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ABSTRACT

An extensive literature search was conducted 1nto the chemical, environmental, toxi-
cologrcal, and analytical proverties of chlorinated dioxins and dibenzofurans, par-
ticularly as these relate to PCB fluids. The literature search olus consyltations
with the leading internatinnal researchers :n the field was used to orepare a timely
state-of -the-art compiiation of knowledge and theory on these important compounds.
The chemistry of these campounds suggests that while chiorinated dibenzofyrans can
form directly from PCBs, chlorinated dioxins cannot. Both, however, can be formed
from chlorophenols or chlorinated benzenes. Formation within electrical equipment
PCBs under normal operating conditions 1s not likely. There has been little re-
search conducted into degradation technigues. Soma chemical degradation techniques
and photolys1s show promise. These compounds are extremeiy persistent in the envi.
rorment, especially if protected from the sun, They are immobile 1n soil and sedi-
ment and do not biomagnify to any great extent. On a molecular basis, 2,3,7,8-TCOO
is one of the most toxic synthetic molecules known to man, although its toxicologt-
cal effects 1n man are still not wel! understood. Chemical analysis of dioxins and
dibenzofurans 1s still a developing science. Al analytical methods rely on some
form of gas chromatography/mass spectroscopy. A further development which shows
some pramise as 3 rapid screening test is enzyme bioassay.
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EPRI PERSPECTIVF -

PROJECT OESCRIPTION

There has besn inference and speculation about the potential presence and formation
of polychiorinated dibenzodioxins (PCODs) and polychiorinated dibenzofurans (PCOFs)
in polychlorinated biphenyls (PCBs), This conjecture arises from the identification
of these materials in combustion by-products of fires associated with PCB equipment.
There has not been a consolidation or review of the pertinent chemistry and toxi-
cology !iteraturs from which one could separate legitimate scientific conclusions
from unproven specuiations and myths.

This final report for RP1263-1] endeavors to fill this need for a scientific litera-
ture review and serves as a literature basis on which subsequent experimental! work
may be deveioped. There are plans for a jointiy funded project by two of EPRI's
divisions--Electrical Systems Division and Energy Analysis and Environmant Oivision--
to investigate current analytic procedurss, to analyze for specific PCOFs and PCODs
in electrical equipment fluids, and to attempt to experimentally define the condi-
tions in electrical equipment that might lead to formation of PCOFs and PCODS.

PROJECT OBJECTIVES

This project was conceived to examing and susmarize the state of the art of know-
iedoe regarding PCDOs, PCOFs, and other cyclic hydrocarbons in utility PCB fluids.
The study also was to detarming what conclusions could be made about formation
conditions and to dafine gaps in experimental data.

PROECT RESWLTS
There are 2 number of important conclusions from this study. These are:

1. The association of PCE equipment and fires leads to formation of
PCOFs and PCDDs.

2. While PCBs can lead to PCOFs, the formation of PCDDs from PCBs is
unlikely.

3. PCDOs can form from chlorophenols.
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4, PCODs can form from chiorobenzenes 1n air at temperatures Oetween 180
ang 620°.

€, PCOFs optimally form from PCBs at temperatures oetween 2/0 ano J0D0°C
and probably decomposes at temperatures above 3UUMC.

6. In unused PCBs, PCOF levels as high as 20 ppm have besn noted.

7. After a fire, levels of PCONs are less than 5X of the levels of PCOFs
measured.

8. While socrkin? or soldering does not seem to cause PCOF formation
from PCBs, we!ding creates an 1ncrease of a factor of 1.4 to S times
the ori1ginal levels.

9. There are no data regarding fires and contamnatea mingral oil.

This report is of interest and value to utility and nonutiiity personne! wno are
faced with the issue of PCOFs and PCODs in and around PCE equipment and wno neeg to
know about andlyses and toxicology. [t is also useful to those who must respong to
questions, since the report summarizes what 1s known and 1dentifies areas wnere
additional resesrch is needed.

A bibliography is provided for those who wish further details. This information
should provide sufficient background for those concerned about the presence of
dioxin and dibenzofuran in electrical eguipment. The next step, wnicn will be
addressad by other divisions at EPRI, will measure Yeveis of PCOFs n oid equipment
and will attempt to simulate extreme conditions under wniicn they might rorm. The
Coal Combustion Systems Division plans to document cleanup techniques that are used
after a PCB fire,

Ralph Y. Komai, Project Manager
Coal Combustion Systems Division

MONS 215174

vi



ACKNOWLEDGMENTS

This report on chlorinated dibenzofurans and dibenzo-p-dioxins could not nave oeen
comprled without the ai1d and cooperation of numerous pecple. Chief among tnem was
Christoffer Rappe, who provided data, figures, comments, ana counsel. Uthers wno
have particularly arded 1n the task of identifying pertinent tecnnical publications
and data sources, as well as providing.expert comments on tnis subject, incluoce
Bengt Ahling, Hans R. Buser, Gangadnar Choydhary, Paul Des Rosiers, Dennis Foent,
Anders Gara, Lennart Mardell, Otto Hutzinger, Lawrence H. K#1th, Ernest Merian,
and Thomas 0. Tiernan. Providing the utility and EPRI parspective we thanx G1!
Addis, Jacques Guertin, Harry Onishi, W. Corey Trench, John P. Wooayard, and
Walter Wayzen for their review comments. Thanks also to the EPRI Project Manager,
Ralph Komet, for constructive guidance n formulating and executing the project and
presenting the information.

MONS 215175

vii



CONTENTS

Section
1 INTROOUCT ION

Background
Project Objectives
Report Qrgantzation
k4 ACCIDENTS INVOLVING GENERATION OF PCOOs/PCOFs ANQ
OTHER RELATED CHLORINATEO HYOROCARBONS
Introduction
Electrical Power Equipment Episodes
Nonelectrical Industrial Episodes
Formation of PCDO, PCOF, and Other
Chiorinatad Organics
3 PCDO/PCOF /PCBP FORMATION
Physical and Chemical Characteristics of
PCDDs and PCOFs
Chemistry of Formation of PCODs and PCOFs
Transformer/Capacitor Chemistry

4 CHEMICAL ANO BIOLOGICAL DEGRADATION

Chemical Degracation
Photo lysis
Incineration
Biological Degradation

5 ENVIRONMENTAL PERSISTENCE
] PCOQ/PCDF /PCBP TOXICOLOGY

Introduction
Animal Toxicity
Human Toxicity

ix

MONS 215176

Page

1-1
1.2
1-2

21
Z-1
-1
2-4

6-1
6-1
6-1
6-15



CONTENTS (conttnued)

Sectton Pige
7 CHEMICAL AND BIDASSAY ANALYSES 7.1
Chemical Analyses - 7.1
Scope of the Analytical Problem 7-1
Criteria for Selecting Analytical Procedures 75
Sampiing Methods 7.6
Sample Extraction, Purification, and
Separation 7-7
Efficacy of Extraction and Cleamp
Metnodology for PCDOs/PCOFs 78
Ingstrumenta! Methods 7-9
Quantification 7-18
Confirmation 7-18
Blioassays 7-18
8 RESEARCH NEEDS 8.1
Introduction 8-1
Generation 8-1
Toxicity 8-2
Chemical and Bioassay Analyses 8-3
Environmental Persistence 8-3
Destruction/Remaval a8-4
9 REFERENCES 9.1
APPENOIX A POLYCHLORIMATED OIBENZO-p-OIOXIN CONGENERS BY
HOMOLOGUE ANO ISOMER (NUMBER OF ISOMERS) A-l
APPENOIX B POTENCY OF HALOGEMATED BIPMENYLS IN INDUCING HEPATIC
ARYL HYDROCARBON HYDROXYLASE ACTIVITY IN CHICKEN
EMBRYOS 8-1
APPENDIX C TRANSFORMER OATA FOR TESTS COMDUCTED BY CHITTIM, ET AL. c-1
APPENOIX O EXTRACTION METHODS FOR PCODS ANO PCOFs 0-1
APPENOIX E BGLOSSARY ANO ABEBREVIATIONS E-1
APPENOIX F MATRIX OF REFERENCES FOR PCBs Fel

MONS 2185177



Figure
2-1
31

6-1
6-2
-1

c-2

c-4

TLLUSTRAT IONS -

Pertinent Chemical Structures

Chemical Pathways to PCDOs, PCOFs, and PCBPs

TCOF Isomer Distributions at Five PCB Fires

The Most Toxic PCOO and PCOF [somers

PCOF Isomers Retained and Excreted In Yusho Patients

Fragmentogram (Based on Mass Specific Detection)
of a Fly Ash Sample (Above) and Standard Mixture
of TCOO (Bottom) on a §5-m Silar 10-{ Column
(1.d. 0.26 mm) (113)

Miltiple Selected [on Mass Chromatogram Obtained for
Calibration Mixture Containing the 22 TCDO [somers
(Column: 50-m Hybrid Prase WCOT Glass Capillary)
(Bremm Laboratory, Personal Communications)

Mass Fr.guntogrm (O¥V-17 Giass Capi!llary Column,
200-240°C) Showing Elution of PCODs n (a) Fly Ash
of a Municipal [ncinerator, {(b) Fly Ash of an
Ingustrial Heating Faciiity, and (c) Mcropyrolysts
Sample of Combined 2,4,6-tri., 2,3,4,6-tetra, and
pentachioropnenate; m/¢ 320, 354, 388, 422, and 456
for tetra- to octa-CODs (34)

Mass Fr ntograms (m/e 270, 304, and 338) of Pyroiyzed
Pentachi.nn:':ztny!s(SMﬁng E?udon of tr!’-, te rn-f and
p'nt.‘cw’ fr- (.) 2039‘9506'9 (b) 294|502.!5"b

(c) 20‘0503‘0"'1 (‘I 20‘1692'9"'9 and (Q) 2031692.'5"
pantachlorobiphenyl (S0-m OV-17 Glass Capiilary Colum,
100-160° at 20°/win, 160-250° at 2°C/win) (4)

Mass Fragmentograms (m/e 304, 338, and 372) of Pyrolyzed
Hexachioroniphenyls ng lutfon of tetra-, pentas, and
h'x..cw’ ﬁ.m (.) 20‘05!2'0"|5"0 (b) z!‘osvz.s‘.us.'u

(e) 2,4,5,2*,4' 6", (d) 2,3,4,2',3',4'-, [(e) 2,3,5,2',3",5',
(f) 2,3,6,2",3',6'-, and (g) 3,4,5,3',4',5'-hexachiorodbiphe-
nyl (50-m OV-17 Glass Capillary Column, 100-160° at 20°/mn,
160-250" at 2*C/min) (34)

MONS 215178

x1

C-3

C-5



ILLUSTRATIONS (continued)

Figure P30e
C-8 Mass Fragmentograms (m/e 338, 372, 406, and 440) of Pyrolyzed C-7

Hepta. ang Qctachlorotiphenyls Showing Elution of penta-, hexa-,
hepta-, and octa-COF from (a) 2,3,4,5,2',3", 4’-, (b) 2,3,4,5,2",
4' 5'-nepta, and (c) 2,3,4,5,2',3',4",5' -octachliorobioheny!

(50-m OV-17 Glass Capillary Column, 100-160* at 20°/win, 160-260°
at 2°C/mn) (34)

MONS 2185179
211



Table

2-1

3=l
3-2
3-3
3-4
3.5
3-6

3.7
41

§5-1

TABLES

Summary of Chlorinated Aramatic Hydrocarbons Oetected During
Different Accidents

Isomers of PCOFs and PCOOs

Leveis (ug/g) of PCOFs 1n Commercral PCBs

PCOFs Found at Surahammar, Sweden

PCDF Levels 1n PCB Fires

PCBz and TCOF Concentrations {ppm) 'n Used Askarels
Concentration of PCOFs in Askare] Transformer Fluids

from In-Service Distribution Transformers at GE Transformer
Manufacturing Facility

Pyrolysis of PCBs and Askarels at 500°C

Combustion Criterta for PCBs and PCDF/PCDD-Lontaminated
Wastes

PCOD and PCOF Concentration Range in Hudson and Housatonic
River Sedimants and Fish from woods Pond

Summary of Predicted Partition, Transfer, and Degradation
Constants for 2,3,7,8-TCOD

B8iological Potency and Binding Affinity of Various
Biphenylene and Bicheny! Congeners

Summary of the Dosage Associated with the Toxicological
Criteria for Yarious PCOD Conganers

Leveis of PCOFs in Samples from Yusho Patients

Ingtrumenta)l Methods Applied to Detect PCDOs/PCOFs
in Sample Extracts

List of Extraction and Clearyp Procedures Frequently Used
for PCOD/PCDF Analyses

E:]ttru:tion Efficiencies of Polychlorinated Campounds from
y Msh

x19d

MONS 2183180

718

3.2
3-9
312
3-12
315

5.3
5.3
6-11

g-15
6-18

7.2

77



Table

7-4

7.5

TABLES {continued)

Page
Influence of Time on Extraction Efficrency for PCDOs
and PCOFs 7-11
Typical Analytical Resuits for Qualrty Assurance Samples: -
Analysis of Fish for 2,3.7,8-TCDD 7-15
Quantitative Analyses of PCDF and PCOD Isomers 1n Samoles
from PCB Incidents and Incinerator Fly Ash 7-17

MONS 215181

aiy



EXECUTIVE SUMMARY -

Since 1979, research has shown a potenttal concern resulting from the presence of
chlorinated aramatic hydrocarpons associated with PCBs, predominantly polychlor:-
nated dibenzodioxins (PCDDs), polychlorimated dibenzofurans {PCOFs), and other ra.
lated compounds. These campounds occur 1n extremely low concentrations 1n PCB lig.

uids. However, some PCOD and PCOF isomers are orders of magnitude more toxic than
PCBs.

There are a limited number of direct precursors and reactions by which PCDDs can be
formed. ln order to be a dioxin precursor, a compound must meet two conditions:

(a) the comoound must be an ortho-substituted benzene ring in which one of the sub-
stitugnts includes an Oxygen atom directly attached to the ring; and (b) it must be
possible for the twe substitugnts, excluding the oxygen, to redct with each other to
form an independent compound.

The mechanisms by which PCDDs are formed during combustion are not well understood.
Two suggested sources are (a) conoensation of chlorophenols; and (b) thermal syntne-
s1s fram oroanic materials and inorganic chloride (the “trace chemistries of fire®
nypathesis).

There has been some question reqarding the role of PCBs in PCOD and PCDF formation.
Since PCBs do not fit the precursor model, PCDDs are not expected to form readily 1n
a mixture of bipheny! campounds. The analys:s of soots resulting from incidents in-
volving PCODs and PCOFs indicate the possibility of PCB conversion to PCOF or cnlor-
obenzene conversion to PCDD and PCOF in a malfunctioning transformer or capacitor,
provided that there is sufficient time at optimum temperiature and/or Oxygen condi-
tions for their formation, Ordinary working conditions do not appear to be condu-
cive to PCOD/PCOF formetian.

Electrical equipment PCB fires may begin internally or externally. I[f they begin

internally in an airless transformer or capacitor, the early stages are caused by
electrical energy in internal arcing. Under these conditions, the major combustion
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products are PCOPs; smaller amounts of PCDFs, PCPYs, and PCCYs are also found. [f
the equipment explodes or cracks and the PCBs are exposed to air, higner concentra-
tions of PCOFs will form. If the fire beqins externally, PCDFs are tne major com-
bustion product, accompanied by PCPYs and PCCYs; no PCBPs will form. PCDDs will
form only {f cnlorobenzenes/chiorcphenols are present 1n the PCB or asxarel,

The following cnemical degradation methods have been successfully testec on TCOD:
oxidation by ozone, chlorine, or chlorotodides; alkaline dehydrochlorination; cata-
lytic reduction with iron cnlorides; treatment by ruthenium tetroxide; and mcellar
catalysis using chloroiodides.

PCODs and PCOFs are also susceptible to photolysis. Investigations nave also shown
that diroxins exnibit & relatively strong resistance to brodegradation. It appears
that the predominant mode of elimination of TCDOD in so1ls is photodecomposition by
sunlight, rather than microbial degradation. In agueous ecosystems, 2,3,7,8-TCDD
may be matabolized, but the rate is extremaly slow.

Little is known aof the environmental behavior of most of these compounds; only 2,3,
7,8-TCDD has baen studied in any detail. In ganeral, TCOD is highly persistent in
soils, whers it is protected from the influence of soltar photolysis and volatiliza-
tion. It is virtually immobile in all but very sandy soils. The role of erosion as
4 transport mechanism §s unknown, TCDD is not taken up by plants to any significant
degree, and there is relatively little piomagnification in mammels. In water, TCOD
is found to be strongly adsorded onto bottom sediments.

On a molecular basis, 2,3,7,8.TCDD is one of the most toxic synthetic molecules
known to man. Both higher and lower chlorination reduce toxicity, but the toxic
symptoms of the various isomars are similar, the only differsnce being the amount
required to produce a given effect.

The PCOD and PCOF isomars with the highast acute taxicity are those with chiorines
in at least the 2,3,7.8 positions. Most of the research to date has been conducted
an the toxicology of 2,3,7,B-isomars in enimals. The toxic effects induced by 2.3,
7,8=-TCOD 1n all animal species included progressive weignt loss and ganeral weaken-
ing, with death occurring within a few wesks or months,

2,3,7,8-TCOD and other haloganated PCODs exert their toxic effects by several mech-
anisms. They were primarily found to stimulate a number of enzyme activities {mast
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notably witnin the liver), primarily nepatic s-aminolevulinic acid (ALA) synthetase
and ary! hydrocarbon hydrolase (AHH). The PCOOs which have been found to induce ALA
synthetase nive two common properties: (1) halogen atoms occupy it least three of
tne four ring positions (i.e., 2. 3, 7, 8); and (2] at least one free nonnalogenited
carbon atom ‘s unoccupted. 2,1,7,8-TCDD nas been found to De wmany grders of magnt.
tude more potent than any other known inducer of ALA,

AS a result of tna various accidents in which humans were exposed to PCDDs and
PCOFs, some eptdemrological tnformation ts avatrlable on human toxicity. Chloracne,
an often disfiguring and persistent cermatolegical disorder, is the most cowmon in.
Qicator of poisoning in the human subject.

Chemical analysis of PCDDs and PCOFs is a complex task, dictated by (1) the large
numbDer of isomers of each compound (f.e., 75 PCDD isomers and 135 PCOF isomers), ang
{2) the difficulty of seperating and 1dentifying 1somers within a given chlorination
class. 1In adaition, aany of these isomers hive not been prepared in pure form; even
the prepared ones have not been widely available.

Prerequisites for successful chemical analysis include representitive sampling and
good storage procedures; requirements for successful analysis include efficient ex-
traction, sample purificetion {containment), good separation, ultrasensitive detec-
tion and quantification, and most desirable confirmation.

There are several methods for extraction of PCODs and PCOFs from different sample
matrices. All of the mathods entail the initial addition of internal analytical
standards, followed by destruction of the sample matrix (where practical) or extrac-
tion with an organic solvent, partitioning of the PCDOs/PCOFs into an organic phase
and polar constitusnts into en aquacus phase and discarding of the latter, and liq-
uid chromatographic cleanup (and, in some cases, WPLC cleanup) of the extracts. The
cleanup steps remove matrix componants which may interfere with subsequent detection
and quantificetion of PCODs/PCDFs, such as lipids and most of the chlorinated nydro-
carpon residuas.

It 1s ganerally accepted thet the only tachnique which has Both the required sensi-
tivity and specificity for reliable detection and quantification of PCDDs/PCDFs is
coupied gas chromatography/mass spectrometry (GC/MS). The first attampt to apply
MissS spectrometry for quantitative deterwination of TCDD was the high-resolution
MmisS spectrometric tachnique. The limitations of this technique are the inability
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ta (a) distinguish TCOD fons from those originating from certain PCBs. and {d)
separate TCDD {somers.

Methods using GC/low-resolution M5 utilizes open-tubular packed gas cnromatographic
columns capabie of separating TCOD from other PCDDs of different cnlorine content,
but nave little capacity for separating aiscret: TCOD isomers. Their spectficity 1n
1somer determinations 1s derived from the cleanup methods used.

The combined GC {packed column)/nigh-resolution mass spectrometric techniques are
similar to the high-resolution MS tacnnique, but have better resolution and sensi-
tivity due to the high-resolution scanning over a narrower mass range and at i more
rapid scan rate. A further enhancement of the capabilities of the GC/nign.resolu.
tion MS technique was capillary GC columns, The use of capillary GC columms pro.
vided the capability to separate discrete rsomers of the PCDDs/PCDFs and mproved
the ability to obtain accurate quantitative data on the low concentrations of
PCDDs/PCOFs in environmental samples,

Considerable success has besn recently achieved in the separation of tetri. and
hexa-COD isomers by HPLC fractionation of discrete isomeric compounds. This tech-
niqua appears to be particularly powerful when used in conjunction with GC/MS tech.
niques, and doas not necessitete the use of captllary GC columns,

Confirmation of PCODs/PCOFs can be based on the proper molecular ions and fragments,
as well as the intensities of the jon clusters due to the chlorine 1sotopes. If a
sample contains a2 multitude of PCOD/PCDF isomers, the pasitive rdentification of
PCODS /PCDFs could be confirmed by cluster analyses.

PCODs, PCDFs, and PCBPs produce a similar amd characteristic pattern of toxic
lesions, including nyperkeratosis and squamous metaplasia of the skin, and induction
of 2 number of coordinetely expressed snzymes through stereospecific, reversible
binding to a cytosolic receptor protain. These phenomena form the basis on which in
vitre bicassey technigques have been developed for analyzing total PCOD/ PCOF bioloe
gical activity, which in turn reflects their toxic potency. The significance of the
biocassays, in sddition to assessment of toxicological effects, is their usefulness
43 a rapid and reliavle screen for detecting biologically active substances prior to
chemical identification and quantification, The two most extensively studied bioas-

Say techniques are aryl hydrocarbon hydroxylase {AMM) induction, and cell keratini-
zation,
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future research s needed primarily nto (1) the generation of PCDOS, PCOFs, and
other related halogenated dromatics in uttlity PCB flurds, (2) cnemical ang piocassay
methods for their analysis, {3) their toxicities, (4) their envirgrmental fate, ang
(5) procedures for their destruction.
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SUMMARY

Since 1879, resmarch has shown i potential concern resulting from the presence of
some chliorinated aromatic hydrocarbons associated with PCBs, predominantly poly-
chlorinated dibenzodioxins (PCDOs), polychlorinated dibenzofurans (PCDFs), and other
related compounds, such as polychlorinated biphenylenes (PCBPs), polychlarinated
pyrenes (PCPYs), and polychiorinated chrysenes (PCCYs). These compaunds occur in
extremely low concentrations in PCB liquids. However, some PCDD, PCOF, and PCBP
150mers are orders of magnitude more toxic than PCBs.

There have been a number of incidents involving these compounds, including fires,
industrial accidents, and contamination incidents resulting from inappropriate waste
disposal. Several of these incidents have involved PCB-filled electrical transform-
ers and capecitors. In each case, the electrical squipment was caught in an intense
fire. The temperatures reachad were extreme, far bBeyocnd the temperatures expected
during normal (100° to 130°C), or even overload {200° to 250°C), conditions. Other
incidents include a PCB-filled heat exchanger {in which the PCBS werw again heated,
probably in an oxygen atmosphere, for an extended period), an industrial accident
1mvolving the manufacturer of trichlorophenol, and an instance of chemical contam:-
nation from trichloropheno! memufactyuring wastes,

CHEMISTRY OF PCOOs AND PCDFs

Very little published information 1s available on the chemical and physical proper-
ties of chlorinated dioximns, dibanzofurans, and related chlorinated cyclic hydrocar-
bons. They do not react with weak acfds and bases and most redox agents, and are
only slightly soluble in weter and many organic solvents. In general, chemical sta-
bility incraasas with increasing halogen content,

There are 3 limited number of direct precursors and reactions by which PCDOs canm be
formed. [n order to be a dioxin precursor, a4 compound must meet two condittans:

. The compound must be an ortho-substftuted benzene ring 'n which one

01‘r the substituents includes an oxygen atom directly attached to the
ring.
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¢ It must be possible for the two substrtuents, excluding the oxygen,
to react with each other to form am 1ndepengent Campound.

Although these conditions Timit the nymber of direct dioxin precursdrs, there are
many ndirect precursors, 1.e., Compounds which do not fit the model, but can ge-
gradz or be transformed 1nto direct precursors. The mechanisms by which PCDDs are
formed during combustion are not well understood; thus, the effects of combustion
temperatur?, fuel characteristics, catalys!s, and other parameters have not been de-
termned. Two suggested sources are:

[} Condansation of chlorophenals.

] Thermal synthesis from any organic materials and inorganic chloride
{the “trace chemistries of fire* hypothesis),

Pyrolysis (620°C) of chlorobentenes 1n the presence of ai1r yfelds PCODs. Since
chlorobenzenas do not f1t the conditfons set down earlier for dioxin precursors, 1t
was postulated that the alkalfne hydrolysis of chlorobenzene to PCDD tnvolves & two-
step condensation process consisting of dimarization of ortho-chlorinated phenoxy
anions, followed by cyclizatfan of polychlorinated 2-phenaxy phenate. This dimeri-
zation is exothermic. Below approximately 180°C, usually very minor amounts of
PCDOs (<l ppm) are formed, but significant quantities {1 to 1D percent yields)
result at temperatures batween 180°C and 620°C.

The high-temperature air oxfdation of coal in the presence of chlorine, HCT, or MaCl
has been shown to yleld PCODs. However, coal 1s a commercial source of benzene and
cumane (& phenol raw material), so that formatian of chiorinated benrenes and phe-
nols is a probadble intermediate sten. Thermal decomposition of Tignin and polyvinyl
chlortde (typical constituents of municipal refuse) can yield phenol, cresol, cate-
chol, benzens, chlorobenzenes, HC!, etc. Thus, rather than just any organic mate-
rial serving as a potential precursor, it seems more likely that thote compounds
which can be pyrolymd to benzene, chlorobenzenes, phenal, catechol. and/ar 1nor-
ganic chlorine are sore probable indirect precursors.

There has been some question regarding the role of PCBs in PCDD formation. [n 1581,
an electrical fire in the State Office Suilding in Binghamton, New Yorx, resulted :n
the pyrolysis of PCB fluid from a transformer. Soot from this fire contained PCOFs
ang PCODS. PCBs do not fit the precursor mode! discussed earlier, and PCDDs wauld
not ba expected to form readily in a mixture of biphenyl compounds. Conceivably,
PCBs could be oxidized to polychlorinated hydroxybiphenyls, which could, fn turn,
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cyclize to form dioxins. Another reaction thit has been suggested 15 the degrada-
tion of PCBs to chlorinated benzenes, subsequent oxidatian to chlorophenols, ang
cyclization., However, neither mechanism quite fits the thermal decamposition pat-
tern for PCBs.

Tne PCB fluid at Binghamton was a mixture of 65 percent Aroclor 1284 and 18 percent
chlorobenzenes. [t was sugoested that pyrolysis of the chlorobenenes is 4 more
tikely source of the PCDDs than PCBs. This reaction was discussed earlier.

while PCDFs and PCDDs can share some of the same precursars, PCBs are the most com-
mon source of PCOFs. PCDFs Nave been detected at levels up to approx:mately 20 pom
1n a number of unused American, European, and Japanese commercial PCB mixtures.
Concentrations and isomer ratios were found to vary with the typse of PCB and the
country of origin, probably as a result of differences 1n mamufacturing conditions,
Heating of PCB mixtures n air for | week resulted in the formation of PCDFs at tem-
peratures ovar 270°C. Maximum levaels were reached at 300°C, followed by declining
levels at 330°C, suggesting decomposition. Primarily, di- and trichlorodibenzofur-
ans were formed in this experimnt,

TCOFs found in used transformer askarels ranged from approximately 0.004 to 4.7 ppm.
The concentrations of TCOF in transformer askarels were found to increase with time
in service. Furthermore, the apparent changes in TCOF concentrations caused by dis-
charging or arcing were found to be negligible, most likely bacause of the short
duration of the sparks or events causing failure. The amount of PCODs, if detected,
wis usually less than S percent of the TCDF concentrations. Small amounts of ter-
pheny], quaterphenyl, and chlorinated terpheny] were also detected in some of the
askare] samples, but they were not guantified.

Semples of used o1l taken from two capacitors (Prodelec 30l0) were analyzed for
PCOFs; no apparent increase wes detected. The formation of PCOFs when capacitor oils
idre exposed to sufficient oxygen and high tamperatures was irnvestigated by conduct-
ing laboratory tests with Prodelec 3010. The data indicated that neither sparking
nor soldaring resulted in an increase in the concentration of PCOFs: welding, how-
evar, resulted in a l.4- to S5-fold increase in PCOFs.

The above findings indicate the possibility of PCB conversion to PCDF or chloroben-

ene conversion to PCOD and PCOF in a malfunctioning transformer or capacitor, pro-
vided that there is sufficient time at optimum temperature and/or oxygen canditions
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for thetr formation. Ordinary worxing congitions 4o not appear to be CONQucCive to
PCOD/PCOF formation, It shoula also oe notea that most of the research on PCB/aska-
rel conversion nas been performed using pure Pids/askare] conversion has oeen per-
formed using pure PCBs or askarels containing at least 50 percent PCBs. The efferzrs
of dilution, &S 0 contaminated Mineral o1l, nave not oeen fully explored,

Fires 1n electrical equipment containing PC8s mave also resylted in PCOF formation,
Scot and wipe samples from PCB capacitor ana transformer fires 1n tne Untted States,
Canada, Sweden, and Finland have all contaynea PCOFs.

Electrical eguipment PCB fires may oegin nternally or externally. If they begin
internally in an airless transformer or capacitor {with either no head space or an
1nert atmosphere), the early stages are caused by electrical energy 1n internal arc-
ing. Under these conditions, the major comoystion products are PCBPs: smaller
amounts of PCOFs, PCPYs, and PCCYs are also found. PCBPs were identified for the
first time in the aftermath of a 1981 capacitor explosion in Stockholm, Sweoen.

If the squipmant explooes or cracxs ano the PCBs are exposed to air, higher concen-
trations of PCOFs will form. If the fire pegins externally, PCDFs are the major
combustion product, accompanied by PCPYs and PCCYs; no PCBPs will form, PCODs w1l

form only {f chiorobenzenes/chloropnenols are present n the PCB or askarel,

CHEMICAL AMD BIOLOGICAL DEGRADATION

Very little research has been conducted on oegradation mechanisms of dioxins ana d1-
banzofurans. This is particularly true of the PCOFs; there s almost no 1nformation
published on degradation. A number of researcners have speculated on degradation
pathways, but 1ittle actuil researcn nas osen conducted.

Several chemical degradation methoos nave oeen successfully testea on TCDD. Dzane
bubbted through a suspension of TCDD in water and carpon tetrachioride for 50 hours
achieved 97 percent degradation. Chloroiogiaes have been found to be effective in
laboratory experimants, but tests on actual soil samples have not oeen higniy suc-
cessful, Alkaline dehydrochlorination nas oeen tested on 2,4,5-trichlorapnenc!
stit} bettoms containing up to 250 ppm TCDD. The reaction product was essentially
free of 2,3,7,8-TCDD (ppt range) and otner chlorinated dioxins (1.e., more than
$9.95 percent destruction),
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Experiments were also conaucted on tne separation of 2,4-0 esters from 2,4,5.7 in
Agent Orange by fractionation, using catalytic reducttion with 1ron chlorides. OJver.
neags were found to contain 33 percent 2,4-D ester, wnereas boltoms contained §$3
percent 2,4,5-T ester. Rutnenium tetroxide was a1so found to destroy 2,7-DC00 and
TCOD 1n laporatory tests. Micellar catalys’s was tested using several chlorolo-
d10es. The most promising results have been obtained with benzalkgnium dichlorolo-
d1ge and celylpyridinium dichloroicgide,

An experimental Stuoy was conducted to assess the feasibility of the ¢hlorolysts
process (i.e., chlorine gas as the gxidant at 600°C and 2500 psig) to convert typi-
cal chnlorinated solvent wastes and Agent Orange to useful products Such as carbonyl
chloride, hydrogen chloride, and carpon tetracnlorige. Agent Orange 1mtially con-
tained 14 t0 18 pom TCDD, whereas the carbon tetrachloride contained no measurable
TCOD at a getection I'mit of [ pob.

PCODs and PCOFs are also susceptible to pnotolysis. There are basically three con-
ditions necessary for the photoreduction of chlorinated aromatic compounds:

] Presence of hydrogen donor, usually in the solvent.
. Ultraviolet (UV) light of appropriate wavelength,

. Apsorption of the lignt.

In sunlignt, only tnose compounds absoroing UV lignt aoove 290 nm are expected to be
amenap le to pnotooegracation.

There nas peen [ittle researcn congucted on thermal oestruction of PCDD, ano even
less on PCOF, Different researcners have reported 2,3,7,8-TCDD oestruction at
BOG'C. In g¢eneral, nowaver, incinerator operating congitions currently cons:idered
sdequate for TCDD destruction are a temperature of at least 1000°C and a dwell T1me
of 2 seconds. At 700°C and 2 cwel] tims of 21 seconas, only 50 percent destruction
wis achieved; at 800°C and 2 dwell time of 21 seconas, 99.5 percent destruction wis
achieved.

Investigations nave snown that di10x1ns exnioit a relatively strong res)stance 1o
brodegradation. Mott of the wark on gioxins nas oeen tocuseo on 2,3,7,8-TCDO be-
cause of its extrems toxicity. Approximately 100 strains of microogs, wnicn nag pre-
vicusly shown the ability to degrace persistent pesticices, nave peen tested. Only
five STrains were ShOWn to have the ability to cegrace 2,3,7,8-TCOD, [t ts pussiple
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that the lesser cnlorinated PCODs are more susceptible to biodegradation, as 1s the
case with PCBs. It also sppedars that the predomnant mode of elimnation of TIDD in
sails fs photodecomposition by suniight, rather than mcrobial degradation. I[n

agueous ecasystems, 2,3,7,8-TCDD may be metahalized, byt the rate 1S extremely Siow.

