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abstract

An extensive literature search was conducted into the chemical, environmental, toxi 

cological, and analytical orooertles of chlorinated dioxins and dlbenzofurans, par­

ticularly as these relate to PCB fluids. The literature search olus consultations 

with the leading international researchers m the field was used to oreoare a timel 
state-of-the-art comoi lation of knowledge and theory on these important compounds. 

The chemistry of these compounds suggests that while chlorinated dibenzofurans 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 is not likely. There has been little re­

search conducted into degradation techniques. Some chemical degradation techniques 

and photolysis show promise. These compounds are extremely persistent In the envi­

ronment, especially if protected from the sun. They are Immobile in soil and sedl- 

n*nt and do not bloma^ilfy 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 toxicologi­

cal effects in man are stilt not well understood. Chemical analysis of dioxins and 

dlbenzofurans is still a developing science. All analytical nmthods rely on some 

form of gas chromatography/mass spectroscopy. A further development which shows 

same praeise as a rapid screening test is enzyme bioassay.
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EPRI PERSPECTIVF

PROJECT OESCRIPTIOK

There has been inference and speculation about the potential presence and formation 

of polychlorinated dlbenzodloxms (PCOOs) and polychlorinated dlbenzofurans (PCDFs) 

in polychlorinated biphenyls (PCBs), This conjecture arises from the identification 
of these materials In combustion by-products of fires associated with PCS equipment. 

Th'ere has not been a consolidation or review of the pertinent chemistry and toxi­

cology literature from which one could separate legitimate scientific conclusions 

from unproven speculations and myths.

This final report for RP1263-U endeavors to fill this need for a scientific litera­

ture review and serves as a literature basis on which subsequent experimental work 

may be developed. There are plans for a jointly funded project by two of EPRI's 

divisions—Electrical Systems Division and Energy Analysis and Environment Olvlslon- 

to Investigate current analytic procedures, to analyze for specific PCDFs and PCODs 

in electrical equipment fluids, and to attempt to experimentally define the condi­

tions in electrical equipment that might lead to formation of PCDFs and PCOOs.

PROJECT OBJECTIVES

This project was conceived to examine and sunarize the state of the art of know­

ledge regarding PCOOs, PCOFs, and other cyclic hydrocarbons In utility PCB fluids. 

The study also was to determine what conclusions could be made about formation 

conditions and to define gaps In experimental data.

PROJECT RESULTS

There are a number of l^ortant conclusions from this study. These are:

1. The association of PCB equipment and fires leads to formation of 
PCDFs and PCOOs.

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

3. PCOOs can form from chlorophenols.

HONS 216173
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4. PCOOs can form from chlorobenzenes m air at temperatures oetween 130 
and 620°C.

5. PCDFs optimally form from PCBs at temperatures oetween 2/0 ano J00°C 
and probaoly decomposes at temperatures above 3lXlwC.

6. In unused PCBs, PCDF levels as high as 20 ppm have been noted.

7. After a fire, levels of PCDCs are less than 5* of th# levels of PCDFs 
measured.

8. While sparking or soldering does not seem to cause PCDF formation 
froa PCBs, welding creates an increase of a factor of 1.4 to 5 times 
the original levels.

9. There are no data regarding fires and contaminateo mineral oil.

This report is of Interest and value to utility and nonutlhty personnel wno are 

faced with the Issue of PCDFs and PCDDs in and around PCB equipment and wno neeo to 

know about analyses and toxicology. It is also useful to those who must respond to 

questions, since the report simmarlzes what is known and identifies areas wnere 

additional research 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 dlbenzofuran In electrical equipment. The next step, wnicn will be 

addressed by other divisions at EPRI, will measure levels of PCOFs in old equipment 

and will attMpt to simulate extreme conditions under wnicn they might rorm. The 

Coal Combustion Systems Division plans to docimnt cleanup techniques that are used 

after a PCB fire.

Ralph Y. Komal, Project Manager 
Coal Combustion Systems Division
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executive summary

Since 1979, research has shown a ootential concern resulting from tht presence of 

chlorinated aronatlc hydrocarbons associated with PC8s, predominantly polychlori­

nated dibenzodloxins (PCOOs), polychlorinated dlbenzofurans (PCOFs), and other re­
lated compounds. These compounds occur in extremely low concentrations in PCS lifl­

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

There are a limited number of direct precursors and reactions by which PCOOs can be 

formed. In order to be a dioxin precursor, a compound mist neet two conditions:

(a) the comoound must be an ortho-substituted benzene ring In which one of the sub­

stituents Includes an oxygen atom directly attached to the ring; and (b) it; mist be 
possible for the two substituents, excluding the oxygen, to react with each other to 

form an Independent comoound.

The nmchanlsms by which PCOOs are formed during coabustlon are not well understood. 

Two suggested sources are (a) condensation of chlorophenols; and (b) thermal synthe­

sis from organic materials and Inorganic chloride (the “trace chemistries of fire* 

hypothesis).

There has been some question regarding the role of PCBs in PCOO and PCDF formation. 

Since PCBs do not fit the precursor model, PCOOs are not expected to form readily in 

a mixture of biphenyl compounds. The analysis of soots resulting fron incidents in­

volving PCOOs and PCOFs Indicate the possibility of PCB conversion to PCDF or cnlor- 
obenzene conversion to PCOO and PCOF In a malfunctioning transformer or capacitor, 

provided that there Is sufficient time at optimum temperature and/or oxygen condi­
tions for their formation. Ordinary working conditions do not appear to be condu­

cive to PCDO/PCOF formation.

Electrical equipment PCB fires may begin internally or externally. If 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 PCBPS; siillir amounts of PCOFs, PCPYs. and PCCYs are also found, [f 

tn« equipmont explodos or cracks and tnt PCBs are exposed to air, higner concentra­

tions of PCOFs will form. If the fire Begins externally, PCOFs are tne major com­

bustion product, accompanied by PCPYs and PCCYs; no PCBPs Mill form. PCOOs will 

form only If cnlorobenienes/chlorophenols are present in the PCB or asxarel.

The following cnemical degradation metnoos nave been successfully testeC on TCOD: 

oxidation by ozone, chlorine, or cnloroiooldes; alkaline dehydrochlonnetlon; cata­

lytic reduction with iron cnlorides; treatment by ruthenium tetroxide; and micellar 
catalysis using cnloroiodides.

PCOOs and PCOFs are also susceptible to photolysis. Investigations have also shown 

that dioxins exniBit a relatively strong resistance to biodegradation. It appears 

that the predominant mode of elimination of TCOO In soils Is photodecomposition by 

sunlight, rather than microbial degradation. In aQueous ecosystems, 2,3,7,B-TCDD 

may be metabolized, but the rate is extremely slow.

Little is known of the environmental behavior of most of these compounds; only 2,3,
7,8-TCDO has boon studied In any detail. In general, TCOO is highly persistent In 

soils, where It is protected from the Influence of solar photolysis and volatiliza­

tion. It is virtually Immobile in all but very sandy soils. The role of erosion as 

a transport mechanism is unknown. TCOO Is not taken up by plants to any significant 

degree, and there is relatively little Blomagnification in mammals. In water, TCOO 

is found to be strongly adsorbed onto bottom sediments.

On a molecular basis, 2,3,7,B-TC00 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 isomers are similar, the only difference being the amount 

required to product a given effect.

The PCOO and PCOF isomers with the highest acute toxicity are those with chlorines 

in at least the 2,3,7,8 positions. Most of the research to date has been conducted 

on the toxicology of 2,3,7,B-isomers in enimals. The toxic effects Induced by 2,3, 

7.B-TC00 in all animal species included progressive weight loss and general weaken­

ing, with death occurring within a few weeks or months.

2,3,7,B-TCOO and other halogenated PCOOs exert their toxic effects by several mech­

anisms. They were primarily found to stimulate a number of enzyme activities (most

ES-2
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notably within the liver), primarily nepatic 6-ammolevulinic acid (ALA) synthetase 

and aryl hydrocarbon hydrolase (AHH). The PCOOs which have been found to induct ALA 

synthetase n*v« two common properties: (1) halogen atoms occupy it least three of

tne four ring positions (l.e., 2. 3, 7, 8); ind (2) it leist one free nonmlogemteo 

cirbon atom is unoccupied. 2,3,7,8-TCOO nis been found to be many qrders of magm- 

tude more potent tnin my otner known inducer of ALA.

As i result of tm virlous Occidents in which humans were exposed to PCOOs md 

PCOFs, som epidemiological information is ivulible on himn toxicity. Cnloncne. 
m often disfiguring ind persistent oeniitologicil disorder. Is the most common in. 

dicitor of poisoning In the maun subject.

Chemical inilysis of PCOOs ind PCOFs Is i complex tisk, dlctited by (1) the Urge 

number of IsoMrs of eicn compound (l.e., 75 PCOO 1 sowers ind 135 PCDF 1 sowers), ino 

(2) the difficulty of sepenting ind identifying isewers within i given chlonnitlon 

cliss. In idoltlon, winy of these 1 sowers hive not been prepired In pure forw; even 

the prepired ones hive not been widely ivulible.

Prerequisites for successful chewicil inilysis Include representitive sewpling ind 

good storige procedures; requireamnts for successful inilysis include efficient ex. 

tnction, siwple puri fleet ion (contilnwent), good sepention, ultnsensltive detec­

tion ind quintlficitlon, ind most desinble confirmation.

There are several methods for extraction of PCOOs and PCOFs from different simple 

witrices. All of the methods 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 PCDDs/PCOFs into an organic phase 

and polar constituents into en aqueous phase and discarding of the litter, and liq­

uid chrMtographic cleanup (and, in some cases, HPLC cleanup) of the extracts. The 

cleanup steps remove matrix components which may Interfere with subsequent detection 

and quantification of PCOOs/PCOFs, such as lipids and most of the chlorinated hydro­

carbon residues.

