,7,8-HxCDF? 3
1,2.3.4,7.8,9-HpCDF8 4
1.2,3,4,6,7,8- and ?
1.2.3.4,6,7,9-HpCDF8
2.3.4,5,2*,4",5" -Heptachloro- 2.3,4,7,8-PeCDFP 1
biphenyl . 2,3.64,6,7,8-HxCDF 2
1,2.3,4,7.8- and 1,3,4,6,7,8-HxCDF3:b 3
1,2.3,4,6,7,9-HpCDF® 4
201,852,334 ,5-0Octa- 2,3,4,6,7,8- and other HxCDFs 1
chlorobiphenyl 1,2,3,4,6,7,8-HpCDFP 3
OCDF 4

YTentative {somer identification.

hﬂnjor {somer among reaction products.
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of the experiment was designed to determine the optimum temperature. oxvgen,
and residence time conditions for PCDF formation. The feed into the system was
mineral oll splked with three individual PCB congeners (2,3.4 6-tetrachlorobi-
phenyl; 3,4,5.3",4',5'-hexachlorobiphenyl; and 2,4,6,2° 4" 6" -hexachloro:
biphenyl), which form PCDFs by the four reaction mechanlsms proposed bv Buser

and Rappe‘(29‘30.31)

Statistical analysis of the results of 33 runs indicates
that both temperature and oxygen have significant effects on the PCDF ~ield
and that the {nteraction tetween temperature and oxygen is synergistic. The
results indicate that the optimum conditions for PCDF formation from PCBs are a
temperature of 675°C for > 0.8 second, with an excess oxygen concentration of
8%. The residence time, in the range of 0.3 to 1.5 seconds, did not
significantly affect the yield, although the observed ylelds of PCDFs weve

lower at shorter residence times.

In the next part of the study, duplicate test runs were conducted with
mineral ofl and silicone oll dielectric fluids containing PCBs ({(Avoclor 1Z25%.:
at concentrations of 0, 5, 50, and 500 ppm. An askarel fluld containing Ttie
Aroclor 1254/30% trichlorobenzenes, and a non-PCB askarel fluid containing
mostly trichlorobenzenes with some tetrachlorobenzenes, were tested in
duplicate. PCDFs were found in all samples. PCDDs were found in the samples
from the trichlorobenzene runs and occasionally at low levels in some of the
other samples. Up to 5,700 ng total PCDFs/ml ¢ spiked feed oil or 4%
conversion efficiency (PCBs to PCDFs) was observed tor the mineral oil and
silicone oil runs.(7) Up to 19,000,000 ng total PCDFs/ml feed ofl (19 mg/ml)
or 3% conversion efficiency was observed for the askarel fluid. (7)  Statiscical
analysis showed a linear relatlonship for PCDFs formed versus the amount of
PCBs in the feed. Table 27 shows the yields of PCDF homologs from the
different runs. Under the optimal conditions, PCDFs are formed from mincr.i

oil or silicone oil contaminated with PCBs at 2 5 ppm.

Experiments conducted by Paasivirta ec al.. provided evidence to suppors
Buser's results cthat pyrolysis of Aroclo-w 1254 produces PCDFs. Paasivivea
found that the pyrolysis of Aroclor 1254 at 600°C with a 40 ml/minute aiv
stream resulted in 0.16% conversion to PCDFs which {s slightly lower but of the

same order of magnitude as reported by Buser er al. 32) The results of
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Table 27. PCDFs Formed in Combustion Studies(7)

RONS MonoCDFs DiCDFs TriCDFs TetraCDFs PentaCDFs HexaCDFs HeptaCDFs OctaCDF  PCDFs
(ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng)
Mineral 0il/ .a - 130 49 nQb o . - 180
S ppm A-1254 . - 43 23 0 0 . . 66
Silicone 0il/ - - 26 0 90 0 - - 116
S ppa A-1254 . . 31 9 150 0 . - 190
Mineral 0il/ - - 200 110 39 8.5 - - 350
SO ppa A-1254 . . 140 82 21 2.2 . . 250
Silicone 0il/ - - 290 73 62 0 0 0 420
SO ppm A-1254 . . 530 640 83 0 0 0 1,300
Mineral 0il/ 1,700 0 2,200 690 43 7 0 0 4,700
500 ppam A-1254 . - 1,300 620 170 13 0 0 2,100
(B) - - 0 13 0 0 0 0 13
Silicone 0il/ - - 2,000 740 340 45 - - 3,100
500 ppa A-1254 50 1,300 5,000 2,100 170 12 0 0 8,600