ENVIRONMENTAL PERSISTENCE

With tneir nfgh toxicities, the envirommental fates of PCODs and PCDFs are of fn-
creasing importance. However, Tittie 1s known of the environmental behavior of most

of these campounds. Only 2,3,7,8-TCOD has been studied in any de-ail, often with
inconc lusive results,

Primarily as a result of the 1976 PCDD incident 1n Seveso, Italy, most of the eny1-
ronmental regearch has ceatered an the fate of T(DD 1n soil. In general, TCOD 15
highly persistent 1n soils, where 1t iS protected fram the 1nfluence of solar photo-
lys1s and valatilization. It is virtuaily immobile 1n a1l but very sandy soils.

The role of ercsion as a transport mechanism 1s unknown, TCOD is not taken up by
plants to any significant degree, and there is relativeiy little biomagnification 1n
mammals. In water, TCOD is found to be strongly adsorded onto bottom sediments,

TOXICOLOGY

On a molecular basis, 2,3,7,8-TCDD is pernaps the most tox1¢ synthetic molecule
knowh to man. Only bacterial exotoxins (i.e., Botulinum Taxin A, tetamus toxin, and
diphther1a toxin) are more potent poisans.

Both higher and lowmr chiorinatian reduce toxicity, but the toxic symptoms of the
various {somers are similar, the only difference being the amount required to pro-
duce 2 given effect.

The fsomers with the highest acute toxicity are 2,3,7,8- tetra-(DD, 1,2,3,7.8-penta-
cod, 1,2,3,4,7,8-, 1,2,3,6,7,8-, and 1,2,3,7,8,9-hexa-C00, 2,3,7,8-tetra-COF, 1,2,3,
7.8- and 2,3,4,7,8-panta-COF, and 1,2,3,4,7,8- and 2,3,4,6,7,8-hexa-COF, Most of
the research to date has been conducted on the toxicology of 2,3,7,8-isomers 1n ani.
mils. The toxic effects induced by 2,3,7.8-TCOD in all animal species included pro-
gressive weight loss and general weakening, with death occurring within a few weeks
or months. However, various experiments canducted to date nave failed to provide
the exact biochemical machanisms of 2,3,7,8-TCDD lethality.
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2,3.7.8-TCO0 and otner halogenated PCODs were found to stimulate 2 number of enzyme
activities, most notably within the liver. Hepatic é -amnolevulinic acrd (ALA) syn.
thetase and ary! hydrocarbon hydrolase {AHH) were found to be 1nduced by the ores.
ence of PCDOs, particylarly 2,3,7,8-TCO0. The PCOOs which have been found to 1nduce
ALA synthetase appear to have two common oroperties: (1) halogen atoms occupy at
least three of the four ring posttions (1 e., 2, 3, 7, B): and {2) at least one free
nonhatogenated carbon atom 1s unoccupred., dvairtable toxicological data imdicate
that those PCODs that are not toxic generally do not induce ALA synthetase; those
which are lethal, even at extremely low concentrations, induce the enzyme, 2,3,7,8-

TCOD has been found to be many orders of magnitude more potent than any other known
inducer of ALA.

Microsomal monooaygenase (e.g., AMM) 1s a membrane-bound enzyme complex which cata-
lyzes the oxidative {and for certain substrates, reductive) metabolism of numerous
xenobiotics and endogenous lipophilic compounds. 2,3,7,8-TCOD 15 a highly Tipo-
philic macromolecule.

The induction of AHM and ALA by various PCODS are carried out by the sam mechanism,
Theoretically, the most logical pathway of 2,3,7,8-TCDD mtabolism is by hydroxyla-
tion at the 1, 4, 6, or 9 pogsition of the molecule by AHM, The hydroxylation of
aromatic rings 1n positions &djacent to halogen atoms is an uncommon reaction of the
cytochrome P-450 monooxygenase system, This most hikely accounts for the mtabalic
stability of 2,3,7,8-TCDD within mammalian systems. However, 1t has been postulated
that 2,3,7,8-TC0D moves into a cell and Dinds to a specific cytosolic receptor, The
receptor-dioxin complex then moves into the nucleus of a2 cell, where 1t initrates
the synthesis of a specific messenger ANA, which directs the synthesis of cytocnrome
P-450. Other 2,3,7,8-TCO0 molaculas can then react with newly formed Cytochromes,
possibly to produce reactive intermediates that reduce or impair cellular metabol-
ism, gradually inducing cell death. These metabolites may be excreted as 10nOCuOuS
by-products which may affect specific cells in other organs, Oor may act as carcino-
gens or cacarcinogans.

If the activity of AHH were increased, more 2,3,7,8-TCOD would be metabolrzed. I[f
2.3,7,8.TC0D, rather than 2 mtabolite, 15 responsible for the toxicity, then 1n.
creased metadolism by the P-450 monooxygenase system should lead to a dacredse 'n
toxicity, Conversaly, if a mtabolite(s) is responsible for the toxicity of 2,3,7,8-
TCOO, then an increase in metabolism may result in an increase 1n toxicity. Several
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studies nave shown that 2,3,7,8-TCDD 1nguces many mnzyme systems while suporessing
others. [n addition to ALA and AWM, 2,3,7,8-TCDD 1nduces tne following enzymes:

. UOP glycuronyl transferase,
. Ailoenyoe denyorogendse.

. Glutatnione transferase 8,
. OT.diapnarase.

. Senzopyrene Nyorolase.

. Glutathione S-transferase.

. Etnoxycoumarin deetnylase.

2,1,7,8-TCOD reduces the activity of the following enzymes:
. UOP-glucuronic ac1d pyropnospnatase.
. D-glucuronolactone denyarogenase.

. L-gluconate oenyorogenase,

Anotner mecnanism by which 2,1,7,8-TCDD may exert its toxic effect 1s by the ine
crease ot lipofuscin pigments. Lipid peroxidation, whicn precedes the formatton of
polymeric lipofuscing, 1s known to seriously damage memDranoys subcellular organ-
¢lles, 1ncluding ysosomes.

In one or more spectes of laboratory animals, bone marrow nypoplasia, testiicular de-
generation, renai pelvis ano urinary bladoer nyperplasia, and nemorrnage in the 1n-
testines and aqrenals nave omen observed. Chronic administration of Tow Tevels of
2,3,7,8-TCDD to rats increases the incioence of neoplasia (tumors). The most malige
nant tumors werg op<erved in tme lungs, kiongys, liver, and sxeietal musculature,
Otner ngopiasms ware found in the brain, skin, testes, ano edrs,

2,3,7,8-TCOD is a tarazogen, i1ntervaring witn only & few emoryonic or fetal develoo-
mntal processes. These teratogenic effects include impacts on normones 1nvolved 1n
reproguction, thymic atrophy, fatty infiltration of the liver, general edema, de-
layeo heaa ossification, low birth weight, feta! reaosorption, and kidney abnormali-
ties,

As a resuit of the various accidents 1n which humans were exposed to PCDDS ang
PCOFs, some spidemological information is available on human toxicity. Chloracne,
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an often drsfiguring ang persistent dermatological disoroer, 15 tne mosSt cammon 1n.
gicator of poOIsSONINg Yn tne human suoject, However, the apsence of chloroene sges
not oreclude 1ntoxication,

Liver dysfuncrion 1s manifested by nepatomeodiy ano elevation of enzyme leve!s.
Darly human exoosure to 0.01 ug of 2,3,7,8-TCO0 may result tn incitent carcinogent-
city, but existing evidence indicates tnat PCODs are at most only miidly carcino-
genic, Exposure to 4 ug of 2,3,7,8-TCOD would result 1n a shortened 1ifespan, and
davly exposure to 290 ug would Tikely cause acute toxicity.

The mmeoiate Symptoms of exposure to digxins incluok a ourning sensation 10 tne
eyes, nose, and tnroat, followeo by neaqacnes, dizziness, naised, ang vomiting,
Several acays later, severe i1tching, reoness, and swelling of the face (more markeq
over the eyelids, nose, and Tips) may develop Just prior to tme onset of chloracne.
[t has pDeen snown tnat as little as 20 ug of 2,3,7,8-TCOD on tne skin can Tead to
chioracne. Within the tnitial weexs after exposure, 'nflamed nooules as well as
pustules appear on tne face, torsarms, shouloers, necx, and trunk, Teaoing to come-
dones ana cysts. Sometimes chloracne 1S preceded by erytnemstous ana egematous sxin
Testons. After | or 2 montns, acneform eruptions emerge, and the skin oecomes
hyperpigmnted. At dprroximately the same time, muscles, primarily in tne tnigns
ang cnest area, become aqgravated ypon exertion. Insommia, extrems fatigue, ner.
vousness, irritabitity, and loss of librdo also occur quring this period.

Otner symptoms of exposure 11Clude artnral gras, pordnyria cutaned tarda, nyperlipia
demia, cutanequs nyperpigmentation, and hirsutism, Porpnyria cutanea tarda, i sxin
condition tnat Jsually occurs as a photosensitive oermatasis, s causeo by tne ge-
velopment of vesiculobuilous lestons over exposea areas. The oermatosis 1§ preciol-
TATRO Oy MNQr trauma, ano may result in areas 2f nealeo oyllae, crusts, scars, ang
milta. Blurreg vision ano the Yoss of taste and smell may also ocour.

There 15 n0O suostantive evioence to indicate mutagenic, teratogenic, Or emryotoxic
effects on fetuses from 2,3,7,8-TC0O0 exposure 1n vivo. however, caramosomal aonor-
malities nave osen reported in in vitro cytogenic stuoles on numan Iymonacytes ex-
poseo to 2,4,5.T containing 0.09 ppm 2,3,7,8-TCOD. CLhromati3d breaks ana celetions
inCreaseo witn increasing concentrations of 2,4,5-T, [t was not pessible t0 ceter.
mine wnether this was a toxic or genetic effect,
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Analyses of liver, adipose tissue, and blood samples of both Japanese and Taiwanese
patients suffering from rice 011 disease ("Yusho") i1ndicated that the highest con-
centrations of PCOFs were found 1n the Tiver, PCOF 1somers, which were metabolizes
and excreted fairly rapidly (e.q., 2,3.6.7-tetra-, 2,3,4,6,7-penta-, 1,2,6,7,8-
penta-, 1,2,3,4,8-penta-, and 1,2,3,4,6,7-hexa-COFs), nave two vicinal unchlorinateg
C-atoms 1n at least one of the two aromatic rings :n the PCOF nucleus. [n contrast,
PCOF 1somers retained 1n the bodies, such as 2,3,6,8-tetras, 2,3,7,8-tetra-, 1,2,4,
7,8-penta, 2,3,4,7,8-0enta, 1,2,3,7,3-penta, !,2,3,6,7,8<hexa~, ang 1,2,3,4,7,8-
nexa-CDOFs, have lateral postitions substituted with chlorine. The complete elimi-

natton of th1s compound from the organism 1s a function of tts capacity to change
macramolecules to more polar molecules.

In general, the c¢linical appedrance of contaminated animals and the variety of
tes10ns found during post-mortem examinations are 1i1dentical for TCDFs, 2,3,7,8-
TCODs, and PCBs. The toxicity of TCOF is approximately 10 percent that of 2,3,7,8-
TCDD, and 1000 times that of Aroclior 1242, Tha correlation of mtapolism with ge-
toxification indicates that the greater toxictty of 2,3,7,8-TCOD versus TCOF could
be the result of the relatively slower metabotism and excretion of 2,3,7,3-TC0D.
Studies indfcate that TCOF metabolism is carried out through a detox:fication mech-
anism; species that are able to mtaboiize and purge TCOF are more resistant to 1ts
acute toxicity. The multiple-organ and histologic damage may be a result of both
the relative rate of formation and the further inactivation of the reactive metabo!-
1tes 1n gifferent organs (e.g., 'iver, kidneys, stomach, etc.).

CHEMICAL ANALYSES

Chemical analysis of PCODs and PCOFs is a complex task, dictated by {1) the large
nusber of 1somers of sach compound (i.e., 75 PCOD 1somers and 135 PCOF 1somers), and
[2) the gifficulty of separating and identifying isomers within a given chiorination
class. AYY classas are quite similar structurally, and thus simiiar 1n chemcal angd
physical proparties. In addition, many of these {somers have not been prepared 'n
pure form: evan the prepared ones have not been widely avarlable. To date, the fol-
lowing isomers have been synthesized: the entire sets of tetra-, hexa-, hepta-, and
octa~-C0Ds; 2 di-, 4 tri-, and 14 penta-CODs; a)) tetra-CDFs; and some penta-COFs.

Many of the early analytical studies focused on the determination of 2,3,7,8-TCOD
because of its extreme toxicity. [n addition, this PCDD isomer was one of the ear-
liest available in sufficient ouantity to use as an analytical standard. Some of
this mthodology was gradually adapted, mdified, and expanded to accommodate
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analyses of other PCODs and PCOFs, althoush entirely new methods have also been
geveloped.

prerequisites for successful chemical analysis 1nclude representative samoling and
good storage orocedures; requirements for successful analysis include efficrent ex-

traction, sample purification (contarnment), sood separation, ultrasessitive detec-
t1on and guantification, and most des:ranle confirmation,

Sampling Methods

Sampling methods can markedly affect the resylts obtatned. [n general, the follow-
1ng dictates of good analytical practice snould be applied in sampling: homogenesty
of the sample matrin; collection of a tryuly representative sample; statistical con-
siderations with respect to replicate analyses; and the resultant effects on prec:-
s10n and accuracy. [n cases where samples are acguired by simple grapb sampling,
such considerations can usudlly be applred. [n other instances {e.g., collection of
flue gas samples from 1ncingration sources), the sampling procedures are far less
standardized, and their effectiveness and 1'mtations have not been adeguately eval-
uvated.

Sample Extraction, Pyrification, and Separation

There are severa! methods for extraction of PCODs and PCOFs from different sample
matrices:

. U.§. Environmental Protaction Agency {EPA): fish, adipose tissue,
milk, water, sorl, sediments.

. U.S. Food and Drug Admtnistration {FDA): chemical formulations,
fish.

. U.S. Fish and Wildlife Service: fish.

. Oow Chemical Company: fish, miik, fly ash, dust, urban particu-
jates, municipal sludge, soil.

. Weight State University - Bretm Laboratory: soil, chemtcal waste,
aquecus effluents, particulates.

. Umea University, Sweden: PCBs, fly ash, soot. wipe tests, blood.

A1) of the above methods entail the inittal addition of internal analytical stan-
dards, followed by destruction of the sample matrix {where practica!) or extraction
with an organic solvent, partittoning of the PCODs/PCOFs into an organic phase and
polar constitusnts into an aquecus phase and discarding of the latter, and ligu:d
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chromatographic cleanup (and, 1n some cases, HPLL cleanup) of the extracts,

cleamo steos are intended %0 remove matrix comoonents, such as Tipids, as well 3¢
most of the chlorinated hydrocarbon residues in the samole {e.g., PCBs, DDE, other
common chlorocarbon residues, and fused-ring aromatic comoounds), which may 1nter.

fere with subseousnt detection and ouantification of PCODs/PCOFs.

[nstrumental Methods

[nstrumental mpthods ~hich have been yt:ilized for detection and/or guantification of

PCODS/PCOFs 1n different samole matrices are as follows:

Methods such as UV spectroscooy, thin layer chromatography, GC/EC detection, and
TMECD have been developed for rapid screening of sampies or qualitative detection.

Uv Soectroscooy - TCDO.
T™hin Layer Chromatogranhy - biological tissye; otrls.

Eéﬁcotron Caoture/Gas Chromatography (EC/GC) - chemical formulations:
s,

Probe Mass Spectrometry (MS) - miTk; anmmal tissue.

Thermally Modulated EC Detector {TMECD) - animal tissue; chemical
formylations,

Packed Column GC/Low-Resolution MS (Selected [on Monitoring) -
chemical formulations; 1ndustrial hygiene samoles,

Packed Column GC/Hioh-Resolution MS {Selected [on Monitoring) -

animal tissue; chemical wastes; aqueous solutrons; soiis; plant
matertal.

CapiYlary Column GC/Migh-Resolution M5 (Selected lon Monitoring) -
human miik, animal tissue; water; sediments; combustion products,

Captllary Column GC/Low-Resoiution MS ({Selected [on Monitoring) -
combustion products; ofls; PCBs; human tissue.

Liguid Chromatography Packed Column GC/Low-Resolution MS {Selected
Ion Moni1toring) -~ combustion products; isosmr separation and
identification.

GC/Megative Chemical [onization MS - animal tissue; wood; human
tissue; combustion products.

GC/Megative Ton MS - animal tissue; sediments.

GC/Atmospheric Pressure lonization MS - anima) tissue; 1dentifica.
tion of isomers tn standard mixtures.
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It 1 gnoratly accepted that the only technigue which has both the required sensi-
tivity and specificity for relrable detectron and ouantification of PCDDs/PCOFs 15
coupied gas chromatography/miss soectrametry (GC/MS). The first attemot to aoply
mass soectrometry for guantitative determination of TCDO was the high.resolution
mass spectrometric technigue. High-resolution scanning was accomolished over a nar-
row mass rangs (typrcally 0.3 AMU) at a rapid rate (4 scans/secofid). Due to the
refatively high mass scectral resolution achieved, this technioue was sdeSuate for
the purposes of distinguishing the molecular ton of TCDD from ions arising from the
sample matrix (mostly biological samples). However, {t was soon realized that the
TCOD ions cou'd not be distinouished from those originating from certain PC8g, 1f
the latter were present :n the sample extract n large concéntrations relative to
the TCOD (ppm versus ppt). Another limtation of the latter method was ts inapil.-
1ty to seoarate TCDD isomers.

GC/low-resolution MS utilizes open-tubular packed gas chromatograohic colums. Thas
method was caoable of secarating TCOD from other PCDDs of different chlorine con-
tent, but had Tittle capacity for separating discrete TCDD isomers. The detection
limts achieved 1n these determinaticns were in the range of 0.001 to 0.1 pom.

Their specificity in {somer determinations was dertved from the cleamuo me thods

used. Furthermore, these methods reduired that the analyte exhibit the adoropriate
GC retention tim and a mass spectral resoonse at the aoorooriate fon masses corre-

sponding to TCDD.

The combined GC (packed column)/high-resolytion mass spectrometric techniques were
developed for deterwining TCOD in beaf tissues and related environmental samples.
These mass spectrometric mpthods were smilar to the high-resolytion MS technroue,
but were superior in that highe.resolution scanning was Qenerally accompTished over a
narrower mass range and at a more rapid scan rate. This 1moroved both the resolu-
tion capability and the sensitivity of the technique.

A further enhancement of the capabilities of the GC/high-resciution MS technioue for
analysis of PCODs/PCOFs entatled the incorporation of capillary 60 colums. The use
of capiilary 6 columns provided the capability to separate discrete isomers of the
PCDOs/PCOFs. The use of capillary colum GC/high-resolution MS also mproved the
apility to obtain accurate guantitative data on the low concentrations of PCDDs/
PCOFs in environmgntal samples.

MONS 215199

5-13



Several laboratories have increased the use of capillary column GC/Tow-resolution MS
in order to provide datd on a wide range of PCDD/PCOF isomers i1n various types of
samples, tncluding PCA electrical flurds.

Considerable success has been recently achieved 'n the segaration of tetra. and
Aexa-CD0 1somers by HPLC fractionation of discrete isomeric compounds. Thrs tech-
nigue aopears to be particularly powerful when used in conjunction with GL/MS tech-
niques, and does not necessitate the use of capillary GL columns. Mo #Eta on seoara-
tion of PCDF isomers by this method have been reported.

Recently, several newer mass spectrometric techniques have also been investigated
for the analysis of PCODs/PCOFs. Among these are negative ton MS, negative :0n
chem:cal ionization MS, and atmospher:c pressure/10ntzation MS. Results obtaineq
thus far show that all of these offer enhanced sensitivity, selectivity, and soec:-
ficity.

Quantification

To date, quantification has baen based on peak ared measursments by comparison with
either internal standards or a calidbration curve of known quantities of authentic
standards {(exterral standards). It has generally been assumed that al) isomers of a
particular PCOD or PCOF have the same response using the MS quantification. Two re-
ce;at studies on the responses of 28 and 20 different PCOF 1somers both showed a 3-
fold variation in the response using an electron 1mpact (E[) mode. Application of
the negative chemical fonization (NCI) mode, however, resulted 'n 20-fold and 25-
fold varrations, respectively. For the higher chlorinated homologues, the differ-
ences appedred to be much smailer,

Confirmation

Confirmation of PCODs/PCOFs can be based on the proper molecular ions and fragments,
as well as the intensities of the fon clusters due to the chlorine 1sotopes. More-

over, if a sample contains a multitude of PCOD/PCOF isomers, the positive identifi.
cation of PCDDs/PCDFs could be confirmed by cluster analyses.

For adegquate confirmation of PCODs/PCDFs, thers are several parameters available.
Compared to an authentic standard, the PCODs/PCOFs in the sample should have the
same following parameters: retention volume in the column chromatography in the
cleamyp steps; retention time i1n the ¢as chromytograpnic separation; molecular
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weight; fragmentation and chlorine cluster 1n the M5 detection; and di fference tn
response factors comparing the E] and the NCI modes. These parametars, 'n additiogn
to access to well-defined weighted standards, Jive the possibility of relrable anal-
ysis of PCOOs /PCOFs.

BIOASSAY AMALYSES - -

as discussed earlier, numerous clinical biomedical parameters have been shgen to be
altered 1n animais and humans recei1ving different doses of PCDDs, PCOFs, nd PCEPs,
In a number of investigations, 2,3,7,8-TCOD served as a pratotype of individual PCOD
and PCDF congeners and their mixtures. Al] of these compounds produce a similar ang
characteristic pattern of toxic lesions, including hyperkeratosis and squamous meta-
plasia of the skin, and :nduction of 2 number of coordinately expressed enzymes
through stereospecific, reversible binding to a cytosolic receptor protein. Thase
phencmena form the basis on which in vitro bioassay techniques have bean developed
for analyzing total PCDD/ PCDF biological activity, which 1n turn reflects therr
toxic potency.

The significance of the bicassays, in addition to assessmnt of toxicological
effects, is their ysefulness as a rapid and reliable screen for detecting biologi-
cally active substances prior to chemical identification and quantification. The
discussion that follows focuses on two of these bioassay techniques: ary) hyorocar-
bon hydroxylase [AHH) induction, and cell keratinization.

Aryl Hydrocarbon Hygroxylase {AHH) [nduction

The monooxygenase enzyme system, consisting of NADPH-cytochrome P-450 reductase and
cytochrome P-450, 1% an integral part of the smooth endoplasmc reticulum, and cata-
lyzes the catabolism of lipophilic compounds to more polar mtapolites.

The induction of the hepatic monooxygenases by 2,3,7,B-TCOD occurs in most tissues
of most species. These biocassays are extremely sensitive to & variety of chlori-
natad aromatic hydrocarboms, A large nusber of specific enzymes have been assayed;
the most extansively stydied of them is AMH.

AMM activity 1s a measure of cytochrome P-448. The induction of AMH is mediated by
the reversible stereospecific binding of halogenated aromatic hydrocarbons to a
cytoso! protein, the cytosol induction receptor, which mediates the nuc lear uptake
of the toxicant. The receptor is deterwined by the Ah locus in mice. The Ah locus,
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and hence the cytoso)] receptor, controls not only the induction of AWM activity but
4130 a battery of coordinately expressed enzymes.

Two lines of evidence suggest that tox:c lesions produced by TCOD, as well as Big-
chemical responses, are mediated by the cytosolic receptor. First, the binding
affinmitres of a large number of halogenited aramatic hydrocarbons for the receptor
corraspond very closely with the ranking of ctherr toxic nonnc;os, Sscong, two

xic responses produced by TCOD 1n mice, thymc involution and cieft palate forma-
tion in fetyses, have been shown to segregate with the Ah locus.

Compared with classical polycyclic aromatic hydrocarbon inducers of AHM, such as 13-
methylcholanthrene, 2,3,7,8-TCDD produces a parallel dose-response curve; both com-
pounds produce the same maximum response in AWH activity. However, 2,3,7,8-TCDD 1s
Ix 10‘ times more potent than J.methy!cholanthrene as an AWM inducer.

The AHH induction bioassay utilizes a rat hepatoma cell line which possesses low
basal AHM activity and 15 highly inducible for this enzyme. The amount of AHM In.
duction 1s determined by the fiyorimetric assay of 3J-hydroxybenzo[alpyrene formation
from benzo[aJpyrene (the substrate for the AMH enzyme assay), or by the fluorimetric
determination of 7-ethoxyresorufin D-deethylation. The binding of a specific ligand
or mixture of ligands is deterwined by masuring the dose-dependent displacement of
[34]-2,3,7,8-TCO0 previcusly bound to the protein.

Toxicity to Lells Cultured in Vitro

One of the most characteristic responsas to TCOD is nyperkeratasis of the sxin.

When XB cells derived from a mouse teratoms are cultured at high density (to prevent
spontanaous diffentiation) along with lethally irradiated 373 cells, the addition of
TCOD produces a dose-related keratinization response, as detected by red staining
with Rhodanile blue. This is a direct effect of TCDD on X8 cells, and w11l occur in
the absence of the fesder cells 1f the teratoms cells are cultured in 3T3-condi-
tiomed media. XB cells contain the cytosol receptor, and respond t3 TCOD with 2
dose-related induction of AMM activity.

Other halogenated aromatic hydrocarbon congeners, ncluding PCODs, PCOFs, PCBPs, and
azobenzenes, were also found to tnduce keratintzation although to a lesser extent
than 2,1,7,8-TCDD. Keratinization could also be induced by some nonhalogenated aros
matic hydrocarbons, such as benzanthracene and 5,5-benzoflavone. Since 2,3,7,8-TC2D
is the mast potent, but not the only tnducer of this hyperkeratiniZation response,
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this effect is referred to as “droxin-like” activity. Unrelated toxing, however,
failed to produce keratinization 1n the X8/3T3 culture system. Furthermore, a cor.
rslation has been demanstrated between the degree of toxicity of vartous TCOD 150-
mers and congeners and the extent of hyperkeratinization response,

The X8/373 system 13 extremely semyitive, 1nducing keratinization with as Jittle as
3.2 picograms of TCOD. In addition, this system 1s particularly relevant as a
mode!, since 1L dedls with an 1nduced differentiation of the intact cell using an
endpoint (hyperkeratinization) known to be relevant to human exposure (1.e., chlor.
acne).

RESEARCH NEEDS

Future research 1s needed primarily into (1) the generation of PCDOs, °COFs, ana
other related halogenated aromatics 1n ut1l1ty PCB flurds, (2) chemical and bioassay
methods for their analysis, (3) their toxicities, (4) their environmental fate, angd
(5) procedures for their destruction.

Generation of PCODs, PCOFs, and Related Compounds

Since avaflable informagtion on both conditions amd quantities of formatton is 1nsuf-
ficient angd of ten contradictaory, future studies should focus on better delineating
the generatton of PCOFs, PCODs, and PCBPs. Standard and non-standard operating con-
ditions should be compared with optimum formation conditions to determne 1f forme-
t10n 15 Indeed possible, and if the necessary precursors exist :n PCA fluxds. Such
tests would provide specific tnsights into the chemistry, mechanisms, and oot imum
resction conditions favoring the formation of these compounds from PCB flurds,

The data on structure-biological activity relationships for 2,3,7,8-TCOD 'n lavora-
tory animdls are extensive, while other PCOD homologues have been studied to a les-
ser degree. Toxicological data for PCOFs and PCBPs are very limited, as are data on
the synergistic effects of two or more of tne above by-products. For these com-
pounds, specific data are lacking on acute lethality, chronic toxicity, carcinogeni-
city, teratogenic and reproductive effects, mutogenicity, and tmmunotoxicity. There
are significant gaps in the relationship betwean the receptor theory and the induc-
tion of chioracne. Data on such effects as the extent of enzyme induction through
specific receptor binding and cell keratinization should be acquired through broas-
say techniques.
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Chemical and Bioassay Anatyses

Several areas require additional research 1n order t0 1mprove the caoabi )i ties far
analysis of PCODs/PCOFs. Such areas include (1) synthesys ang isolatran of addr-
tional pure PCOD/PCOF 1somer standards for use 1n calibration and metnods develop-
ment; (2) symthesis of additional compounds which are chemically sxmilar to PCODs/
PCOFs, and which mav represent Interferences 'n PCOD/PCOF analysis {e.g., dipheny)-
ethers, hydroxy- and methoxy-0PEs, and PC8s) for methodology evaluation; {3) deve!l-
opment of higher resolution GC and/or LC colums for isolation of PCODAPCOF 1somers,
{4) research on more specific detection, quantification, and confirmation methods,
including possibly postitive and negative ion chemical ionization MS, atmospnertc
pressure fonization MS, and MS/MS; (S§) research 1nto an 1somer-specific analytical
method to differentiate between tox1c and nontoxic isomers; and (6) research i1nto
rap d chemical and/or biological screening mthods; and {7) standardrzation of
sawling methods, such as wipe tests, and establishment of criteria to 'dentify tne
significance of results obtained via different sampling methods.

Environmental Persistence

The environmental pathways of these compounds need to be better defined. Nerther
the pathways nor the rates [other than general overall rates) for their physical m-
gration and decay have been determined with any certainty. Further research 1s
needed on photolysis to define the role and abundance of hydrogen donors, and the
exact conditions under which measurable photolysis w1l occur 1n arwr, water, and
s0i1. The role of uptake/ metabolism of these compounds by biota and their result-
ing fate in both water and soil needs further 'nvestigation.

Destruction/Removal

Since thesa compounds are both persistent in the emvironment and toxic to animals
and humgns, mOre resedrch needs to be directed towerd the development of chemical,
physical, and/or biological mthods for effectively treating wastes containing

PCDFs, PCODs, and PCBPs, as wal!l as 3011 and weter contaminated with these by-
products.
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Section 1

INTRODUCTION

BACKGROUND

fFollowing promstgation of the Toxi¢ Substances Control Act by the U.S. Congress 1n
1976, the U.S, EPA issued restrictions in May 197G on the mamufacture and conwmercral
use of polychlorinated biphenyls {PCBs). Unt{l the above regulations were 1Ssped,
many transformers and capacitors contained PCBs. It has been estimated that since
1932, 135,000 transformers containing PCAS have been put into service in the United
States (1),

The production of PCBs in the United States ceased in 1977, while some PCB equip-
ment has been removed or replaced, many PCB.containing transformers and capacitors
are still in use. [n addition, due to past manufecturing and transformer servicing
practices, trace amounts of PCBs have been introduced into mineral oil-filled equip-
ment. Hance, it 13 1ikely that, in addition to askarel transformers and capacitors,
many of the o11-filled transformers currently in service contain PCAs 1n concentra-
tions ranging in the low parts par million.

Since 1979, research nas shown a potential concern resulting from the presence of
some chiorinatad aromatic hydrocarbons associated with PCBs, predaminantly poly-
chlorinated didenzodioxins (PCDDS) and polychlorinated dibenzefurans (PCOFs ).

Traces of similar compounds, such as palychlorinated biphenylenes (PCBPs), poly.
chlorinated pyrenes (PCPYs), and polychlorinataed chrysenes (PCCYs), have al1so been
reportad in sosm samples. These compounds occur in extremely low concentrations 1n
PCB 1iquids. However, some PCOD, PCOF, and PCBP isomers are acutely toxic as deter-
mined by laboratory tests on animals and demonstrated in industrial incidents.
Tonicitias of some of these fsomrs are orders of magnitude higher than PCBs.

PCOO and PCOF compounds have been found in the original PCB fluids mamufactured 1n
the United States, Eyrope, and Japan. Several PCB accidents in which PCODs and
PCOFs were prominent have also been documented, including the Yusho incident n
Japan invalving ingestion of PCOF.contaminated rice 0f1, and a similar subsequent

incident in Taiwan. More recently, a fire involving electrical equipment contawning
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PCB flutds 'n a Binghamton, New York. office burlding produced scot which was “oung
to contain PCOFs ang PCODs. These findinas indicate tnhe possibility that ©00Q0s,
PCOFs, ang otner related cnloryrated aromatic compounds can form from askarel f'yigs
at high temperatures,

PROJECT OBJECTIVES

The purpose of this study s t0 determine tne state of kno-ledue—cn the formation af
PCODs, PCDFs, and other related cnlorinated aromatics 1n on-ling electrical egquip-
ment containing PCBs, and to provide EPRI with a techmical planning tool for formy-
lating 1ts future research on this subject. The specific objectives of this study
are as follows:

. The state of knowledge 'n the ares of PCODS/PCOFs 1n utility drelec-
tric fluds.

* Recommend future research needs 1n the areas of PCOD/PCOF faormation
10 ut1lity electrical equipment, thear chemical and brological anal-
yses, environmental fate, toxicologqy, and techniques for their
destruction.

Specific information in this report was ccllected by (1) literatyre search; (2)
attendance at the 184th Natignal Meeting of the American Chemical Society in Kansas
City, Missour! (September 1982), and the 3rd [nternational Symposium on Chiorinated
Dioxins and Related Campounds in Salzburg, Austria (October 19B2); (3) discussions
with leading researcners (worldwide) 1n the subject area; (4) contacts with trans-
former service companies and manufacturers; and (5) discussions with representatives
of the ut lity industry.

REPORT ORGAMIZATION

Section 2 of this report getails a numoer of incidents 1avolving the generation of
PCODs and PCOFs. The pnysical and chemical characteristics of PCODs and PCOFs,
along with their formation chemistry and the chemistry of transformers/capacitors,
are presanted in Section 3, Physical, chemical, and biological degradation of these
chemicals and their persistence in the environment are discussed 1n Sectrons 4 and
5, respectively. Toxicological effects on laboratory animals and humans are dis-
cussed in Section 6. The cyrrent status of analytical procedures for the determini-
tion of PCODs and PCOFs is reviewed in Section 7. This review includes both chem: -
cdl and biocassay anaiyses. [n Section 8, recaommencations are made for future re-
search needs. These recommendations reflect the identified data qaps 'n each of the
subject areas covered 'n Sections 3 through 7. Additional information pertinent to
the topics discussed in this report is presented in Appendrces A through 0.
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Section 2

ACCIDENTS INVOLVING GENERATION OF PCDDs/PCOFs AND OTHER
RELATED CHLORINATED ARCMATIC HYOROCARBONS

INTRODUCT [ ON

In this secti10n, we examing a number of 1nCtdents including fires, 1ndustrial acct-
dents, and contamnation ncidents resulting from inappropriate waste disposal. The
common thread running through these incidents 15 the production or release of poly-
chlorinated dibenzo-p-dioxins {PCODs) and divenzofurans (PCODFs), some of which are
extremely toxic (Figure 2-1). In some of the 1ncidents, there 15 also evidence of
the production of other chlorinated polynuclear aromatics, such as the polychiori-
nated biphenylenes (PCBPs) and polychlorinated pyrenes (PCPYs) (Figure 2-1}.