It is generally accepted that the only technique whicn has both the required sensi­

tivity and specificity for reliable detection and quantification of PCDOs/PCOFs Is 

coupled gas chramatography/mass spectrometry (GC/HS). The first attempt to apply 
mass spectrometry for quantitative determination of TCOO was the high-resolution 

mass spectromotric technique. The limitations of this technique are the inability

ES-3
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td (a) (HitInsulin TCOO Ions from tnoso originating from certain PCBs, and (b) 

separate TCOO Isomers.

Netnods using GC/1ow-resolution MS utilizes open-tubular packed gas cnromatographlc 

columns capable of separating TCOO from other PCOOs of different cnlorme content, 

but nave little capacity for separating discrete TCOO Isomers. Their specificity in 
isomer detenninations is derived from tne cleanup methods used.

The combined GC (packed column)/nign-resolut1on mess spectrometrlc techniques are 
similar to tne nigh-resolution MS taennique, but nave better resolution and sensi­

tivity due to the nigh-resolution scanning over a narrower mass range and at a more 

rapid scan rate. A further enhancement of the capabilities of tne GC/Mgn-resolu- 

tlon MS technique was capillary GC columns. The use of capillary GC columns pro­

vided tne capability to separate discrete isomers of the PCOOs/PCDFs and improved 

the ability to obtain accurate quantitative data on the low concentrations of 

PCOOs/PCDFs In environmental samples.

Considerable success has been recently achieved In the separation of tetra- and 

nexa-COO Isomers by HPIC fractionation of discrete Isomeric compounds. This tech­
nique appears to be particularly powerful when used In conjunction with GC/MS tech- 

nlques, and does not necessitate the use of capillary GC columns.

Confirmation of PCOOs/PCDFs can be based on the proper molecular Ions and fragments, 

as well as the Intensities of the Ion clusters due to the chlorine isotopes. If a 

sample contains a multitude of PCOO/PCDF isomers, the positive identification of 

PCOOs/PCDFs could be confirmed by cluster analyses.

PCOOs, PCDFs, and PCBPs produce a similar and characteristic pattern of toxic 

lesions. Including hyperkeratosis and squamous metaplasia of the skin, and Induction 

of a number of coordlnetely expressed enzymes through stereospecific, reversible 

binding to a cytosolic receptor protein. These phenomena form the basis on which In 

vitro bloessey techniques have been developed for analyzing total PCOO/ PCDf biolo­

gical activity, which In turn reflects their toxic potency. The significance of the 

bioassays. In addition to assessment of toxicological effects. Is their usefulness 

as a rapid and reliable screen for detecting biologically active substances prior to 

chemical Identification and quantification. The two most extensively studied bioas­

say techniques are aryl hydrocarbon hydroxylase (AHH) Induction, and cell keratlnl- 
zatlon.
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Future research is needed primarily into (1) the generation of PCDDs, PCOFs, end 

other related nalogenated aromatics in utility PCB fluids, (2) chemical and oioassay 

methods for their analysis, (3) their toxicities, (4) their environmental fate, and 

(5) procedures for tneir destruction.
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Summary

Since 1979, research has shown j potential concern resulting from the pretence of 

some chlorinated aromatic hydrocarbons associated with PC8s, predominantly poly­
chlorinated dlbenzodioxms (PCDOs), polychlorinated dlbenzofurans (PCDFs), and other 

related compounds, such as polychlorinated blphenylenet (PCBPs), polychlorinated 

pyrenes (PCPYs), and polychlorinated chrysenes (PCCYs). These compounds occur in 

extremely low concentrations In PCB liquids. However, some PCOO, PCOF. and PCBP 

isomers 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-fllled electrical transform­

ers and capacitors. In each case, the electrical equipment wes caught in an Intense 

fire. The temperatures reached were extreme, far beyond 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 were again heated, 

probably In an oxygen atmosphere, for an extended period), an industrial accident 

involving the manufacturer of trichlorophenol, and an Instance of chemical contami­

nation from trichlorophenol manufacturing wastes.

CHEMISTRY OF PCOOs AND PCDFs

Very little published Information is available on the chemical and physical proper­
ties of chlorinated dioxins, dlbenzofurans, and related chlorinated cyclic hydrocar­
bons. They do not react with weak acids and bases and most redox agents, and are 
only slightly soluble in water and many organic solvants. In general, chemical sta­
bility Increases with increasing halogen content.

There are a limited nueber of direct precursors and reactions by which PCDOs can be 
formed. In order to be a dioxin precursor, a compound oust meet two conditions:

e The compound mst be an ortho-substituted benzene ring in which one 
of the substituents includes an oxygen atom directly attached to the 
ring.
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• It must be possible for the two substituents, excluding the oxygen, 
to reect with eacn other to form an independent compound-

Although these conditions limit the number of direct dioxin precursors, there are 

many indirect precursors, i.e.. compounds which do not fit the model, but can de­

grade or be transformed into direct precursors. The mechanisms by which PCODs are 

formed during combustion are not well understood; thus, the effects of combustion 
tmnoeraturr, fuel characteristics, catalysis, and other parneters have not been de­

termined. Two suggested sources are:

e Condensation of chlorophenols.

a Thermal synthesis from any organic materials and Inorganic chloride 
(the "trace chemistries of fire" hypothesis).

Pyrolysis (620*0 of chlorobenzenes in the presence of air yields PCOOs. Since 

chlorobenzenes do not fit the conditions set down earlier for dioxin precursors, it 

was postulated that the alkaline hydrolysis of chlorobenzene to PCDO involves a two- 

step condensation process consisting of dleenzatlon of ortho-chlorinated phenoxy 

anions, followed by cycllzatlon of polychlorinated 2-phenoxy phenate. This dlemri- 

zation is exothermic. Below approximately 1B0*C, usually vary minor amounts of 

PCOOs {<1 ppm) are foreied, but significant Quantities (1 to 10 percent yields) 
result at temperatures between 180*C and 620*C.

The high-temperature air oxidation of coal In the presence of chlorine, HCT, or haCl 

has been shown to yield PCOOs. However, coal is a comacrclal source of benzene and 

cumene (a phenol rew material), so that formation of chlorinated benzenes and phe­

nols Is a probable Intermediate steo. Thermal decomposition of lignin and polyvinyl 

chloride (typical constituents of municipal refuse) can yield phenol, cresol, cate­

chol, benzene, chlorobenzenes, HC1, etc. Thus, rather than just any organic mate­

rial serving as a potential precursor, It seems nsre likely that those compounds 

which can ba pyrolyied to benzene, chlorobenzenes, phenol, catechol, and/or inor­

ganic chlorine are more probable Indirect precursors.

There has boon some Question regarding the role of PCBs in PCDD formation, [n 1981, 

an electrical fire In the State Office Building In Bln^iamton, hew York, resulted in 

the pyrolysis of PCB fluid from a transformer. Soot from this fire contained PCOFs 

and PCOOs. PCBs do not fit the precursor model discussed earlier, and PCOOs would 
not be expected to form readily In a mixture of biphenyl compounds. Conceivably, 

PCBs could be oxidized to polychlorinated hydroxyblphenyls, which could, in turn.
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cycllzt to for* dioxins. Another reaction that has been suggested is the degrade* 
tlon of PCBs to chlorinated benzenes, subsequent oxidation to chlorophenols, and 

cycllzatlon. However, neither mechanism quite fits the theraal decomposition pat­

tern for PCBs.

The PCB fluid at Binghamton was a mixture of 65 percent Aroclor 125* and 35 percent 
chlorobenzenes. It was suggested that pyrolysis of the chlorobenzenes Is * more 

likely source of the PCODs than PCBs. This reaction was discussed earlier.

While PCDFs and PCODs can share some of the same precursors, PCBs are the most com­

mon source of PCOFs. PCDFs have been detected at levels up to approximately 20 ppm 

in a number of unused Axmrlcan, European, and Japanese comucrclal PCB mixtures. 

Concentrations and Isomer ratios were found to vary with the type of PCB and the 

country of origin, probably as a result of differences in manufacturing conditions. 

Heating of PCB mixtures in air for 1 week resulted in the formation of PCDFs at tem­

peratures over 270*C. Maximum lewis were reached at 300*C, followed by declining 

levels at 330*C, suggesting decomposition. Primarily, dl- and trlchlorodlbenzofur- 

ans were formed in this experlHmnt.

TCOFs found In used transformer askarels ranged from approximately 0.00* to *.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 Oy dis­

charging or arcing were found to be negligible, most likely because of the short 

duration of the sparks or events causing failure. The amount of PCODs, If detected-, 

was usually less than 5 percent of the TCOF concentrations. Smell amounts of tar- 

phenyl, guaterphenyl, and chlorinated terphenyl were also detected In some of the 
askarel samples, but they were not Quantified.

Samoles of used oil taken from two capacitors (Prodelec 3010) were analyzed for 
PCOFs; no apparent Increase wes detected. The formation of PCOFs when capacitor oils 

are axpoaed to sufficient oxygen and high temperatures was Investigated by conduct­

ing laboratory tests with Prodelec 3010. The data Indicated that neither sparking 
nor soldering resulted In an Increase In the concentration of PCOFs; welding, how- 

imr, resulted In a 1.4- to S-fold Increase In PCOFs.

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

zene conversion to PCDD and PCOF In a malfunctioning transformer or capacitor, pro­

vided that there Is sufficient time at optimum temperature and/or oxygen conditions
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for their formation, Ordinary wonting conaitions ao not appear to bo conducive to 

PCDD/PCOF formation. It snaulo also oe noted that most of me research on PCB/asxa- 

rel conversion has been performed using pure PC3s/askarel conversion has oeen per­

formed using pure PCBs or askarels containing at least 50 percent PCBs. rhe effects 

of dilution, as in contaminated mineral oil, nave not oeen fully explored.

Fires in electrical equipment containing PCBs nave also resulted'ln PCOF formation. 
Soot and wipe samoles from PCB capacitor ana transformer fire* in tn* United States. 

Canada, Sweden, and Finland have all contained PCDFs.