(B) C.» 0 0 0 0 0 0 0 0.4
708 A-1254/30% 810 5,100 440,000 1,400,000 6,400,000 910,000 29,000 3,400 9,200,000
Trichlorobenzene 1,900 7,000 220,000 1,109,000 4,700,000 660,000 19,000 1,300 6,700,000
(B) 28 190 310 1,200 17,000 3,000 - - 22,000
Chlorobenzene Fluid - - 2,400 2,600 5,000 0 - - 9,900
(tri with some tetra) 2,000 29,000 >13,000 >19,000 >22,000 5,200 0 0 >90,000
(B) - - 81 25 5 0 - . 110
Lab Blank 0 0 0 0 0 0 . - 0

8. = Not Analyzed.

bNQ - Not Guantitated.

€0 - Not Detected.



Paasivirta's GC/MS analysis of the phenolic fra-tion of the PCB pyrolvsis

product are presented in Table 28.

Table 28. Relative Amounts of PCDFs Formed from PCB (Aroclor 1154)
Pyrolysis and Carbon Filter from a Capacitor Fire(32)

ISOMER PYROLYSIS PYROLYSIS PYROLYSIS CARBON

$00°C 600°C 700°C FILTER

Mono-CDF 0.1 0.3 0.1 51.8

Di-CDF 13.7 12.8 5.2 443

Tel-CDF 18.8 39.3 29.4 3.9
Tetra-CDF 40.0 15.9 48.7 0
Penta-CDF 7.4 11.0 15.1 0
Hexa-CDF 0 0.8 1.5 0
Toctal PCDFs 100 100 100 100

The major PCDF homologz {dencified in the PCB pyrolysis product were (in

order of abundance):

e Trichlorodibenzofuran
e Tetrachlorodibenzofurap

e Dichlorodibenzofuran.

Monochlorodibenzofuran and hexachlcorodibenzofuran were detected as winov
components. The total concentration of PCDFs in the Enso tiltor was estimited
to be 15.8 ppn in carbon. Paasivirta found that chlorinated phenols appear to

be an order of magynitude more abundant than PCDFs in capacitor fire products.

In the experiment by Cervason, two askarel fluids were burned in a fl.we
at temperatures ranging from 400°C to 1000°¢.(33)  The first askarel.
Askarel T, consisted of 60% .CBs and 40V ctrichlorobenzenes. The rtrichloro-
benzeres were present in these isomeric forms including: 80% 1.2 4. e
1,2,3-, and < 0.2% 1,2 .5-trichlorobenzene. 50 mg of Askarel Ty was shsarbed

onto filter paper and burned. The results are prcsented in Table 29
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Table 29. Concentrations of PCDFs (ppm‘i Formed from the
Burning of Askarel Tlo )

ISOMER 400°C $00°¢ 600°cC 800°cC 1000°¢

Tri-CDFs N.D. L 20 %00 1.5 ND
Tetra-CDFs S 70 2400 4 N.D.
Penca-CDFs 4 60 1300 5 N.D.

IND. - Not Detected; detection limit of 0.1 ppm.