A number of these incidents involve PCB.filled electrical equipment, including
transformers and capacitors. In esch case, the electrical equipment was caught 1n
an intense fire. The temperatures reached wre extreme, far beyond the temperatyres
expected during normal (100" to 130°C), or even overload (200" to 250°C), condi-
tions, Other incidents include a PCB-ftlled heat exchanger (in which the PCBs were
dgain heated, probably in an oxygen atmosphere, for an extended period), an 1ndus-
trial accident invalving the menufacturer of trichlorophencl, and an instance of
chemical contamination from trichlorophenol manufacturing wastes.

ELECTRICAL POWER EQUIPMENT EPISODES

Toronto, Canada

In December 1977, a transformer substation burned in Toronto, Canada. VYery little
has been published concerning this incident, but it has been cited that the PCB
fluid originally contained 0.05 ppm PCOFs; the ash produced contained S ppm (2). Mo
information was reported regarding distrtbution, health effects, or chemical analy-
ses.

Norrtidlie, Sweden

In September 1978, an intense fire burned & capacitor battery north of Norrtalje,
Sweden. Eightesn PCB capacitors were burned to various degrees, and some exploded.
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Eramination of the flurd again showed & large 1ncrease tn PCOF concentrations (2,
3). Concentratrons of PCOFs on nearby objects (fences and pine trees) were below
getectton limits. Samples of blood taken fram firefighters showed PCB concentra-
t1ons (2.3 to 3.6 ug PCB/g) within normal limts and no detectable PCOF (2).

Binqhantan, New York -

{n February 1981, an :ntense fire occurred 1n the utiltty room of the 18-stbry Sing-
hamton State Office Burlding (Bingnhamton, New York), resulting tn the loss and
apparent pyrolysis of 180 gallons of PCB flurd from a transformer (4, 5, 6). The
fire was apparently electrical 1n oriqin, and produced & fine SO0t which was distri.
buted throughout the butlding by the ventilation system (4).

Analysis of the soot revealed PCBs, PCOFs, PCDOs, and PCBPs. when PCODS and PCOFs
were discovered, cleaning was suspended ndefinitely, and the buirlding was sealed.
Although the buillding was unoccupred at the tme of the fire, over 450 persons
claimed that they had been exposed to the chemicals, and many have filed surts
against the state (6). Mo published description of the symptoms experrenced by
allegedly exposed opgrsons was given.

Stockhoim, Swaden

In August 1981, another electrical fire occurred 'n a 10-kV capacitor battery 1n a
power station 1n Stockholm, Sweden. Like the Binghamton fire, this 'ncident 1s
thought to have been caused by a maifunction of the electrical equipment. Analysts
of residues at Stockholm also showed PCOFs and strong evidence of PCBPs. Unlike the
Binghamton fire, no PCODs were found (3). Mo 'njury or 111ness was reported 1n con-
nect10n with this fire,

Skovde, Swaden

ln March 1982, a 400-Y capacitor battery serving a high-fregquency oven in 3 metal
treateent factory burned in Skdvde, Sweden (3). The capacitors involved were both
mineral oil-containing and PCE types, and the fire appears to have been unrelated to
equipment malfunction, Of 21 PCB.filled capactitors, 12 were ruptured during the
course of the 2-hour fire, which reached at least 10B0°C in some parts of the capa-
citor room. The smoke from the fire was distributed throughout the 100 x 200-ft
{30 x 60-m) building.
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Analys1s of soot samples showed PCOFs, but no PCODs or PCBPs. Another series of
chlorinated compounds was detected; molecular weights and numbers of chlorines cor-
responded to polychlorinated pyrenes (PCPYs), but no confirmation or quantitation
was possible due to the lack of standards (1).

NONELECTRICAL INDUSTRIAL EPISODES
Chick Edema

A. L. Young has reviewed the di0x1n porsoning eprsodes known collectively as “chick
egema” (7). During 1957, m1lions of chickens died after consuming feeds contam -
nateg with 1,2,3,7,8,9-nexachlorodrbenzo-p-diox1n (HCOD). Clinical signs of the
disease 1ncluded labored breathing, unsteady gait, subCutanecus edema, and sudden
death, The birds were found to have excessive fluid 1n the abdominal cavity and the
pericardial sac, and swollen, palid livers. Mortality was reported to be as hign as
S0 percent. The contaminant, known as “chick edema factor," was isolated n the
early 1960's, but the structure was not elucidated unttl 1967.

Chick edema disease was essentially dormant through the 1960's until another out-
break i1n 1969. On this occasion, it was learned that dioxins had accumulated 1n the
edible tissues of the chickens. [n edCh case, feeds had been supplemented with fats
and fatty acids, generally by-products of stearic and oleic acid mamufacture. [t

was speculated that the fats were contamnated with coomercial chlorophengls, which
were contamnated by or conwverted to dioxins during heating.

Yusho { Japan)

In October 1968, Japanese hedlth of ficials became aware of an eprdemic disease that
came to be known as "Yusho.* Victims exnibited such symptoms as acne-like skin
eruptions, pigmentation of the skin and mucous membranes, swelling of the eyelids,
increased eye discharge, hyperkeratotic plague on the soles of the feet and palms of
the hands, and hypsremia of the conjunctiva (8, 9).

The cause of the dissase was eventually traced to certain lots of rice oil (Kanem)
Produced during February and March 1968 (9). It is speculated that the oil was con-
taminated during vacuum distillation via pinhole leaks in the piping of a heat ex-
changar. The heat exchanger used PCB fluid as the heat exchangs medium, and it
maintained the distillatton tank at 230°C. GC analyses showed 2000 ppm "Kanechlor®
brang PCB fluid in the ofl (2).
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A 1971 report set the number of Yusho cases at 1001 (3). A subsequent report set
the number at 1200 (10). Patrents showed detectable concentrations of PCBS n thertr
subcutaneous fat. Birth defects and retardation of normal growth were also noteg
Of 13 babies born to women affected with Yusno, 2 were stillborn, 10 had hypercio-
mentation, and 9 had 1ncreased eye discharge (E}. Pigmentation disappeared 1n 2 to
S months (H). Children 1n1t1ally exhibiting retarded growth cauBnt up with a no=-
ma] control group within a few yedrs (E).

After the general potential for PCOF and PCOO contamnation of PCBS was reported,
used PCB flurd and the rice 011 involved tn the Yusho pO1SONINg were reanalyzed. No
significant levels of PCOD or PCBP were found (10). PCOF was found 1n both fluids

(15 6 and 5.65 ug/g, respectwvely} (3, 10, 13, 14, 15}.

Other analyses of the rice 011 1ndicated that, 1n additi0on to the PCDFs present,
there were aiso other chlorinated compounds, 1ncluding quaterphenyls (PCDs), quater-
phenyl ethers (PCQEs), and terphenyls (PCTs) (Figure 2-1}. Most of the “unknown
organo-chlorine compounds” were 1dentified as polychiorinated quaterpnenyls (PCOs),
and most of these were hepta- or octachlorogquaterphenyls (18).

Yusho (Taiwan)

Hedlth authorities in Taiwan reported a second outbreak of Yusho 10 the Taichung ang
Changnua areas of Taiwan 1n 1979 (17, 18). It is reported that 1900 people were af-
fected by PCB-contaminated rice 011, but no further Information was oiven Concerntng
the ori1gin or production of the oil (E). The researchers presume that the o011 was
contaminated by the heat exchanger durina mamufacture (18). Analysis of the contam-
inated 011 showed both PCBs and PCOFs (18). Blood sampies from affected patients
aiso showed PCBs (17) and PCOFs (19).

St. Louts, Missouri

Between February and October 1971, trichiorophenol (TCP) distiliate residues fram
the Northeastern Pharmaceutical and Chemical Company (NEPACCD) 1n southern Missour)
were collected by a salvage oil company 1n St, Lours (Figure 2-1). Tne 13,000 gat-
lons (68,130 liters) collected were dumped into a large holding tank, along with
other waste 011 and sludge. During May and June of that year, the salvage company
spriyed three horse arenas with waste oil from the tank to control dust. In subse-
quent weeks, Uirds, mice, cats, dogs, and horses exposed to these areas became siCk
and died. Among surviving horses that were pregnant, 25 abortions occurred, and
many foals died soon after birth, some with manifest deformties (20, 21). Several
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children exposed to the contamnated arenas became 111, with symptoms ncluding
chloracne, headaches, aching joints, and 1nflammation of the iidneys (21).

One Nittle girl developed hemorrhagic cystitis following repeated exposure to cne of
the arenas. [n 1977, Beale, et al., reexamned her and found that she Nad grown
normally. Detarled physical, chemical, &nd neurologicai examtnations of ihe cnhild

and ner mother and sister (who were also exposed, but to a lesser extent) were nor-
mal (7)

Laboratory anaityses of so1l fram one of these arenas showed approximately SOO0D opm
TCP, 30 ppm TCOD, and 1350 to 1590 ppm PCB (21). 2,3,7,8-TCDD was found to be a
major component of the PCODs, and 1,3,7,8-TCOD a minor one; no tri1- or penta-CODs
were detected (C. Rappe, Personal Communication). [n additron to PCODs, approxi-
mately 3 ppm PCOFs were found (mainly 2,3,6,8-TCOF, with some 2,3,7,8-TCOF ang
traces of penta- and tr1-C0Fs) (C. Rappe, Personal Communication). Furthermore,
polychloroxanthenes (PCXs) (Figure 2-1) were found to be a major component (primar-
1iy 1,2,4,6,8,9-hexachloroxanthene, with traces of pentachioroxanthene} (C. Rappe,
Personal Communication). [t should be noted that hexachloroxanthene is a major
impurity 1n commerciral hexachiorophenes (C. Rappe, Personail Communication), The
pharmaceutical company waste storage tank, left undisturbed, was analyzed 'n 1574,
and showed approximetely 300 ppm TCDOs, 3D percent TCP, and no PCBs (21). The PCBs
1n the soil spparently came from the wastes of another, unidentified company,

Following an anonymous phone call 1n 1979, the EPA began further 1nvestications of
NEPACCO's waste disposal practices. Eventually, 30 sites 1n the Spring Raver Basin

of southwest Missouri ware 'dentified. Results i1ndicated widespread distripgtion of
2,3,7,8-TCOD attriputable to NEPACCD's waste disposal (22).

Seveso, ltaty

One of the largest accidental TCDD incidents occurred in & TCP mamnufacturing plant
north of Seweso, [taly, in 1976. The reiction went out of control, and the vessel
vented to the itmosphere, releasing a caustic cloud which settied on seversl come
mnities to the south of the plant. Because the exact nature of the chemical cloud
wis not known, the company tried to deemphasize the levels of toxic chemicals 1ne
volved, and no immediate pubiic health precautions were taken (7, 23, 24).

Within a week of the accident, widespread phytotoxicity {poisonous to plants) was
evident, small animals ware dying, and children were being admitted to hospitals
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wrth burns. Tests confirmed that the chemical cloud consisted orimarily of 2,4,5.
zrlchloronhenol. contamnated with 2,3,7,8-TCOD and traces of 1,3,7,8-TC0Y. 2.7- or
2,8=a1-C00, 2,3,7-tr1-C0D, and mono-COD (25). Minor amounts of tri. and tetra-COF
were 3150 found 1n the first sampies (25). The last sampie was andlyzed 1n Marcn
1977 for the presence of other neutral and phenolic compounds. Apart from the PC2Ds
ment loned above, traces of di- and trichlorophenols, tet=d- and hexachiorotenzene,
pcH, ang ODE were detected.

Areas where TCOD concentrations measured 0.001 pom or more were evacuated (7)
Children 1n other local areas were evacuated during the day; such areas were closed
to nonresidents, and vegetable growing and anmmal breeding were forbrdden {7, 2.
Analyses 1ndicated that 98 percent of the TCDD was sorbed 1n the top 4 cm of the
sorl (7). Estimates of the total TCOD deposited varied from 450 to 3000 9 (7, 23).

Decontamnation measures that were eventually taken 1nc luded vacuuming, scraping.
and washing of walls, floors, and cerlings; removal of most of the furmiture; and
removal of the top layer of sovl 1n gardens and orchards.

Reports on hedlth impacts resulting from the accident vary concerning the number of
people affected. The number of chioracne cases ranged between 134 and 137, with
most of the cases occurring 1n children (L 26). Chlioracne symptoms were rarely
severe and seldom recurred. Where they recurred, it was usudlly 1n mld to very
mld cases (1). Neurological damage was reported 1n 13 adults, but no liver or gas-
trointestinal damage was documented (27). Another report indicated no apnormal neu-
rological findinas, and no laboratory evidence of significant hepatotoxicity or de-
ranged porphyrin metabolism (7). Analyses througn 1980 'ndicated no stgnificant
changes in either the general or cause-speci fic mortality rate 1n the area (28).

FORMATION OF PCDO, PCOF, AND OTHWER CHLORINATED ORGANICS

PCOD, PCOF, and other chlorinated organics have been formed 1n the af termath of
these accidents, and have been detected both alone and in various comoinations,
Table 2-1 summarizes the toxic products formed in each case. It is difficult to
cospare the results from each incident because of the different sampling methods and
sample matrices (wine tests, soot samples, etc.).

PCOO Incidents

PCODs have been accidentally produced in the course of a few of these incidents, and
under widely varying circumstances. The PCO0s (or simply "dioxins™) found 1n the

[
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wake of the explosion 1n Seveso have become & byword for tndustr)al envirormental
contamrnation. As much as 5.5 to 6.5 1b (2.5 to 3 kg) TCDD ware released (_?__}. al-
though some estimates are much lower As previously stated, 98 percent of the TCOD
1s straongly sorbed 1n the top 1.5 1n {4 cm) of so1). Ongoing decontamination
efforts nave been focused on removing topsorl, depositing 1t 1n the evacudted 2one,

and finding & way to decontamrnate 1t, possibly through extended biological degra-
datron (7],

Table 2-1

SUMMARY OF CHLORTNATED AROMATIC HYDROCARBONS
DETECTED OURING DIFFERENT ACCIDENTS

hceident PCO0T  PCOFs  PCOs  PCOEs  PCTs PR PCPYy  PCCYs  PCTy PLOPEY  Reference
Toroato 5 pom 2
forrtal jo {1978} 45-107 ?
ve/y
§inghauton 2.0- 128 . . . “ 29
iy 2,16)
" [ ]
Stocktho la {1941) 43104 . . . H
ue/y
Skowde 0.01- . . 30
U.??i
wia
Chick Edwms . !
tho, Jaban L-18 . . . 14
"
Yushe, Tiiwen 0. ) . i
[ ]
[ ]
St Lowty B ¢ . 21

Seveto :2,» . ' n

* Ouantification ang confirmetion nnt pestible dee 20 lack of 1tanferds

Seveso 1s the only TCDOD incident for which “operating conditions" are known. Ther-
mographic records at the plant shomed an uncontrolled increase 'n the temperature of
the reaction vesse!, following fallure of a safety shutdown device, The mixture wis
heated at 230 to 240°C for 4 to 5 hours and 3 to 4 atm before a safety disc rup-
tured, releasing nearty the entire mixture (7},
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The waste 011, which contained sti1ll bottom residues from TCP manufacture and was
used to control dust 1n Missoury horse arenas, contained sufficient TCDD to yield 30
pom TCOO 1n a soil sample {21). When the waste 011 storage tank was examined later,
1t was found to contain 300 ppm TCOD (21). As noted above, 2,1,7,8-TCOD has been
found 'n disposdl sites throughoyt the Spring River Basin, As of mid-1982, 30 pos-
sible s1tes had been 1dentifieu, and 1nvestigations had accounted for agpproximately
110 b of still bottom-derived TCOO.

In the Binghamton State Office Buildina fire, PCOOs ware formed during the cambus-
tion of transformer fluid consisting of PCBs and chlorinated benzenes. The New York
State Department of Health analyses found 2.8 and 2.9 pom {ug/q) 2.1.7,8-TCOD 1n the
soot when dupiicate analyses were run on a single sample (4). Another sample of
s00t was analyzed and reported to contain 20 pom PCOD and 0.6 pom 2,1,7,8-TCOD {29).
PCODs ware not found 1n the residues of the other transformer fires. Rappe, et at.,
attributes this difference to the presence of chlorinated benzenes 1n the dielectric
fluid, as PCDO is known to be formed in the pyrolysis of chiorinated benzenes (13).

PP _Incidents

PCOFs have been detected 1n more inctdents than PCDDs; they have been found n all
PCB fires in which mepasuremints were taken, as well as 1n the Yusho poisoning 1n.
cident. [n the Binghamton transformer fire, 273 and 124 ppm PCOF were reported for
duplicate analyses of a soot sample (4). [t is thought that thrs represents 2,],
7.8-TCOF, but positive confirmation of the structure was not possible due to a lack
of internal standards. Rappe reported additional analyses of soot, giving 12 ppm
for 2,13,7,8-TCOF, 25 ppm for total tetra-COF, 670 ppm for penta-COF, 965 som for
nexa-COF, 480 pom for hepta-COF, and 40 ppm for octa-COF {29).

PCOFs were observed in the residues from al)l the fires 1nvolving PCB.filled caocdc:-
tors. At the transformmr station in Norrtalje {in 1978), PCOF concentrations ranged
from 1.1 ppm in an undamaged capacitor to 75 ppm in the fluid left inside an ex-
ploded capacitor, and 52 ppm on the outside of that same expioded capacitor (2). Mo
PCOFs wers detected on nearby trees, or in the blood samples taken fraom firefighters
{2). Absolute confirmetion of specific isommrs was not possible {2, 1),

In the 1982 fire in Skovde which burned 21 PCB capacitors, PCOFs were found on the
floor in and near the capacitor battery, on the wall of the capacitor room, and on 4

bench; 2,3,7,8-TCOF was found in all but the last instance {3). [n the 1982 Stock.
hoim fire, seven tetra-COFs and 11 penta-COFs ware 10antified and quantified.
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In the Yusho incident, PCOFs were found tn the rice 01l. The o1l showed concentra.
tions of 4 to 5 ppm after contaminatton with approximately 1000 pom PCE, Tests of
various PCB mixtures indicate PCOF contamination of 1 to 18 pom; using 10 ppm PCOF
tn PCB and 1000 ppm PCB 1n rice 011, 0.01 ppm PCOF 1n rice 011 would be expected.
Actual findings of S ppm support the view that PCOF was formed from the PCB after

prolonged heating {_1_‘_. QL In a laboratory simulation of the steam dist:llation
process used, PLOFs were formed fraom the PCBs (32). -

when Yusho broke out agatn 1n Taiwan, resgarchers reported 53 to 405 pom PCB tn the
toxic 011 and Q.18 to 1.68 pom PCOF (18). From blood samole analyses, 1t also ap-
peared that some oils, which were not avaiiable for analysis, had contained much
higher levels of PCB (18). No i1dentification of the PCOFs was reported.

Other Polychiorinated Oroanics

In addition to PCDODs and PCDFs, a number of other polychiorinated organics hive been
detected in samples from these incidents., PCQs, PCOEs, and PCTs were all detected
in Yusho 01} from Japan (16); PCOs and P(Ts were detected in Yusho 011 1n Taiwan
(18). PCBPs ware detected tn the residues of the Binghamton and Stockholim (1981)
fires (3, 4). Evidence of polychlorinated pyrenes {PCPYs) and polychlorinated

chrysenes (PCCYs) was found the 1982 Stocknolm fire and in the Skovoe fire; poly-
chioroxanthenes {PCXs) were found in the St. Louis incident,
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Section ]

PCOD/PCOF/PCOBP FORMATION =

PHYSICAL AND CHEMICAL CHARACTERISTICS OF PCODs AND PCODFs

goth the dibenzo-p-dioxin (or dioxin) and dibenzofuran compounds have a triple-ring
structure consisting of two bentene rings connected by a third ring. [n the digxin
{shown betow), the connection 1s through a pair of oxygen atoms,

The middle ring of the didenzofuran contains oniy one oxygen atom, as shown below.
1
(©Owe)
(] : 3
o 4

Both compounds can have chloring atoms at any or all of the numbered positions on
the benzene rings. Theorstically, there are 75 possible different potitional iso-
mers of chlorinated dioxins, from mono- to octachloro, and 135 different chiorinated
dibenzofuran isomers (Table 3-1 and Appendix A) (33, 34).

Vary 1ittie published information is available on the chemical and physical proper-
ties of most of these compounds, particularly the polychlorinated dibenzofurans
(PCOFs). The unsubstituted dioxin moiety is stable to at least 700°C and possibly
to 1150°C (33). The 2,3,7.8-tetrachloro isommr is the most studied isommr dus to

1ts tonicity, This isomer is symmetrical across two planar axes. [t is sparingly
soluble in water and in most organic solvents; it is relatively inert to acids,

Jases, onidation, and reduction, and is extremly lipaphilic. In ganeral, chemical
stability and lipopnilicity incramase with increasing halogen content, although

higher chlaorinated isomers are more readily subject to attack by strong acids and
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bases. 2,3,7.8-TCDD is a solid at room temperature, melting at 3105°C. The octa.
chloro isomer melts at 130°C.

Table 3.1
ISOMERS OF PLCOFs AND PCODs

Sumber of [somers

Chlarine
Substitution PCOF s PCOOs

Mono- 4 2
Bi- i6 10
Tri. 28 14
Tetra- 38 22
Penta- 28 14
Hexa - 16 10
Hepta- [ 2
Octa- 1 1
135 78

CHEMISTRY OF FORMATION OF PCDOs AND PCOFs

A summary of chemical pathways to PCDDs, PCOFs, and PCAPs :s given 1n Figure J.1.

Polychlorinated Dibenzo-p-Dioxins (PCDOs)

There are a limited number of direct precursors and reactions by which PCODs can ce

formed. [n order to be a dioxin precursor, a comoound must meet two conditions
(33):

[ The compound must be an ortho-substituted benzene ring 1n which one
o: the substituents includes an oxygen atom directly attached to the
ring.

] It must be possible for the two substituents, excluding the oxygan,
to react with each other to form an i1ndependent compound.

An example of the idea! dioxin precursor is as foilows:
@4
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Figure 3-1. Chemical Pathways to PCDDs, PCDFs, and PCBPs
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A reaction between two of these molecules could yield a dioxin and 2 XY motiecules,
as follows:

ax v 9
QO — O

Although the number of direct dioxin precursors 1s relatively smal! because of the
conditions set forth above, there are many indirect precursors, 1.e., COMpOunds
which do not fit the model, but which can degrade or be transformed into direct pre.
cursors., This will be discussed in more detat] later

Buser (25) and Rappe, et al. {ﬁ). have 1danti1fied the following basic reaction for
chiorinated dioxin formation:
. Dimerization of chlorophenaols and phenoxy acids {pyrolytic and oho-

tochemical) - A bymolecular reaction 1n which the relative ratio of

1somers formed depends on the concentration of the chlorophenates;
ylelds decrease 1n more dilute systems, sych as contamnated mineral
olls.

[} Cyclization of predioxins {pyrolytic and photochemical} - Unimolecu-
lar, and thus concentration-independent.

) Dechlorination of higher chlorinated PCOOs - Unimolecular, and thus
concentration«independent.
] Direct chiorination of dibenzo-g-dioxing.

The dimerization reaction (rxm 1) basicaily follows 2 two-step mechan:sm (31}~
on v ,
Q. 0—0ro—
x o (rxn 2)
» LY Ly 3

The intermediate dipheny! ether compound is called a predioxin., Typically, a predi-
oxin wil] eithar ¢yclize to dioxin or brea down to the precyrsors. Ffor example, 1n
one test, [rgasan DPI0D, a compound with a predioxin configuration

LI
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was heat®d to 980°C (36). The reaction yielded both dioxins ang precursors. Be-
cayse of such competing reactions, dioxins are seldom found 1n more than trace gquan-
tyities, [t has been shown that the higher chlorinated predioxins are amenable to
seif-congensation, while the lower chlorinated predioxins apparently do not readily
cyclize further {37). For i1nstance, 1n one test, irradiation of 2, 4.dichlorophenol
yreloed a predioxin, but no further reaction (13}, h

Temperatures for dioxin formatton by dimerization/cyclization have been reported at
values from 180°C to 620°C {33). Sandermann, et al. (cited by Chouchry and Hut-
zinger) (38), odbtained octachlorodioxin (OCDD) (6 percent) and hexachlorobenzene (51
percent) upon heating 100 g of pentachloropheno?! tn a closed tube at 300°C. Espo-
si1to, et al, {33), reported guantitative yirelds of OCOD from heating the sodium salt
of pentachlorophena! at 360°C. Ahling and Lindskog {39) found that combustion of
tri- and tetrachlorophenols at 500" to 600°C can yield PCOD. Duckett {40) reported
temperatures for dioxin formation from pentachloropheno! ranging from 310° to 370°C.

Howaver, the farmation of dioxing from chlorophenols is exothermic, although there
are no published data on the amount of heat released (41, 42). This fact, comdined
with the need for heating to initiate the reaction, suggests that one or more of the
redction steps in the dioxtn formation sequence has a high activation energy. The
high activation energy contridutes directly to the 'ow ynelds. [n addition, the
boiling points of many dioxin precursors are lowr than the reaction temperature
range. Thus, there is a2 lots of precursor molecules before reactions can ocour
(40). Most laboratory syntheses of dioxins rely on closed reaction vessels or pres.
sure to keep precursors in the [iquid state.

Another mijor source of penta- and tetra-COD isomers is photochemical sechlorination
of higher isomers, mainly OCOD {43). The principal toxic isomers, 1,2,3.7,8-penta-
chloro and 2,.3,7,8-tetrachloro, are not as readily formed as other penta- and
tetrachioro isomers. The major hepta-CDD formed is the 1,2,3,4.6,7,9-substituted
tsommr, indtcating a preferential loss of lateral! (2,3,7-, or 8-) chlorine atoms
{44, 45). The major hexa-CDD formed is either 1,2,4,6,7,9- or 1,2,4,6,8,9-hexa-C00
{44). The major penta-COD is expected to be the 1,2,4,6,9-substituted isomer, and
the major tetra-C0D is 1,4,6,9-tetra-COD (44). These reaction products show a
prefergntial resova) of the lateral chlorine atoms, Lower isomers (di- and tri-
chloro) may be formad Dy irradiation, but they decampose via the same route, and
thus do not accumulate (46).
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Other known sources 1nClyde condensation of catechols with polychlorobenzenes or
chloronitrobenzenes {13} (Figure 2-1). Pyrolysis {620°C) of chlorobenzenes 1n tng
presence of air yields PCODs (33, 47)  Since cnlorobenzenes do not fit tne cong:.
trons set down ear lrer for dioxin precursors, duser (25. 49} has postulated that the
alkaline nydrolysis of chloropenzene to PCOD 1nvolves a two-step conoensation pro-
cess from ortho-chlorinated prenoxy anions via a polychlorinated 2-phenoxy phenate.

c €, - [ -] Gl c
sosioatopsemicec s
=] -1} 1= 1 [~} o

This dimerization 15 exotnermic. Below approximately 180°C, usually very minor
amounts of PCDOs are formed {<! pom), but significant guantities (! to 10 oercent
ylelds) result at temperatures over 180°C {25).

Dioxins have also been detected 1n restdues fram a variety of combustion processes,
including municipal incineration, the burning of fossil fuels, wood 1n wood stoves,
and cigarettes {50). Precursors of dibenzo-n-dioxing are also known to be formeg
after simply adding hyorogen chloride to the flaum of a Bunsen burner {50). Most
investigations have been centered on municipal incinerators and industrial heating
plants. Olie, et al, {50), for example, analyzad fly ash samples from a municipal
incineratar in Netherlands, and found averane PCOD concentrations of 2056 ng/g.
Hexachioro {sommrs predomnated, followed by heptachloro isommrs. Libert:, et al,
(52), found total concentrations of PCODs and PCOFs on the order of 1300 oob 1n
[talian municigal incinerator fiy ash, They suggested phenolics plus chlorine or
HC! as precursors. Buser, et al. (53), also detected PCODs 1n Swiss muntcroal fly
ash, The major isommrs detected were the same as those formed 1n the pyrolytic
dimerization of the more common chlorgphenates, namely the 2 ,48-dt-, 2,4,6-tr1-,
2,3, 4,6-tetra-, and pentachliorophenates.

The mechanism(s) of PCOD formation in fly ash {s presently unknown. Two suggested
sources are:

[ Condensation of chlorophenals.

[ Thermal synthesis from any organic materials and 1norganic chloride
(the “trace chemistries of fire® hypothesis) (54},

However, even i1deal PCOD precursors, such as polychlorophenals, show very low PCOD
conversion efficiencies. Thus, although every chlgrinated organic compound or
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organic campound/inorganic chlorine mix might be regarded as a potential precursor,
the range of likely precursors for formation of detectable guantities of PCODs 1
orobably not that broad {$S). Conseguently, 1t 15 unltkely that organic material/
ynorganic Chioride reactions wil] produce PCODs.

The nigh-temperature air oxidation of coal in the presence of chlorine, HC, or daCl
has been shown to yreld PCODs (47) However, coal is a commrcial sowrce of benzene
and cumene {a phenol raw materval, Figure 2.1}, so that formation of ehlorinates
benzenes and phenals is a probable intermediate step. Thermal decomposition of lig-
nin (Figure 2.1) and 0olyvinyl chioride (typical constituents of municipal refyse)
can yreld phenols, cresols (Figure 2-1), catechrols, bentene, chiorobenzenes, HCI,
etc. {46, 56}. Thus, rather than just any organic material serving as a4 potential
precursor, 1t seems more likely that those compounds which can be pyrolyzed to ben-
zene, chlorobenzene, phenols, catechols, and/or inorganic chiorine are more prodadle
indirect precursors.

The mechanism(s) by which PCODS are formed during combustion is still not well
understood; thus, the effects of combustion temperature, fuel characteristics,
catalysis, ang other parameters hive not been determined (57). Townsend (58) has
suggested that dioxins created within a combustion source probably have a compo-
sition which reflects the chemical conditions within the gource. Upon emission, 2
chamical equilibrium process takes place, yrelding isomer ratics reflecting the
chemical conditions of the atmosphere. However, this theory has not been generally
accepted.

There has been some question regarding the role of PCBs 1n PCDD formation. In 1981,
an electrical fire in the State Qffice Building 1n Binghamton, New York, resulted 1n
the pyrotysis of PCB fluid from a transformer (4, 5. §). Soot from this fire con-

tained PCOFs and PCODs. PCBS do not fit the precursor mode! discussed earlier, and
PCODs would not be expected to form readity in a mixture of bipheny) compounds (59).
Conceivably, PCBs could be oxidized to polychlorinated hydroxybiphenyls which could,
in turn, cyclize to form dionins (ﬂ). Another reaction that has been suggasted 1s

{47):
“ .
(-2 (O —
{rxn &)
Cin ]

Clpoy

However, neither mechanism quite fits the thermal decomposition pattern .for PCBs.
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The PCB fluid at Binghamton was a mixture of 65 percent Aroclor 1254 and 15 percent
chlorobenzanes. Rappe, et al. (ﬂ). have suggested that pyrolysis of the cnloroben.
zenes 15 a more likely source of the PCODs than PCBs. This react:on was discussed
earlier,

Polychlorinated Dibenzofurans (PCOFs) -

wWhile PCOFs and PCDOs can share some of the same precursors, PCBs are the sost com-

mon source of PCOFs. Buser and Rappe (14) have 1dentified four basic mmchanisms of
PCOF formation from PCBs:

@_@ "o (ran 5)
Cly -] Sy o

—— L 1]
ey n Ciy er Oly {rxn 6)

ey o Gy Sy ° Ciy
oty " Oty iy o Sty

Reaction 4 involves the 'oss of the ortho-C!. Reaction § is a loss of HC1 involving

a 2,3-chlorine shift, Reaction & has a loss of ortho-HC!. Reaction 7 involves &
Yoss of ortho-H.

PCOFs have been identified as trace contaminants at the ppm leve! 1n a number of
Amrican, European, and Japanese commrcial PCB mixtyres (13, 53, 62, 63).
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concentrations and isomer ratios vary with the type of PCO and the country of or)-
gin, probably as a result of differences 1n manufacturing conditions (Taple 3.2).

For tnstance, Bowes, et al, (63), detected PCOFs in American-manufactured Aroclor

1260 and 1248 at total concentrations of 0.8 and 2.0 ppm, respectively; none were

detected n 2 single sample of Aroclor 1016. The total guantities of PCOFs n

Garman Clophen A-60 and French Phenoclor OP-6 were 25timated to be 8.4 and 1.6 oom,
respectively (62). PCOFs have also been detected 1n severa) Japanese-made PCBs at

concentrations fram ! to 20 ppm, with the highest concentration in a sample of Kane-
chior KC-400 {11, 14).

Table 3.2
LEYELS {ug/9) OF PCOFs [N COMMERCIAL PCBs

Sample Tri. Tetra- Penta- Hexa- Hepts- Total Reference
Aroclor 1248 (1969) 0.5 1.2 0.3 - 2.0 63
Aroclor 1242 - 0.07 0.03 0.003 - 0.15 65
Aroclor 1242 - 2.3 2.2 N.0.* - 4.5 is
Aroclor 1243 0.1 0.25 0.7 0.8] - 1.9 64
Aroclor 1254 élﬁQ‘ - 0.1 0.2 1.4 - 1.7 63
Aroclor 1254 (1970 - 0.2 0.4 0.9 - 1.8 63
Aroclor 1254 - 0.02 0.2 0.4-0.6 . 0.8 66
Aroclor 1254 (KK 602) - 0.05 0.1 0.02 - 0.2 64
Aroclor 1254 - 0.1 .6 1.9 - 5.6 is
Aroclor 1260 0.06 0.3 1.0 1.10 1.3%5 3.8 64
Aroclor 1260 (1969) - 0.1 0.4 0.5 - 1.0 63
Aroclor 1260 - 0.8 0.9 0.5 - 2.2 15
Aroclor 1260 (AK 3 - 0.2 0.3 0.3 - 0.8 §3
Aroclor 1016 (1972 - K.0. K.0. N.0, - - 63
Claphen ASQ - 1.4 £.0 2.2 - 8.4 63
Clophen T&4& 0.1 0.3 1.73 2.45 0.82 5.4 64
Panoclor DP-§ - 0.7 10.0 2.9 - 13.6 63
Prodelec 3010 0.41 1.08** (.35 0.07 - 2.0 64
Kanechlor 400 - - - - - ca. 20.0 66
Mitsubishi (used) 2.13 4.00 .30 0.53 - 10.0 (1

* N.0. = None Detected.