Electrical equipment PCB fires may oegin internally or externally. If they begin 

internally In an airless transformer or capacitor (with either no head space or an 

inert atmosphere), the early stages are caused by electrical energy in Internal arc­

ing. Under tnese conditions, tne major comoustlon products are PCBPs; smaller 

amounts of PCDFs, 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 equipment explodes or craexs a no the PCBs are exposed to air, higher concen­

trations of PCDFs will form. If the fire oegins externally, PCDFs are the major 
combustion product, accamoamed by PCPYs ana PCCYs; no PCBPs will form. PCODs will 

form only If chlorobenzenes/chlorapnenols are present in the PCB or askaret.

CHEMICAL ANO BIOLOGICAL DEGRADATION

Very little research has been conducted on oegradatlon mechanisms of dioxins ana di - 

benzofurans. This Is particularly true of tne PCDFs; there is almost no information 

published on degradation. A number of researchers nave speculated on degradation 

pathways, but little actual rescarcn nas oeen conouctad.

Several chemical degradation methoos nave oeen successfully tested on TC00. Ozone 

bubbled through a suspension of TCOD In water and caroon tetrachloride for 50 nours 

achieved 97 percent degradation. Chloroloaiaes have been found to be effective in 

laboratory experiments, but tests on actual soil samples have not oeen hignly suc­

cessful, Alkaline dehydrochlorlnatlon nas oeen tested on 2,4,5-trichloropnenol 

still bottoms containing up to 250 ppm TCOD. The reaction product was essentially 

free of 2,3,7,8-TCOO (ppt range) and otner chlorinated dioxins (i.e., more than 

99,95 percent destruction).
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Experiments were also conducted on tne separation of 2,4-0 esters from 2,4,5-T in 

Agent Orange By fractionation, using catalytic reduction with iron chlorides. Over­

heads were found to contain 93 percent 2,4-0 ester, wnereas Bottoms contained 93 

percent 2.4.S-T ester. Rutnemum tetroxide was also found to destroy 2,7-DCQO and 
TC00 m laooratory tests. Micellar catalysis was tested using several chloroio- 

dioes. The most promising results have been obtained with benzalkqnium dlchloroio- 

dioe and cetylpyndinium dichloroiooide.

An experimental stuoy was conducted to assess the feasibility of the chlorolysis 

process (l.e., chlorine gas as the oxidant at 600'C and 2500 pslg) to convert typi­

cal chlorinated solvent wastes and Agent Orange to useful products such as carbonyl 

chloride, hydrogen chloride, and caroon tetracnlor ide. Agent Orange initially con­

tained 14 to 18 ppm TCDD, whereas the carbon tetrachloride contained no measurable 

TCOD at a detection limit of I ppb.

PCODs and PCOFs are also susceptible to pnotolysis. There are Basically three con­

ditions necessary for tne photoreductlon of chlorinated aromatic compounds:

e Presence of hydrogen donor, usually in the solvent, 

e Ultraviolet (UV) li^it of appropriate wavelength, 

e Adsorption of tne llgnt.

In sun llgnt. only those compounds absorbing UV llgnt aoove 290 nm are expected to be 

amnaole to pnotooegraoatlon.

There nas been little research conoucted on tnermal destruction of PCDD. ana even 

less on PCOF. Olfferent researchers have reported 2.3,7,8-TCOO oestructlon at 

80Q‘C. In general, nowever. Incinerator operating conoitions currently considered 

adequate for TCOD destruction are a temperature of at least 1000*C and a dwell time 

of 2 seconds. At 700*C and a dwell time of 21 seconds, only SO percent destruction 

was achieved; at 800’C and a dwell time of 21 seconds, 99.5 percent destruction was 

achieved.

Investigations nave snown that dioxins exmoit a relatively strong resistance to 

biodegradation. Mott of the wont on oioxins nas been rocuseo on 2,3,7,8-TCOO be­

cause of Its extreew toxicity. Approximately 100 strains of microoes, wnicn nao pre­

viously shown the ability to degraoe persistent pesticides, nave oeen tested. Only 

five strains were shown to have the ability to degrade 2,3,7,8-TCOD. It is possible
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that the lesser chlorinated PCODs ire more susceptible to biodegrsdition, as is the 

case with PCBs. It also appears that the predominant mode of elimination of TCDD in 

soils Is photodecomposltlon by sunlight, rather than microbial degradation. In 

aQueous ecosystems, 2,3,7.8-TCOD may be metabolized, but the rate is extremely slow.

ENVIRONMENTAL PERSISTENCE

With their high toxlcltles. the envirormental fates of PCODs and PCDFs are of In­
creasing importance. However, little is known of the environemntal behavior of most 

of these conpounds. Only 2,3,7,8-TCOO has been studied In any detail, often with 
fnconclusive results.

Primarily as a result of the 1976 PCDD Incident m Seveso, Italy, most of the envi­

ronmental research has centered on the fate of TCOO in soil. In general, TCOD is 

highly persistent in soils, where it Is protected fron the influence of solar photo­

lysis and volatilization. It Is virtually immobile in all but very sandy soils.

The role of erosion as a transport mechanism is unknown. TCOO Is not taken up by 

plants to any significant de^-ee, and there Is relatively little biomagmfIcatlon in 

mammals. In water, TCOO is found to be strongly adsorbed onto bottom sediments.

TOXICOLOGY

On a molecular basis, 2,3,7,8-TCOO Is perhaps the most toxic synthetic molecule 

known to men. Only bacterial exotoxins (l.e., Botulinum Toxin A, tetanus toxin, and 

diphtheria toxin) are more potent poisons.

Both higher and lower chlorination reduce toxicity, but the toxic symptoms of the 

various isomers are similar, the only difference being the amount required to pro­

duce a given effect.

The Isomers with the highest acute toxicity are 2,3,7,8- tetra-COO, 1,2,3,7.8-penta- 

C00, 1,2,3,4,7,8-, 1,2,3,6,7,8-, and 1,2,3,7,B,9-hexa-C0D. 2,3,7,B-tetra-CCF, 1,2,3,
7.8- and 2,3,4,7,8-ptnta-CDF, and 1,2,3,4,7,B- and 2,3,4,6,7,8-hexa-CDF. Host of 

the research to date has been conducted on the toxicology of 2,3,7,8-isomers in ani­

mals. The toxic effects Induced by 2,3,7,8-TCDD in all animal species included pro- 
gresslve weight loss and general weakening, with death occurring within a few weeks 

or months. However, various experiments conducted to date have failed to provide 

the exact biochemical mechanisms of 2,3.7,8-TCOO lethality.
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2.3.7.8- TC00 and otner halogenated PCODs were found to stimulate a number of enzyme

activities, most notably within the liver, Heoati c a -anrmolevulime acid (ALA) syn. 

thetase and aryl hydrocarbon hydrolase {AHH) Mere found to be induced by the ores* 

ence of PCDDs, particularly 2,3,7,8-TCDD. The PCDDs which have been found to induce 

ALA synthetase appear to have two cannon oroperties: (1) halogen atoms occupy at

least three of the four ring positions (i e., 2, 3, 7, 8); and (2) at least one free 
nonhalogenated carbon atom is unoccupied. Available toxicological data Indicate 

that those PCDDs 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 "latitude more potent than any other known
inducer of ALA.

Microsomal monooxygenase (e.g., AHH) is a membrane-bound enzyme complex which cata­
lyzes the oxidative (and for certain substrates, reductive) metabolism of numerous 

xenoblotics and endogenous lipophilic compounds. 2,3,7,8-TCDD is a highly lipo­

philic macromolecule.

The Induction of AHH and ALA by various PCODs are carried out by the same mechanism. 

Theoretically, the most logical pathway of 2,3,7,8-TCDD netabolism is by hydroxyla- 

tlon at the 1, 4, 6, or 9 position of the molecule by AHH. The hydroxylation of 
aromatic rings in positions adjacent to halogen atoms Is an uncommon reaction of the 

cytochrome P-450 monooxygenase system. This most likely accounts for the netabolic 
stability of 2,3,7,8-TCDD within mammalian systems. However, it has been postulated 

that 2,3,7,8-TCDD moves Into a cell and binds to a specific cytosolic receptor. The 
receptor-dioxin complex then moves into the nucleus of a cell, where it initiates 

the synthesis of a specific messenger ANA, which directs the synthesis of cytocnrome 
P-450. Other 2,3,7,8-TCDO molecules can then react with newly formed cytochromes, 

possibly to produce reactive Inteneediates that reduce or impair cellular metabol­

ism, gradually inducing cell death. These metabolites may be excreted as innocuous 

by-products which msy affect specific cells in other organs, or may act as carcino­

gens or cocarclnogens.

If the activity of AHH were Increased, more 2,3,7,8-TCOO would be metabolized. If

2.3.7.8- TCDD, rather than a netabollte, is responsible for the toxicity, then in­

creased metabolism by the P-450 monooxygenase system should lead to a decrease m 

toxicity. Conversely, if a netabollte(s) is responsible for the toxicity of 2,3,7,8- 
TCDD, then an Increase In metabolism may result In an Increase in toxlcl-ty. Several
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studies nm show that 2,3,7,8-TCDO induces many enzyme systems while suppressing 

others. In addition to ALA and AHH, 2,3,7,8-TCOO induces tne following enzyme*:

e UQP olucuronyl transferase,

e Aloenyoe denyorogenase.

e Glutatmone transferase S.

e 0T*d1 apnarase.

e Benzopyrene nyorolase.

e Glutathione S-transferase.

e Etnoxycaumarin deetnylase.

2,3,7,8-TCOO reduces the activity of the following enzymes: 

e UOP-glucuronic acid pyrgonospnatase.

e D-glucuronolactone denyorogenase,

e L-gluconate cenyorogenase.

Anotner mecnanism by which 2,3,7,8-TCDO may exert its toxic effect is by the in­

crease or llpofuscin pigamnts. Lipid peroxidation, whlcn precedes the formation of 

polymeric llpofusclns. Is know to seriously damage memoranaus subcellular organ­

elles, including lysosomes.