The second askarel fluid in Gervason's study, UGILEC T, consisted of 6HUs
UGILEC 141 and 40% trichlorobenzenes (also in the three isomeric forrs
described above). UGILEC T is primarily dichlorobenzene/dichlorotoluene. XNo
PCDFs were detected from the burning of UGILEC T at temperatures ranging from
300°C to 1000°C with a detection limit of 0 1 ppm.(33)

At the October 1985 PCB Seminar in Seattle, WA, sponsored by the Electric
Power Research Institute (EPRI), Rouse presented data on the formation of
PCDFs from arcing of PCBs. (34)  The study involved the arcing of: (a) a mixture
of trichlorobenzene and Aroclor 1254 (1:1 ratio) in oil, (b) Aroclor 12400 in
oil, and (c) trichlorobenzene in oil. The results of the first two avcing
studies are presented in Tables 30 and 31. Results of the arcing studv ot

tricilorobenzene in oil are presented later in Table 40.

The results indicate that although askarels mav contain measurable
amounts of PCDFs, arcing does not increase the concentration of PCDFs in :he

fluid.

Cooke reported on a simulated transformer fire studv using retvotill
dielectric liquids at the EPRI PCB Seminar.(3) The purpose of this studw .is
to determine the anticipated dioxin or furan level in the event of . P h
tvansformer fire. Cooke used a combustion chamber (20 inches long x 36 inches
wide) with an (njection post in the combustion region. Kerosene with .
silicone was used to set up the nuclei for the catalytic process. The il
were injected at B800°C to cascade through the 1350-800°C (optimal conditions

for PCDF formation) region.
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Table 30. PCDF Concentration Before and After Arcing
of Aroclor 1254/Trichlorobenzene Mixture
(10,000 ppm, l:1 ratio) in 0il(34)

CONCENTRATION CONCENTRATION

ISOMER BEFORE ARCING AFTER ARCING
(pph) (ppb)
Tetra-CDFs 367 173
Penta-CDFs 1,850 1,740
Hexa-CDFs .. 790 1,180
Hepta-CDFs 2,960 1,360
Octa-CDF 217 171
Total PCDFs 7,184 4,629

Table 31. PCDF Concentration Before and After Arcing
of Aroclor 1260 (10,000 ppm) in 0i1(3)

CONCENTRATION CONCENTRATION

ISOMER BEFORE ARCING AFTER ARCING
{ppb) (ppb)
Tetra-CDFs 280 270
Penta-CDFs 2.000 2.500
Hexa-CDFs 1,700 2.000
Hepta-CDFs 9130 1,000
Octa-CDF 170 150
Total PCDFs 5,080 5,920

Testc were run using Aroclor 1260, 1254, and 1242 at concentrations ot
50 ppm. Theoretically, higher chlorination in the Avoclor should lead rto
higher levels of PCDFs. Ccoke found that the PCDF formation is consistent w«with
this theoretical prediction. The conversion factor for PCBs to PCDFs was
0.0012%-0.003%, which was low under the combustion conditions. The tot.l

TCDF concentration ranged from 100-900 ppm,(35)
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FORMATION OF PCDFs FROM POLYCHLORINATED BENZENES

PCDFs can be formed in substantial amounts by pyrolysis of chloro-
benzenes. In 1979, Buser reported the formation of PCDFs and PCDDs through
pyrolytic reactions from chlotobenzenes.(30'36) Table 32 shows the resulting
PCDF and PCDD isomers identified {n the chlorobenzene pyrolyzate. In these
experiments, the pyrolysis of tri-, tetra-, and pentachlorotenzenes, using

sealed quarctz mini-ampoules at 620°C in the presence of air, yielded tetra- to
octa-CDF.

620°C

Significant quanticties of PCOFs were found in most of the pyrolyzed
samples (see Table 33). The likelihood of formation of PCDFs is highly

dependent on the concentration of chlorobenzcues in the rvaction system.

As seen in Table 33, significant quantitles of PCDFs were formed from the
tri- and tetrachlorobenzenes, and from the comblned chlorobenzene sample. In
general, the PCDFs formed had chlorine numbers of 2m-2, 2m-1, and 2m, where m
is the number of chlorine atoms on the reacting chlorobenzene. With the
trichloro- benzenes, some higher chlorinated dibenzo® rane (hepta-CDF® were
also observed; presumably, they are formed from higher chlorinated benzenes

produced during pyrolysis.