** Major 1sommr 2,3,7,8-tetra-COF,

PCOFs can also form during PCB use. The best known example of this is the “"Yusmo®
incident in Japan, which is discussed in more detai) in Section 2. The PCBs, which
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had leaked from a heat exchanger, had PCOF/PCB ratios 200 to 250 times higher than
that of the original Kanechlor KC-400 (11, 64). Furthermore, the PCDFs 1n the vushg
011 contained the same isomers as a sample of used PCAs {10). This suggested that
most of the PCOFS had been formed in service {_6_2_). Similar PCOF rsomer ratios have
been detected 17 other used Japanese PCBs (43).

In an experiment designed to duplicate the Yusho 01] 1ncident, Morita, et al. (1Y,
heated PCBs in air for | week. PCOFs were formed at temperatures over 270°C, reach-
1ng 4 maximum level at 300°C, and then declining at 330°C, suggesting decomposition
Pramarily, dr- and trichloro dibenzofurans were formed '1n this experiment, while
tetra- and pentachloro rsomers were found 'n the Yusho 011. Jansson and Syndstrom
(2) showed that, at 550° to 650°C, 0.5 to 2.8 percent of PCBs converted to PCOF,
while no net formation was observed above 700°C.

Other sources of PCOF inciude condensation of chlorophenates and chlorobenzenes,
photochemical degradation of higher chlorinated isomers, Eycliution of polychiory.
nated diphenylethers and polychlorobenzenes, and direct chlorination of dibenzofur-
ans (45), Buser (45) showed that octachloro 1somers could be photochemically
dechlorinated to tetra~ and penta-COFs. The preferential positions for photochem: -
ca) loss of chlorine in the dibenzefuran system have not been studied. [n their
discusston, Choudhry, et ai. (47), noted that both chiorinated diphenylethers and
chlorobenzenes will yield PCOFs and PCDDs when heated to 600° to 620°C. Chlgrophe-

nois and chlorobenzenes can form PCDFS via an intermediate polychlorinated dipheny!-
ether (PCOPE) (25, 33).

LY -1 * INaCl + wel

PCOPEs usually occur as contaminants 1n chlorophenols, and are known to form PCDFs
by thermal, photochemical, or metal-catalyzed reaction (68). PCOPEs and PCOFs
probably form early in the reaction when large concentrations of chlorobenzenes are
still present, whereas PCODs are formed toward the end of the reactfon (68).

Fires in electrical equipment containing PCBs have resulted 1n PCOF formation,
Jansson ang Sundstrom (3) investigated the aftermath of & 1978 capacitor fire 1n
Swaden. Whereas the original PCB contained 1.1 to 1.3 ug PCDF/g (amounts of mono-,
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di-, tri-, and tetra- 1somers about eouai), PCH sampies from ynside the expiooes
capacitors averaged 81 ug PCDF/g PC8 (approximately one-nalf of PCOF di- rsomer,
one-third mono~-, and the rest tri-, with a trace of tetra.}, and samples from tre
ins1de surfaces contained 45 to 107 ug PCDF/g PCR (predomnantiy d1- and mono- 'so-
mers with some tri- and a trace of tetra-). Soot from a 1977 transformer fire tn
Toronto contained 5 ug PCC7/g, while the original PCB contained 0.05 ug PCOF/q {2).
During the course of the 1981 Binghamton State Office Building electrical fire, tre
secondary dushing of a 1100-galion (4160-11ter) transformer cracked, releasing about
180 to 200 (680 to 760 liters) gallons of transformer flyid (65 percent Arocior 1254
PCB, and 35 percent tri. and tetrachiorobenzene) (69, 70). Chemicai-contamnated
500t was spread throughout the buirlding by the ventilation system. Two soot compo-
site samples collected from the stairweils contained 120 and 270 ppm 2,3,7 ,8-TCOF
(70). Anatyses of soot sampies by Stalling and Rappe/Buser showed PCOF/2,3,7.8.TCOF
leveis of 756 ppm/3.7 ppm and 2160 ppm/ 12 ppm, respectively (70).

In September [982, a 500-uni1t capacitor battery at a steel mill 1n Surahammar, Swe-
den, was igmited by 10 tons (9090 kg) of muiten stee). The capacitors were filled
with PC8s (2 tons [1818 kg]) and mneral oi) (3 tons [2727 kg]). The fire burned
for 2 to ] hours, and filled the entire building with smoke. Table 3-3 presents the
results of analyses of wipe samples.

There have Deen several other capacitor fires after which PCOFs were found, such as
those at a paper mil) in [matra, Finland (August 1982), and Volvo 1n Skovde, Swegen,
Table 3-& presents a comparison of the gross PCOF from several incidents. Figure 3-
2 shows very similar TCDF isomer distribytions fram these same 1nCidents,

PCDFs have also bean detected in fly ash samples from municipal 1ncinerators and 1n«
dustrial heating facilities. I[ncinerator fly ash from the Netherlands averaged 1309
ng PCOF/9 (51). Incinerator fly ash from italy aversged about 1300 ppb of combined
PCDD and PCOF (S2). Fly ash from an industrial heating facility and municipal 1n-

cimerator in Switzerland contained 0.3 and 0.1 ppm PCOF, respectively (§3). Thus

far, the exact source of the PCOFs in fly ash is unknown, Buser, et al. ($3), pyro-
Iyred comsercial PCBs in gquartz tubes, and produced the same relative PCOF 1somer

ratios that wire detected in the Swiss fly asn, suggesting that PCBs were tne source
of the PCOFs. Other researcners have suqgested that the similar rsomer distributron
is a function of the reaction surface (qQuartz tubes are 5105, and fly ash is gener.

ally over 50 percent 5105), and do not necessarily indicate the same precursors
{72).
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Table 3-3

PCOFs FOUND AT SURAHAMMAR, SWEDEN (ng/md)”

Sample Location TCOF 2.3,7.8 TCOF Qe [ P o,
Capacitor Room iSm!e 1; 4000 a75 3300 1800 1500 300
Capacrtor Room [Sample 2 1100 365 1250 940 625 145
N.E. Corner, 10 m hei1oght 1250 300 kL1 150 45 13
S.E. Corner, 10 m neight 480 120 210 140 60 k1]
N.E. Corner, floor 100 25 27 15 L] 2
S.E. Corner, floor 90 22 25 v 17, 4
10 m Oytside, downwind <250 <25 <25 (5) <60 (10) 58 17
300 m Qutside, downwind <250 <25 <25 (5) <60 (lO) <30 az |
After Cleaning (Sample 1) <20 <4 <10 <12 <15 Zue
After Cleanming (Sample 2) <40 <8 <20 <20 <30 )

Source: C. Rappe, Personal Communication.

* Wipe tests.

** Possibly due to Clg-CIw PC8 1n casting sand.

PCOF

ite

Skoevde (foundry, wall-ventilated)
Skoevde (basement capacitor room)
Danniken, Sweden

Surahammar, Sweden

Imatra, Finland

[matra, Finland

8inghamton, New York

Table -4
LEVELS [N PCB FIRES

0.01 ug/mz None

0.8 ug/mz None

1.5 uglmz 1.5 uq/mz

1-10 ug/m? Less than PCOFs
1-3 ug/mé Less than PCDFs
1.5 pom

2160 ppm Less than PCOFs

* Quantification not possible due to the lack of standards.
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Figure 3-2, TCOF Isomer Distributions at Five PCB Fires
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TRANSFORMER/CAPACITOR CHEMISTRY

Askarei transformers are those transformers designed and manufactured %o contain a
Irquid fire-resistant, eiectrically 1nsylating coolant {askarel), consisting of 0
percent (500,000 ppm} to 100 percent (1,000.000 pom) commercral PCB products ‘56),
and up to A0 percent trichiorobenzene (1). The term "PCB transformer,” as oefineo
1n 40 CFR, Sec. 76l.3(y), 'ncludes all :skarei transformers (as defined apove), olus

transformers f1lled with mneral o)} but contamnated with PCHS at comcentrations of
S00 pom or greater.

Most PCB-f11led electrical equipment 15 desioned tO Operate 4t temperatures of 100°
to 130°C, and transformer “hot spots” are typically no greater than 13%°C {86) Al
units may contain air, but most newer Ones have an 1nert atmosohere, usudlly nitro-
gen. Askare! units are sealed, but some seais can deterrordte with time, permitting
the entry of air and water. Mydrochloric acid can be cenerated, leadinp to nterna!
corrosion. Water can cause arcing. Internal transformer malfunctions can cause
bushings and winding connections to became white hot. During these occasional
short-circuit episodes, temperatures reach 200° to 250°C for a few minutes. In
cases of an arc where the transformer fails, maximum tamperatures may reach 1000°C;
these failyres occur within fractions of a second (ﬁ). Capacttors typtcally nper.
ate below 100°C. In those capacitor failures resulting in rupture, heating and 1n-
ternal arcing may have occurred prior to rupture.

Samples of used oil taken from two capacitors (Prodeiec 3010} have been analyzed for
PCOFs; no apparent increase was detected (see Table 3-2) (19, 64). The formation of
PCOFs when capacitor oils are exposed to sufficient oxygen and high temperatures was
investigated by conducting laboratory tests with Prodelec 3010 (19). The data :ndy-
cated that both sparking and soldering did not result 'n an increase 1n the concen-
tration of PCOFs; waldings, howaver, resuited 'n a l.4. to §-foid increase tn PCDFs
(19).

Samples of used askare)] taken from transformers manyfactured in the United States
and Canada have also been analyzed for PCOF concentratfons. For instance, both bulk
samples of used askare! and air in a transformer maintenance workplace were ana-
iyzed; results showed trace TCOF concentrations (0.013 to 0.116 ppm) in the flyuids,
and no detectable concentrations 1n the avr (73}, Two samples of used askarel were
3150 analyzed by the National [nstitute of Environmenta) Heaith Sciences (74}

Fluid A, obtained from a transformer of early manufacture but unknown extent of use,
contained 0.7 ppm PCOF (66). Fluid 8, a bulk sample of used askare! obtained from a

MONS 215230



transformer maintenance operation (66}, contained 4.7 ppm PCOF (74), The PCOFs
found 1n Fluid B consisted primarily of octa-COF (4.5 ppm), and no detectablie tetra.
TCOF .

In 1979, Chittim and coworkers (1§_) 1nvestigated the formation of TCDFs n transfor.
mer askarels, using gas chromatography with a oacked column. They reported TCOF
concentrations ranging from aporoximateiy 0.004 to 4.7 pom fn used askarels [Table
3-5). The amount of PCDOs, ¢ detected, was usuaily less than 5 percent of the TCOF
concentrations (75). Semall amounts of terpheny!, quaterphenyl, and chlorinated ter-
pheny! were also detected in Some of the askare! samples, but they were not quant).
fied. The concentratfons of TCOF 1n transformer askarels were found to increase
with time 1n service. Furthermore, the apparent changes in TCOF concentrations
caused by discharging or arcing were found to be negligible, most likely because of
the short duration of the sparks or events causing fajlure. [t shouid be noted that
the authors themselves acknowledged the 1imitatfons of the applied analytica) method
(t.e., packed chwomatographic column).

In 1982, the General Electric Company (GE) submitted a sample of used askarel
(obtained from the Canadian Genera) Electric Company} to both 4 university-affili.
ated and an ingustrial laboratory for PCOF analysis. \sing high-resciution gas
chromitography/mass spectroscopy (GC/MS), the industrial laboratory found PCDFs on
the order of 1.0 pom or lower {66). The university-affiliated laboratory found ro
PCOFs at detection limits of 10.0 ppm for tetra- and pentachloro isomers, and 1.0
pom for hexa-, hepta-, and octachloro fsomers (§6).

Subsequently, GE submitted four additional samples of used askarel to the same 1n-
dustrial laboratory for PCOF analysis (66). These samples had been obtained from
in-service distribution transformers at a GE transformer mamufacturing faciiity 1n
the United States during the course of norma) maintenance activities. The results
of these analyses, presanted in Table 3-6, show PCDF concentration ranges from 0.62
to 1.86 ppm in 40-year-old askarels; these PCDF concentrations are cowparable to the
PCOF concentrations reported for umysed Aroclors.

The formation of PCDFs when askareis are exposed to sufficfent oxygen and high temp-
eratures was demonstrated by conducting laboratory-scale pyrolysis at 500°C of two
PCS mixtures [Arocior 1254 and Aroclor 1016) and thwee askarels (Chlorextol, Pwra-
nol, and Ingrteen) (75}. The results of these tests (Table 3-7) 1ndicated the
formation of high concentrations of PCOFs. Aroclor 1016 generated sfonificantly
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Table 3-%

PCBz* ANO TCDF CONCENTRATIONS (ppm)
IN USED ASKARELS (75)
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Table 3-6

CONCENTRATION DF PCODFs IN ASKAREL TRANSFORMER
FLUIDS FROM [N-SERVICE DISTRIBUTION TRANSFORMERS AT
GE TRANSFORMER MANUFACTURING FACILITY (75)

Sample Date Total PCOF
Number Type of Transformer Installed {pom} % PCB
k] Single phase - 100 kvA 1940 1.1 56.4
2300 vt -~ 115/230
115 gallons (435 liters)
fluid
23 3 phase - 1250 kvA 1947 0.62-0.82 66.2
1380 vt -- 48QY/277
490 gallons (1855 liters)
fluid
LY 2 phase - 375 kvA 1938 1.84-1.86 60.1
2300 vt .- 550
31.5 gallons (119 liters)
45 Sinale phase - 100 kVA 1939 0.64-0.86 656.8
2300 vt .- [20/240
42 gatlons (158 liters)
*Pyre Aroclor
1254" (control) 0.62-0.82

3-17
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Table 3-7

PYROLYSIS DF PCBs ANO ASKARELS AT 500°C (75)

Mass of Tetrachlorodibenzofurans Formed

Per Gram of
Mass Position Actuai Startin Average of
PCB or Pyroiyzed . Mass Materia Total ~ Sots Runs
Askarei  (mg) Sampie (ug}) (vg/q) (Q+€) {ug/g)
Arocior 25.0 0 2.20 88.0
1254 o .33 53.2 141.2
169.3
40,0 1] 4.90 122.5
c 3.03 75.8 197.3
Aroclor 25.0 1] 0.038 1.%2
1016 o 0.027 1.08 2.60
2.53
40.0 Q 0.072 1.80
¢ 0.026 0.6% 2.45
Pyrano) 25.0 1] 0.53 21.2
¢ 0.53 21.2 2.4
NA
0.25 1] 0.048 191.7
¢ 0.074 287.0 488.8
Inerteen 0.2% Q 0.030 118.3
¢ 0.030 121.9 240.2
193.1
0.2% Q 0.033 133.7
o 0.003 12.2 145.%
Chlorexto! 0.25 Q 0.022 9.5
c 0.025 100.2 193.7
221.1
0.25 Q 0.021 g2.8
¢ 0.041 165.7 248.5

* Sampling paints:

Q0 = immdiately after the reaction tube; C = 2 cold trap
furthar along in the reaction apparatus.

3-18

MONS 215234



jess PCOF tham Aroclor 1254 when pyroiyzed. These resuits were to be expected sincs
Arocior 1016 has iowar chlorine content, and thus does not cContain as much of the
nigher chlorinated biphenyls (1.e., penta- or hexachloro), which are the necessary
grecursors of TCDFs,

As discussed above, PCB conversion to PCOF or chiorobenzene comversion to PCOO and
PCOF might be possible 'n a maifunctioning transformer OF capacitor, provided that
there 1s sufficrent time at optimum temperature and/or oxygen conditions for their
formation, Ordinary working conditions do not appear conducive to PCOD/PCDF forma-
tion (66}).

As described 'n Section 2, electrical equipment PCB fires may begin 1nternally or
externally. [f they begin 1nternally in an airless transformer or capacitor (with
e1ther no head space or an 1nert atmosphere), the early stages are caused by etec-
trical energy in interval arcing. Under these conditions, the major combustion
products are PCBPs: smaller amounts of PCDFs, PCPYs, and PCCYs are also found (C.
Rappe, Personal Communication). PCBPs were identified for the first time 1n the
aftermath of a 1981 capacitor explosion in Stockholm, Sweden (3),

If the squipment expiodes or cracks and the PCBs are exposed to air, higher concen.
trations of PCOFs will form. If the fire begins externally, PCDFs are the major
combustion product accompanied by PCPYs and PCLYs; no PCBPs will form, PCDDs wil)
form only if chlorcbenzenes/chlorophenols are present 1n the PCB or askare!. De-
tails of detected combustton products after different electrical equipment i1ncidents
are given in Section 2.

Finally, 1t should also be noted that most of the research on PCB/askare) conversion
to PCOD, PCOF, and other chlorinated species has been performed using pure PCBs or
askare] formylations containing at least 50 percent PCBs. Very little research nas
been condycted on dilute PCB systems, such as contaminated mneral oils. Conse-
quently, there is 1ittle data available on the effects of dilution on PCB chemistry.
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Section 4

CHEMICAL AND BIOLOGICAL DEGRADATION

yery littie research has been done on degradation mechanisms of dioxins and dibenzo-
furans. This is particulariy true of the chlorinated dibenzofurans; there is aimost
no information published on degradation. A number of researchers have speculated on
degradation pathways, but little actua) research has been conducted. Consequently,
the discussion must center primarily on the chlorinated dioxins,

CHEMICAL DEGRADAT [ON
Qzonation

Ozone bubbled thwrough a suspension of 2,3,7,8-TCDD in water and carbon tetrachlortde
for SO hours achieved 97 percent degradation (33). The dioxin was apparently sus-
pended as an aeroso! combined with the CCl,, which facilitated the ozone attack.
Although not tested with dioxins, the comdination of ozone and ultraviolet irradia-
tion has been successfully used to degrade pentachlorcphenol and DOT (2). The UV
activates the molecules to a highly energetic state, making them more susceptible to
ozone attack.

Chloroiodide Destruction

Recently, Botre, et al, (77}, treated contaminated soil from Seveso, [taly, with
several chlorofodiges (a class of compounds derived from quaternary smonium salt
surfactant). [n laboratory tests on residuss from the vacuum evaporation of 2,3,
7.8-TCOD in penzene, alkylcdimethylbenzylasmmonium (benzaikonium) chloroiodide
dchieved 71 percent 2,3,7,8-TCDD degradation. The use of l-hexadecylpyridinfum
{cetylpyridinium) achieved 92 percent degradation. !n tests on actual soil samples,
benzalkoniym chlaride achieved only about 14 percent degradation after 24 hours.
When benzalkonium chlorofodide wes added, an additional 38 percent was degraded.
The chlorofodides apparently cledve the ether linkage.

Alkaline Dahydrochlortnation

Alkaltne dehydrochlorination is a generic term for sevaral new chemical procasses
that have been developed to tredt and dispose of hazardous chlortnated hydrocarbon
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wastes. However, only the process deveioped by the vertac Chemical Company of “em-
phis, Tennessee, has been tested on TCOD and other chlorinated dicxins (78).

The Vertac process 1nvoives the dehalogenation of chliorinated dioxing with anhydrous
alkait metal saits of polyhydroxy alconols at atmospheric pressure, or by reacting
PCODs, an alconol, and a water solution of an alkalr metal hydroxide. Vertac clawms
that 2,3,7,8-TCOD and chlorinated dioxing are reduced to essentiaily zero (78).

Experiments have been conducted by Vertac using 2,4,5-TCPh still bottoms, containing
up to 250 ppm TCOD. A stovchiometric excess (based on the halogen content) of
alkalt metal alcoholates of C,4 g-3iconols, Cp g-alkanepoiyols, and monoaikyl ethers
was used. The reaction took place at a temperature of 140°C to 220°C for 2 time
suffictent to convert the organic halogen 1nto 1norganic halides, The reaction
product was essenttally free of 2,3,7,8-TCO0 (ppt range) and other chlorinated diox-
ins (i.e., more than 99.95 percent destruction) (79),

Catalytic Reduction with lron Chlorides

In 1972, expariments were conducted to investigate the patential for separation of
esters of 2,4-0 from 2,4,5-T 1n Agent Orange by fractionation (78). Overneads were
found to contain 93 percent 2,4-D ester, whereas bottoms comprised 93 percent 2.4,5-
T ester. [t was not possible to determine TCOD closure by matertals balance, as the
stainless packing and stee! colymn nittated some catalytic destruction of the TCOO.
The bottoms fraction (2,4,5-T) contatned more than 93 percent of the total TCOD,
while the overhead fraction (2,4-0) contained 0.15 ppm TCOD. These experiments dem-

onstrated that an effective and efficient separation of the esters was feas'ble
(78},

Catalytic Oxtdation with Ruthenium Tetroxide

Ruthentum tetroxide has been successfully employed in the laboratory to destroy 2,7-
DCOD and TCOD (77). Reactton kinettcs were studied using solutions cantaining 70 to
72 opm PCDD in carbon tetrachloride and 2 to 4 ppm rythentum tetroxide as & function
of temparature. The results indicated a 2.4-fold tncrease 1n the rate constant per
10°C increase in temperatyre. At 70°C, the half.life of TCOD was found to be less
than 15 minutes, and that of 2,7-0CD0, approximately 10 minutes.
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wicellar Catalysis with Chloroiodides

The most pramistng results have been obtained with benzalkonium dichloroiodide and
cetylpyridinium dichlororodide (7_7}. The Tow solubilities of these combounds were
increased by the use of micellar solutions of the same syrfactants, TCDD degrada-
tion products 'ncluded chiorocphenols, pheiiols, and Z-phenaxy-chlorophenol, These
findings indtcated that mcellar cataiysis {which is carried out in the absence of

harsh actdic conditions, at smbfent temperature, and without the use of lignt
energy) results in a cleavage of the ether link.

Chioralysis

The chlorolysis process operates with chlorine gas as the oxtdant at a temperature
of 600°C and a pressure of 2500 psig (170 atm}. The Hoechst-Uhde Corporatian, under
contract to EPA, comducted an experimental study to assess the feasibility of the
chlorolysts process to convert typtcal chlorinated solvent wastes and Agent Orange
to useful products such as carbonyl chloride, hydrogen chloride, and carbon tetra-
chloride (78). The primary interest of the study was the destruction of the T(DD.
The pretreated military defoliant initially contained 14 to 18 poe TCDD, whereas the
carbon tetrachlortide product contatned no measurable TCOD at a detection limit of |
ppd (80).

PHOTOL YSIS

There are basically three condittons necessary for the photoreduction of chlortnated
aromitic compounds (81, 82):

® Presence of a hydrogen donor, usually in the solvent,
[ Ultraviolet (UV) light of the appropriate wavelength,
] Absorption of the 1tght,

In sunlignt, only those compounds absorbing UV Tight above 290 »m can be expected to
be subject to photadegradation. This includes tha PCODs and PCDFs.

TCOD photo Tysis procesds via stepwi s¢ photoreductive dechlorinatton as follows (46,

m:—'-"u%. c"" (ran 10)
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A hydrogan donor 1s essential; as a result, degradatton 1s fast only In organic
media, Slow 1n water, and practically nonexistent on dry, tnorganic surfaces {ag).
Most of the photolys1s research has been conducted on organic solvents, Such as
methanol, hexane, diese! 011, or phenoxyether (46, BI, 83). In these solvents, the
lower chlorinited tsomers are extremely unstable to light., For 1nstance, Crosby, et
a1. (46}, have shown that 2,7-dichloro-, 2,3,7-trichloro=, and 2,3,7,8<tetrachioro-
dibenzodioxin 1n mathanol will totally degrade within a few hours. Tha octachloro
isomer was much more stable,

Shartly after the Sevesa incident, 't was demonstrated that olive 011 is a suitable
hydrogen donar (§4). Total reductions 1n TCOD levels tn excess of 60 percent were
observed 48 hours after treatment with 400 | of olive of] emulsion per ha of contam-
inated sail. Furthermore, less than 0.0 percent of the applied olive 011 was found
in the leachate, indicating that TCOD could not be transported to lower geologic
strata, even if it ware totally dissolved in the ot] film on vegetation or the
ground.

Sotre, et al. (85), evaluated vartous solvents to solubtlize pure 2,3,7,8-TC0D and
samples of contaminated soil from Seveso in agueous soluttons containing cationic,
anianic, and nonfante surfactants prior to photolysis. The cattonic surfactant, l-
hexadecylpyridinium chloride (HDPC), was found to be effective in solubilizing TCDD

and in enhancing photolysis. The total destruction of 8 ug/ml 2,3,7,8-TCOD in 0.0M
HOPC was accomplished in &4 hours.

Stanford Research Institute reported a haif-life for gas-phase TCOD 1n sunlight of §
to 24 days (55). When sammles of TCOD were placed on dry soil and glass plate and
irradiated with UV, no degradation was abserved after 96 hours and 14 days, respec-
tively (83). TCOD in the crystalline state resists photolysis (81). Thus, the
presance of the hydrogen donor is essential to rapid photolysts.

In ganeral, the rate of dioxin photolysis increases as the number of substituent
chlorine atows decreases (83). According to Plimemr, et al. (83), even the droxin
nucleus will photodegrade in mmthanal. On the other hand, Crosby (§1) reports that
monochliaorodibenzodioxin ts essentiaily stable to photolysis,

In 1981, 4300 gallons of wastes containing aspproximetely 343 ppm each of TCDD (7.5
kg), trichlorophenols (50 to 55 percent}, and ethylene glycol derivatives (45 to 50
parcent) were subjected to a commerciai-scale batch treatment UV-gdegradation process
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for TCOD destruction., This destruction process 1nvoived the two following major
steps: (1) multiphase extraction/neutralization with sulfuric acrd/n-hexane/caustrc
soda (up to eight multigle extractions of the hexane, acid, and ofiy phases); and
12) photoiytic reduction using UV-irradiation and isoprooyl alcohol as a proton
donor. The prozess was found to be effective tn reductng the tnttial TCOD from 7.5
kg to less than 10D g {destruction efficiency of 98,24 percent).

The picture with regard to ditenzofurans 15 less clear. (rosby, et al. (46), re-
ported that PCOFs follow the same degradation pattern as PCOOS, with higher chlor:-
nated fsomers being more stible. Hutzinger (86) reported that both 2,8-dichioro-
ang octachlorodibenzofuran in methanol and hexane photodechiorinated rapidly. Buser
(45) stated that nmigher chiorinated PCOF {somers photodegrade faster.

INCINERATION

There has been little research conducted on thermal destruction of PCOD, and even
less on PCOF, Different resgarchers have reported 2,3,7,8-TCOD destruction at 800°C
(40, 55}. In general, however, incinerator operating condittons currently constd-
ered adequate for TCOD destruction are a temperature of at least 1000°C and a dwel)
time of 2 seconds (33). At 700°C and a2 dwell time of 21 seconds, only 50 percent
destruction was achieved: at 800°C and a dwell-time of 21 seconds, 99.5 percent de-
structién was achisved,

In 1972, tests were conducted to evaluate the feas:wbility of Agent Crange tncinera-
tion (78). The incineration test unit comststed of a SUE® burner/incinerator and
reaction tailpipe, a Venturi scrubber, a scrubber coliection bank, and a 0ds Sam-
pling system, Both exhaust gas and scrubber liquid ef fluents were sampled and ana-
lyzed for TCOD. The test results showed that TCOD was not present either 1n the
combustion gases or in the scrubber liguid at the detection limit of 15 ppb (78).

Recently, a truck-mounted mobile waste processor, develooed by Pyro-Magnetics Corpo-
ration, wag evaluated at the University of Tennessee Space Institute in Tullahoma,
Tennessee (87). The mobile incinerator was fed & 41.7 percent PCB waste at the rate
of 222 1/hour in four tests totalling l4 hours in duration. Average destruction and
combustion efficiencies of PCAs were 99.9999 and 99.9979 percent, respectively. The
incinerator outlet temparature wis reported to average 1245°C, and the residence
time was 2.9 seconds. The 2,3,7.8-TCOD was detected in only one of three test
burns, and averaged 14 percent of the total TCOO: the 2,3,7,8-TCOF tsomer averaged
27 percent of the total TCDF.
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Ackerman and coworkers (30) have developed guidelines for land-based incineration of
PCBs and related materiais; the criter1a are summarized 'n Table 4-1. For non-

l1qurd PCBs or materivals contamynated with PCOFs and/or PCODs, there 15 an addr-
tional requirement: the mass air emssions must contain <0.001 g PC8/kg PCB fed to
the nCinerator

Tabie 4-1

COMBUSTION CRITERIA FOR PCBs AND PCDF/PCDD-
CONTAMIMATED WASTES

1. Maintenance of introduced ligquids for 2-sec dwell time at 1200°C (+100°C) and 3
percent excess oxygen 1n the stack gas, or for l.5.sec dwall time at 1600°C
(«100°C) and 2 percent excess oxygen 1n the stack gas.

2, Combustton efficiency >99.9 percent based on 100{C0,1/([C05] + [CO).

3. Rate and quantity of PC8s fed to combustion chamber must be measyred and re-
corded at regular intervals (<15 min).

4. Inctoerattion temparatures continuously measured and recorded.

5. Monttoring of stack emissions products for:

0
b
co

N

pb1 (total chlorinated organic content)
PC8s

PCDFs and PCODs

Total particulate matter.

FO AN On
PRI . .

6. Automattc shutoff of waste flow when:

4. Combustion temperature decreases to below conditions
stated in Item 1 sbove.

b. Failure of monitoring operations statad tn Item 5 sbove.

7. Caustic scrubbers used far HC1 control (or an spproved alternate method).

To date, M/T Vulcanus is the anly incineration vessel that has been emploved to in-
cinerate TCOD-contaminated materials (E}. The M/T Vulcams ts a double-hyll, dou-
ble-bottem tanker specificaliy designed to incinerate chiarinated hydrocarbon waste
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products. Waste to be processed must be Tiguid 1n order to be pumoed, althougn
soltd substances up to 2 1n (5 cm) 1n s12e may be 1ncluded. Two 1ncineralors are
installed aboard, edch having an overail heignt of 34.25 ft (10.45 m) with an 1nner
dimension of 15,75 ft (4.8 m) for the combustion champer. The waste fsed rate 15

about 12.25 tons/hour (12.5 tonnes/hour), and the res:dence t'me 15 approximately
1.0 second at 1500°C {78).

BIOLOGICAL DEGRADATION

Investigations have shown that dioxins exhibit & relatively strong resistance to
biodegradation {36, 50). Most of the work on dioxins has been focused on 2,2,7,3-
TCOD because of its extreme toxi1ctty. Approximately 100 strains of microbes, which
had previousiy shown the abtliity to degrade persistent pesticides, were tested.

Only five strains were shown to have the gbility to degrace 2.3,7.8-TCOD (36, 188).
It 15 possibie that the lesser chlorinated PCOOs are more susceptible to biodegrada.
tion, as s the case with PCBs (50). TCDD was found to be practically immobrie 1n
sotl, and adsorbed strongly on lake sediments (89, 90, 91, 92, 93, 94). Although

2,3,7,8-TCOC may be geruinely metabolized 'n aquatic ecosystems, the rate 15 ex-
tremely slow (62).

Kiecka ang Gibson (1979) have reported that unsubst:tuted dibenzo-p-dioxin can be
readily metabalized by a mutant strain of Pseudomomas (sp. N.C.1.8, 9816 strain [I)
when an alternative source of carbon, such as salicylate, is avaflable (36]). The
dioxin mlecule was metabolized first to a c1$-1,2-dthydroxy-1,2-dthydradibenzo-
[1,4]dioxin

{rxn 11)

which was subsequently dehydrated to yreld 2-hydroxydibenzo[l,4]-dioxin

(ran 12)

as the major metabolite. They also reported finding no organisms capable of utrliz.
ing dibenzo-p-dioxin as the sole source of carbon.
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Camony and coworkers (95) evaluated microbral degradation of TCOD 'n sotl samples
from "Zone A" at Seveso, So1! samples containing an average of 0.1 ppm TCOD were
analy?ed 1n the presence and absence of organic campost., The results indicated a 25
percent reduction tn TCOD concentration 1n 480 days. Studres by Kearney, et al.
(96), have 1ndicated that the average TCOO rematning 1n the sotl after 1 year of
weathering was approximately 50 percent at all concentrations tested (1 to 10 pom).
However, 1t has been determined that microbral deqradation s not a major factor 1n
the environmental degradability of these toxins. The predominant mode of elimna-
tion of this compound within the enviromment appears to be in the photodecomposttion
by sunlight (B88).

On the other hand, research by Hutter (97) and Young (98) 'ndicates that microb:al
degradation of TCDD is very slow ynder the most ootimum conditions, leading to the
conclusion that dioxins are essentidi ly nonbiodegradable, Furthermore, these re-
searchers suggest that the half-lives for dioxins tn soil observed in earlier exper-
iments are actually the resylt of drastically decreased extractability, and do not
reflect a Toss of materia) from the saoil.

Recent resegrch has shown that dioxins are metabolizable by certain mammals (99).
The biotransformatton of TCOD in dogs appears to be a detoxificatton process.
Experimpnts with guinea pigs showad that the acute toxicity of the metabolites was
at least 100 times lower than that of the parent compound. Conversely, when predi.
0xins were administered to animals, there was no indication of mtabolism-1nduced
dioxtn formation (C. Rappe, Personal Cammunication).