In one or more species of laboratory animals, bone marrow nypoplasia, testicular de­

generation, renal pelvis ano urinary bladaer nyperplasla, and nemorrnage in the in­

testines and aarenals nave oeen observed. Chronic administration of low levels of

2,3,7,8-TCOO to rats increases the incidence of neoplasia (tumors). The most malig­
nant tumors were observed In tne lungs, kioneys, liver, and sxeietal musculature. 

Otner neoplasms were found In the brain, skin, testes, ano ears.

2,3,7,8-TCOO Is a teratogen, interfering witn only a few emoryonic or fetal davelao- 

nental processes. These teratogenic effects Include impacts on hormones involved in 
reproduction, thymic atroohy, fatty infiltration of the liver, general edema. de- 

layeo head ossification, low birth wei£tt, fetal reaosorptlon, and kidney abnormali­

ties.

As a resuit of the various accidents in which humans were exposed to PCDOs and 

PCDFs, some epidemiological information Is available on human toxicity. Chloracne,
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an often disfiguring ano persistent dermatological disoroer, is tne most cannon in. 

dicator of poisoning in tne human suoject. However, the aosence of chloroene ooes 

not oreclude intoxication.

Liver dysfunction is manifested by nepatomeoaly ano elevation of enzyme levels. 

Daily human exoosure to 0.D1 ug of 2,3,7,8-TCQO may result in Incipient carcinopen 1 
city, but existing evidence indicates tnat PCDDs are at most only mildly carcino­

genic. Exposure to 4 ug of 2,3,7,8-TCDO would result in a shortened lifespan, and 

daily exposure to 290 ug would likely cause acute toxicity.

The lmmeoiate symptoms of exposure to dioxins mcluoe a ourning sensation in one 

eyes, nose, and tnroat, fclloweo by neaaacnes, dizziness, nausea, ano vomiting. 

Several days later, severe itching, reoness, and swelling of the face (more marked 

over the eyelids, nose, and lips) may develop just prior to tne onset of chloracne. 

It has been snown tnat as little as 20 ug of 2,3,7,8-TCOQ on tne skin can lead to 

chloracne. Within tne initial weexs after exposure, inflamed nooules as well as 

pustules appear on tne face, forearms, shouloers, necx, and trunx, leaomg to come­

dones ano cysts. Sometimes chloracne is preceded by erytnenatous ana edematous sxi 

lesions. After 1 or 2 montns. acneform eruptions e*rge, and the skin Decomes 

hyperpignmnted. At approximately the same time, muscles, primarily in tne tnigns 

ano cnest area, become aggravated upon exertion. Insonnia, extreme fatigue, ner. 
vousness, irritabi 11 ty, and loss of libido also occur during this period.

Otner symptoms of exposure include artnralgias. porpnyria cutanea tarda, nyperlipi. 

demia, cutaneous nyperpigmentatlon, and hirsutism. Porpnyria cutanea tarda, a sxm 

condition tnat usually occurs as a photosensitive dermatosis, is causeo by tne oe* 

velopment of vesiculooullous lesions over exposea areas. The oermatosis is precioi 

tateo oy minor trauma, ano may result in areas o* nealeo oullae, crusts, scars, and 

mi ii a. Blurred vision ano tne loss of taste and smell may also occur.

There is no suostantiue evidence to indicate mutagenic, teratogenic, or emaryotoxic 

effects on fetuses from 2,3,7,8-TCDO exposure in vivo, however, cnranosomal abnor­

malities nave oeen reported in in vitro cytogenic stuoies on numan lynenocytes ex­
pos eo to 2,4,5*T containing 0.09 ppet 2,3,7,8-TCDO. Chromatid breaks ano oeletions 

mcreaseo witn increasing concentrations of 2,4,5-7. It was not possible to oeter- 

mme wnetner this was a toxic or genetic effect.
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Analyse! of liver, adipose tissue, and blood samples of both Japanese and Taiwanese 

patients suffering from rice oil disease ("Yusho") indicated that the hipest con. 

centrations of PCDFs were found in the liver. PCOF isomers, which were metabolized 

and excreted fairly rapidly (e.g., 2,3.6,7-tetra-, 2,3,4,6,7-penta-, 1,2,6,7,3- 

penta-, 1,2,3,4,8-penta-, and 1,2,3,4,6,7-hexa-CDFs), nave two vicinal unchIormatea 

C-atoms in at least one of the two aromatic rings in the PCOF nucleus. In contrast. 
PCOF isomer! 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-oenta, 1,2.3,7,3-penta, 1,2,3,6,7,8-hexa-, and 1,2,3,4,7,3- 
hexa-CDFs, have lateral positions substituted with chlorine. The complete elimi­

nation of this compound from the organism is a function of its capacity to change 
macrmolecules to more polar molecules.

In general, the clinical appearance of contaminated animals and the variety of 

lesions found during post-mortem examinations are identical for TCDFs, 2,3,7,8- 

TCODs, and PC8s. The toxicity of TCOF is approximately 10 percent that of 2,3,7,8- 

TCOO, and 1000 times that of Aroclor 1242. The correlation of nmtabollsm with de­

toxification Indicates that the greater toxicity of 2,3,7,8-TC00 versus TCOF could 

be the result of the relatively slower nmtabollsm and excretion of 2,3,7,S-TC00. 
Studies indicate that TCOF nmtabollsm Is earned out through a detoxification mech­

anism; speclts that are able to nmtabollze and purge TCOF are more resistant to its 
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 metabol­
ites in different organ! (e.g., liver, kidneys, stomach, etc.).

CHEMICAL ANALYSES

Chemical analysis of PCODs and PCDFs Is a complex task, dictated by (I) the large 
number of isomers of each compound (i.e., 75 PCOO isoamrs and 135 PCOF isomers), and 

(2) the difficulty of separating and Identifying Isomers within a given chlorination 

class. All classes are quite similar structurally, and thus similar in chemical and 
physical properties. In addition, many of these isomers have not been prepared m 

pure form; even the prepared ones have not been widely available. To date, the fol­

lowing Isomers have been synthesized: the entire sets of tetra-, hexa-, hepta-, and 

octa-COOs; 2 dl-, 4 trl-, and 14 penta-CODs; all tetra-COFs; and some penta-COFs.

Many of the early analytical studies focused on the determination of 2,3,7,3-TCOD 

because of Its extreme toxicity. In addition, this PCOO Isoner was one of the ear­

liest available in sufficient ouantlty to use as an analytical standard. Some of 

this nmthodology was gradually adapted, modified, and expanded to accommodate
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analyses of other PCODs and PCDFs. although entirely new methods have also been 

developed.

Prerequisites for successful chemical analysis include representative sampling 4no 
good storage orocedures; requirements for successful analysis include efficient ex­

traction, sample purification (containment), good separation, ultrasensitive detec­
tion and quantifIcation, and most desiraote conf 1 rmation.

Sampling Methods

Sampling nathods can markedly affect the results obtained. In general, the follow­

ing dictates of good analytical practice should be applied in sampling: homogeneity 

of the sample matrix; collection of a truly representative sample; statistical con­

siderations with respect to replicate analyses; and the resultant effects on preci­
sion and accuracy. In cases where samples are acautred by simpte grab samp lino, 

such considerations can usually be applied. In other instances (e.g., collection of 

flue gas samples from incineration sources), the sampling procedures are far less 

standardized, and their effectiveness and limitations have not been adequately eval­

uated.

Sample Extraction, Purification, and Separation

There are several methods for extraction of PCODs and PCDFs from different sample 
matrices:

• U.S. Environmental Protection Agency (CPA): fish, adipose tissue,
milk, water, soil, sedlnents.

• U.S. Food and Omg Administration (FDA): chemical formulations, 
fish.

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

• Dow Chemical Company: fish, milk, fly ash, dust, urban particu­
lates, municipal sludge, soil.

e Wright State University - Brehm Laboratory: soil, chemical waste,
aqueous effluents, particulates.

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

All of the above methods entail the initial addition of internal analytical stan­

dards, follOMd by destruction of the sample matrix (idiere practical) or extraction 

with an organic solvent, partitioning of the PCDDs/PCDFs into an organic phase and 

polar constituents into an aaueous phase and discarding of the latter, and liquid
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chromatographic clearejp (and, in some cases, HPLC cleanup) of the extracts. The 

cleanuo steos are intended to remove matrix comoonents, such as tipids, as ««11 as 

most of the chlorinated hydrocarbon residues in the ssnole (e.g., PC8s, DOE. otner 

common chlorocarbon residues, and fused-ring aromatic compounds), which may inter, 

fere with subseouent detection and ouantification of PCODs/PCOFs.

Instrumental Methods

Instrumental nmthods which have been utilized for detection and/or ouantification of 

PCDDs/PCDFs m different samole matrices are as follows:

e UV Soectroscooy - TCOO.

e Thin Layer Chromatograohy - biological tissue; oils.

e Electron Caoture/Gas Chromatography (EC/GC) - chemical formulations;
PCOOs.

e Probe Mass Spectrometry (MS) - milk; animat tissue.

e Thermally Modulated EC Oetector {TMECO) - animal tissue; chemical 
formulations.

e Packed Column GC/Low-flesolutlon MS (Selected Ion Monitoring) - 
chemical formulations; industrial hygiene saaoles.

e Packed Column GC/Hi oh-Resolution MS (Selected Ion Monitoring) . 
animal tissue; chemical wastes; aaueous solutions; soils; plant 
material.

e Capillary Coluim GC/High-Resolution MS (Selected Ion Monitoring) • 
human milk, animal tissue; water; sedlitents; combustion products.

e Capillary Coluim GC/Low-Resolution MS (Selected Ion Monitortnq) . 
combustion products; oils; PCBs; human tissue.

e Liquid Chromatography Packed Coluim GC/Low-Resolution MS (Selected 
Ion Monitoring) . combustion products; Isoamr separation and 
identification.

e GC/Negative Chemical Ionization MS - animal tissue; wood; human 
tissue; combustion products.

e GC/Negative Ion MS • animal tissue; sediments.

e GC/Atmospheric Pressure Ionization MS • animal tissue; identifies,
tlon of isomers in standard mixtures.