The optimal temperature for the conversion to PCDFs seer o be 500-
6C0°C. At temperatures axceeding 600-700°C, the degradation of F:0ODs and PCDFs
takes place at a faster rate than the rate of formation. In adadition to the
temperature, the retention time is an important parameter. The experimental

results are summarized in ,able 34.
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Table 32.
in the Combined

ldentificatior of PCDF and PCDD lIsomers
.1lorobenzene Pyrolyzate( )

PCDF ISOMER PCDD ISOMER
1.3.6,8-Tetra-CDF 1,3,6,8-Tetra-CDD
1.3.7.9-Tetra-CDF 1.3,7,9-Tetra-CDD
1.3.6,7-Tetra-CDF 1,3,7,8-Tetra-CLD
1.2.2.5-Tetra-CDF 1,3,6,7-Tetra-CDD
w.4.6 B-Tetra-CDF 2,3 7,8-Tetra-CDD
2.3.6.8-Tetra-CDF 1,,.8,9-Tetra-CDD
2,1, 7,8-Tetra-CDF 1,2.7.8-Tetra-CDD
1.2.4,6,8-Penta-CDF 1.2,4,6,8-Penta-CDD (or 1,2.4,7,9-1
1.3.4,7,9-Penta-CDF 1.2,3,6,8-Penta-CDD
1‘3_a¢7.8 Penta-CDF 1,2.4,7,8-Penta-CDD
1.2.4,7,8-Penta-CDF 1,2,3.7,.9-Penta-CDD
1.2.4,7,9-Penca-CDF 1,2,3,7,8-Penta-CDD
1.2.3,7,8- and 1.2,3.4,8-Penta-CDF 1.2.3.6,7-Penta-CDD
1.2.3,6,7-Penta-CDF 1.2.3.8,.9-Penta-CDD
©,2.6,7,8-Penta-CDF
..).4.,8,9-Penta-CDF
2.3.4,6,8-Penta-CDF
1.2.4,8,9-Pencta-CoF
2.3.4,7,8-Penta-CDF
2.3.,4.6,7-Penta-CDF
1.2.3,4.6.8-Hexa-CD} 1.2,4,6,7,9-Hexa-CDD (or 1,2.4.6.
1.3.4,6,7 8-Hexa-CDF 1,2,3,4,6,8-Hexa-CDD
1.2.%4,6,7.8-Hexa-CDF 1,2,3,6.8,9-Hexa-CDD-(or 1,2.3.,6.
1.2.3.4,7.8-Hexa-CDF 1,2,3,4,7,8-Hexa-CDD
1.2.3,6,7.8-Hexa-CDF 1,2.3,6.7.,8- Hexa coe
1.2.4,6,8.9- and 1.2,3.4,5,7-Hexa-CDF 1,2,3,7,8,9-Hexa-CDD
1 2,3,6.8.9-Hexa-CDF 1,2,3,4,6,7- Hexa CcDD
J.3.4.6.7,8-Hexa-CDF
1.2.3.4.6.7,8-Hepta-CDF 1.2.3,4,6,7,9-Hepta-CDD
1.2.3,4,6,7,9-Hepta-CDOF 1.2,3,4,6,7,8-Hepta-CDD
1 2.3,4,6,8,9-Hepta-CDF
1).5.4,7,8,9-Hepta-CDF
Aecea-CHF Octa-CDD
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Table 33. Formation of PCDFs from the Pyrolysis
of Chlorobenzenes(30.36)

PCDFs FORMED (ng/sample)

COMPOUND(S) TETRA- PENTA - HEXA - HEPTA - OCTA-
Trichlorobenzenes?d 400 1100 550 50 <5
Tetrachlorobenzenes® < 2 5 160 450 200
Pentachlorobenzene® < 2 <5 <5 5 10
Combined chlorobenzenes9 80 600 1100 600 60

400 mcg tortal with equal amounts of 1,2,3-. 1,2.4-, and 1.3.5-trichloro-
benzene.

b200 mcg total with equal amounts of 1.2,3 . 64-, 1,2,3,5.-, and 1,24 .5 -tetea-
chloroben