Little research has been conducted on dibenzofuran biodegradation. However, the
metabolism of chlorinated biphenyis may produce penta- and hexa-COFs (64). The re-
sedrchers have suggested that the PCDFs ware synthesized via ortho-hydroxylation 1n
assgciation with chlorine migration, and have further indicated that it may have 2
substitution pattern at positfons 1, 2, 3, 7, B, and 9. This newly discovered phe-
nomsnon is of great toxicological significance. Thare i1s aliso evidence to Suggest
that tetra-CDFs may be formed by 1tver mtabalism in rats. These COFs are potenti-
411y much nore toxic than the parent chiorobiphenyis, even 1f their production 1s
vta a minor metaboiic pathway, The metaboltsm of PC8s has of ten been regarded as 2
detoxification process. This is particulariy so when the metabolites are conjugated
and excreted.
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Section §

EMVIRONMENTAL PERSISTENCE

with their high toxicities, the environmental fates of PCODs and PCDFs are of n-
creasing 1mportance. Unfortunately, l1ttie s known of the environmeatal benavior
of most of these compounds. Onty 2.3,7.8-TCDD has been studted tn any detail, ang
then often with 1nconclusive results (100). To what degree the findings with TCOOD
are applicable to other PCODS and PCOFs ts largely unde term: ned.

Primartly as a result of the Seveso incident, most of the environmenta! research nas
centered on the persistence of TCOD 1n sori. In general, TCOD s highly persistent
in so1ls (32). According to Di Domenico, et al. (101), there s a high 1mitial loss
rate due to valatiitzatton and photodecompos:tion of TCOO present on the surface,
followed by a very siow steady-state foss rate. They astimate that after 10 wears,
30 to 44 percent of the TCOD present after the first half year woulid St171 be 1n the
sofl. Since other researchers have indicated that up to S0 percent can be lost n
the first year, this emphasizes the extremely siow l10ss rate 1n subsequent years
(55, 96).

Once the TCOD has been washed into the so1l. 1t 15 protected from the nfluence of
solar photolys:s and volattitzation (102, 103). It 15 not easily wished out of
soils, being virtually immobtle in all but very sandy sorls (7). The role of such
processes as erosion as a transport mechanism 's unknown (S0}, TCDO 1s not taken uo
by plants to any significant dearee (l, 55), and there s relatively Itttie bromag-
nification in mammals (50). As noted in the previous section, these compounds are
not readily biodegradabie. Stenl, et ai. (104), have suggested that 2,3,7,8-TCOQ 15
probably stable toward air oxidation.

There sppears to be only one stgnificant envirormental decompos:ittion mechanism:
photolysis. As noted eariier, howaver, a hydrogen donor is nscessary for this reac-
tion. Consequentiy, TCOD deposited on dry surfaces may be resistant even to photol-
ysts. Crosby (8l) demonstrated at Seveso that spraying a contamnated environment
with an {nnocuous organic solvent (in this case, oltve o1]1) can greatiy enhance TCOO
decomposition,
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If TCO0 ts washed 1nto a water body, 1t will strongly adsorb onto bottom sediments
(55). There 15 some evidence to suqgest that PCODs and PCOFs will bind stronoly to
any particle. No data 1s avatlable on the solubslities of the sorbed PLOQs angd
PCOFs. Neirther PCODS mor PCDFs are particulariy soluble 1n water, and solubrltty
decreases with 1ncreasino chlorine saturation (64). How the solubility of PCDDs 15
affected by the presence of colloids or solvating agents in natur;l waters 15 un-
known (SD). However, there 's some evidence that TCOD broaccumulates, suggesting at
least 4 !'imited mobt!tty through the food chain {7, 100). Fish do not seem %o bio-
magnify TCOD to any great extent througn food consumotion (50). However, there 15
evidence to tndicate that bioaccumulation from the water vector can exceed 6000
times the water content (105). Nevertheless, different isomers benave differently,
and the extent and impact of these differences require further investigation {50:.
Table 5-1 provides evidence of the lower solubility of the higher chlorinated 150~
mers. In addition, Table 5-1 shows the bemaviaor of different isomers in fish,

Several researchers hive speculated on various environmental properties of TCOD,
based on the properties and fate of other similar organic compounds (see Table 5-2).
These have then been used to predict perststence and fate 1n 2 mode! aguatic ecosys-
tem. Whare testable, these predictions have been reasonably accurate. However, 1n
the absence of more extensive test data, these constants remain speculative,
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Table 5-1

PCDD AND PCOF CONCENTRATION RANGE IV HUDSON AND
HOUSATONIC RIVER SEDIMENTS AND FISH FIOM «~Q00S 2OND {106)
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Table 5-2
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SUMMARY OF PREDICTED PARTITION, TRANSFER, AND
DEGRADATION CONSTANTS FOR 2,3,7,3-TCDD {350)
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Secttion §

PCDD/PCDF /PCBP TOXICOLOGY

INTRODUCTION

The fotlowing section discusses the toxicologicai effects of PCODs, PCDFs, and PCEPs
on laboratory animals and man., On a molecuiar basis, 2,3,7,8-TCOD is sarhaps the
most toxic synthetic molecuie known to man (33}. Only bacterial exotoxins {1.e.,
Botulinum Toxin A, tetamys toxin, and diphtheria toxin) are more potent potsons
(107).

Both higher and Tower chlorination reduce toxicity, but the toxic symptoms of the
various rSomers dre stmilar, the oniy difference betng the amount reguired to oro-
duce a given effect,

The 1somers with the highest acute toxictty are 2,3,7,8-tetra-CD0, 1,2,3,7,8-penta-
¢op, 1,2,3.4,7,8-, 1,2,3,6,7,8-, and 1,2,3,7.8,9-nexa-CDD, 2,3,7.8-tetra-COF,
1,2,3,7,8- and 2,3,4,7,8-penta-C0F, and 1,2,3,4,7,8- and 2,3,4,6,7 8-hexa-CDF (see
Figure 6-1). This figure clearly 11lustrates the current thougnt that full latera!l
substitution with C1 in the 2,3,7,8-pos1tfons leads to high toxtc potemcy. Most of
the research has centered on the 2,3,7.8- {somers.

ANIMAL TOXICITY
Rodents

Comparative oral lethal dose values for vartous PCODs tn mice and guinea ptgs
clearly show that 2,3,7,8-TCOD and 1,2.3.7,8-penta-CO0 isomers are the most toxic
{108). Tha toxic effects tnoduced by PCODs vary both quantitatively and qualtta-
tively among different species (33, 108, 109, 110). The major characteristics of
lethal doses of 2,3,7,8-TCOD tn all animal species are progressive weight loss and
general weskening, with death occurring within a few waeks or months (_15). Degen-
eration of the liver is aiso a common pathologic effect (112). Hepatic necrosis
produced by 2,3,7,8-TCDD fs probably a contrtbuting cause of death in rats and rab-
bits. However, the number of deaths attridbutable to liver insufficiency is lower in
mtce, and mintmal in guinea pigs (108).
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Figure 6-1. The Most Toxic PCDD and PCOF Isomers
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There 1S minimal damage to the liver of gutnea pigs, the species most sensitive to
2,1,7.8-TCOD toxicity. This suggests that 2,3,7,8-TCOD is probably affecting some
fundamental process 'n animal cells, which leads to a qeneral dysfunction of those
cells (111},

A large percentage of 2,3,7,8-TCOD persists tn toe Tiver in unme tabo ! zed form, par-
ticularly concentrated in the microsomes and microsomal fractions (fragments of
ribosomes and endoplasmc reticulum) (33, 109, 114). These findings sugoest that
the unmetabo lized 2,31,7,8-TCDD, rather than a metabolite, 1s responsible for the
observed toxic effects (115).

yarious experiments conducted to date have failed to provide the exact biochemical
mechanismis) of 2,3,7,8-TCOD lethality. Adverse effects on the following processes
do not appear to be the mechanisms by which 2,3,7,8-TCOD exerts 1ts toxfcrty (33,
111):

(] DNA synthes1is,

(] Protetn synthestis.

. ATP production.

. Oxidation.reduction state of cells.

L) Action of thyroid and glucocorticoid hormones.

. General absorption of carbohydrates, amino acids, and fatty acids
from the intestine and the transfer through cell membranes.

. Agrobtc and anasrobic metaboltsm of carbohydrates, amino acids, and
fatty acids,

. Fatty actd composition of tissues.

At this time, the most reasonable hypothesis is that 2,3,7,8-TCOD binds to a recep-
tor in the cytosol (soluble portion of the cytoplasm) fraction of cells, ts trans-
ferred into the nucleus, and increases or decreases the synthesis of a crittcal pro-
tein(s) or enzym(s), This increase or decrease in crucial protein or enzyme levels
eventually leads to a gneral dysfunction of a number of different cell types, re-
sulting in death (111), However, the receptor theory may nct explain the chloracne-
genicity of TCDD, Receptor proteins have not been identified on skin cells,

The Tower toxictty of 2,3,7,8-TCDD in rats, as compared to other mammals, suggests
some degree of metabolic transformation of the parent compound (33, 11§, 116, 117}.
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The concentration of dioxin 1n the liver of rats may be five times greater tham that
found 1n their body fat, Concentrations within the kidney, thymus, and spleen are
1/12 to 1/50 of that foung 1n the Trver (33). The substance which 1s not retained
15 excreted unchanged with the feces (50 percent) via the btle flurd. 4 smal)
amount (5 percent) 15 excreted 1n the urine as & water-soluble conjugate (109}.

This suggests that 2,3,7,8-TCOD metanalism may be occurring in the Fat, since water-
1nas0Tuble compounds, like diox1ns, are excreted predominantly, 1f not exclusively,
through the feces (33, 11%).

Female aibino rats (Porton strain), given a single oral dose of 200 ug/kg 2,3,7,8-
TCOD (their approximate LD-50), died within 3 to 9 weeks following a period of
we1ght loss and depressed food Intake (116). Within 24 hours after the dose was
Wministered, there were changes in the hepatic parenchymai cells, Inc tuding a pro-
liferation of the smooth endoplasmic reticuium, and alfterations in the metabolism of
various substrates. JApproximately 4 wewks after the 2,3,7,8-TCOD was admintstereq,
giant multinucleated cells were found within the area of the centrilobular zone
(116). These cells were probably formed by the fusion of preexisting degenerate
parenchymal cells (109, 117). Tis hypothests is supported by the following evi-
dence:

(] No m1toses occurred within these cells.
. These cells tend to follow the line nf tradeculae.

[ Isolated bile canaliculi weare occasionally observed to De surrounded
by the cytoplasm from the multinucleated cells.

[ Adjacent monomucleated pDarenchymal cells showed areas of apparent
fusion of their plasma mespranes,

In addition, there were tncreased numbers of lysosomes, loss of microvillf fram the
bile canaliculi, and proliferation of the smooth endopiasmic reticulum 1n the cen-
trilobular parenchymal cells {116). These lesions disaopedred 1n survivifg anmals
over a pertiod of time.

Histochemically, there was a centrilobular loss of ATPase activity within 3 days.
This loss extended to the periportal arsd by the sixth waek (116}). Biochemical
studies on plasma membranes have indicated that the Na'/K* ATPase is unaffected,
whereas the K’/Hg'z ATPase activity s drastically reduced {109, l16}.
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It 15 known that the K"/Mg"z ATPase of the sarcoplasmic reticulum recuiTes a lipig
for activation; the degree of activation can be af fected by the type of ltpid 1n-
volved (116). Toxic levels of PCOD result 1n a chronic tncrease in trigiycertdes
and development of a fatty liver {]08). it 15 possible that the nitral drsturbance
of the oxi1dative enzymes of the endoplasmic reticulum leads to alterations in engo-
genous 1ipid metabolism, wi1th 2 consequent change tn the structure and function of

the parenchymal cell membrane. These changes could lead to hepatic insufficiency
with toxic effects observed macroscopically.

2,3,7,8-TCOD and other halogenated PCOOs stimulate & number of enzyme activities,
most notably within the liver (108, 111, 114, 118, 119). Hepatic &-amnolevulintc
acid (ALA)* synthetase and aryl hydrocarbon hydroxylase (AHH)®® are induced by the
presence of PCDOs, particularly 2,3,7,8-TCOD (108, 120). The PCDDS wnich have been
found to 1nduce ALA synthetase aDpRar to have two common properties: (1) halogen
atoms occuby at least three of the four ring positions (i.e., 2, 3, 7, 8); and (2)
at least one free nonhalogenated carbon atom 15 unoccupied (108, 1181, Avarlaple
toxicological data indicate that those PCDDs that are not toxic generally do not 1n-
duce ALA synthetase; those which are lethal, even at extremely low concentrations,

nduce the enzyme. 2,3,7,8-TCOD has been found to be many orders of magnitude more
potent than any other known inducer of ALA {33, 118).

Microsomal monooxygenase (e.g., AHH) is a membrane-bound enzyme complex which cata-
lyzes the oxidative (ang for certain substrates, reductive) metabolism of numerous
xenobiotics and endogenous 1ipophilic compounds (M). 2,3,7,8-TCOD is a highly
11pophilic macromolecule (120}. The induction of AHH by various PCODs 15 carried
cut by the same mechanism as that foung for the induction of ALA (ﬂ). The hypo-

thests that the induction of ALA and AHH by 2,3,7,8-TCDD 15 meai ated by the interac-
tion of the ligand with an induction receptor (the product of a regulatory gene that

comines with a small molecule to initiate gene expression) ts supported by the fol-
lowing evidence (118):

. The potency of 2,3,7,8-TCDD tn evoking a dose-related induction of
ALA and AHHM activity.

(] Chemical specifictty.

* The 1nftial and rate-limiting enzyme 'n heme synthesis.

** A cytochrome P(-450 mediated monooxygenase,
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[} Biological specifictty {t.e., & specific type of mcrosomal monooxy -
genase ACtivity 15 1nduced 1n some, byt not atl, tissues!.

If the nepatic cytosol-binding species 15 1n fact the tnduction receptor, a oossible
mechanism by which the receptor ligand complex 1n the cytosol tniti1ates an increase
1n ruclear activity would 1nvolve the translocation of this complex 1wto the nucleus

1A 2 manner analogous to the mode of action ascribed to steroid hormone receptors
(33, ll81.

Theoretical ly, the most logical pcathway of 2,3,7,8-TCOD metabolism 15 by hydroxyla-
tion at the 1, 4, 6, or 9 position of the molecule by AHH. The hydroxylation of
aromatic rings 1n positions adjacent to halogen atoms ts am uncommon reactton of the
cytochrome P-448 monooxygenase system, This most Tikely accounts for the metabolic
stability of 2,3,7,8-TCOD within mammalian systems (115, 116). However, 1t nas been
pastulated that 2,3,7,8-TCDD moves 1nto a cell and binds to a specific cytosol:c
receptor. The receptor-dioxin complex then moves 1nto the nycleus of a cell, where
it initiates the synthesis of a specific messenger RNA, which directs the syntnesis
of cytochrome P-443, Other 2,1,7,8-TCDD molecules can then react with newly formed
cytochromes, possibly to produce reactive intermpdfates that reduce or 1mpair cellu-
lar metabolism, gradually inducing cell death (33, 120). These metabolites may be
excreted as 10nocucus by-products which may affect specific cells 1n other organs,
or may act as carcinogens or cocarcinogens (33).

[f the activity of AHH ware increased, more 2,3,7,8-TCDD would be metapolized. !f-
2,3,7,8-TCOD, rather than 2 metabolite, is responsible for the toxicity, then 1in-
credsed metabolism by the P-450 monooxygenase system should lead to 4 decrease m
toxicity. Conversely, if a metabolite(s) is responstble for the toxicity of 2,3,7,.8-
TCOD, then an increase in matabolism may result in an increase 1n toxicity (115,
116). Several studies have shown that 2,3,7,8-TCDD fnduces many enzyme systems
while suppressing others. 2,3,7,8-TCDD induces the following enzymes n adaition to
those previously sentioned (33, 108, 110):

L] UOP glucuronyl transferase.
L] Aldehyde dehydrogenase.

] Glutathione transferase 8.
] OT-diaphorase.

. Benzopyrene hydrolase.
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(] Glutathione S-transferase.

. Ethoxycoumirin deethylase.

2.3,7,8-TCOD reduces the activity of the following enzymes (89):
[ UDP=glucuronic actd pyrophosohatase. -
. D-glucuronolactone dehydrogenase.

. L-gluconate dehydrogenase.

A subletha) dese of 2,3,7,8-TCOD in rats will cause a temoorary increase in trigly-
ceride and free fatty acrd levels, with 2 persistent decrease of stero! esters.
Lethal concentrations result in a fatty Tiver, increased serum cholesterol esters,
and free fatty acids, with little change :n triglyceride levels. These changes are
due A part to the damage sustained by lysosomes (33). The decrease 'n the acid
lipase activity, derived from damaged lysosomes, probadly accounts for the i1ncreased
levels of cholesterol esters within the liver. Therefore, another mechanism by
which 2,3,7.8-TCO0 may exart its toxic effect is by the increase of lipofuscin pig-
ments (33). Lipid peroxidation, which precedes the formation of polymeric lipofus-
cing, is known to seriously damage mespranous subceilular organelles, including
lysosomes (33, 108, 121).

in one or more species of laboratory animals, bone marrow hypoplasia, testicular de-
generation, renal pelvis and urimary bladder hyperplasta, and hemorrhage :n the in-
testines and adrenals have been observed (1081. Chronic agministration of low lev-
els of 2,3,7,8-TCOD to rats incresses the incidence of neoplasia (tumors) (108).
The high incidence of tumors in rats fed subacute leveis of 2,3,7,8.TCOD (f.e., 1
PPt t0 S ppb)* suggests the carcinogenic potential of the compound (112). Lung
tumors that had been observed were characterized by squamous metaplasia of the bron-
chial epicthelium and keratinization. Lymphocytic leukewia wes associated with 2
mssive enlargement of the spleen. The most melignant tumars were observed 1n the
lungs, kidneys, liver, and the skeletal musculature. Other neocplasms were found In
the brain, skin, testes, and ears (33, 108, 112). The only abnormalities of the
hematopoietic system noted in rats hive been hemoconcentration and thrombocytopenia

* | part per trillion = 10-1¢ 9 TC0O/g food.
1 part per billion = 1079 ¢ TCOD/g food.

MONS 215253
6-7



{1ncrease tn the relative volume of red blood cells per unit volume of circulating
blood and decreased numper of platelets per unit volume of blood) {33).

The terms “"embryotoxicity” and “fetotoxicity” dJenote all transrent or permanent
toxic effects 1nduced in an embryo or fetus, regardless of the mechanism tavolved
{33). A specral fetotoxic effect :s teratogemcity, which may be definsd 45 an
apnormality (likely irreverstible) caused by tmpairment of an activity which s typr-
cal of emoryonic or fetal development {33, 122). This effect miy either be obvious
by macroscopic appearance or “hidden” (mcromorphological defect or mental apnormai-
1ty). 2,3,7,8-TCDD ts a specific teratogen, interfering only with a few specral de-
veloomental processes (122},

Recent studies have shown that 2,3,7,8-TCOD can have a dramatic effect ypon the nor-
mones 1nvolved in reproduction (33}. As Nittle as 0.3 ug/kg of 2,3,7,8-TCOD 1n-
jected into mice was found to increase the frequency of cleft palate (a teratogeni¢c
effect) (33, 122). This 1s by far the smallest effective dose of any teratogen
known (122). Oral administration of 2,4,5-T containing dioxin to golden hamsters on
the sixth to tenth day of gestation resulted in an increased absence of eyelids
(33). Other fetotoxtc effects of 2,3,7,8-TCOD fnclude thymic atrophy, fatty infil.
tration of the liver, general edema, delayed head ossification, low birth weight,
fetal reabsorption, and kidney abnormalities (Q). Fetal mortelity, early and late
feta! reabsorptions, and fetal intestinal hemorrhaging occyrred in rats qiven a
2,3,7,8-TCO0 dosage as low as 0.125 ug/kg (33). The fetal kidney anamaly can be
best described as a renal papilla which is markedly reduced in si1ze, resulting 1n an
enlarged renal pelvis {108). This may progress 1nto hydronephrosis during metane-
phric kidney formation (123). The teratogenmic effect of 2,3,7,8-TCOD may be 2
result of mutagenesis by intercalation of the parent compound into ONA, or by inter-
calation and covalent binding of the metabolite, analogous to findings of tests con-
dycted with acridine and amtinof luorene campounds (120).

Information implicating 2,3,7,8-TCDD as a mutagen is both scarce and conflicting
{33). Derivatives of dioxin have shown negative results when tested for daminant
lethal effects in rats, and only slightly positive resuits when tested for their
capacity to produce chromosoma) aberrations 1n bone marrow cells of rats (33, 108).

Studies on mice indicate that sublethal doses of 2,3,7,8-TCOD increase the number of
erythrocytes {and their cell volums) and neutrophils, and decrease hemoglobin, serum
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protein, and globulin levels. The number of blood platelets decreases, resulting 1
gimnished clot reaction {109).

Another effect of 2,3,7,8-TCOD 15 1ts interactton with 1ron metaboltsm {ll" Rats
given 1.7 ug of the compound intragastrically have shown a twofold i1ncrease 1n the
serosal transfer of iron, whereas no change was observed in mucosal 1ron uptake.
Mowever, it appears that this 1ron deficiency protects mice from many of the toxic
effects exhibited by 2,3,7,8-TCOD. Mice rendered iron-deficient were found to be
protected from elevated porphyrin levels and liver damage. Since mized-function
oxi1dative enzymes ware elevated 1n 1ron-deficient mice, 1t was speculated that the
depleted storage of iron within the tissues was responsible for the observed reduc-
tion in toxietty (33).

2,3,7,8-TCOD, 2,3,7,8-TCOF, and 2,3,6,7-TCBP are the approximate isostereomer of
3,4,3',4'-TCB. [t is thus believed that the structural configurations that render
TCOOs, TCOFs, and TCBPs toxic are amalogous to those for TC8s. Mamely, 3,4,3',4'-
TCB mey assume a planar or nearly planar configuration with its four chlorine atoms
projecting from the lateral ring pasitions, similar to 2,3,7,8-TCOD. However, 1f
chiorine is substituted in a position adjacent to the biphenyl bridoe (e.g., 2,4,3",
4'-TC8), this sterically hinders the biphenyl rings and prevents planarity. Such
nonplanar PCB analogs are incapable of initiating AHH activity (.12_4). Thus, among
the halogenated biphenyls, there are two structural requirements for the induction
of ARH: (1) the presence of at least two adjacent halogen atoms 1n the latera)
position of each benzene ring {e.o., positions 3,4,3".4' or 3,4,5,3",4',5'), and (2)
the absence of halogen atows adjacent to the biphenyi bridge (positions 2, 6, 2',
§'). The effects of different biphenyls on AHH are shown 1n Appendix 8,

8irds

It has been shown that therg 1S a very good correlation between the potency of PLDDs
and PCOFs to induce AMM activity and their capacity to produce chloracne, thymic
atrophy, and edema in chickens (124).

Histopathological examinations of birds exposed to 2,3,7,8-TCOD have revedled atro-
phy of the spleen, invalution of the thymus, decreased numbers of |ymphocytes (par-
ticularly in the bursa of Fabricius), puimonary edema {i.e., myocardium), and necro-
sis of the liver (50). The oisease known as "chick edema" has also been reported 'n
TCDD-exposed birds. This disease fs characterized by the accumulation of serous
fluids in the ascites, anascara, and pericardial sac (125, 126). One study showed
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that 3-day-o0ld chicks treated with doses of 1 and 10 uo of 2,3,7,8-TCDD/kg body
werght developed chick edema (125); the chicks also exhibited dyspnea, accumulation
of mucus 1n the mouth, and eniargement and mottling of the l1ver (126). Alterations
'n drug-metaboliling enzymes such as the cytochrome P-450 system and the accumuia-
tion of porphyrin were also noted.

The biotogicai potency (EDSO) of 2,3,7,8-TCOD and various biphenylens and bipneny!:
congeners was estimated from a 109 dose-response curve for the induction of hepatic
aryl hygrocarbon hydroxylase activity tn a chicken emoryo {124). E0¢p values for
the three halogenated biphenyls found to induce AHH (¥.e., 3,4,3°,4'.TC8; 3,4,5,2'
S'-HCB; and 3,4,5,3',4',5'-HBB) were reported to average 4.5 rmoles oer egg. In
comparing the potency of 3,4,3',4'-TCB with that of 2,3,7,8-TCOD ang Aroclor 1254,
2,3,7,8-TC00 was aimost SO0 times as potent as 3,4,3',4'-TCB, and 2 x 105 times as
potent as the commercial PCB mixture (124).

2,3,6,7-TC8P was found to be a very potent inducer of AMH activity (EDgq = 14 pmoles
per egg), as was 2,3,6,7-tetrabrombiphenylene (TBBP) {(E0gy = 22 pemles per egg).
Both of these biphenylenes ware Teported to be approximetely equipotent to 2,3,7,8-
TCOD ang TCOF. OCBP, 2,3,6,7-tetramethoxybiphenylene, and 2,7-dinitrobiphenylene
(DOMBP) could not fnduce AHH activity at doses of 46 moles per egg (124). 2,3,5,7-
TCBP was also found to be roughly equipotent to 2,3,7,8-TCOD 1n inducing AHH activ-
fty 'n both mouse and rat livers.

The abtlity of biphenyls and biphenylene congeners to compete for sterospec)fic
binding of [3H]TCDD to mouse and rat liver cytosol was also vnvestigated (124},
2,3,6,7-TC8P and 2,1,6,7-TBBP bound avidly, whereas 3,4,1',4'-TCBP proved to be
aporoximately 30 times less potent.

Table 6-1 compares the binding affinity in vitro, Ky (for mouse liver cytosol), and
the btological potancy in vive, EDSD {for hepatic AWM activity in a chrcken embryo),
for 2,3,7,8-TCOD, several biphenylenas, and one biphenyl congener., As shown,
2,3,6,7-TCBP and 2,1,6,7-TBAP are roughly equipotent to 2,3,7,8-TCDD. The other
biphenylene analogs failed to compete with [3H]Tl:DD for hepatic cytoso! binding
sites or for inductng AHH activity (124). It should be noted that all of the
biphenylene and biphenyl congeners which failed to fnduce AHH activity also did not
exhibit any affinity for the cytosol binding sites. In contrast, the three halogn-
ated biphenyl¢nes and biphenyls which ware found to induce AHH activity also com-
oeted with [IW]TCOD for specific cytosol binding sites (124).

WONS 215256
6-10



Table 6-]

BIOLOGICAL POTENCY AND BINDING AFFINITY OF
VARIDUS BIPHENYLENE AND BIPHENYL CONGENERS (124)

Brological Potency

tn Vive Bindifig Affimity
Compound EDen (rmpl/ko) tn Yitro (K, [nM1)
TCOD 0.20 0.27
2,3.6,7-tetrachiorobiphenylene D.28 0.34
2,1.6,7-tetradbromobrphenylene 0.44 0.47
1,4,3',4' -tetrachliorobiphenyl 88 15
Octachlorobiphenylene inactive Inactive
(470} (540)*
2,7-din1trobiphenylene Inactive Inactve
(930)* (S40)*

* The highest concentration tested that was judoed to be soluble.

Fish

A considerabie amount of extrapolation s required 1n Order to Interpret the ava:la-
ble data on fish, which pertains 2lmost entirely to lethality (S0}. It appears that
lethal levels of 2,3,7,8-TCDO in fish are within the same order of magnitude as
those described for mammals (50). Rainbow trout that were fed 2.3 mg/kg 2,3,7,8-
TCOD (representing a total dose of approximately 700 ug/kg body weight)} exhibrted a
S0 percent mortality rate within a 60-day period. Exposure of rainbow trout to 0.1
ug/l of water over a 98-hour treitment period (regresenting 2 total dose of approx)-
mitely 600 ug/kg body weight) resulted in S0 percent mortality within 2 period of 21
days (5_0). In comparative experiments with Coho salmon, a 96-hour exposure to an
initial water concentration of 0.10S ug/l (representing an estimited total dose of
5.4 ug/kg body we:ight) was found to be lethal within a period of 20 days {50}.

There was no significant increase in egg mortality 1n erther rainbow trout or pike
when exposed to water levels as high as 0.0l ug/} over a 96-hour period (50).
However, there was & significant increase 1n the mortality rate of yolksac-fry in
both of these species.
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An BO percent mortality rate was observed 'n the feeding-fry of orke at an exoosure
of 0.01 ug/1 of water over a 96-hour treatment period (50). There was no signifr.
cant drfference 1n the same exposure regime for rainbow trout. Reported nistopatno-
1091cal responses 1nclude edema, rupturing of blood vesse!s, and necrotic Trvers.

Teratogenic changes 'n embryos 'ncliude shortened maxi1la and structural defects of
the operculum (50}. -

Monke ys

The most striking character:stic of animals exposed to dioxin is the substantial
loss of body weight (109, 127). [n agdition to progressive weight 10ss, monkeys
exhibit puffiness of the eyelyds (110, 127, 128}, Dryness and gramilarity of the
skin, loss of hayr, and reduced physical activity have also been observed (128).
Two types of lesions have been reported :n all laboratory anwmals studied: T)
1avolution of the thymus, and (2) testicular alterations, including atrophy, necro«
$1s, and abnormal spermatocyte development (33). It {s believed that 2,3,7,8-TCOC
has a suppressive effect on testicular microsomal AHH., Two other hyperplastic
lesions in monkeys appear to be related to 2,3,7,8-TCOD or 1ts metabolrtes: (1)
bile duct hyperplasia, and (2) eprthelial hyperplasia of the renal pelvis, urinary
bladder, and ureter (110}. Only one lesion, hypertrophic gastritis, has been
observed in primates (331. This lesion s characterized by chronic 1nflammation of
the gastric mucosa, which occurs in the fundic and pyloric regions, combined with
small gastric ulcers panetrating the mucosa (ﬂ).

In expariments with rhesus monkeys exposed to dioxins, researchers found reduced
hematopoiesi1s, degeneration of biood vessels, focal necrosts of the liver, gastric
vicers, and reduction of spermatogenesis. Under gross observation, experimental
monkeys exhibited obvious dilation of the heart, especially on the right side,
Under microscopic examination, fibers of the cardiac muscle ware distinctly seoa-
rated by fluid, and individua) muscle cells were hypertrophic, with enlarged, dis-
torted, and hyperchraomic nuclei. Although the lungs were not appreciably altered,
150lated arees of atelectasis, congestion, edema, and fibrosis were observed. Their
livars were small, firm, and moderately yellow, with many enlarged, multinuc leated
parenchymal cells. Mecrosis of parenchymal cells occurred in the centrilobular
rone, and some areas of fibrosis were apparent tn the periportal area. Thetr
spleens ware found to be small; the germnal centers were surrounded by only scat-
tered lymphocytes, and the blood simuses were practically devoid of cells. The
seminiferous tubules of the testes had abundant spermatogontd and sertpfr cells.

MONS 215258
6-12



However, orﬂy a few primary SDErmatocytes were present, and nO SDErMAtids Or mature
SPermatozoa were observed (33}

The mesenteric lymph nodes of the monkeys were ltght tan and edematous. “icroscoot-
cally, the nodes resemoled & splenic disarrdy of cellular architecture, Unger gross
observat:on, the bone marrow resembled coagulated plasma. Microscopica) ty, only a
few hematopoiretic cells were seen within the marrow; these were egqually divided pe.
tween members of the myelo1d and erythroid systems. Changes in the skgletal muscle
resemled those of cardiac muscle., Faciral edema and petechiae ware commonly ob-
served (33).

wWnereas rats store 2,3,7,8-TCO0O manly 1n their livers (40 percent versus 10 percent
1n monkeys), monkeys accumylate the toxin in Iipid tissues Such as the skin, muscle,
and fat (109). Consequently, unlike rats, the number of deaths attributadle to
Liver 1nsufficiency 1s mnimal 1n monkeys (m). fhesus monkeys that were fed 500
ppt 2,3,7,8-TCDD on a dafly basis developed signs of toxicity at intake levels as
Tow as 1 ug/kg body meignt (112). A total intake of 3 ug/kg over a period of ¢
months was sufficient to cause death (112, 127). The LD-50 of monkeys exposed to &
single oral dose of 2,3,7,8-TCOD is aporoximately 50 to 70 ug/kg, with death occur-
ring within 45 days (127). Prior to death, their peripheral blood is practically
devord of 'mmature red and white biood cells (127). The marked thrombocytopenid was
assoctated with widespread hemorrhaging (127). while death fs usually associated
with severe pancytopenia 1n chronically exposed animals, hematological changes do

not always occur 1n those acutely exposed. Widespread hemorrnaging occurs only 1n
chronically exposed animals (127).

It aopears that damage is greater to monkeys and otner sxperimental animals when
submilligram doses of toxin are administered over a period of time, rather than all
at one time (128). It has thys been speculated that toxicity 15 more closely related
to the length of time that the compound is able to interact than to the amount of
toxin administered (127, 128). As exposure time lenathens, the severity of cellylar
deterioration in bone marrow and lymphoid tissue becomes widespread (127). The ob-
served ventricular dilation and l'l'yocarﬂ‘i a1 hypertrophy may n part be related to the
reduction in circulating erythrocytes and the subsequent increase 'n cardiac work-
load (127). Focal areas of hemorrhace ware found in the eprcardium, myocardium, and
endocardium (127). Petechial hemorrhages were observed in the atria and the tips of
the papillary muscles (127).
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The possibi111ty of reproductive abnormalities also exists. Altered levels of serym
progestarone and estragdiol, assoctated with both oifficultres tn conception ang
garly abortions, have been reported 'n female monkeys exposed to low levels of
2,3,7,8-TCO0 (127) Testicular atrophy may also develop 'n male monkeys given smal!
amounts of dtoxin (127). _

Consigerable edematous flutd ysually surrounds the epitheliym of those exposed to

2,3,7,8-TCOD. Inflammatory cells, with a predominance of neutraophtls, have been ob-
served to be 1n close proximity to ruptured submucosal muctnous cysts (127). The

rupture of such cysts produces ulcers of the gastric mucosa (127). Metaplastic
changes, Characterized Dy numerous mucous-secreting cells, have been cbserved 'n the

ducta) epithelium of the salivary gliands, bite ducts, and pancreatic ducts, Simlar
changes may also occur 1n the bronchial epithelium and the palpebral conjunctivae
{127). Hemorrhages within the brain have been 1imited to the verchow.Robbin's
spaces surrounding the blocd vessels {(127).