Methods such as UV spectroscxy, thin layer chromatography, GC/EC detection, and 

TMECO have been developed for rapid screening of samples or qualitative detection.
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It u general 1y accepted that the only technioue which has both the required sensi­

tivity and specificity for reliable detection and ouantificatlon of PCDDs/PCOFs is 

coupled gas chromatography/mass soectronetry (GC/MS). The first attempt to aoply 

ness soectrometry for Quantitative determination of TCOO was the high-resolution 
mass soectronetric techmoue. High-reso lution scanning was accomplished over a nar­

row mass rang* (typically 0.3 AMU) at a rapid rate (4 scans/secoffd). dpt to the 
relatively high mass soectral resolution achieved, this technioue wet edeeuate for 

the purposes of distinguishing the molecular ion of TCOO from Ions arising from the 

sample matrix (mostly biological samples), however. It was soon realized that tne 

TCOO Ions could not be distinguished from those originating from certain PC8s, if 

the latter were present in the sample extract tn large concentrations relative to 

the TCOO (ppm versus ppt). Another limitation of the latter method was its inabil­

ity to seoarate TCOO isomers.

GC/low-resolution MS utilizes open-tubular packed gas chromatograohlc coluims. This 

method was caoable of seoaratlng TCOO from other PCODs of different chlorine con­

tent, but had little capacity for separating discrete TCOO Isomers. The detection 

limits achieved in these determinations «cre tn the range of 0.001 to 0.1 pom.
Their specificity In Isomer determinations was derived from the cleanjo methods

used. Furthermore, these mthods reoulred that the analyte exhibit the aooropriate 
GC retention tin and a mass spectral resoonse at the aooraorlate Ion masses corre­

sponding to TCOO.

The combined GC (packed colour)/h1gh-resolution mass spectrometric techniques were 

developed for determining TCOO In beef tissues and related environmental samoles. 

These mass spectrometric nethods were similar to the high-resolution MS technioue, 

but were superior In that hlgh-resolution scanning was generally accomotished over a 

narrower mass range and at a more rapid scan rate. This improved both the resolu­

tion capability and the sensitivity of the technique.

A further enhancement of the capabilities of the GC/hlqh-resolution MS techmoue for 

analysis of PCDOs/PCOFs entailed the Incorporation of capillary GC coluons. The use 

of capillary GC coluims provided the capability to seoarate discrete isomers of the 

PCOOs/PCOFs. The use of capillary coluim GC/hlgh-resolution MS also improved the 
ability to obtain accurate quantitative data on the low concentrations of PCODs/ 

PCOFs In environmental samples.
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Several laboratories have increased the use of capillary coluim GC/1ow-resolution MS 

in order to provide data on a wide range of PCD D/PC OF isomers m various types of 

samples, including PCS electrical fluids.

Considerable success has been recently achieved in the seoaration of tetra- and 

;iexa-COO isomers by HPLC fractionation of discrete isomeric cmoounds. This tech* 

nioue aopears to be particularly powerful when used in conjunction with SC/MS tech, 

mgues, and does not necessitate the use of capillary SC colours. No beta on seoara. 
tion of PCDF i soamrs by this method have been reported.

decently, several newer mass spectrometnc techniques have also been investigated 
for the analysis of PCODs/PCOFs. Among these are negative ion MS, negative ion 

chemical ionization MS, and atmospheric pressure/ionization MS. Results obtained 

thus far show that all of these offer enhanced sensitivity, selectivity, and soeci- 

f icity.

Quantification

To date, quantification has been based on peak area measurements by conparison with 

either internal standards or a calibration curve of known quantities of authentic 

standards {external standards). It has generally been assumed that all isomers of a 

particular PCOD or PCOF have the same response using the MS quantification. Two re­

cent studies on the responses of 28 and 20 different PCOF isomers both showed a 3­

fold variation in the response using an electron impact (El) mode. Aoplication of 

the negative chemical ionization (NCI) mode, however, resulted in 20-fold and 25­

fold variations, respectively. For the higher chlorinated homologues, the differ­

ences appeared to be much smaller.

Confi^nnation

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

over, if a sample contains a imiltitude of PCDD/PCDF isomers, the positive identifi­
cation of PCODs/PCOFs could be confirmed by cluster analyses.

For adequate confirmation of PCODs/PCOFs, there 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 coluim chromatooraphy in the

cleanup steps; retention time in the gas chromatographic separation; molecular
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Ktight; fragmentation and chlonne cluster in the MS detection; and difference in 

response factors comparing the El and the NCI modes. These parameters, in addition 

to access to wel 1-defmed weighted standards, give the possibility of rei^le anal- 

yllS of PCDDs/PCOFs.

bioassay analyses - "

as discussed earlier, numerous clinical biomedical parameters have been shlwi to be 

altered m animals and humans recewi ng different dotes of PCDOs, PCOFs, «*tf PCBPs. 

In a number of investigations, 2,3,7,8-TCOO served as a prototype of Individual PCOD 

and PCDF congeners and their mixtures. All of these conpounds produce a similar and 

characteristic pattern of toxic lesions, including hyperkeratosis and squamous ireta* 

plasia of the skin, and induction of a nuxber of coordinate^ expressed enzymes 

through stereospecific, reversible binding to a cytosolic receptor protein. These 
phenomena form the basis on which In vitro bioassay techniques have been develooed 

for analyzing total PCDO/ PCDF biological activity, which in turn reflects their 
toxic potency.

The significance of the bioassays. In addition to assessment of toxicological 

effects, Is their usefulness 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: aryl hydrocar­
bon hydroxylase (AHH) induction, and cell keratlnlzatlon.

Aryl Hydrocarbon Hydroxylase fAHH) Induction

The monooxygenase enzyme system, consisting of NAOPH-cytochrome P-450 reductase and 

cytochrome P-450, 1$ an Integral part of the smooth endoplasmic reticulum, and cata­

lyzes the catabolism of lipophilic compounds to more polar mtabolltes.

The Induction of the hepatic monooxygenases by 2,3,7,B-TC00 occurs In most tissues 

of most species. These bioassays are extrewly sensitive to a variety of chlori­

nated aromatic hydrocarbons. A large number of specific enzymes have been assayed; 
the most extensively studied of them Is AHH.

AHH activity Is a measure of cytochrome P-448. The induction of AHH 1$ mediated by 

the reversible stereospecific binding of haloginated aromatic hydrocarbons to a 
cytosol protein, the cytosol Induction receptor, idtlch mediates the nuclear uptake 

of the toxicant. The receptor is determined by the Ah locus In mice. The Ah locus,

MOHS *15301
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and hence the cytosol receptor, controls not only the induction of AHH activity but 

also a battery of coordinatety expressed enzymes.

Two lines of evidence suggest that toxic lesions oroduced by TCOO, as well as bio­

chemical responses, are mediated by the cytosolic receptor. First, the binding 

affinities of a large number of halogenated aromatic hydrocarbons for the receotor 

correspond very closely with the ranking of tneir toxic potencies, SfteOftd, two 

-'xlc responses produced by TCOO in mice, thymic Involution and cleft palate forma­

tion in fetuses, have been shown to segregate with the Ah locus.

Compared with classical polycyclic aromatic hydrocarbon Inducers of AHH, such as 3- 

methylcholanthrene, 2,3,7,8-TCOO produces a parallel dose-response curve; both com­

pounds produce the same maximum response In AHH activity. However, 2,3,7,8-TCOO is
g

3 x 10 times more potent than 3-methylcholanthrene as an AHH Inducer.

The AHH Induction bioassay utilizes a rat hepatoma cell line which possesses low 

basal AHH activity and is highly inducible for this enzyme. The amount of AHH in. 

ductlon Is determined by the fluorimetrlc assay of 3-hydroxybenzo[a]pjrene formation 

from benzo[a]pyrene (the substrate for the AHH enzjmm assay), or by the fluorimetrlc 
determination of 7-ethoxyresorufln 0-deethyl at ion. The binding of a specific ligand 

or mixture of ligands Is determined by nmasurlng the dose-dependent displacement of 
[^H]-2,3,7,8-TCOO previously bound to the protein.

Toxicity to Cells Cultured In Vitro

One of the most characteristic responses to TCOO Is hyperkeratosis of the skin.
When XB cells derived from a mouse teratoma are cultured at high density (to prevent 

spontaneous dlffentlatlon) along with lethally irradiated 3T3 cells, the addition of 

TCOO produces a dose-related keratlnlzatlon response, as detected by red staining 

with Rhodanlle blue. This Is a direct effect of TCOO on X8 cells, and will occur in 

the absence of the feeder cells if the teratoma cells are cultured in 3T3-condl- 

tloned kmdla. XI cells contain the cytosol receptor, and respond to TCOO with a 
dose-related Induction of AHH activity.

Other halogenated aromatic hydrocarbon congeners, including PCODs, PCOFs, PCBPs, and 

uobenzenes, were also found to induce keratlnlzatlon although to a lesser extent 

than 2,3,7,8-TCDD. Keratlnlzatlon could also be induced by some normalooenated aro­
matic hydrocarbons, such as benzanthracene and 5,6-benzoflavone. Since 2,3,7,8-TCOO 

Is the most potent, but not the only Inducer of this hyperkeratlnlzatlon response.
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this effect is referred to as “dioxin-like" activity. Unrelated toxins, however, 

failed to produce keratinization in the X8/3T3 culture system. Furthermore, a cor­

relation has been demonstrated between the degree of toxicity of various TCOO iso- 

■iers and congeners and the extent of hyperkeratin 1 lation response.

The X8/3T3 system is extremely sensitive, inducing keratinization with as little as 

3.2 pi cograms of TCOO. In addition, this system is particularly relevant as a 
modal, since it deals with an induced differentiation of the Intact cell using an 

endpoint (hyperkeratinization) known to be relevant to human exposure (i.e., chlor- 
acne).

RESEARCH needs

Future research is needed primarily into (I) the generation of PCDDs, ®COFs, and 

other related halogenated aromatics in utility PCB fluids, (2) chemical and bioassay 

methods for their analysis, (3) their toxicities, (4) their environmental fate, and 

(5) procedures for their destruction.

Generation of PCOPs, PCOFs, and Related Compounds

Since available information on both conditions and quantities of formation is insuf­

ficient anq often contradictory, future studies should focus on better delineating 

the generation of PCDFs, PCDDs, and PCBPs. Standard and non-standard operating con. 

ditions should be compared with optimum formation conditions to determine if forma­

tion is indeed possible, and if the necessary precursors exist m PCS fluids. Such 

tests would provide specific insights into the chemistry, mechanisms, and ootmum 
reaction conditions favoring the formation of these compounds from PCB fluids.

The data on structure-biological activity relationships for 2,3,7,8-TCOO m labora­
tory animals are extensive, while other PCOO 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 the above by-products. For these con- 

pounds, specific data are lacking on acute lethality, chronic toxicity, carcinogeni­

city, teratogenic and reproductive effects, mutogenicity, and imnunotoxici ty. There 

are significant gaps in the relationship between the receptor theory and the induc­

tion of chi or acne. Oata on such effects as the extent of enzyme induction through 

specific receptor binding and cell keratlmzation should be acquired through bioas­

say techniques.
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Chemical and Bioassay Analyses

Several areas require additional research in order to improve the caoabilities far 

analysis of PCDOs/PCDFs. Such areas include (1) synthesis and Isolation of addi­

tional cure PCOO/PCDF isomer standards for use in calibration and methods develop- 

nmnt; (2) synthesis of additional compounds which are chemically similar to PCDDs/ 

PCDFs, and which may represent interferences in PCOD/PCDF analysis {e„g., diphenyl - 

ethers, hydroxy- and methoxy-QPEs, and PCS*) for methodology evaluation; {31 devel­
opment of higher resolution GC and/or LC colunrs for Isolation of PCM/PCOF isomers 

(4) research on more specific detection, quantification, and confirmation nethods. 
Including possibly positive and negative ion chemical Ionization MS, atmospneric

pressure Ionization MS, and MS/MS; (5) research into an isaner-specif1c analytical 
method to differentiate between toxic and nontoxic Isomers; and (6) research into 

rapid chemical and/or biological screening nethods; and (7) standardization of 

sampling methods, such as wipe tests, and establishment of criteria to identify the 

significance of results obtained via different sampling nethods.

Environmental Persistence

The environmental pathways of these compounds need to be better defined, neither 

the pathways nor the rates {other than general overall rates) for their physical mi 

gratlon and decay have been determined with any certainty. Further research is 

needed on photolysis to define the role and abundance of hydrogen donors, and the 

exact conditions under which measurable photolysis will occur in air, water, and 

soil. The rote of uptake/ metabolism of these compounds by biota and their result­

ing fate in both water and soil needs further investigation.

Oestruction/Remova1

Since these compounds are both persistent in the environment and toxic to animals 

and humans, more research needs to be directed towerd the developmnt of chemical, 
pl^yslcal, and/or biological methods for effectively treating wastes containing 

PCOFs, PCDOs, and PCBPs, as well as soil and weter contaminated with these by­

products.
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Section 1

INTRODUCTION

background

Following promulgation of the Toxic Substances Control Act by the U.S. Congress m 

1976, the U.S. EPA Issued restrictions In May 1979 on the manufacture and commercial 

use of polychlorinated biphenyls (PCBs). Until the above regulations were issued, 

many transformers and capacitors contained PCBs. It has been estimated that since 

1932. 135,000 transformers containing PCBs have been put Into service In the United 

States

The production of PCBs In the United States ceased in 1977. While some PCB equip­

ment has been removed or replaced, many PCB-contalning transformers and capacitors 

are still In use. In addition, due to past manufacturing and transformer servicing 

practices, trace amounts of PCBs have been introduced Into mineral oil-filled equip­

ment. Hence, It Is likely that, in addition to askarel transformers and capacitors, 

many of the oil-filled transformers currently in service contain PCBs in concentra­

tions ranging In the low parts per million.

Since 1979, research has shown a potential concern resulting from the presence of 

same chlorinated aromatic hydrocarbons associated with PCBs, predaemantly poly­
chlorinated dlbentodloxlns (PCDDs) and polychlorinated dtbenzofurans (PCOFs).

Traces of similar compounds, such as polychlorinated blphenylenes (PCBPs), poly­

chlorinated pyrenes (PCPYs), and polychlorinated chrysenes (PCCYs), have also been 

reported In seem samples. These compounds occur In extremely low concentrations in 

PCB liquids. However, same PCDO, PC OF, and PCBP Isomers are acutely toxic as deter­

mined by laboratory tests on animals and demonstrated In Industrial incidents. 

Toxlcltles of some of these Isomers are orders of magnitude hi^ier than PCBs.

PCDO and PCOF compounds have been found In the original PCB fluids manufactured m 

the United States, Europe, and Japan. Several PCB accidents In which PCODs and 

PCOFs were prominent have also been documented. Including the Yusho incident in 
Japan Involving ingestion of PCOF-contaminated rice oil, and a similar subsequent 

Incident In Taiwan. More recently, a fire Involving electrical equipment containing
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PCB fluids in a Bingnamton, New fork, office buildinq produced soot which was #ouna 

to contain PCOFs and PCODs. These findinas indicate tne possibility tnat °CDOs, 

PCDFs, and otner related cnlortrated aratiatic compounds can fonn ffp* eskarel k’uiqs 

at nigh temperatures.

PROJECT OBJECTIVES

The purpose of this study is to determine tne state of knowledge on the formation of 

PCDOs, PCDFs, and other related cnlonnated aromatics in on-line electrical equip­
ment containing PCBs, and to provide EPRI with a technical planning tool for formu­

lating its future research on this subject. The specific objectives of this study 

are as fo1 lows:

e The state of knowledge in the area of PCOOs/PCDFs in utility dielec­
tric fluids.

e Recommend future research needs m the areas of PCDO/PCOF formation 
in utility electrical equipment, their chemical and biological anal­
yses, environmental fate, toxicoloqy, and techniques for tneir 
destruction.

Specific information in this report was collected by (1) literature search; (2) 

attendance at the L84th National Meeting of the American Chemical Society in Kansas 

City. Missouri (September 1982), and the 3rd International Symposium on Chlorinated 

Dioxins and Related Compounds in Salzburg, Austria (October 19B2); (3) discussions 
with leading researcners (worldwide) in the subject area; (4) contacts witn trans­

former service companies and manufacturers; and (S) discussions with representatives 
of the utility Industry.

REPORT ORGANIZATION

Section 2 of this report details a numoer of incidents involving the generation of 

PCODs and PCOFs. The pnystcal and chemical characteristics of PCODs and PCOFs, 
along with their formation chemistry and the chemistry of transformers/capacitors, 

are presented in Section 3. Physical, chemical, and biological degradation of these 

chemicals and their persistence in the environment are discussed in Sections 4 and 

5, respectively. Toxicological effects on laboratory animals and humans are dis­

cussed in Section 6. The current status of analytical procedures for the determina­

tion of PCOOs and PCOFs is reviewed in Section 7. This review includes both chemi­

cal and bioassay analyses. In Section 8, recannenoations are made for future re­

search needs. These recommendations reflect the identified data qaps m each of the 

subject areas covered m Sections 3 through 7. Additional information pertinent to 

the topics discussed in this report is presented in Appendices A through- 0.
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Section 2

ACCIDENTS INVOLVING GENERATION OF PCOOs/PCOFs ANO OTHER 
RELATED CHLORINATED AR01ATIC HVOROCARSONS

INTRODUCTION

In this section, we examine a number of incidents including fires, industrial acci­

dents, and contamination incidents resulting from inappropriate waste disposal. The 

common thread running through these incidents is the production or release of poly­

chlorinated d1benzo-o_-d1oxins (PCDDs) and dlbenzofurans (PCOFs), some of which are 

extremely toxic (Figure 2-1). In some of the incidents, there is also evidence of 

the production of other chlorinated polynuclear aromatics, such as the polychlori­

nated biphenylenes (PCBPs) and polychlorinated pyrenes (PCPYs) (Figure 2-1).

A number of these incidents involve PCB-ftiled electrical eoulpment, including 
transformers and capacitors. In each case, the electrical eoulpment was caught m 

an intense fire. The temperatures reached «mre extreme, far beyond the temperatures 
expected during normal (100* to 130‘C), or even overload (200* to 250*0, condi­

tions. Other incidents Include a PCB-f 11 led heat exchanger (in which the PCBs were 

again heated, probably in an oxygen atmosphere, for an extended period), an indus­

trial accident involving the menufacturer of trichloroohenol, and an instance of 

chemical contamination from trichlorophenol manufacturing wastes.

ELECTRICAL POWER EQUIP*NT EPISODES 

Toronto. Canada

In December 1977, a transformer substation burned In Toronto, Canada. Very 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 5 ppm (_2). No 

information was reported regarding distribution, health effects, or chemical analy­

ses.

Norrtalje. Sweden

In September 1975, an intense fire burned a capacitor battery north of Norrtalje, 

Sweden. Eighteen PCB capacitors were burned to various degrees, and same exploded.
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EkWPnation of the fluid again shooed a large increase in PCOF concentrations (2,
3). Concentrations of PCOFs on nearby objects (fences and pine trees) were below 
detection limits. Samples of blood taken fran firefighters shooed PCB concentra­

tions (2-3 to 3.6 ug PCB/g) oithin normal hunts and no detectable PCOF (_2).

Bmohariton. New York ~

In February 1981. an intense fire occurred in the utility room of the LB-stbry Smg- 

h am ton State Office Building (Binghamton, New York), resulting in the loss and 

apparent pyrolysis of ISO gallons of PCS fluid from a transformer (4, _5, _6). The 

fire oas apparently electrical in origin, and produced a fine soot ohich «as distri­
buted throughout the building by the ventilation system (£).

Analysis of the soot revealed PCBs, PCOFs, PCOOs, and PCBPs. When PCODs and PCOFs 

were discovered, cleamno was suspended indefinitely, and the building was sealed. 