A series of single oral exposures were performed on female rhesus monkeys to es-
tablish a toxic (acute) dose for TCOF. The LO-50 value was determined to be 1,000
ug/kg, a dose approximately 20-foid higher than that estimated for 2,3,7,8-TCOD
(129). Toxicity was characteriZed by the onset of the following symotoms 7 to 10
days after exposure {129):

. Progressive waight loss.

. Facial edema.

. Loss of eyelashes and naiis.

. Development of white streaks 1n the eyelids.
] Thickening of the skin,

. Osath within 2 to 4 waeks.

The diseasa pattern cannot be distinguished from that produced by PCBs or 2,3,7,8-
TC00s (107, 128, 129).

Data pertaining to lethality, carcinogenicity, and reproductive effects are summar-
1zed in Table 6-2 (50).
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Table 6.2

SUMMARY OF THE DOSAGE ASSQCIATED WITH THE TOXICOLOGICAL
CRITERIA FOR VARIOUS PCDD CONGENERS

A Carcinogemictty (Rat)
deyte Lethallty Inductian {Rat) _ Lypsky-ow gt
L0ep Relative to
(ugregove) 2,1,7.8-1C00
lative to e layn w0 Neserves
Hoe | O gue j§1 i Yerteorates Guimed Plg Gulnea Plg  Moyse  2.1,7,8-TCOD Effegt Dose fffscr Neye
Ny 0D 2.7 »2,000, 000 11.000
2.0 00,000 00,000 >150,000 13.000
™00 2..7 10, 000 10, 000 15,000 1,300 3.100
00 2.1,7.8 2.5.000 H ! 150 1 trig? terg*?
1,,7.8 200
1.2.3.8 1,700
L2.).4 <1, 00D, 000 11,000
"gtoo [HE SN | -1 1 18 170 15
1.2.,0.7.8 1.100-%, 000 1,100 560 >2.500 1)0.000
HglO0 1.2.3.4,7.0 70-800 ] L] 410 2l 18210°¢
1.2,1.8.7.8 10-1X0 70-100 L 0 ”
1,2,1.7.0.9 §0-1400 0+100 L » 10 10
1LZ.3.8,7.9 220,000
HyCO0 1.2,,4.8.1.0 00 00 >0 b1
1,2,,4,8,7.9 10.000
0gtD0 >1,000, 00O 53,000

HUMAN TOXICITY

Chloracne, an often disfiguring and persistent dermatoiogica) disorder, 15 caused by
human exposure to several chlorinated arometic compounds, 1ncluding PCBs, PCDFs, ana
PCOCs (108, 130). This anomaiy is analogous to hyperkeratasis in mce, rats, rap-
bits, and monkeys (108, 130). Chloracne miy appedr weeks, months, or even years
after 1nitial exposure to the toxin (33, 108). According to Moore (13l), chlaracne
15 the most sensitive indicator of poisoning 'n the human subject. However, the
absence of chloracne does not preclude intoxrcation, Exposure to 2,3,7,8-TCOD may
also cause polyneuropathy (nerve disease) and nystagmus (rapid eye movement},

Liver dysfunction is manifested by hepatomegaly and elevation of enzyme Tevels (31).
Caily human exposure to 0.01 ug of 2,3,7,8-TCOD may result 1n 1ncrprent carcinogeni-
city, but ex1sting evidence indicates that PCODs are at most only mildly carcino-
genic (107). Exposure to 4 ug of 2,3,7,8-TC00 would result in a shortened fifespan,
ind datly exposure to 290 ug would likely cause acute toxicity (33).
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The results of laboratory studies on 2,3,7 B.TCDD and 1ts i1nteraction with 1rgn
metabolism 1n rats (described 1n the preceding subsection) have sigmficant 1mpiica-
tion for toxi€ity 1n humans, Persons with a Aigh dretary 1ron 1atake wouid be ex-
pected to be more susceptible to 2,3,7,8-TCOD toxicity than persons with a marginal
Tron tntake. Simlarly, females might be less vuirerable to 2,3,7,8-TCOD toxicaty
than males, since they usually sture less 1ron 1n their bodies (Q-)‘. This may ex-
pla:n the variatian tn toxic1ty levels amang drfferent species.

The most notable cases of human exposure to 2,3,7,8-TCDO are those assocrated witn
accrdental releases 1n chemical factories or contact with contamnated mytervals/
dreds (33). The immedrate symptoms of exposure to dioxins include 2 burning sensa-
tion in the eyes, nose, and throat, followed by heagaches, dizziness, nausea, and
vomting, Several days later, severe 1tching, redness, and swelling of the face
(more marked over the eyelids, nose, and Tips) may develop just DFIOr 0 the onset
of chloracne, It has been shown that as hittle as 20 ug of 2,3,7,8-TCOD on the skin
can lead to chloracne (33). Within the inttial weeks after exposure, :nflamed nod-
ules as wel) as pustules appear on the face, forearms, shoulcders, neck, and trunk,
leading to comedones and cysts (33, 108, ﬁ). Some times chloracne s preceded by
erythematous and edematous skin lesions (108). After 1 or 2 months, acneform erup-
tions emerge, and the skin becomes hyperpigmented. At approximately the same time,
muscles, primarily 1n the thighs and chest area, become dggravated upon exertion,
Insomnia, extreme fatigue, nervousness, i1rritabrlity, and the loss of 1ibrdo also
occur during this peried (33, 108, 118, 130},

Other symptoms of exposure include arthralgias, porphyrtia cutanea tarda, hyperhipi-
dema, cutineous hyperpigmentation, and myrsutism. Porphyria cutanea tarda, a skin
condition that usually occurs as 4 photosensitive dermatosis, 15 caused by the de-

velopment of vesiculobullous lesions over exposed areas (33). The dermatosis 15 pre-
cipitated by minor trauma, and may result in areas of healed bullae, crysts, scars,
and milia (33). Blurred viston and the toss of taste and smei! may alfso occur {33},

Patients with chloracne may exhibit increases in serum triglycerides and choles-
tercl. Lipids on the skin of such patients contain an Increased proportion of cho-
lesterol, squalene, and wax esters. Since the latter two Substances are known to

1nduce comedo formation in experimental animals, 1t 1s possible that the disturbance
of lipid metabolism 1n cells of the sebaceous follicles 15 responsible for the der-

mal toxicity of 2,3,7,8-TCOD (116).
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No feta]l damage mas been substantiated to i1ndicate a mutagenic, teratogemic, or em-
bryotoxic effect of 2,3,7,8-TCDD exposure 1n vivo (33, 132). However, chromosomai
abnormalities have been reported 1n 1n vitro cytogenetic studies on human Tympmo-
cytes exposed to 2,4,5-T containing D.D9 ppm 2,3,7,8-7TC0D (33). Chromatid breaks ang
deletions 1ncreased with 1ncreasing concentrations of 2,.4,5-T. [t was not possible
to determing whnether this was a toxic or genetic effect (ﬂ).

The clinical appearance of contaminated animals and the variety of lesions found
durtng post-mortem examnations are 1dentical for TCOFs, 2,3,7.8-TCODS, and PCAs

{(107. 128). The toxicity of TCDF 's approximately 10 percent that of 2.3,7,8-TCOD.
and 1,000 times that of Aroclor 1242 (128}. The correlation of metabolism with de-
toxification indicates that the greater toxicity of 2,3,7,8-TCDD versus TCOF could
be the resylt of the relatively stower metabolism and excretion of 2,3,7,8-TCOD
{120, 133). Studies ingicate that TCDF metabolism 15 carried out through a detoxi-
fication mechanism; specres that are able to metabolize and purge TCOF are more re-
sistant to its acute toxicity. The mulitiple-organ and histologic damage may be a
result of both the relative rate of formetion and the further inactivation of the
reactive metabolites in different organs {e.g., liver, kidneys, stomach, etc.).

Analyses of liver, adipose tissue, and blood samples of Yusho patients from both
Japan and Taiwan indicated that the highest concentrations of PCOFs were found 1n

the liver (Table 6-3). PCOF isomers present in the rice o1! but not detected in the
Yusho patients were 2,3,6,7-tetra., 2,3,4,6,7-penta-, 1,2.6,7,8-penta~, 1,2,3, 4,8~
penta-, and 1,2,3,4,6,7-hexa-COFs (Figure 6+2). These PCOF isomers, which were
metabolized and excreted fairly rapidly, have two vicinal unchlorinated C-atoms 1n
at least one of the two arometic rings in the PCOF nucleus (Figure 6-2) (79, 134).
In contrast, PCOF isomers retained in the bodies, such as 2,3,6,8-tetra-, 2,3,7.8-
tetra-, 1,2,4,7,8-penta-, 2,3,4,7,8-penta-, 1,2,3,7,8-penta-, 1,2,3,6,7,8-hexa., ang
1,2,3,4,7.8-hexa-COFs, had lateral positions substituted with chlorine {Figure 6-2)
{79, 134). The complets elimination of this compound from the Organism 15 a func-
tion of the body's ability to metabolize it to polar metabolites, which can be
conjugated and excreted.
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Table 6-3
LEVELS DF PCOFs [N SAMPLES FROM YUSHO PATIENTS (79. 134)

Liver Adipose 8lood
Jsomer Yusho, Japan  Yusho, Talwan Yusho, Japan  Yusho, Taiwen  Tusho, Japan  Yusho, Taiwan
2,3,6,8-Tetra-CO¥ <0.005-0. 7 n* <0.005-0. 6 ] » NO
2,3,7,8-Tetra~-COF <0.005-0. 3 0 060 <0.005-0.) 0.014 <0 003 <0 02
1,2,3,7,8-Penta-CDF L 0.194 N 0.044 NO 0 02-0 02
1,2.4,7,8-Penta-C0F  <0.005-7.1 0.042 <0.005-0.8 0.014 NO 0 04-0 06
2,3,4,7,8-Penta-LDF  <0.005-6.9 0.09} <0.005-5.7 0.068 0 603 0 08-0 120
1,2,3,4,7,8-texa-COF  <0.005-2.6 0.193 <0.005-0.5 0.088 <0.006 0.06-0 150

* ng/q.
«r NO = Not detected.
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Figure 6-2. PCOF [somers Retained and Excreted in Yusho Patients
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Section 7

CHEMICAL AND BIOASSAY ANALYSES -

CHEMICAL ANALYSES

The toxicities of some PCOD and PCOF rsomers, which have been demonstrated by tests
{Sectron §) and, to some extent, by accidental exposures of humans 'O these come
pounds {Section 2), have prompted extensive efforts to quantitatively measure these
chemicals 1n various chemical, biological, and environmental media (36, 136). These
toxicrty considerations have further dictated the requirement to amalyre for these
chemicals at concentrations ranging as 1ow as parts.per-trillion (10'12 g or pico-
grams of analyte per gram of sample). Oevelopment of an entirely new realm of ana-
lytical chemical capability has been required to achieve reliable quantitative de-
terminations at the part.per-trillion level; this has only recently been success-
fully realized. Evan whan the sample medium contains higher concentrations of
PCODs/PCDFs, analysis for these compounds can be 4 formidable task because of the
large numbers and quantities of other chlorinated hydrocarbons which are frequently
present 1n many samples of interest. These other hydrocarbons can complicate or
even preclude accurate deterwination of the PCDOs/PCOFs if appropriate analytica)
methodology is not utilized.

in the present survey, the current status of analytical procedures for the determ)-
nation of PCODs/PCDFs is reviewsd. A summary of the instrumental methods which have
been used for the detection and/or quantification of PCDDs/PCOFs is given in Table
7-1. while the focus of this survay is primerily aimed at techniques applicable to
PCB-containing fluids used in electrical devices, 1t is desirable to discuss the
evolution of such analytical methods in a2 somewhat historical sense, particularly
since most of the reportad analytical procedures have been designed for other types
of sample madia.

SCOPE OF THE AMALYTICAL PROBLEM

As discussed earlier, there are 75 PCOD isomers and 135 PCOF isomers. The magn)tude
of the analytical task associated with the determination of PCDDs/PCOFs tn complex
samples thus becomes apparent. especially when one recognizes the difficulty of
separating and identifying 2 large number of isomers within a given chlorinated
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class, all of which are quite simlar structurally, and thus simlar 1n chemical and
physical properties. This task 's further complicated by the fact that many of the
1somars of the PCDDs/PCDFs have nat been prepared 1n pure form, and thus are not
avatlable far use 'n developing and calibrating analytical methods.

Several synthetic routes for oreparing PCODs {137, 165, 166, 167, 168. 169, 170) and
1somers nave been produced by these reactions. The entire sets of the isomers cof
tetra-, hexa-, and hepta-C00s, as we)) as octa-C00, have been synthesized (161, 169,
170), s have 2 di-, 4 tri-, and 14 penta-CODs (34, 174, C. Rappe. Personal Commun:.
catron). A1) 38 tetra-COF isomers (175) and some of the penta-COF isomers (174)
nave been synthesized.

The PCOD and PCDF {somers orepared by the various investigators c)ted have been
characterized using several methods, 'ncluding gas and liquid chrometography, mass
spectrometry, proton- and l:’C-!ll!, and photolytic dechlorination coupled with pat-
tern recognition tecmiques (136). However, few, if any {(except 2,3,7,8-TC0D). have
besn structurally confirmed by single-crystal X-ray diffraction, which is the most
gefinitrve method. This is due in part to the fact that only quite smatl guantities
of the synthesized isomers have been avarlable; in addition, single-crystal Xeray
diffraction requires considerable time and expanse.

The PCDD and PCOF isomers prepared by these investigators have not been wideiy
available to laboratories seeking these compounds for use as analytical standards.
However, a limited number of PCOD and PCOF 1somers, including several 13e. ang 37010
tabe)led compounds, have been prepired in sufficient guantities for sale to numerous
1rwestigators by a commrcial synthetic laboratory (KOR Isotopes, Cambridge, Massa-
chusetts}. PCDD standards are available only as mixtures; PCDF standards have been
synthesized and isolated as Individual isomers. Even in those laboratories which
have synthesized or acquired PCDD and PCOF standards, there are no reparted in-
stances in which the quantities of these compounds have been sufficient to thor-
cughly evaluate and calibrate the complex analytical procedures for entire sets of
isomers of sevaral chlorinated PCDD and PCOF classes,

In spite of these limitations, there has been widespredd interest in the determna-
tion of spacific PCOD and PCOF isomers. This interest stems largeiy from the fact
that the toxicity of these compounds is markedly dependent on both the number and
position of the chiorine substituents. .
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The toxicology of PCODs and PCDFs {s discussed more extensively 1n Section 6. [t s
clear from that discussion that there s a need to perform 1somer-specific anaiyses
of PCODs and PCOFs in many types of sample media, and that smply determining these
compounds by chlorinated class does not generally provide sufficient information to
adequately evaiuate hazards. However, the extent to which such-enalysas can cur-
rently be accompiished is st111 rather iimited for the reasons discussed above.

Many of the early amalytical studies focused on the deterwination of 2,3,7,8-TCCD 1n
vartous bioclogical and environmental samples, because of the extreme toxicity of
2,3.7,8-TCDD, which has been associdted primarily with 2,4,5-trichloropheng] and
certain herbicide derivatives (2,4,5-T) of this chlorophenol {all widely used at cne
tme). In addition, this PCDD rsomer was one of the earliest available 1n suffi.
crent quantity to use as an analytical standard. Much of the currently extant ana-
1ytical mthodology for PCODs and PCOFs thus stems from that developed origimally to
detect 2,3,7,8-TCDD. Some of this mthodology was gradually adipted, modified, and
expanded tc accommodate analyses of other PCODs and PCOFs, although entirely new
methods have 2150 been ceveloped. Among the many types of samples which have been
analyred for PCODS and/or PCOFs are the following (36, 136):

) Aimal tissues - adipose, muscle, liver, blood, whole anwmal
{bovine, fish, leer, elk, turtle, rat, radbit, birds).

. Human tissues - blood, adipose, liver, kidney,

. Humgn and animal milk.

. Flant matertal.

. Soils and sadiments,

. Water - rivers, streams and lakes, wells, leachates,

. Chemical formulations and wastes (2,4-0; 2,4,5-T, PC8s, chiorophe-
nols, diphenylether herbicides, and other herpicides and industrial
chemicals).

. Combustion products - fl¥ ash, bottom ash, soot, comdensate particu-
lates and other stack effluents, water and other process fluids from
cambustion of municipal waste, coal, wood, chemical wastes, PCBs,
PC8-~-treated materials and wastes.

) Industrial hygiene samples - wipes, air samples (solid sorbents),

. Hazardous waste site samples - complex chemical mixtures, landfill
sludges, leachates.
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It should be mentioned that the level of sophistication appited 1n these anaiyses,
and the objectives thereof varied widely. In some cases, the objectives have been
primarily to screen samples (qualitatively or semiouantitatively) to identify chlor.
nated classes of PCDDs and/or PCOFs. In other 1nstances, the objective of the
anaiys1s has been to accurately quantify specific PCOD and/or PCDF 1somers 10 such
samples., Both types of analyses can be yseful, depending on the purposes for which
the analytical resuits are to be used. The most specific of these methods emoioys
mass spectromtry (MS)., Prereguisites for best analyses inciude representative sam-
pling, good storage, efficient extraction, and sample purification (contairment)
followed by good separation, ultrasensitive detection and quantification, and most
desirapie confirmation (113).

CRITERIA FOR SELECTING ANALYTICAL PROCEDLRES

There are several criter1a which may be used to assess the efficacy of specific
analytical procedures for the determination of PCDDs/PCOFs, depending upon the ob-

jectives of the analysis. These criteria are discussed below.

A standard practice applied by most competent laboratories which perform analyses
for PCODs/PCDFs involves the addition of isotopically labelled PCOD and/or PCOF 150~
mrs to the sample in known quantity prior to analysis, and determrnation of these
1abel led compounds along with the native or unlabelled PCODs or PCOFs. The percent
recovery of the isotopically ladelled standard provides a2 mpasure of the efficacy of
the analytical procedures. Typically, 3/Cl-labelled or 3C-labelled PCODs or PCDFs
have been used for this purpose. However, since oniy a few such standards have been
prevared and are gererally available (certain labe!led isomers of the tetra-, hepta-
and octa-CODs, an¢ labelled 2,3,7,8-TCOF are commrcially avarlablie), the extent to
which these Procedures Can be utilized is limited. The addition of a labelled
PCOD/PCDF to a sample is also useful in that the added compound can be utiltized as a
true internal standard for purposes of quantitating the native PCDDs/PCOFs 1n the
sample. Such an approach presumas that losses of the added internal standard in-
curred in the course of processing the sampie are proportionately the sam as the
losses of the native PCDDs/PCOFs in the sample. Since the 1nternal standard 15
added in an accyrately known guantity, however, by measuring the native compound
relative to the labelled internal standard, it is possible to reliably quantitate
the native compound in the sample.

MONS 215270

7-8

»



Since PCDDs/PCOFs nave been detected at concentrations spanning a relatively wige
range 1n varitous sample matrices (typicaily parts-per-trillion to parts-per-
thousand), 1t 15 desirable to utilize analytical methodology which can getect [ang
1f gesired, guantitatively measyre} PCODs/PCDFs over tnis entire range.

If large numbers of samples are to be analyzed, as ts frequently the case 1n enyi-
ronmenta] assessments, the analytical methodology should he amenable to efficient
and reliable processing of such large numbers of sampies tn 3 reasonadle t'me per-
10d. The complextty of reltable anaiytical procedures for determining PCDDs/PCOFs 15
such that even the best methods currentiy avatladble are quite labor- and resource-
intensive. These analyses are therefore quite expensive, and stngle analysis often
requires 1 to 2 days, although econamtes can obviousiy be realtzed by oprocessing
samples 1n batches.

To the extent possible, acceptable anaiytical procedures for determining PCODs/PCOFs
should de applicable to the analysts of a wide variety of different sample matrices,
As shown in Tables 7-1 and 7-2, the procedures for separation and i1nstrumental de-
tection which have been developed for PCDD/PCDF anaiyses are rather simiiar for many
types of samples.

SAMPLING METHODS

The procedures utilized in obtaining 2 sample to be analyzed for PCDDs/PCDFs can
markedly affect the results obtained. A detarled drscusston of sampling methoads 15
beyond the scope of this review, but it should be noted that ths aspect of PCOD/
PCDF analysis 15 perhaps one of the most neglected areas. [n generai, the dictates
of good anaiytical practice shouid de appifed in sampling: homogeneity of the sam-
ple matrix; collection of a truly representative sample; statistical considerations
with respect to replicate analyses: and the resulitant effects on precision and
accuracy. In cases where samples are acquired by simple grab sampling, such consig-
erations can usually be applied. In other instances (e.g., collection of flue gas
samples from incineration sources or surface wipe tests), the sampling procedures
are far less standardized, and their effectiveness and 1im tations have not been
adequately evaluated.

Sempliing methodology ts discussed in a recent Canadian Government report on andlyti-
cal methodology applicabie to PCDDs (185). A discussion of some of the sampling
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procedures applicable for collection of flue oas samples has been presented oy Tier.
nan, at al. (16D}, and a detailed discussion of environmenta! samplino reoyirements

and guidelines has been orepared by the American Chemtcal Socrety /136).

Table 7.2

LIST CF EXTRACTION AND CLEANUP PROCEDIRES
FREQUENTLY USED FOR PCDD/PCOF ANALYSES

Ortoinator Procedure/Referance

U.S. Envirormental Ac1g extraction (153
Protection Agency

Neytral extraction (153)

J.S. Food and Druo {176)
Administration

V.S. Fish and Wiig- (177)
11fe Service

Dow Cremical Company Ac1d extraction (178, 179)

Neutral extraction (180)

weegnt State Univer- (180, 181)
si1ty-8rerm Laboratory

(160, 182)
Umea Universtty, (10)

Sweden
(3, 183, 184)

(79, 135)

SAMPLE EXTRACTION, PURIFICATION, AND SEPARATION

Applicatign

Fish; adipose tissue; m Ik,
water; so1l; sea:ments

Fism

Chemical formulations, €rsn
Fish

Fish; milk

Fly ash; dust, urban par-
trculates; municipal sludae,
so11

So11. chemical waste:
agueous effluents

Particulates and other sampies
from flue ods Stacx

PCBs
Fly ash, soot, wipe tests

8loo0d

Analytical methods which have been developed for cetermination of PCDOs/PCOFs n
various sample matrices generally enta)l a sequence of three operations:

. Extraction of PCODS/PCOFs fram the sampie matrix, which 1n Some
cases 1nvolves digestion or gestruction of the matrix,

7-7
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[ Preliminary separation of PCODS/PCOFs from major matrix constituents
and other major chiorinated residues and chemcal contamnants,

. Quantification and confirmation of PCO0s/PCOFs 1n the cleaned-up
sample extract.

Procedures to accamolish these coerations have heen developed and applied 1n severa!
gifferent laboratorres. These procedures are sumlar 1n many respects, althougn
they differ 1n various details, such as the choice of liquid chromatography colums,
and the digestion or extraction redgents. A representative 11sting of several metn.
ads that are used by major laboratories currantly performing PCOD and/or PCOF analy-
$1s 15 presented in Appendix 0. Other reported variations of such methods are di1s.
cussed and evaluated 'n & recent (anadian recort (185).

All of the methods listed 1n Appendtx D entarl 1nitial addition of i1nternal stan-
aards, followeg by destruction of the sample matrix (where practical) or extraction
with an organic solvent, partittoning of the PCODs/PCOFs into an organic phase and
polar constituents 1nto an aqueocus phase and discarding of the latter, and liguid
chromatographic cleanyp (and 1n some cases HPLC cleamup) of the extracts. The
cleanup steps are i1ntended to remove matrix camponents, such as lipigs, as well as
most of the chlorinated hydrocarbon residues 1n the sample (e.g., PCBs, DDE, other
common chlorocarbon residues, and fused-ring aramatic compounds), which may ntere
fere with subSequent detection and quantitation of PCOOs/PCOFs. Albro and Parker
have recently discussed the types of chloriniated hydrocarbons which may constrtute
interferences, and fractionation procedures aimed it elimination of these (74). Some
of the more frequently used extraction and cleamup procedures are listed 1n Table 7-
2, followed by a discussion of the efficacy of extraction and cleanup metnodoioay,

EFFICACY OF EXTRACTION AND CLEAMUP METHODOLOGY FOR PCDDs/PCOFs

The efficacy of extraction and cleanup methodology for determning PCODS/PCDFs 15
generally gauged by the extent of recovery of the initially added labelied internal
standards. This has been applied less frequentiy for PCOF determnations, because
only one labelled PCOF has been avariable (37CI‘.2.3.?.8-TCDF). Collaborative test-
ing of some of these methods has Deen accomplished through EPA's Dioxin Implementa-
tion Plan (18D}. Few of the results of these studies have yet been oublished. The
FDA also conducted a limited assessment of several of these methods for fish anaiy-
ses (187). Most of the methods cited seem to be relatively effective 1n so far as
they have been tested, when accomplished by skilled and experienced analysts.

MONS 215273
7-8



One type of sample which has received particular attentron 1n terms of evaluating
the efficrencies of extracting PCDDs/PCOFS using various procedures 15 Darticylates
(such as fly ash). Lustennouwer, Qlie, and Hutzinger (§0) have reoorted the resurts
of extract:ng aliquots of the same fly asn sample ysing si1x dr1fferent gxtraczion
methods. which have been ysed by varioys investigators who nave reoarted data on ge-
terminations of PCODs/PCDFs 1n the lrterature. According to these results (Table 7.
3}, Soxhlet extraction with toluene (following ac1d treatment) was the most effec-
tive of the seweral procedures evaluated.

More cdetatied subsequent studies from the same labgratory 1n which still other oro-
cedures were evaluated led to the concluston that Soxhiet extraction with benzene 15
approximately equally effective, and far superior ta s mpler extraction metnogs
{378). In the latter study, the effect of the pertod of extraciien, ranging from 24
to 72 hours, was also evaiuated. The results of these tests, shown n Taple 7-4,
1ndicate that a 24-hour extraction period was sufficient to remove the bulk of the
PCOD/PCOF constituents. Cutie (153} has also reported resuits of similar stugies on
the extraction of 2,3,7,8-TCOD from fly ash, soil, and acttive carbon,

There have been comparatively few measurements of PCDDs/PCOFs 1n electrical eguip-
ment PC8 fluids (see Section 3). As such, methodology for this purpose has not been
extenstvely reported.

The extraction and cleanyp procedures appired tn several of these studies were ren.
eraliy simiiar to those described eariter in this section for determinat:ons of
PCODs/PCOFs tn other samples. The most detarled accounts of Such procedures applt-
cable to PCB electrical fluids are those given by Buser (156). Rappe, et al (27!,
and Albro and Parxer (74). Polychiorinated diphenylethers, which are also presert
in some flurds of this type, can give rise to mass spectral frigment rons, which
covncide with those monttored as indicators of the COFs (74}, It 15 thus mportant
that the chiorinated dighenylethers be effectively removed from the extracts by seo-
aration techniques prior to GC/MS analysis. Adequate separations can be achreved by
careful attention to the eiutton procedures used in the liquid chromatographic frac-
tionation sequence (74},

INSTRUMENTAL METHOOS

Table 7-1 1ists the instrumental methods which have been applied for detection and/
or quantification of PCODs/PCOFs 1n sample extracts orepared by the procedures given
tn Table 7-2 ang Appendix D, Table 7-1 shows the types of analytical applicat:ions
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Tabie 7.3

EXTRACTION EFFICIENCIES OF POLYCHLORINATED
COMPDUNDS FAOM FLY ASH {60Q)

Analytrcal Jesults /"oral, ocond

Method Chlorophengl PCOD PCLF
1. Toluene, acrd treated, Soxnlet
extraction 1364 100% 1309 100x 1407 100x
2. CHyCly, shaking treatment 240 18 124 1 23.5 2
3. Acetone/nexane, ultrasonic treatment 92 7 No 1 No 1
4, CHZCIZ. Soxnlet extraction 434 32 8l.8 L] 15§ 11
§. CHC14, Soxhiet extraction 592 44 168 13 60 20

6. Toluene extraction of solution of
fiy ash 1n 48% HF 446 13 113 9 230 16

Description of methods:

1.

Fly ash (25 g) vs stirred in IN hydrochlorvc actg (200 mi), After centrifu-
gation, the residual fly ash 15 washed with detontized water over a Suchner
funne! and dried at room temperature. The fiy ash 15 extracted for 35 hours
with toluene using a Soxhlet apparatus.

Fty ash (10 ?) 15 shaken manualiy (Method 2) or tredted 1n an uitrasonic
bath for S minutes (Method 3) 1n the solvent i1ndicated. For both methods,
this ts repedated four times. The extracts are combined for cieanup ang
analysts.

Fly ash (25 g) 1s extracted for 3§ hours, ustng 2 Soxnlet apparatus.

Fly ash (5 g9) fs dissotved 1n a 48% HF solution. The solution 15 then
extracted with toiuene, Some particulite matter remained,
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(e.g., screening or quairtative detection, duantrtative 3nalysis, 1somer getermina-
tipns) for which thess vari1ous methods have been apolred, 2long with examples of
reports of such appircations. As ingicated 1n Table 7-1, several methods nave hean
developed for raprd screening of sampies for the presence of PLDDs/PCOFS, such as
JV-spectroscopy., thin-layer chromatooraphy For example, 2as chromataioraphy ,sino
an electron captyre gdetector {GC/ECY) offers the sengitivity needed for such 2
scree<ing procedure, but does not have the spectficity that 15 needed ta elimnage
false posttives. The ECD respongs to any molecule that has am affinity for zaptur-
1ng electrons 1n an tonized frelg, Thig 1nciudes moiecules containing natogens
(o.g., Desticides), oxygen (e g., phthalate esters, ethers, ketones, etc.), ang
other hetero atoms, such &s sulfur and nitrogen (144),

Table 7-4

INFLUENCE OF TIME QN EXTRACTION EFFICIENCY
FOR PCODs AND PCOFs+ (188)

PCOD (%)
TCOD Pe HCOD K-C00 QC00 Averaoe
1st 24 nours 97.0 97.4 98.4 99.3 94.5 98.0
2nd 24 hours 2.3 2.0 1.3 0.7 0.5 1.6
3rd 24 hours Q.7 0.6 0,3 0.1 0.0 0.3
PCOF /%)
TCOF Pg HCOF HeCDF OCF  Averace
1st 24 hours 97.7 98.4 98.5 99.4 99.5 98,5
Znd 24 hours 1.7 1.3 1.1 0.6 n.5 1.2
3ra 24 nours 0.8 0.4 0.3 0.1 0.0 0.3

* Sampie pretreatment with IN HC1; Soxhiet extraction with toluene.

Raaian Corporation has deveigoped a prototype detector System for gas chromatography,
called a thermally moduiated electron capture detector (TMECD) system, This system
consists of two electron capture detectors 1n sertes with 4 temperature-controiied
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catalytic pyrolysis unit between them, Different classes of organic coampounds react
to the pyrolysis conditions 1n different ways, resulting er1ther 1n an enhanced 514
nal, a diminished signal, or no chanoe 1n the magnitude of the signal  The ratig of
the peak area measured for the cetector after the reactor to that for the getector
prior to the reactor 15 a property cnaracteristic of each comoound Ths peak ares
ratip 15 used 1N conjunction with ts retention time to 'ncrease the configence
level of the 1dentirty of a gqiven campound -

In addition to this methoa (which 1§ sti11 ynoer development and needs validation),
several techniques have been developed which are dependent upon biological responses

to the toxic PCODs/ PCOFs. These bloassay technioues are discussed separately 1n
thts section,

[t 's generally accepted that the only techntque which has both the requtred sensi-
tivity and specificity for relrable detection and quantitation of PLDDs/PCOFs 1
coupled acas chramatography-mass spectrametry (GU/MS). Mass spectrametric analysis
for PCODs/PCDFs ts based on the presumption that these compounds exhibit specifrc
mass spectral fragmentation patterns., The electron impact mass spectra of PCODs and
PCOFs exhtbit intense molecular tons (M*) with the appropriate ton clustering, which
s due to the two chlorine 1sotopes. PCODs matinly fragment to M*-COCT ang M*.200C1
10ns. Smaller 1ntensities of various other tons appear 'n the spectra of both types
of standards, thus enabling reliabie analysis of PCODs/PCOFs (189).

In most instances, monttortng the moiecular tons of the PCDDs and PCOFs will sasily
distinguish these compounds from other cnlorinated aromatic hygrocarbons, which may
be present in the sample extracts. However, some PCBs, as well as [ODE, :an fragment
to yreid 1on masses which may interfers with the detection of certarn PCODs, unless
rather high mass spectral resolution is employed, Also, the 1dentifrcation of PCOFs
may be complicated by the presence of chiorinated diphenylethers, since the latter
compounds yieid intense H’-Clz fons, which have the same exact mass and number of
chiorine atoms as the corresponding PCOF (1561. In such cases, successful analysts
s dependent ypon the ability of the preseparation procedures and/or the gas chromad-
tographic fractionation to separate such interfering campounds from the PCODs/PCOFs
before the latter enters the mass spectrometer. While 1t 1s desiraple to obtain
carpiete mass spectral scans 1n GC/MS analysis in order to 1dentify the analytes of
1nterest, this 1s not possibie if very low detection 1imits (e.g., part-per-tril.
lion) are needed. In the latter case, which is the more commn requirsment 'n ana-
lyzing environmental samples, oniy a few 1ons tn the mass spectra of the PCODs/PCOFs
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of interest are typically monitored, uti1l1z1ng a technigue termed Seiected-lon Mon:.
toring, Thrs s discussed further below.

Earlier anaiyses of PCDDS were a1med primarily at determining the low levels of
TCDD, and uttlized less sopmisticated gas chromatographic techntigues than those
presently avatlanle. The first attempt to appiy mass spectrametry for guantitative
determnattion of TCOD was the migh-resplytion mass spectrometric teghnique reportea
by Baugrman ang Meselson {143}. This technique did not utiiize prior gas chromato-
graphic separatton at aill, tne sampie extract was 1ntroduced via a direct inlet
probe. These investigators modified a nigh-resolution mass spectrometer to permit
repetitive high-resolution scanning over a narrow mass range (typicaily D,3 AMJ) at
a rapid rate (4 scans/second). Mass spectrametric signdis were acquired using a
signal-averaging computer, which resulted 1n sufficient sensitivity (approximately !
prcogram of injected TCDD).