Although the building was unoccupied at the time of the fire, over 450 persons 

claimed that they had been exposed to the chemicals, and many have filed suits 

against the state (6). No published description of the symptoms experienced by 

allegedly exposed persons mas given.

Stockholm, Sweden

In August 19BI, another electrical fire occurred in a 10-kV capacitor battery in a 

power station in Stockholm, Sweden. Like the Binghamton fire, this incident is 

thought to nave been caused by a malfunction of the electrical eguionant. Analysis 

of residues at Stockholm also showed PCOFs and strong evidence of PCBPs. Unlike the 

Binghamton fire, no PCODs «mre found (2). No injury or illness was reported in con­

nection with this fire.

Skovde, Sweden

In March 1982, a 400-V capacitor battery serving a high-frequency oven in a metal 

treataant factory bimed In Skovde, Sweden (2). The capacitors involved were both 

mineral oil •containing and PCB types, and the fire appears to have been unrelated to 

eguipmnt malfunction. Of 21 PCB-fllled capacitors, 12 were ruptured during the 

course of the 2-hour fire, which reached at least lOBO’C in some parts of the caoa- 

cltor room. The smoke from the fire was distributed throughout the 100 x 200-ft 
(30 x 60-m) bull ding.
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Analysis of soot simples showed PCDFs, but no PCDDs 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 H) ■

NONELECTRICAL industrial episodes _

Chick Edema

A. L. Young has reviewed the dioxin poisoning episodes known collectively as "chick 

edema" (_7). During 1957, millions of chickens died after consuming feeds contami­
nated with l,2,3,7,8,9-hexach1orodibenzo-£-d1oxin (HCOO). Clinical signs of the 

disease included labored breathing, unsteady gait, subcutaneous edema, and sudden 

death. The birds were found to have excessive fluid m the abdominal cavity and the 

pericardial sac, and swollen, palid livers. Mortality was reported to be as high as 

50 percent. The contaminant, known as "chick edema factor," was isolated in the 

early 1960's, but the structure was not elucidated until 1967.

Chick edema disease was essentially dormant through the 1960’s until another out* 

break in 1969. On this occasion, it was learned that dioxins had accumulated in the 

edible tissues of the chickens. In each case, feeds had been supplemented with fats 
and fatty acids, generally by-products of stearic and oleic add manufacture. It 

was speculated that the fats were contaminated with commercial chlorophenols, which 
were eontaannated by or converted to dioxins during heating.

fusho (Japan)

In October 1968, Japanese health officials became aware of an epidemic disease that 

came to be known as "Yiisho." Victims exhibited such symptoms as acne-1 ike skin 

eruptions, pigmentation of the skin and mucous membranes, swelling of the eyelids, 

increased eye discharge, hyperkeratotic plaque on the soles of the feet and palms of 

the hands, and hyperemia of the conjunctiva (B, £).

The cause of the disease was eventually traced to certain lots of rice oil (Kanemi) 

produced during February and Mareh 1968 (£)• It is speculated that the oil was con­

taminated during vaeuum distillation via pinhole leaks in the piping of a heat ex­

changer. The heat exchanger used PCB fluid as the heat exchange medium, and it 

maintained the distillation tank at 230*C. GC analyses showed 2000 ppm "Kanechlor" 

brand PCB fluid In the oil (9).
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A 1971 report set the number of Yusho cases at 1001 (£). A subsequent report set 

the number at 1200 (.10). Patients shoimd detectable concentrations of PCBs in their 

subcutaneous fat. Birth defects and retardation of normal growth were also noted 

Of 13 babies born to women affected with Yusho, 2 were stillborn, IQ had hyperoio- 

mentation, and 9 had increased eye discharge IB). Pigiwntation disappeared m 2 to 

5 months (^). Children initially exhibiting retarded growth caught up with a nor­

mal control group within a few years (12).

After the general potential for PCOF and PCOD contamination of PCBs was reported, 

used PCB fluid and the rice oil Involved in the Yusho ooisoning were reanalyzed. No 
significant levels of PCOD or PCBP were found (.10.). PCOF was found in both fluids 

(15 6 and 5-65 ug/g, respectively) (.3. .10* .13, .1*, 15).

Other analyses of the nee oil indicated that, in addition to the PCOFs present, 

there were also other chlorinated compounds, including quaterphenyls (PCDs), ouater- 
phenyl ethers (PCQEs), and terphenyls (PCTs) (Figure 2-1). Most of the "unknown 

organo-chlonne compounds" were identified as polychlorinated quaterphenyls (PCOs), 

and most of these were hepta- or octachloroqueterphenyls (16).

Yusho (Taiwan)

Health authorities in Taiwan reported a second outbreak of Yusho in the Taichung and 

Chanonua areas of Taiwan in 1979 ( 17, 18). It is reported that 1900 people were af­

fected by PCB-contaminated nee oil, but no further information was oiven concerning 

the oriqin or production of the oil (.17.). The researchers presume that the oil was 

contaminated by the heat exchanger durina manufacture (.18.). Analysis of the contam­

inated oil showed both PCBs and PCOFs Q8). Blood samples from affected patients 

also showed PCBs (.17) and PCOFs (.19).

St. Louis, Missouri

Between February and October 1971, trichloroohenol (TCP) distillate residues fron 
the Northeastern Pharmaceutical and Chemical Company (NEPACCO) in southern Missouri 

were collected by a salvage oil company in St, Louis (Figure 2-1). The 13 , 000 gal­
lons (68,130 liters) collected were dumped into a large holding tank, along with 

other waste oil and sludge. During May and June of that year, the satvaqe company 

sprayed three horse arenas with waste oil from the tank to control dust. In subse­

quent weeks, birds, mice, cats, dogs, and horses exposed to these areas became sick 

and died. Among surviving horses that were pregnant, 26 abortions occurred, and 

many foals died soon after birth, soem with manifest deformities (20, .2U- Several
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children exposed to the contaminated arenas became ill, with symptoms including 

chloracne, headaches, aching joints, and inflammation of the kidneys (21),

One little girl develooed hemorrhagic cystitis following repeated exposure to one of 

the arenas. In 1977, Beale, et a 1., reexamined her and found that she had grown 

normally. Detailed physical, chemical, and neurological examinations of the child 

and her mother and sister (who *ere also exposed, but to a lesser extent) were nor­
mal (_7)

Laboratory analyses of soil fran one of these arenas showed approximately 5000 opm 
TCP, 30 ppm TCOO, and 1350 to 1590 ppm PCB (21.). 2,3,7,B-TCDD was found to be a

major canponent of the PCODs, and 1,3, 7, S—TCOO a minor one; no tn- or penta-CODs 
were detected (C. Rappe, Persona) Communication), [n addition to PCOOs, approxi­

mately 3 ppm PCOFs were found (mainly 2.3,6,8-TCOF, with some 2,3,7,8-TCOF and 
traces of penta* and tri-CDFs) (C. Rappe, Personal Communication). Furthermore, 

polychioroxanthenes (PCXs) (Figure 2-1) were found to be a major component (primar­

ily 1,2,4,6,9,9-hexachloroxanthcne, "1th traces of pentachloroxanthene) (C. Rappe,
Personal Communication). It should be noted that hexachloroxanthene is a major 

lagiurity in commercial hexachlorophenes (C. Rappe, Personal Communication). The 

pharmaceutical company waste storage tank, left undisturbed, was analyzed in 1974, 

and showed approximately 300 ppm TCOOs, 30 percent TCP, and no PCBs (.21)- The PCBs 
in the soli apparently came from the wastes of another, unidentified canpany.

Following an anonymous phone call in 1979, the CPA began further investloations of 

NEPACCO's waste disposal practices. Eventually, 30 sites in the Spnnq River Basin 

of southwest Missouri were identified. Results indicated widespread distribution of
2,3,7,8-TCOD attributable to NEPACCO’s waste disposal (22).

Save so, Italy

One of the largest accidental TCOO Incidents occurred In a TCP manufacturing plant 

north of Seveso, Italy, In 1976. The reaction went out of control, and the vessel 

vented to the atmosphere, releasing a caustic cloud which settled on several com­

munities to the south of the plant. Because the exact nature of the chemical cloud 

was not known, the company tried to deemphaslze the levels of toxic chemicals in­

volved, and no immediate public health precautions were taken (£, 23, 24).

Within a week of the accident, widespread phytotoxicity (poisonous to plants) was 

evident, small animals were dying, and children were being admitted to hospitals
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w,th burns. Tests confirmed thet the chemical cloud consisted primarily of 2.4,5. 

trichloroohenol, containneted with 2,3,7,8-TCDD end traces of 1,3,7,8-TCDD. 2,7- or 

2 g-di-CDD. 2,3.7-tri-COO, and mono-CDO (25). Minor amounts of tri- and tetra-C3F 

acre also found in the first samples (25_). The last sample was analyzed m Marcn 

1977 for the presence of other neutral and phenolic compounds. Apart from the PCDOs 
nmntiofied aPove. traces of di- and tnchlorophenoIs. tet-a- and heiachlorooeniene.

PC9, and DDE were detected.

Areas where TCDO concentrations measured 0.001 ppm or more were evacuated (_7_) 

Children in other local areas were evacuated during the day; such areas were closed 
to nonresidents, and veoetable growino and animal breeding were forbidden (7, 23). 

Analyses indicated that 98 percent of the TCDO was sorbed in tne too 4 cm of the 

soil (7.)- Estimates of the total TCDO deposited varied from 450 to 3000 g (_7, .231.

Oecontamnation measures that were eventually taken included vacuuming, scrapma. 

and washing of waits, floors, and ceilings; removal of most of the furniture; and 
removal of the top layer of soil in gardens and orchards.