Due to the relatively high mass spectral resolution achieved, this technigue was
adequate for the purposes of distinguishing the molecular ron of TCDD from 10ns
arising from the sample matrix (mostiy bioiogical samples}. Howsver, 1t was soon
realized that the TCOD fons could not be distinguished from those originating from
certain PCBs, if the latter were present in the sample extract in large concentra-
tions relative to the TCDD (part-per-miliion versus part-per-trillion)., Another
limtation of the latter method was its 1nabiltity to separate TCOO isomers; the mass
spectrometric response observed with this method was obviously attributable to any
TCOD 1somers in the sample, or any compounds gtven a TCDD fragment, not just the
2,3,7,8-TCOD wnich was of major 'nterest.

During the same perod that the Baughman-Meselson method was being appltied, several
nvestigators reported the use of coupled gas chromatography-Tow resolution mass
spectrometry for ceterminations of TCODs 1n chlorinated phenols and 2,4,5-T herbr-
cide formutations (145-149). These studies utilfzed open-tubular packed gas chroma.
tographic columms, which were capable of separating TCOD from other PCODs of differ-
ent chlorine content, but had little capacity for separating discrete TCDD isomers.
The detection limits achieved {n these determinations were fn the range of 0.001 to
0.1 pom. These methods derived their specificity from the cleanud methods used.
Furthermore, thess methods required that the analyte exhibit the appropriate GC re-
tention time and a mass spectral response at the appropridte ion masses correspong-
1ng to TCOO.
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Due to concerns over the possible accumylation of 2,3,7 8-TCOD 1n the food chain
(from the use of 2,4,5-T on cattle-grazing landl, the U, S, EPA initiated the Droxin
Imolementation Plan (DIP} 1m 1075, Thys program was 'ntended to quantitatively
assess the levels of 2,3,7,8-TCOD 1n beef tissues and related environmentai sampies
The program prompted the cevelopment of combined GC (packed-coiumm)-high resciution
mass spectrometric techniques for determning TCOD at four different laboratorites
1.e., Wright State Universtity, University of Nebraska, EPA/RTP, and Oow Chemical
Company (136, 150, 152, 1Bl). The mass spectrometric methods were similar to metn-
ods appiied by Baughman and Meselson (143), but were superior in that high-resoiu-
t1on scanning was generaliy accomplished over 2 narrower mass range and at a more
rapid scan rate. This imoroved both the resolytion capability and the sensitivity
of the technigue. Wright State's adaptation of this procedure permitted as many as
four 10ns to be monitored,

A further enhancement of the capabilities of the GC-high resolution mass spectrome-
tric technigue for analysis of PCODs/PCOFs entailed the incorporation of capillary
GC colums (wall-coated cpen-tubular columns). This has been accamplished at both
the EPA/RTP (153) and Wright State laboratories (154). The use of captllary GC col.
umns provided the capability to separate discrete isomers of the PCODs/PCOFs; unt)!
recently, few of thase have baen available 'n pure form. The use of capillary coi-
umn GC-high resolution MS alsg further improved the zb)lity to obtain accyrate quan-
titative data on the low concentrations of PCODs/PCDFs in environmental samples.
Typical results of this highly specific technigue are shown 1n Taple 7-5.

Oue to patent problems in the Untted States, the technique of captrllary columns was
developad and extensively used in Europe. Iavestigations of the use of capillary GC
colums for the separation of PCDD isomers were undertaken as early as 1975 by Buser
(155), who prepared eight HxCDD isomers and demonstrated that these could be separ-
dted on a column having adout 35,000 theoretical plates, using a temperature orogram
which incressed the column temperiture by 2°C/minute. Subsequently, Buser (155)
demonstrated separations of nine TCOD isomers available at that time, More re-
cently, Buser (155) and Buser and Rappe (157) have reported the results of separat-
ing all 22 TCDD {somers on three different capillary columns.

Other capillary columns have al1so been tested for separating the 22 TCOD isomers,
such a3 new hybrid columns coated with stationary phases OV-17 and/or Silar-10C
(Figures C-1 and C-2, Appendix C}. It should be noted that these technigues pro-
vided for the separation of the highly toxic 2,3,7,8-tetr2-COD 1somr from the other

MONS 215279
7-14



Table 7.5

TYPICAL ANALYTICAL RESULTS FDR QUALITY ASSURANCE
SAMPLES. ANALYSIS OF FISH FDR 2,3,7,8-TCOD (153)

TCOD

17 Tcoo Fortificattion
R S - W
{q) _ % (opt )& {opt)# Py opt
5(1)* 62 2 20 110 22
5(1) 52 4 34 185 kL
5(1) 82 3 ND 0 0
5(4) 100 3 ND D 0
5(3) 54 1 19 70 14
5(3) 100 2 ND 0 Q
5(3) 78 2 ND ) 0
5(1) 92 2 19 55 il
5(1) 97 5 45 240 48
11} 100+ | 8 130 13
10(1) 100+ 4 43 600 60
10(2) 100+ 7 ND 0 0
10(2) 100+ 3 ND 0 0
11) 100+ 4 76 1250 12§
10( 4) 57 1 ND 0 0
10(1) 93 3 55§ 650 6%
10(1) a4 4 73 620 62

* (}} Ecean perch, (2) lake trout, (3) beef liver, and (4) method
blank,

** Each sample has been fortified with S or 10 ng 37f:I-Tcl:)t).

# Corrected for % recovery losses; ND = not detected; 37¢r.rcon
mean % recovery, 36%; TCOD mean £ accuracy, $15X.
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21 1somrs. Such capillary columns afso provided the means for separating oenta-
and hepta-COD isomrs (Figure C-3), as well as tri-, tetra-, penta-, and nexa-CIFs

(Figures C-4, C-5, and C-6).

Capv1lary column GC-low resolution mass spectrametry 15 being increasingly utilized
4t several laboratories to provide data on 4 wide range of PCDD/PCOF 1somers 1n var.
Tous types of samoles (10, S3. 136, 185, 157, 188, 189} vncluding PCB electrical
fluids. A summary of the quantification of separate PCOD and PCOF Tsomers in gam-
ples fram PCB fires and ncinerator fly ash 's Olven 1n Table 7.6,

Dow Chemical screntists have recently achieved considerable success 1n the seoara-
tion of tetra- and hexa-CDD 1somers by MPLC fractionation of discrete 15omeric com-
pounds (136, 161). Thmis technique ppedars to be particularly powerful when used in
conjunction with GC/MS technigues, and does not necessitate the use of capy!lary GC
columns, NO data on separation of PCOF isomers by this method has been reported.

Several newer mass spectrometriC technigues have aiso been recently 1nvestigated for
the analysis of PCDDs/PCDFs. Among these are negitive-ion mass spectrometry (163),
negative-1on chemical ionization mass spectrometry (16_2). and atmospheric pressure-
fonization mass spectrometry (142). Results obtained thus far show that all of
these offer enhanced sensitivity, selectivity, and specificity, For furan 1somers
in particular, there 1s a dramatic 1ncrease in sensitivity using negative-i1on chemi-
cal fonization MS as compared to normal electron ympact MS,

QUANT IF ICATION

To date, guantification has been based on peak area measurements by compdrison with
either internal standards or a calibration curve of known guantities of authentyc
standards {external standards). It has generally been assumed that all 1somers of 2
particular PCOD or PCOF have the same response using the MS quantification. Re-
cently, Gara, et al, (189), and Rappe, et al. {113), have studied responses of 28
ang 20 different PCOF isomers, respectively. Findings of both studies showed 2 3-
fold variation in the response, using the electron i1mpact {EI) myde, and up t0 @ 20-
fold and 28-fold variation, respectively, using the negative chemical tomization

(NCI1) mode. For the higher chlorinated homotogues, the differences appedred to be
much smaller.
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Table 7-6

QUANTITATIVE ANALYSES OF PLOF ANO PCDO JSOMERS IM SAMPLES FROM PCB INCIDENTS
ANG INCIMERATOR FLY ASH

llna:;.on'

Isomer

Mono -CDF -
0 -COF -
Try-COF -
Tetra-CDF 2
Penta-COF 670
Hexa-CDF 965
Hepta-CDF 460
Octe-COF 40
Tatra-CDO 1.2
Penta-CDD 5.0
Hexa -CDO 4.7
Hepta-LOD 70
Octa-COD 2.0
* Refarenca 29.

** -Refarence 2.
? Reference 190.
t Refarence §0.

lhr:t:l t" S“':ﬂ

20-43

15-43
5-14
34

0 0oI-06
¢
C. 06
¢ 008
0.005

MuniCipal Waste {(ppb)t Industrial Municipal

Surah angyr Fly Ashew Fly Ash
{ug/m Fly Ash Particulate fppb) (ppb)
<0 02-4.0 111 460 180 9
<0.01-3 13 196 960 530 23
<0 Ol-.1 & 361 1600 350 50
<0.015-1 § 177 1130 300 250
0.002-0.3 18 140 20 115
. 154 100 400 3
- 182 800 1400 20
- 326 1370 1000 50
- 288 1370 300 180
- 106 310 150 210
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CONF IRMAT ION

Confirmation of PCDDs/PCOFs can be based on the proper molecular 1ons and frioments,
as well as the 1ntensities of the 1on clusters due to the C1 1sotopes. “oreover, 'F
a sample contains 3 muitytyde of PCDD/PCOF somers, the positive 18zntificition of
PCODs/PCOFs could be confirmed by cluster analyses (113).

For adeouate confirmation of PCODs/PCOFs, there are sevaral parameters avaliable
Compared to an duthentic standard, the PCDOs/PCOFs 1n the sample Should have the
sam following parameters: retention volume 1n tne column chramatography 'n the
cleamup steps, retention t:me 1n the gas chromatograohic separation, molecular
weight, fragmentation and chlorine cluster 1n the MS detection, and difference 1n
response factors comparing the EI and the NCI mode. These parameters, 1n addition
to access to well defined weighted standards, qive the poss'biiity of relrapble anal-
ysis of PCDOs/PCOFs.

BIOASSAYS

Nomerous clinical biomedical parameters have been shown to be altered 'n amimals ang
humang receiving different doses of PCDOs, PCDFs, and PCBPs (Section €). In & num-
ber of investigations, 2,3,7,8-TCOD served as a prototype of individual PCOQOs and
PCDF congeners and their mixtures, all of which produce 2 s'milar and characteristic
pattern of toxic lesions, i1ncluding hyperkeratosts and soudmous metapiasia 1n the
skin, and induction of a number of coordinately expressed enzymes trrough Stereospe-
cific, reversible binding to a cytosolic receptor protein [which his been 'dentified
'n severd] mammaiian spectes and in cell cultures).

As described in Section &, the potencies of the biologtc and taxic responses for
halogenated aryl hydrocarbons are also dependent on structure. Maximal activity was
observed for the 2,3,7,8-TCOD congengr, which contains a chlgrine supstrtution pate
tern at the four laterdl positions of the dibenzo-p-dioxin mlecutle (_1_&). Further
Ct substituted at the 1, 4, 6, and 9 positions tends to diminigh the activ:ity,
whereds the removal of cne or more of the laterafly substituted C1 atoms leads to 2
marked loss {or complete loss) of activity, The results of recent studies sugaest
that the initial event in the mechanism of action of 2,3,7,8.TCOD and related com-
pounds is the reversible non-covalent binding to 4 receptor protein. There appears
to be an excellent correlation between the relative toxicCitres of halogenatedg aryl
hydrocarbons and their potencies as AWM inducers and their receptor protein binding

avidities (191). This suggests that both the receptor binding and AHH induction
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assays miy be useful short.term 'n vitrp b10assays for total PCOD/PCOF biplogical
activity, whiCh would 1n turn reflect potential toxic potency.

The significance of the broassays, 'n addition to the zssessment of the toxicologi.
cal effects, s therr usefulness as 2 rapid and retrable screen for detacting biolg.
g1cafly active substances prior to chemical identification and quantification. The
following discussion will focus on some of these bioassay techniques.

Aryl Mydrocarbon Hydroxylase {AWH) Induction

2,3,7,8-TCOD has been known to alter the activity of & number of enzyme systems, the
most extensively studied being the hepatic microsomal moncoxygenases. The monooxy-
gEnase enzyme system, consisting of NADPM-cytochrome P-450 reductase and cytochrome
P=450, 15 an Tntegral part of the smoth endoplasmic reticulum, and catalyzes the
catabolism of lipophilic compounds to more polar metabolites.

The 1nduction of the hepatic monooxygenases by 2,3,7,8-TCDD occurs 1n most tissues
of most species. It should be noted that these bicassdys dre extremly sensitive to
4 variety of chlorinated aromstic hydrocarbons., A large number of specific enzymes
have been assayed; the most extensively studied of them, AHK, s discussed below.

AHH activity 's a meagsure of one cytochrome, cytocrrome P-448. The !nduction of AHH
15 mediated by the reversible stereospecific binding of halocenated aromatic hydro-
carbons to a cytosol protein, the cytosol induction receptor (ﬁ)- which mediates
the nuclear uptake of the toxicant (193). The receptor is determined by the Ah
locus 1n mice (192). The Ab locus, and hence the cytosol receptor, controls not
only the inductton of AWM activity byt also a battery of coordinate!y expressed
enzymes (192).

Two 1ines of evidence suggest that toxic lesions produced by TCOD, as well as bio-
chemical responses, are mpditated by the cytosolic receptor. First, the binding
affinities of a large number of halogenatad aromatic hydrocarboms for the receptor
correspond very closely with the rank order of their toxic potenctres {193). Second.
two toxic responses produced by TCOD in mice, thyme involution and cleft palate
formation in fetuses, have been shown to segregate with the An locus (192).

Compared with classical polycyciic aromatic hydrocarbon inducers of AKN, such as
J-methylcholanthrene, 2,3,7,8-TCOD produces & para)lel dose-response curve; both
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compounds produce the same maximum response Tn AMK activity. However, 2 3.7,8-TCJD
15 3 x 10‘ times more potent that l-methylcholanthrene as an AHM indycer,

Poland and coworkers have extensively studied the inguction of AHH ang other enZymes
by 2,3.7,8-TCO0 and & variety of 1ts congeners (50}, This structure-activity rela-

tionship has been examined using a variety of PCOD (50) and PCOF {5Q, 187) congen.
ers.

The AWM 1nduction bioasssay utilizes a rat hepatoma cell line which paossesses low
basal AMM activity and !s highly inducible for this enzyme. The amount of AKH
induction is determined by the fluorimetric assay of l-hydroxybenzo[a]pyrene forma-
tion from benzo[ajpyrene (the sybstrate for the AHW enzyme assay), or by the flyori-
metric determination of 7-ethoxyresorufin O-deethylation. This technioue has been
used to examine individual halogenated aromatics, food, and environmental extracts
(191). For example, several gelatin samples have been shown to contdin pentachioro-
ohenol and related PCOD impurities, including the 1,2,3,6,7,8- and 1,2,3,7,58,9-hexa-
and 1,2,3,4,5,7,8-hepta-CODs which exhibit AWK activity. The results confirmed the
correlation betwmen the concentriation of the toxic dioxins in the samples and therr
btoassay 2.3,7,8-TC00 equivalents.

The binding of a specific ligand or mixture of Vigands 15 determined by measuring
the dose-dependent displacemant of [3H]-2,3.7.B-TCDD previously bound to the pro-

tein,

Toxicity to Cells Cultured in vitro

One of the most characteristic responses to TCOD 1n vivo is Ryperkeratosis 'n the
skin. Recent work by Kmutson and Poland has demonstrated that the hyperkeératiniza-
tion response to TCOD exposure which occurs upon exposure to TCOD in vivo could be
reproduced 1n an in vitro sodel system (192, 195).

When XB-cells derived from a mouse teratoms are cultured at high density {to prevent
spontangoys diffentiation) along with lethally frradiated 3T cells, the addition of
TCOD produces a dose-related keratinization response, as detected by red starning
with Rhodanile blue. This is a direct effect of TCDD on X8 cells, and will occur 1n
the absence of the feedar cells if the teratoma cells are cultured 1n 3T3-conor-
tioned media. XB cells contain the cytoso! receptor, and respond to TCOD with 2
dose-related induction of AWM activity,
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Other halogenated aromatic hydrocarbon congeners, ncluding PCODs, PCOFs, PCBPs, and
azobenzenes, also 1nduced keratinization although to a lesser extent than 2, 3. 7.8-
TCOO. Keratinization could also be 'nduced by some nonhalogenated aromatic hydro-
carbons, such as benzanthracene and 5,6-benzoflavone (192). Since 2,3,7,8-TCDD 15
the most potent, but not the orly 1nducer of this hyperkeratinyzation responge, this
effect is referred to as “cioxin-iike" activity (196). Unrelated toxins were
studied to determing 'f the keratinization response was due to nonspecific cell dam-
age (192). The direct acting alkylating agents N-acetoxy-2-acety!amineflugrene and
N-methy!=N'=nitrosoguanigine; 1nhibitors of nucleic acid synthsis, actinomycin D,
bleomycin, and cordycepin; the spindle microtubule inhibitor, colchicine; kepone, 2
chlorinated hydrocarben producing a toxic syndrome distinct from that of TCOD; ang
2,6-dichlorobenzonitrile, an acnegen considered to have a different mechanism than
TCOD ail fatled to produce keratinization in the X8/3T3 culture system {192). Fur-
thermyre, a4 correlation has been demonstrated between the degree of toxicity of var-
tous TCDD 1somers and congeners and the extent of hyperkeratinization response (124,
192).

The XB/3TJ system is extremely sensitive, givine an Induction of keratinization with
as little as 3.2 picograss of TCOD (192). In addition, this system i3 particularly
relevant as a model, since it dedls with an induced differenttation of the intact

cell using an endpoint (hyperkeratinization) known to be relevant to human exposure
{1.e., chioracne} (196}.
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Section B

RESEARCH NEEDS

INTRODUCT ION

This section out!ines resedrch recommendations directly related to the potential
formation of PCOFs, PCODs, and other polychlorinated arometics from askarel fluids,
These recommendations, based on the findings presented in previous sections, reflect
the identified information qaps regarding the generation of these compounds, thetr
toxicity, methods of analysis, environmental pathways, and procedures for their de-
struction/removal,

GENERATION

PCOFs, PCDDs, PCBPs, and other polychiorinated argmatic compounds have been gener-
ated in agsociation with PCE equipment fires and explosicns. The quintities gener-
ated ware found to vary significantiy, depanding on the type of equipment and reac-
tion congitions, The probability of gemeration under normal operating conditions
and in noncatastrophic malfunctions is still Righly uncertain,

Since available information on both conditions and quantities of formation is insuf-
ficient and of ten contradictory, future studies should focus on better deiineating
the gensration of PCDFs, PCODs, and PCAPS. In parallel, standard and non-standard
operating conditions should be campared with optimum formation conditions to deter-
mine (1) if formation is indeed possible, and (2) 1f the necessary precursors exist
in PCB fluids. Operating conditions of orimary interest include the follawing:

] Long-tarm high temperiture overload in the presence of an Oxygen
source (e.9., water, 0,).

s Swrt.term catastrophic failure caused by internal arcing.
] Long-term partial discharge.

] Arcing in circuit breskers containing PCA-contaminated ofl,

By conducting the sbove tests under controlled conditions, performing the analyses
using the most advanced andlytical techniques, and comparing the resulting data to
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estabiished theories, the above exper ments would provide specific 1nsights 1ntg the
following:

. Reaction conditions favoring the formation of PCOFs from PCas.

[ Mechanisms and ootimum reaction conditions for the formation of
PCODs fram chlorophenols and chlorobenzenes. -

o Chemistry and reaction conditions for the formation of PCBPS.

[ Effects of dilution of PCBs 1n mineral oil on the formation of
PCODs, PCOFs, and other chiorinated species.

TOXICITY

Environmental contaminants become a concern when they affect human safety and the
quality of the environment. It is therefore important to assess the risks resulting
fram exposure to the above compounds using the aporopriate toxicological criteria.
While other PCDD homplogues have been studied to a lesser degree, the data on Struc.
ture-biological activity relationships for 2,3,7.8-TCO0 in laboratory an'mals are
extensive. These data pertain to lethality, carcinogenicity, and reproductive ef-
fects.

Toxicological date for PCOFs and PCBPs are very limited, as are the data on the syn-
ergistic effects of two or more of the above by-products. For these compounds, spe-
cific data are lacking on acute lethality, chronic tomicity, carcinogenicity, tera-
togenic and reproductive effects, mutogenicity, and immunotoxicity. There are sig-
nificant gaps in the relationship between the receptor theory and the finduction of

chloracne. 0Dsta on such effects as the extent of enzyme induction through specific

receptor binding and cell keretinization should be acquired through bicassay tech-
niquas,

In particular, research shoulc be focused on the human target of PCODs and PCOFs 1n
it least three areas:
«- Dosage/tims/response relationship for edch major heaith effect actu-
ally seen in humans as a function of exposure to potential PCODs and
PCOFs.

) Mechanisms of action at the tissue level for each major health ef-
fect of these chemicals in humans,

. Quantitative risk assessmnts for each real, chronic health effect
in humans ynder expasure conditions actually met in occupational or
envirormental $ituations, i
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CHEMICAL AND BIOASSAY AMALYSES

It 1s apparent that there are several areas of research which reguire additional ema
phasis 1n order to further advance the capabilittes for analysys of PCDDs/PCOFs.
Such areas 1nclude the following:

. Synthesis and 1solation of additronal pure PCOD/PCOF isomer stan-
dards for use 1n calibratyon and metnods development. -

¢ S{hth.ns of additional compounds which are chemically similar to
PCODs/ PCOFs, and which may represent nterferences ‘n PCDO/PCOF
analysys {diphenylethers, hydroxylated- and methoxy-DPES and PCBs)
for metnodology evaluation,

] Deve lopment of higher resolution GC and/or LC columns for isolation
of PLOO/PCDF {somers,

[ Research on myre specific detection, quantification, and confirma-
tion metmods, including possibly positive and negative 1on Chemical
fonization MS, atmospheric pressure rontzation MS, and MS/MS,

[} Research into an {somr-specific analytical method to differentiate
be tween tox'c and nontoxic isomers.

] Research into rapid chemical and/or biological screening metnods,

[ Standardization of sampling methods, particularly for such tech-
nigues as wipe tests, and establishment of criteria to identify the
significance of analytical results obtained via different sampling
mthods (w.9., Now the results of a4 wipe test relate to toxicologi-
cal data).

ENVIRDNMENTAL PERSISTENCE

The envirommental pathways of these compounds need to be better defined. Aeither
the pathways nor the rates (other than general overall rates) for their physical m-
gration and decay have been determined with any certainty, Ahotolys s, for example,
has been called the main route of envirormental degracition. However, this process
requires a hydrogen donor, which is not likely to be present under most normal env) -
rormental conditions. Thus, further research is needed into photolysis to define the
role and abwndance of hydrogen donors, and the exact conditions under which measur-
ible photolypis will occur in 2ir, water, and soil,

In aquatic systems, photolysis would be 1imited because of the attemuition of Hraht

with depth; in soils, photolysis would be rapid on the surface. A longer half-Irfe
is therefore expected as depth increases.
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The persistence of these Compounds I1n both water and soil may also be controlled by
thetr yptake/metabolism by biota, but the degree to which this occyrs cannot be Je-
termined, based upon ex15ting metabolic gegradation research,

DESTRUCT[ON/REMOVAL

Since these canpoynds are both persistent n the environment and toxic to antmals
and humans, more research needs to be directed toward the development of chemical,
physical, and/or bDiological methods for effectiveiy treating wastes containing

PCOFs, PCODs, and PCBPs, as well as so11 and water contaminated with these by-prod-
ucts.
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SULEP M & BOLYCHLORINSTED OIBENZO=R-DIORINS anD O[QENZOFUPaANE Fldmu-
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CRUNNETT 4.0 ENVIRGNRENTA,. CHLORINGTES OTONINE FRON CONBUSTION - THE
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FORNRATION FRON PCO WNINTURE BY WEal ane O%YLEN  BULL ENYIRON CONTaN
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DIGENIOFUAANE (PCOFS: TW wuktan 1anPLES: GUCUFATIONSL EMPOSURE aNDg YusHD
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1303 &P 99-103,
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Appendix A

POLYCHLORINATED® DIBENZO-p-0IOXIN CONGENERS 8Y HOMOLOGUE
ANO ISOMER (NDMBER OF [SQMERS)e=

'y T
‘@:":@* TETRACHLORO-(22) HEXACHLORO-(10)
7 ] 3 1‘2.3“’ 1.2‘3.6’ 1‘2!30‘0607'

[ ] 4

1,2,3,7- 1,2,3,8- 1,2,2.4,6,8-
Numbering system for congeners 1,2,3,9- 1,2,4,6- 1,2,3,4,6,9-
MONOCHLCRO-( 2} 1,2,4,7- 1,2,4,8- 1,2,3,4,7.9-
1- 2- 1,2,4,9- 1,2,6,8- 1.2,3,6,7,8-
1,2,6,7- 1,2,7,8- 1,2,3,6,7,9-
0 ICHLORO-{ 10} 1,2,6,9- 1,2,8,9- 1,2,3,6,8,9-
1,2- 1,3- 1,4 1,2,7,9- 1,3,6,9- 1,2,3,7.8,9-
1,6- 1,7- 1,8« 1,3,6,8- 1,3,7,9- 1,2,4,6,7,9-
1,9- 2,3- 2,7~ 1,3,7,8- 1,4,7,8- 1,2,4,6,8,9-
2,8- 1,4,6,9- 2,3,7,8-
TRICHLORO-{14) HEPTACHLORO-( 2}
1,2,3- 1,2.4- PENTACHLORO-( 14) 1,2,3,4,6,7,8-
.1.2,6- 1,2,7- 1,2,3,4,6- 1,2,3,4,7- 1,2,3,4,6,7,9-
1,2,8+ 1,2,9- 1,2.3,6,7- 1,2,3.6.8-
1,3,6- 1,3,7- 1.2,3,6,9- 1,2,3,7,8- OCTACHLORO-( 1)
1,3,8- 1,3,9- 1,2,4,7,9-1,2,4,8,9- 1,2,3,4,6,7,8,9-
1,4,6- 1,4,7- 1,2,4,6,7- 1,2,4,6,8-
1,7,8- 2,3,7- 1,2,4,6,9- 1,2.4,7,8-

lv zv ‘u 7.9' 1'2-‘v8-9‘

* EPA includes monochlorinated compounds under the general term, “polychlorinated.”

v+ *Congenar® is & general term used to mean any isomer of any homologue; thus,
there are a total of 75 PCOD congenars. In the present document, “homclogue® 15
defined as a group of isomers having a specific number of chiorine atoms; thus,
the tetrachioro- homclogue has 22 isomers. An "isomer” is defined by the
nuserical arrangement chlorine atoms within the homoiogue.
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POLYCHLORI NATEQ OJIBENZOFURAN CONGENERS SY KOMOLOGUE
AND [SOMER- {NUMBER OF [SOMERS)

. 3 TETRACHLORO
7 0 1 1‘2,3\4' 1-

‘ 1,2,3,7- 1,

Mumbering system for congeners [,2,3,9- 1,

MONOCHLORO-( 4)
1- 2- 3- 8.

OICHLORO-(16)

l.2- 1,
2,3 2,
1| 6' l|

3- 1,8-
& 3,4
7- 1,8-

1,9- 2,6- 2,7

2,8~ 3,

4,6~

6- 3,7-

TRICHLORO-{ 28)

1,2,3-
1.3,4-
1,2,6-
1,2,8-
1,3,6-
1,3,8-
1,4,6-
1,4,8-
2,3,6-
2,3,8-
2,4,6-
2,4,8-
3,4,6-
2,6,7-

1,2.4-
2,3.4-
1,2,7-
1,2,9-
1.3,7-
1,3,9-
1,4,7-
1,4,9-
2,3,7-
1,7,8-
2,4,7-
1,6,8-
3,4,7-
16,7

1,2,4.7- 1,
1,2,4.9- 1,
1,3,4,7- 1,
1,3,4.9- 2,
2,3,4,7- 2,
1,6,7,8- 1,
1,2,6.8- 1,
1,2,7.8- 1,
1,2,8,9- 1,
1,3,6.8- 1,
1,3,7.8- 1,
1,4,6.7- 1,
1,4,6,9- 1,
2.4,6,7- 2,
3.8,..7- 2,
2,3,6.8- 2,
PENTACHLO
1.2,3.4,6-
1,2,3.4,8-
1,2,3,6.7-
1,2,3.6,9-
1,2,3.7.9-
1,2,3.6,7-
1,2,4.6,9-
1,2,4,7,9-
1,2,4,.6,7-
1,3,4,6,9-
1,3.4.7.9-
2.3,4,6,7-
1,4,6,7,8-
1,3,6.7,8-

-{ 38}
2.1,6-
2,3,8-
2.4,6-
2,4,8-
3,4,6-
3,4,8-
3,4,6-
3,4,8-
2,6,7-
2,6,9-
2.7,9-
3,6,7-
3,6,9-
3,7.9-
4,5,8-
4,7.8-
4,6,8-
3.6,7-
3,7,.8-
RO-{28)
1,2,3,4,7-
1,2,3.4,9-
1,2,3,6.8-
1,2,3,7,8-
1,2,3,8.9-
1,2,3,6,8-
1,2,4,7.8-
1,2,4,8,9-
1,2,4,6,8-
1,3,4,7.8-
1,3,4,8,9-
2,3,4,6,8-
2,3,4,7,8-
1,2.6,7.8-

HEXACHLORO-/ 16)
1,2,3,4,6,9- 1,2,2,4,6,3.
1,2,3,4,6,7- 1,2.3.4.7,3-
1,2,3,4.8,9- 1,8,3,6,7,3-
1,2,3,7,8,9- 1,3,3.6.7.9~
1,2,3.6.,8,9- 1,2,4.6,7,3.
1,2,4.6,7,9- 1,2,4,6,3.9-
1,3,4,6,7,8- 1,3.4,6,7.9-
2,3,4,6,7,8- 1,2,3,4,7,9-

HEPTACHLORD-(4)
1.2,3,4,6,7,8-
1,2,3,8,6,7,9~
1.2,3,4,6.8,9-
1,2,3.4,7.8,9-

OCTACHLORO-{ 1}
1!203|‘06|708|9'
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Appendix 3

POTENCY OF HALOGENATED BIPHENYLS [N INOUCING HEPATIC ARYL
HYOROCARBON HYOROXYLASE ACTIVITY IN CHICKEN EMBRYOS

Chicken empryos at 17 days of gestation were agministered halogenated Siphenyl come

pounds drsselved 1n 25 yl af p-droxarne,

Twenty-four hours later, they were «11legd,

ang theyr Tyvers were assayed for aryl! hydrocarbon hydroxylase activity.

E0¢y

TERE:

©
©

X

(mol/egg)

nactive

nactive

inactive

nactive

1nactive

inactive

inactive

inactive

EDSO
{m01/e9g)

- [
0.4 x127?

%

10 @ Oy ¢.7x10°°

-
1 ..@—@- 3.4 x 1078
- -
[ |
12 O O & nactive
o e
13 @ @ tnactive
- [}
14 mactive
.
[ ]
15 @ @ tnactive
[ [ I ] L
16 thactive
[ BN
g-1
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Appendix
TRANSFORMER DATA FOR TESTS CONDUCTED BY CHITTIM, €T AL, (75

Oielectric
Strength Power Vo tume

Sample Installation Menufacturer+ {kv} (k¥A} {liters) kVA/I

Group 1
1-1 1957 FP 36 1,500 1,888 0.79
1-2 1961 FP 36 1,500 2,093 0.72
1-3 1963 Fp 36 1,500 1,251 1.19
1-4 1963 Fp k) 1,500 1,251 1.19
1-5 1963 Fp 36 1,500 1,274 1.17
1-6 1965 Fp 29 1,500 1,151 1.30
1.7 1970 FpP 30 1,500 1,768 0.88
1-8 1970 Fp 22 1,500 1,490 1.0l
1-9 1971 FP a 1,500 1,490 1.01
1-10 1974 FpP ] 1,500 1,490 1.01
1-11 NEW FP - 1,500 - -

Group 2
2-1 1967 CGE 33 500 125 0.69
2-2 1967 CGE 3l 1,000 938 1.07
2-3 1967 CGE ki) 1,000 770 1.30
-4 1967 CGE 36 1,866 1,268 1.47
2-5 1965 FP 36 700 660 1.06
2-6 1965 FP k] 1,500 1,251 1.20
2-7 1965 FP k! 2,500 2,084 1.20
2-8 1965 FP 36 2,500 1.092 2.29

Group 3
3-? 1967 CGE 33 500 s 0.69
3-2 1967 C6E 41 1,000 170 1.30
3.3 1967 ] 4] 750 881 0.85
3-4 1967 W 4] 1,200 1,087 1.10
3-5 1967 Fp 3l 750 829 0.90
3.6 1967 FP 38 1,000 838 1.19

Sroup 4
4-1 1947 et - 56 660 0.08
4.2 1947 CGE - 10,000 6,900 1.48
4-3 1965 AD - - - -
4-4 1973 NA - - - -
4-5 NEW CGE - - - -
4-6 NEW W - - - -
4-7 NEM Fp - - - -

* FP - Ferrantt-Packard W - Westinghouse WA - Foster Electric
CGE - Canadtan General Electric AD - Brown Boveri
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Figure C-3, Mass Fragmentograms (OV-17 Glass Captllary Colusm, 200-240°C) Showing Elutron of PCODs
in {a) Fly Ash of a Manicips) Incinerator, (b) Fly Ash of an Industrial Hesting Facility, and (c)
Micropyrolysis Sample of Combined 2,4.6-tri-, 2,3.4,6-tetrs, ond pentachliorophenate; m/e 320, 354,

388, 422, and 456 for tetra- to octa-COOs {34)
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2l‘|s.z.|‘.|5". (h) z".6|2'|"g6.-' (C) 2.4.5.2'.".5'-. (d) 2.3.‘-2'|3.u‘l'
(e) 2,3,5,24,3",5', (f) 2,3,6,2',3".6'-, and (g) 3.4,5,3' 4", 5" -hexachlorobi-
prmnyl (S0-m OV-17 Glass Capi)lary Column, 100-160° at 20°/min, 160-250° ot

2°C/min) (M)

MONS 215310

C-6



L=

34er-)
wan- /
(e [22e20-
W48 /
7 v wt
' Lo
1224000 - 4410~ “‘“w\
a \ | 1
' t o uq?l- . P
b r’ I al ¥ AY - i
osla- ” y‘”- /. ¢ ,
c ‘ K L 1 ¢
. : '
i ' 250 240°C
octa- — e h.pt.- — h.l-— e p.ﬂtl-CDFs
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Appendix 0D
EXTRACTION METHDDS FOR PCODs AND PCOFs

J.5. Environmenta] Protection Agency (EPA) Procedures (153)

Acrg-Extraction Procedure - Applied to Fish, Adioose Tissue, Milk, Hater, So1l, and

Sediment --

Sofke 10 to 20 g of sample with 37C1,.2,3,7,8-TC00 standard.

Reflux with KDH.

Extract with hexane.

Remove ind extriact hexane fraction with concentrated Has0,.

Dry on sodium carbonate.

Chramatograph on neutral dlumina column using CCl1y and CHaCl, to elute.

Meutral Extraction Procedure - Applied to Fish--

8lend 15 to 20 9 of sample with sodium sulfate and dry ice.

Spike resultant powder with 37C1‘-2.3.?.8-TCDD standard.

Extract with acetonfiteile.

Remove acetonitrile fraction and extract with acetonitrile-saturated
hexane.

Discard hexane.

Concentrate icetonitrile and replace with hexane.

Chromatograph on florisil calumn, then on neutral alumina column, eluting
sequentially with 100 percent hexane, 10 percent CH,Cla-in-hexane, and 25
parcent Cuzmz-!n-mune.

U.S. Food and Drug Administration {FOA) Procedure (176) - Applied to Chemical

grmu lations s

(] Dissolve 20 g of sample in alkaline solution by agitating at room
temperature for 2 to 3 hours.

] Extract with hexane.

e Remove hexane and extract with concentrated ixcid.

[ Dry on sodium carbonate.

. Chromatograph on neutral alumina, eluting with 20 percent CCl,-in-hexane,
then CHaCl,.

. HPLC on Zordax-005, 40°C, methanol elyant.

0-1
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U.S. Fish and Wildlife Service Procedure {177)

Blend sampie with sodium sulfate to free-flowing powder,

Pick powder into glass column and extract with CHZC‘IZ (200 ml for eacn g
of fish).

Evaporste solutian to 50 ml.

Add methana! and benzene to yreld solution containtng 20 oercent CHJOH and
5 percent benzene. -

Pass extract through column contaitning segments of potassium silicate ang
silica qul.

Pass solution through carbon-glass fiber sorbent, and wash sordent witn
CHaL1 o/ CH 4O/ CgHg (75/20/5).

Elyte with toluene.

Chromatograph on column contatning W,SO4 dispersed on silica gel and
cesiym.

Chromatograph on acid aluming, eluting with hexane and CH2c12-huan¢.

Dow Chemical Company Pracedures

Acid Extraction Procedure (178, 179) - Applied to Fish and Milk--

Spike 10 to 20 ¢ of sample with 13C-TCI)I) internal standard (and/or other
PCO0 standards ).

Shake with concantrated KC1 for | hoyr.

Extract with hexane (overnight shaking plus 3 additional hours).

Pass hexane extract through combined column of silica, concentrated M50,
on silica, and IM KOH on silica (1.e., 22 percent HzSD‘. 44 percent HZSO‘
on silica columns, and NaQH an s1lica columns are used alternatively).
Pass hexane extract through second dua! columm of silver nitrate on s1l1Ca
and basic alumina.

Clean yp dioxin fractions using normal phase silica (Zorbax-SIL) HWPLC,
then reverse phase WPLC (Zorbax-00S, smthanol solvent),

Meutra) Extraction Procedure (180) - Applied to Particulates (Fly Ash, Dust, Urban
Particulatas), Mmicipal Sludge, and Soils--

Sotke S0 mg to 100 g of sample with 13c.1c00, 13c-HC0D, ana 13c.0cDD
internal standards,

Soxhlet extract sample with benzene for at least 16 hours.
Concentrate extract using Snyder column.

MONS 215313
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Subject to liquid chromatographic and wpig Cleamup g4
m

$1
described for ac1d extraction procedure. &r to tnat

wright State University-8retm Laboratory Procedures”

Procedure for Soils, Chemical Wastes, and Agueous Effluents (180, 181)--.

So1ls

Sotke 1 to 10 g of so1l with Ier.reon internal standard (and/or other
internal standards).

Extract spiked soil in bottle with petroleum ether or hexane-methanol by
shaking for period of 20 minytes to owrnight,

Alternatively, extract spiked soil in a Soxhlet apparatus with methylene
chioride or benzene, followed by concentration of extract on a Snyder
coltumn.

Wash the organic phase successively with 20 percent XOH, water,
concentrated H,S0,, and witer, discarding the wash solutions,

Ory organic extract over sodium sulfate.

Pags extract through basic alumna column.

Clean up dioxin fractions, using normal phase sitica (Zorbax-SIL) and
revarse phase (lorbax-00S) HRLC.

Chemical Wastes

Soike 1 to 10 g of samplie with 37Cl.TCDD 1nternal standard {and/or other
labe?led standards).

Extract spiked sample in Dottle with methanol and petroleum ether by
shaking for period of 20 mmutes to owrnight.

Continue with clednup as in soils,

Aqueous Ef flusnts

Soike 10 to 20 g of sample with S/C1-TCOD internal standard (and/or other
intarnal standards).

Extract spiked sample in bottle with petroleum ether by shaking for period
of 20 winutes.

Continue with cleanup as in soils.

MONS 215314
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procedur?

ror Particulates and Other Samples from Flue Gas Stack Sampling Traing
or

(160. 182})-~

Spike aporopriate quantities of organic 2nd 2queous liquids, particulates,
1AD=2 resins, and other sorbents with 37CI-Iabelled and/or 13:-1;»:11«1
PCOOs/PCOFs.

Extract liguid samples with petroleum ether by shaking 1n bottle for |
hour.

Extract soltd samples 1n 2 Soxhlet 2pparitus with benzene.

Wash extracts successively with KOH, water, and HZSO‘. and discard
washings.

Fass extracts through a combination macrocolumn of silica, 33 percent
NaQH-siltca, 44 percent W 50,-s11ica and silica, eluting with hexane.
Pass eluate through a Woelm basic aluming minicolumn, eluting with 3
percent CH,Cl,-in-nexane and SO percent CHyCl7-1n-hexane, collecting
appropriate fractions.

Umea University ( Sweden) Procedures

Procedure

Procedure

for PCB Cleanup (10)--

Chromatograph 100 mg used PCB on an aluming microcolumn {1.0 g basic
dluming, Woelm, 'n Fasteur pipette), e¢luting with 10 m1 of n-hexane.
Recover PCOFs by eluting with 6 ml of (HoCl, af ter careful evaporation to
dryness.

Chromatograph on a sacond alumina microcolumn, eluting with 10 m) of 4
percent CHpll, in n-hexane.

Recover PCDFs and other chlorinated tricylic aromatic compounds with !0 ml
of 50 percent CHZCIZ in n-hexane.

for Fly Ash, Soot, Wise Tests (3, 183, 184).-

Spike 1 g sample with 1 ppb of 2.3.7.3-13512-mu-cnn. 2.3.7.8-37c1‘.
tetra-COF, ang 37C1g-octaCOD.

Shake for 1 hour with 10 ml of 1M HCE,

Filter by suction using Buchner funnel, and wash with water.

Dry in air, and extract the dried material with approximately 100 mi
toluene in a Soxhlet extractor for 48 hours with a speed of 1 to Z ml/mn.

Reduce tolusne to 100 ul by evaporation on a rotavapor using some external
heating.
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. Eliminate remaining toluene by & purifred No
heating.
] Dissolve the residue 'n 2 mi of n-hexane.

flush withoye external

Cheomatograph on a s1lica gel colum (0.5 g Kiselgel 60, 70 to 230 mesn
{Merex)), eluting with 5 ml of n-hexane.
Reduce n-hexane under N, to 2 ml by evaporation.
Analyze for PCBPs. =
Separste PCOOs and PCOFs usina am Alox column {1.0 basic Alox akt 1,
Wogim, LCN West Germany).

[ Discard the first fraction, 1 ¢., 10 ml of n-hexane: CHZC‘IZ (98:2).

) Collect the second fraction, 1.e., 10 ml of n-nexane: CHyCY, (1:1), ang
eyaporate to dryness under Ny

. Dissolve the residue tn 100 ul of solwvent.

Procedure for Blood Sample {79, 135)--

Add 10 m! of n-hexane to 10 mi of dlood plasma.

Spike with 0.1 ng of 13€),-2.3,7,8-tetra-C00.

Add 10 m! of acetonitrile saturated with n-hexane (three times).

Shake mixture and centrifuge.

Treat the combined acetonitrile phases with 10 ml of 1 percent aqueous
sodium sulfate soltution,

Extract three times with 20 ml of n-hexane.

. Ory the combined n-hexane layers with sodium sulfate, and concentrate to 2
mi.

Chromatoar aph on aluming column {1 q alumina).

Elute first with 10 mi of 2 percent CHyCl,y 1n nohexane, and discard the
eluate: then elute with 10 mi of S0 percent CHZCIZ 10 n-hexane,

. Concentrate the ¢luate.
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Appendix £
GLOSSARY ANQ ABBREVIATIONS

AHM Aryl hygrocarbon hydroxylase; an enzyms,

ALA 4 ~aminolevulinmic acrd.

Arocior Monsanto trademark for PCBs.

Askarel A generic descriptiive name for synthetic dielectric materval: for

the purpose of this report, usually a mixture of PCBs ang chlor:-
nated benzenes.

Chioracne An acne-like dermatological disorder due to the exposure to chlo-
rine comopounds.

Canganer A general term used to mean any 1somer of any homologue.

Dioxin Oibenro-p-dioxin, & triple-ring organic compound consisting of two

benze rings connected by a third ring through a pair of oxygen
atoms: in popular parlance, dioxin is used for the 2,3,7.8-tetra-
chioro isomer.

Edema An abnormal accuymulation of fluid in the body.

Fragmen togram The term used for the output from a mass specific detector mass
’ spectrometer.

Furan Soeciftcally, a five-sided zromatic hydrocarbon with four carton

atoms and one oxygen atom in the ring; in general, the term 15
used for the dibenzofuran and its chiorinated 1somers.

Homo togue A group of isomers having 4 specific_number of chiorine atoms:
thus, the 22 tetrachioro tsomers would be the tetrachloro-homo-
togue.

In vitro OQutside the living body and in an artificial envirorment.

In vivo In the tiving body of a plant or animal.

[somar Ons of two or more molecules having the same number 2nd Xind of

atoms, but differing in respect to the arrangement or conf igura-
tion of the atoms,

Kanechlior Japanese tradesark for PCBs,
PCB Polychiorinated biphenyl,
PCBP Polychiorinated biphenylene,

MONS 218317
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pCCY
PCOD
PLOF
PCOPE
PCPY
)
PLOE
PCT
PCX

Photolys1s

Polychiorinated

Precursor

Predioxin

TCOD

TCP

uy

Wipe Test

Yusho

Polychlorinated chrysene,

Polychlorinated dibenzo-p-dioxin; Oroxin,
Polychlorinated dibengzofuran; Fyran,
Polychlorinated dipheny! ether.
Polychlorinated pyrene.

Polychlorinated guarterphenyl.
Polychliorinated quarterpheny! ethers,
Polychlorinated terphenyl.
Polychlorinated xanthene.

Decomposition of a2 compound into simpler units as a result of
absordbing ragiation,

For the purposes of this report, substituted with ore or more
chlorine atoms.

An intermediate compound in the synthesis of a specific substance;
2 substance from whiCh another substance is formed.

A dipheny! ether compound with & chlorine atom and hydroxyl group
posttioned such that they can react and forw an oxygen bond be.
tween the two rings.

Tetrachiorodibenzo-p-dioxin,

Trichioraphenol.

yltraviolet radiation,

A samplino method where a specific area 15 wiped down 2and the wip-
ing materials analyzed.

Rice oil disease.
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Appendix F
MATRIX OF REFERENCES FOR PCBs
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_-REFERENCE

BATOIN OF BEFEBENCES Fab PO

Bi0- Fua- OTW CH.l /7 TERP FNOT v NFC ARALT BETH 400 BRIN ACCP  ENV TBME PRt/
PLOn NEINE g NCa CHAR CHER CHER CHERN CHEN CHEN CHEN Cudn TOX  Tox (NCP INFT (W DIDP

abati L I M #ORTALiTY AN BIATH
GEFECTS FROR t976 To (979 IR TE
PPULATION LIVING IN THE TCOB POLLNT-
9 altfa OF SEVESE 1M CLPRINATED
BIOKINE aib RELATES CONPOWNISE, IMPaCT
BN THE CNVIROMMENT & WNT2INME, EY
MO G0 PERGARON FREED.ALAOFIRS.
Y 190 PP ATIi-AP?

ACNCONAN. & 3 .ET ML EOTROYINE CHEN-
1CAL NASTED TH CONRERCIAL SCALE In-
CINERATONS FaCILITY REPORT NS 4.
SOLLINS EuvINGMMENTAL REAVICE, SR
PaRS, TEXAS TRY DAFINEE akb BFACE
'::;(ll CROUP .DEMONDE DAACH, CALIF
] .

SEERANAN. B 5. .87 AL SNISELINES Fim
THE SrAFORAL OF PCOO abg PEO ITENG BY
INEARAL DASTRECTION £PA-S00/2-81-022
- TON, NEMNDS BLACH,CALIF . FEDBUARY
L 1

ACURER CORPOEATINE RISPOBAL &F PlLY-
CHLON INATES SIPHENYLE (PCRE ) AP PCB-
CONTANINATED maTEbIaLE. WOL. 41 TIS)
INCINESATION O ELECTOICAL CaPAC!tons
CRETAINING PCOA  EPO) FP-1207,
ELECTOIC POMED DASEARLE IMEIITUTE.
PALS MLTO.CALIF ,SEPTERBED (989,

ADRROLE.P KT ML AALYRID &F 2.1.7,
B-TETRACHL OROB IRENZE-PARA -B IBNIN IN
TOE VISR afa (N: CHLONINATED Pog-
NEEY ACI4E akb THEIR SISNING ¢
BaniL B0 £COL BMLL (BTECHNNOLN), £7:
=2 1970
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WATRIN OF REFERENCED FOA PCle

BI8- FUR- BTN CHEN 8/T TARF PRET v NFp aNAL FETO WUR anin aLCh ENY TAME TRt/
PCOs HINS o) NCy CHAR CHEN CMEN CHEN CHEN CHEN CHEN CHNER TOR TOR RCS NPT (NFD Bi3P

—BEEERENCE

ALTEE.0 SESTRCTTEN OF CHLOAVMATED L] x ]
NYSROCARGUNE TR 8 CEMERT KILN
ANVIROR 8C) . TECHNEL , 13« 1D77-107%. ¢
1979

anLind. § .akb & LINDEESS Smiddrn L] ] L} ] ]
oF Cupainarie abRANIC SUSPTANCES
FROR CORDUETION IN: CHLASINATED Si0-
Nimg anp RELATIC CARPIUNNGE. INPACT O
TR CIVIRGMNENT. §. MUTITHAER. LT ob. .
00  PEAGANEN PREOL .SLINFORE . N .¥Y.,
1908, MO8,

AMLINE,0 AND A.LINDEEGS . THFGSAL x ] "
sITRECT [dn OF PR AND NEIBALI. S04
m." . BEL.TOVAL BIWIOEM .y 0a0r=pp,
r .

L4 AT L. FORMMTION OF POLY- ] ] 4
CHLORINATED H10ENDS-F-0100INE alb 01~
SENZUFURANE DNINS CORBUEfIon &F & ).
6. 5-7 FOREELATION. COEMOOPUERE. 814410
40,077,

ACESAARE .0 PRETSCOERICAL BEALT jaNd L x
OF PREMGEY ACIOP aND SlaNING. N
eu.-llnm PEERSIY ALIVP : ™.
[J

uuum 07 MI tore.

AREAEANS .8 FROTARSCILORInaTIoN & L] ] ] ]
T 3 s rdmy
CAlL. ANp CHEAICAL wBMECTS.
F.CAtTABER] . A.LAVALLARS . N0 § BALLY,
08 OPECTOMm PUBL ICATIONS, NIV YeBE,
e M -0,
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RATRIX OF SEFERENCED FOA PCEs

810- FUR- BTN CHER  0/T7 TERP PIOT EN¥ AFC ANAL NETE WUR aMil oLCP NV [ANE TOT/

WS NCs CHAR CHEN CMER CHEN CHEN CHEN CHER CNEN TBM TOR 1MCO INFT (WO BIgP

RLORO. P N oMb 6 J CORDEYT  EXTBAC-
Ti0W kb CLEAN-UP OF anInaL TI0Suld
FO=r BUOBESUENT BETERNIMAT IOR OF WiN-
TURES OF CHLBAINATES SIBENES P-BIOR-
INE aid DIDENIOFURANE . CHE.SOPHENE .4
Hi-M3.1977

MEES. P V aND C § PAREEN CONPAS]-
SN OF THE CORPOSITIONE OF ARBCLM
1548 AN0 ARGCLOA 1510 J.CHESRATOSS .
1581 181-108, 1979

ALEFS.P ¥ .akb C & PoluiEd. CENERAL
APPRGACH 16 TnE FRACTIDMAT (8N aus
CLMED BETEEMINATION oF CONPLER NiXk-
TURES OF CHLONINATES ARIMATIC CON-
POUNSD ¢ CHEORATEES . (07,153-140,
19

ALLEN. I 0 0D & 0. NORDACE POTHRRIN-

FRLYCHLM TRATED BIPREWYL ExPEOURE
™ CONFENENCE PROCEEDINGEs MATIONAL
CONFEMENCE 8 POLYCHLMVNATED 01~
PHENYLS (OVEADER 1970, CHTCACH,
IWLINGTO ) EPR-B60/4-PE-304 NANCH
1974 PP ad-4P,

MLEN J 0 BT AL NORPHOLAS [CAL Clni-
58 In AbwiEyd CONBUNING & SIETY CON-
TAINING LN LEVELS &F 2.0.7.0-TETAA-
CHLMES IRENTS-F-210NIn FORS COONLT
TONICAL . 131 481=410, 190

ANERTCAN CHERTCAM. BOCIETY GMINE-
LINgd rOl pota ACONIPTTION MG BATA
SUAL 1 TY FVvALUATTEN 18 Ehv [ROaEATAL
t::ll'l'l‘ AL ERER 330 2740-0240.
¥

PCBs Mius
4
]
x ]
L]
]

x " X
" " x
x ] ]
x
[
]
~
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aie-
PCOs NINT
—BEFERSMCE

Fud- PIn CHEN  8/T [ERP PHET KWV WFC AMAL RECG MUR AMIA afCd fuv TENS TRE/
WHE  HCw CHAR CHEN CREN CHEN CHFN CHEN CHEN CHEN  TON  [ON Twch Inel (MeD B1IWP

ARERICan AESICH. asSecialton TeE L]
HEALTN EFFECTE BF “AGENT SRANEE* AMO
POLYCHLOE INATED BIONIN CORIANTNANTY.
CHICALE . BCTORED

ANILINE. 0 PREPARLTION OF CRLOREST- L)
-

SIN amp Falg
P, . 125124123, 107),

AsErNUE § LITTLE STUbY 8 Evard-or- ]
NE-ARY OF PIONIN FOON CORDWAYT IO
SOURCES  ANEO TCAN SECIETY OF NECHANI-
Col EREINSEEY MUV YORE, TO8).

Sanid. & 4 ET M JEDUCTION OF MaT x
NEPATIC SLUTATHIONE -8-thandridass

$-4

T
PERCANGR PRUGE.ELNOFORS . 8.Y 19802
. 393-401

BAUCHNGN. A .ANE & NEMELION AR IWPRe- L]
0 ALY 794 TETBACHL 8600 IDENZS-
P-rominE. IN: CHLOGESIBXINE - BRICIN
b FATE & N GLAIR.E0 MOV CHEN MEx
120:92-104.197)

SAUSHRGN . & U  TCOP AME DS TRIAL oC- L
CTDENTS P B DISOEOTAT 10N NASvARS
UNIVERSITY 1974 ENCERPTES [0 ¥
UuiTESTOL  THE PLIDMLUR ane Tl TBNTC
CLouwm YaLE WNIVERSITY PRESS, NEW Na-
VEW.COMN . 1970 PP 14E-I1B8
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&#10- Fub- TR COEN B/t TEe PHBI EMY WG AAL BETD NUR Anth oCCe EMv TRMS 181/
PLOn XIND NS NCy CHAR CHER CEn CHER CREN CRER CHEW CHER TON  TON INCO 1NP] 1NFD o100

PEERY.E | NEN WRYS 10 PEOTREY PLBS.
CHER INE POt I4): I7-41,1900

®IAM.F J ,A C VALNER aip . NEDDEDY,
L e enend

TONIC 0 217-200, 1078

oLAsEl,. v ¥ I AL. BETIGNIART IO oF
CHLO INATES DIOANDE-P-SI0NINE N PEN-
TOCIRL BROPNEMEL BY SAS CHNEGRATASRAINY
Rt IPECTIOVETRY ANAL CHER.,90:984-
i, 1074

SOLTIN.L SEVESe SIBmIN: M BOLVTION
In Sionl. CHER EnQ. .00 28 PR, 1070,

selticx, v 0 & aL. IWONCTION OF
o-pEE T, METIVITY 0 an Jibix e
ENroduet ClalL -MME VIS PROMIETS
o0 TReLE TNV IRDMNENIAL POLLETANTS
CLIN CHEN &7 1018-1547, 1907

ST, C . NERSLI,AND 7. AL-0A 10
0N THE pASANGAlIGN & &,3,7.0-TRTRA-

190100 EWVi00n BCT TECHNEL 0]
200-001, 1919

SETOE.C A NEMOLI, RNG P AL-NATOWE
TEHO GOLWRTLIZAIION Aks PUBTEDECER-
POSTTION In ADUEONS DULETIENE EWNT-
00n . 0C1 TECHNEL ,18:308-234, 1008

SATFTINE. A T. AP 4.0 DMMORTE. MECHE-
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RATETH OF SEFERENCEY FOA PCRs

010- FUR- OTH CWEN 97T TERP PudY ENY WFC AMAL METE wym suln ACCE Emv TRNY TRT/

L Tl

AHE  NCe CHAR CHNER CHEN CHNEN CREM CHNEN CREN CHEN TR TON INCH LAFT TWFE O1SF

SOUES.0 M T m  AAS CHAGRATIISA-
PHIC CRARAL TERISTECS &F AMTHENTIC
CHLORTIATE
catibn oF MonERe (o AEE1Ce AND
bantsd roLYCHLEAINATED PIPNERVLY
4 ASOIC.FOud Lwukn. . thTgie-1243.1973

SOUES,. 0 ¥ KT M. IMNTIFICATION OF
CaLBInatEp OI9ENDIFURANE 1N ANER ICAN
PRLYCHLBEINATES BIFMEUVLS. MaTURE,
236 J08-307 . 1973

SOUES. & K., 6T M [SSallaf sk [DEN-
TIPICATION OF CoOdiNaish BIDERIS-
FURSNE FEON POLYCHLASINATED SIPNEWTLE
(PLE) BMO FROR YOG
TAInIng PCO. 1N

BNl A CovaLLAB, Rnb & BALLT.ERE
SPECTRUN PUBL LEAT 1ONG . uEN YOON, 978
”» r-m

DL, ) A 2L EMTERLINE 1NN~
TIM OF EUIVNE ACTIvVITY 1% £LL O~
TURE: & Sarib BCREEN Foa METECTION
OF PLAME POLYCILOE LIWALED BARANIC
CONPOUNSS 4 REDOC.OFF AlAL .CHER .42
PM-RIC, 19T

SHAOMEREL . [. $0E W REPLACEAPILI-
TY OF PALYCILORINATED STMEINLS,
ENvIOnl NESLYR PERDPNL. , EWPERIAENTAL
IMBUE L101-100. 197E.

BROUR. J.F,, M NERAN NEAL TR BFFELT
O ELECIOICAL Wmapd PCR . DENEBAL
CLECTETC PEMIAACH md SEVELAPEENT
CENTER, SENENCCTMIY N ¥ 1900
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RATAIK OF AEFEOENCES FOR PCle

0i0- FUR- PIN CHER O/T TENP PHEL KNV WFC ANAL NETS WuUm ANIRM ALCD  ENV IRNS TRT.
PCOe NINS AND  NCe CHAR CHER CMEN CHER CHEN CHEN CNEN CHER  Tow  TOX THCh NPT IWFD Bis

—AEFERLMCE
Mruck. & nEv PACNINE TuRNS FEO INTS

SaLT  alws CHEVEPAMED), 4ae 1),
12

SRUMLEY.W C BT AL  LON-SESSLNT I8N
WELTIPLE 10m GETECTION SAS CHEONM-
TodsabniC-Nals SPECTRONETOLIC CONPAR) -
S0k OF N ENTRACTION-CLEAP RETHON G
FOR BETOANINING 2.0.7,0-TETRACIHLENG -
OIMENZO-P-pIMNIN IN Fidu J.00R(C.
FOlb cHEN B0 10401045 .1981

G0 6 A LET M TReLE CHENIDYRIGS
OF FIM1 a URCE OF CLORINATOR
PIONING. BCHINCE, J1M¢ 0448 41 205-200,
Y g4. 0988

DURCES E J ., 0 SUNMARY: CONFEMENCE
0N SIOENIDRTONINE ARS 0 IDENZEFVRANS,
WATIONAL 1RSTITHTS OF govikGumENTAL
NEALTH SERVICON, WPRIL 2-3 197),
TVISeE NEALTH PERBPEC ENPLEIRENTAL
100U $.:279-100, 1922

DU, N A ANALYPLID OF PRLYCNLM]-
RATES SIMEINTE-F-BISNIME AND BIDENZS-
Fulkais I COLMATINATED PHENBLE DY
ARl FRMANEATMAERPNY J CHEGRATONG
Fe095-2¢00, 197H

SUBEA. N A aNALYEIG BF TCHE B OV RAS
CHRORATOCRAPEY-RAlS SPECTRONE Ty
VEINE GLAd® CAPILLASY COLOBMR IN:
S10NIN; TONICELOCICAL aMp CNERICAL
ASPECTS F CAIIADEN] , a CAVALLARS, AN
€ GALLI.EOS sPECTRUN PUBLICATIENS,
WER YORE. 1078 PP B7-4) '
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Ralkiy OF SEFEOENCES FOR PCBe

Bi0- FuR- PIH CoEN /0 TERP PRAET BNV WFC AMAL NETO WUM ANIm SCCS ENv TENE TAT/
PCos NIND oM NCe CHAR CHEN Clollmt CHER CHEN CHEm CHEN CHER  TOX 18N INCH INeT 1NFQ BISH

—AEEEREMCE

BUSEE N B MTIMIRATION oF 2,).7,

B-TETOMMNLOROD I BENIS-P-SIBNIN 1IN EW-
Uine SenrLE WA - 0E DL -
Snb CHAORALOCAAPHY AN LON RESS-
LUTIon madh SPECTRONETOY ANAL CHES.,
49:510-920. 1077

Tud 1PONERIC NENOCML 00D | M NTE-
SIouiNg . CNERGOPNERT . 3. 181-287, 1978

eI .M & FoRRaTlON OF PELYCILBAL-
matEd SIMNIFUIANE (PCOFS] AN 00~
Mu2e-P-210AINE (PCOOE T PROR THE Py~
MLYEIS OF CULORORENITNES CMERMS-
SPMENE, 01410434, 1979,

veEn.h . N1SR-HALET [on S8 Cube-
o THE It TETRGCHL0008) -
SENES-#-i0ln Y TEDE) 1OGE0RE 1M
COMOATNATED SISNINE aNp FILATIE Son-
PONDE, IRPACT BN THE EwviRSWRENT
5. 0TI INEES, E1 B .58 PERdANEN
PRESE.OLAGFORE .0 V., 1982 PP 1B-24¢

M. n 1 nion-REBOLET JeN GAS Chle-
RATOLEAPNY OF POLYCHLOG INAEED Sllmin-
20-P-0 100100 AND DIDENIEFUAANE AmaL .
CHER .48 9080- 171874,

SUse N R PELYCALORINATED OloEn-
181NE AND § IDERTOrEhaANG F PR~

L
T100, BECHRRENCE AND AnalLYd i o §p-
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NATRIN OF BEFERENCEY FO4 Pcha

10~ Full- OTH Chffm  O/7 TERP PHBT &NV WFC anal RETE WU ONIR MCCOP €WV

tond

ot/

PCOs RIAR ANE NCe CHAR CNEN CHER CHEN CHNEN CHNER CHNEN CHER ToE Tom [NCO I0PT JUFS B1BF

SUsER. .8 0. PRLYCHLMINATES O 108N~
20-P-P1ONTHE; SEPARATISN aND 1DENTE-
FICATISN OF [SONERS BY Gat Culkbmete-
CRAPHY - RS TRONETRY  J Culena-
TORR ,t04:99-100. 1970,

weEb.u 0. PREPARATION OF ANRLITATIVE
STANDARS AINTEENS OF POLYCILOR INATES
SIBENDS-2-0L0N NS and §1DENDOFYRANS
OF ULISAVIOLET AND SAMMA 18848 [NT[8n
O THE SCTACILBDE ConPdiand J.000-
NATORE . 192:343-20F, 1978

SUSER. 4 0 0N C RAPPE  FORNATION OF
POLYCLOG ISTED O TDENDOFURANG « PLSFE)
FOOR THE PYROLYSTO OF IMROVIDEAL PCO
ISBRERR  CHNENOOPNERE . B: 137-174, T3

SUMR N A, MG C.AAPPE  BION-BEDOLY-
18N CAS CHEORATOORAPNY OF THE BT TH-
IRACI 0N IRENZE-P-0 (0N IN EADMEES .
ARML. CHER , 5330970362, (980

SsEd. 0. 3. .00 C.ANPPE  [BANTIFTCA-
Tion OF SRNATTTOTISN PRTTERGE N
POLYCIR A TINATES SIBENTD-F-D10n1I8

L

el . 2:199-811,1978

PGSR A.& _AND & P DOBGNRAST. DETER-
NINATION OF 0.2.7,0-TETRACHLODNAT -
BENZO-P-BI1ONIN AT PARTS PER SILLION
LEVILE 18 TOCANICAL -G0S 3.4.9-THI-
COL SRSFREMONYACET IC ACIP N 2.4.8-1
OLEYL POTER AND 3,4.8-T ANINE BaLT
NERGICYDE FERTALATIONG BY SUMBUP LT
NASE FABBRENTEORAPNY o, CHROWATOSR ,
20 21-F7, 0004
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ualal® OF SEFLEENCESD FOR Pl

are- Fum-
PCOa RIND Ao

AN CHNEN  B/7 TERP PuaT ENY  IFC anal BETE  NUR ANTR ACCO ENV TaWe tor/
NCo CHaR CHEN CHEW CHEm TiEN CHEN CHEn CEN  TOX  TEX inco IWPT [urFd 00

VSIS . u § 0N N ¢ DeSSimadT DETER-
NINATION OF POLYCHLOR IuaTES &10ENDe~
F-Glonlied asd S IDENTOFEDalG IN CON-
NERCIAL PENTACI BROPHENELE BY CONOIN-
(0 A0 CHEOMATOMBAFNY -0l SPICTRS-
TRy J ARBOC.OFF .amat .CHEN. , 884
340-340, 107

SUSES N B 0 N.F PRSSHARRT POLY-
CHLORIERTE G INENDS-P- 0N 1IN, &10EN-
ZOFURANE ek GENIOLE IN DEN ADGNE
oL s e lmaweTeIELLES VER-
DEEMANELAMLABE NITT. 06 LEMNE-
RITTELUMTERD.NYE 4841901190, 918

SUSES n 0..C RAPPE.AND 0 SABA. POLY-
CHLOR INaTED SIBRnDOFudaig {PCOFE)
PONNS I YOS BIL anp !n DSER JAPA-
NEDE PCA. CHEDROPHEE . 71 439-440, 1070

SUSES . N B .07 AL lpENYIFICATIN oF
POLYCILOR INATER 0 FORNZOFURAN THONERD
N FLY 400 aNd PCH PYROLYDES CTHERS-
SPMERE . 71419424, E470

WeIN.m 8 N SOSBNARAT . 4D ¢ Bap-
M FoaEat OF POLYCIHLON INATED &l-
SENDOFURANS CPCOERT Fhou THE PYROLY-
:::.‘ PCOS. CHENGOPMESRE . 71 199-110,

USIE. N B N -F DASNARS Y. 8D C Bap-
PE IGENTIFICATION OF PRLYCHLORINATED
SINENTO-P-ATONIN odmErd FOUNS I
FLY 400  CoENOOPWERE . 7. 149472, 2004,

Compnl 1 6T AL LUBORATORY TWVERT(-
GATION FOR THE WICROBTOLEEICAL BESAA-
PATION OF 2.3.7,0- 16 TRACHL OBOS 1 0EN-
J0-P-01ONIN 1N SOIL OV ADOITION oF
SRCANIC CORPRET TN, CULORINATOS 8-
OXING aup MILATES CONPOWBE. [APACT
S Tl ERVIRGUNENT § WUTZINCES. KV
oM 080 PERGARDN PREIS.0LNSF
08z Pr 99-103

L]
L]
[ ]
x
n
L] 3

MONS 215329



21-4
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*io-
PCOs HiNy

ATN CugN  &/T TERP PHET BNV AFC ANAL METE NUR AWin alCd TNV TRES TRI/
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Polychlorinated biphenyls
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General chemical characteristics
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Photochemistry
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Manufacturing chemistry

Analytical chemistry

Metabolic chemistry

Human toxicity
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