Reports on health Impacts resulting from the accident vary concerning the nui*er of 
people affected. The number of chtoracne cases ranged between 134 and 187, with 

most of the cases occurring in children (7, 26). Chtoracne symptoms were rarely 

severe and seldom recurred. Where they recurred, ft was usually in mild to very 
mild cases (£). Neurological damage wts reported in 33 adults, but no liver or gas­

trointestinal damage was documented (27). Another report indicated no abnormal neu­

rological findings, and no laboratory evidence of significant fiepatotoxici ty or de­

ranged porphyrin metabolism (7.). Analyses througn 1980 indicated no significant 

changes In either the general or cause-specific mortality rate m the area (28).

FORMATION OF PCOO, PCOF, ANO OTHER CHLORINATED ORGANICS

PCOQ, PCOF, and other chlorinated organics have been formed m the aftermath of 
these accidents, and have been detected both alone and m various comoinations.

Table 2-1 simnerites the toxic products formed in each case. It is difficult to 

comare the results from each incident because of the different sampling methods and 

sample matrices (wipe tests, soot seeples, etc.).

PCOO Incidents

PCODs have been accidentally produced in the course of a few of these incidents, and 
under widely varying circumstances. The PCOOs (or simply “dioxins") found in the
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wake of the explosion in Seveso have become a byword for industrial environmental 
contamination. As much as 5.5 to 6.5 tb (2.5 to 3 kg) TCOD vere released (_7), al­

though some estimates are much lower A$ oreviously stated, 93 percent of the TCDD 

is strongly sorbed in the top 1.5 in (4 cm) of soil. Ongoing decontamination 

efforts have been focused on removing topsoil, depositing it in the evacuated tone, 

and finding a way to decontaminate it, possibly through extended.biological degra­

dation (7).

Tabte 2-1

SUMMARY OF CHLORINATED AROMATIC HYDROCARBONS 
OETECTEO 0IKING DIFFERENT ACCIOENTS
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Seveso Is the only TCOO Incident for which “operating conditions" are knowi. Ther­

mographic records at the plant showed an uncontrolled Increase in the temperature of 
the reaction vessel, following failure of a safety shutdown device. The mixture was 

heated at 230 to 240*C for 4 to 5 hours and 3 to 4 atm before a safety disc rup­

tured, releasing nearly the entire mixture (7j,
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The waste oil, which contained still bottom residues from TCP manufacture and was 

used to control dust in Missouri horse arenas, contained sufficient TCOO to yield 30 
ppm TCOD in a soil sample (2£). When the waste oil storage tar* was examined later,

it was found to contain 300 ppm TCOO (21). As noted above, 2,3,7,8-TCOO has been 
found m disposal sites throughout the Spring River Basin. As of mid-1982, 30 pos­

sible sites had been identiflew, and investigations had accounted for approximately 

110 lb of still bottom-derived TCOO.

In the Binghamton State Office Buildlno fire, PCOOs imre formed during the combus­

tion of transformer fluid consisting of PCBs and chlorinated benzenes. The hew rork 
State Department of Health analyses found 2.8 and 2.g ppm (uq/g) 2,3,7,8-TCOO in the 

soot when duplicate analyses were run on a single sample (£). Another s*nole of 

soot was analyzed and reported to contain 20 ppm PCOO and 0.6 ppm 2,3,7,8-TCOO (291. 
PCOOs i*re not found m the residues of the other transformer fires. Rappe, et at., 

attributes this difference to the presence of chlorinated benzenes in the dielectric 

fluid, as PCOO Is known to be formed In the pyrolysis of chlorinated benzenes (3).

PC OF Incidents

PCOFs have been detected m more incidents than PCOOs; they have been found m all 
PCS fires in which measurenmnts <*re taken, as well as in the Yusho poisoning in. 

cldent. In the Binghamton transformer fire, 273 and 124 ppm PCOF were reported for 
duplicate analyses of a soot sample (£). It Is thought that this represents 2,3, 

7.B-TC0F, 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 2,3,7.B-TC0F, 28 ppm for total tetra-COF, 670 ppm for penta-COF, 965 pom for 
nexa-COF. 460 ppm for hepta-COF, and 40 ppm for octa-COF (29).

PCOFs were observed in the residues froe all the fires involving PCB-f 11 led caoaci- 

tors. At the transformer station in Norrtalje (in 1978), PCOF concentrations ranged 

frm 1.1 p|B in an undeemged capacitor to 75 ppm in the fluid left inside an ex­

ploded capacitor, and 52 ppm on the outside of that same exploded capacitor (2). ho 

PCOFs were detected on nearby trees, or in the blood samples taken from firefighters 
(1). Absolute confimmtion of specific Isoamrs was not possible (2,. _3).

In the 1962 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 a 

bench; 2,3,7,8-TCOF was found In all but the last Instance (£). In the 1982 Stock­
holm fire, seven tetra-COFs and 11 penta-COFs <mre identified and quantified.
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In the Yusho incident, PCDFs were found in the rice oil. The oil showed concentre* 
tions of 4 to 5 op* ifter contamination with approxmutely 1000 OP* PCS. Tests of 

venous PCS mixtures indicate PCOF contamination of 1 to 18 pom; using 10 pom PCOF 

in PCB and 1000 ppm PC8 in rice oil, 0.01 ppm PCOF in rice oi I would be expected. 
Actual findings of 5 ppm support the view that PCOF was formed fron the PCS after

prolonged heating (U_, _15). In a laboratory simulation of the steam distillation 
process used, PCOFs were formed fron the PCSs (_32_). ”

When Yus ho broke out again in Taiwan, researchers reported S3 to 405 ppm PCB in the 

toxic oil and 0.18 to 1.68 ppm PCOF (_18J- Fron blood sample analytes, it also ap* 
peered that soam oils, which «re not available for analysis, had contained much 

higher levels of PCB (_18_). No identification of the PCOFs was reported.

Other Polychlorinated Oroamcs

In addition to PCDOs and PCDFs, a number of other polychlorinated oroamcs nave been 

detected In samples from these incidents. PCQs, PCQEs, and PCTs i«re all detected 

in Yusho oil froe Japan (_16); PCQs and PCTs were detected In Yusho oil in Taiwan 

(18). PCBPs were detected in the residues of the Binghamton and Stockholm (1981) 

fires U, £). Evidence of polychlorinated pyrenes (PCPYs) and polychlorinated 

chrysenes (PCCYs) was found the 1982 Stockholm fire and In the Skovde fire; poly* 
chloroxanthencs (PCXs) were found In the St. Louis incident.
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Section 3

PCDD/PCOF/PCBP FORMATION

physical AND CHEMICAL CHARACTERISTICS OF PCODs AND PCOFs

Both the dlbento-o-dl oxi n (or dioxin) and dlbenzofuran compounds have a triple-ring 

structure consisting of two benzene rings connected by a third ring, [n the dioxin 

(shown below), the connection is through a pair of oxygen atom.

The middle ring of the dlbenzofuran contains only one oxygen a tow, as shown below.

Both compounds can have chlorine atom at any or all of the numbered positions on 

the benzene rings. Theoretically, there are 75 possible different positional iso­
mers of chlorinated dioxins, frae mono- to octechloro, and 135 different chlorinated 

dlbenzofuran isomers (Table 3-1 and Appendix A) (33, 34).

Very little published Information is available on the chemical and physical proper­

ties of moat of these compounds, particularly the polychlorinated dlbenzofurans 

(PCOFs). The unsubstituted dioxin moiety is stable to at least 700*C and possibly 

to U50*C (33). The 2,3,7,8-tetrachloro isoamr is the most studied isoamr due to 

its toxicity. This Isomer is symmetrical across two planar axes. It Is sparingly 
soluble in water and In most organic solvents; it Is relatively inert to acids, 

lases, oxidation, and reduction, and Is extremely lipophilic. In general, chemical 
stability and llpaphlllclty increase with increasing halogen content, although 

higher chlorinated isomers are more readily subject to attack by strong acids and

* «
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bases. 2,3,7,8-TCDO Is a solid at roan temperature, melting at 305*C- The octa- 

chloro Isomer melts at 130*C.

Table 3-1

ISOMERS OF PCOFs AND PCODs

Chlorine
Number of Isomers

Substitution PCOFs PCDOs

Mono- 4 2
01- 16 10
Trl- 28 14
Tetra- 38 22
Penta- 28 14
Hexa- 16 10
Hepta- 4 2
Octa- 1 1

135 75

CHEMISTRY OF FORMATION OF PCODs ANO PCOFs

A suemary of chemical Pathways to PCDOs, PCOFs, and PC8Ps is given in Figure 3-1.

Polychlorinated Dlbenzo-p-QloxIns (PCDOs)

There are a limited number of direct precursors and reactions by which PCDOs can oe 

formed. In order to be a dioxin precursor, a compound mist meet two conditions 

(33):

a The coeound mist be an ortho-substituted benzene ring in which one 
of the substituents Includes an oxygen atom directly attached to the 
ring.

e tt must be possible for the two substituents, excluding the oxygen, 
to react with each other to form an independent compound.

An example of the ideal dioxin precursor is as follows:

©:
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Figup* 3-1. Chwlctl Patlw*ys to PCOOs. PCDFs. *nd PC BP*
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A reaction between two of these molecules could yield a dioxin and l XY molecules, 

as follows:

Although the number of direct dioxin precursors is relatively small because of the 

conditions set forth above, there are many indirect precursors, i.e., compounds 
which do not fit the model, but which can degrade or be transforwd into direct pre 

cursors. This wi 11 be discussed in more detail later

Buser (£5_) and Rappe, et al. (_35_). have identified the following basic reaction for 
chlorinated dioxin formation:

• Dimerization of chiorophenols and phenoxy acids (pyrolytic and oho- 
tochemical) - A bimolecular reaction in which the relative retio of 
isomers formed depends on the concentration of the chiorophenates; 
yields decrease in more dilute systems, such as contaminated mineral 
o! Is.

a CycIllation of predioxins (pyrolytic and photochemical) - Unimolecu- 
lar, and thus concentrationsndependent.

a Dechlorination of higher chlorinated PCDOs - Unimolecular, and thus 
concentration-independent.

a Direct chlorination of dibenio-o^dioxins.

The dimerization reaction (rxn 1) basically follows a two-step nechamsm (33) •

The intermediate diphenyl ether compound is called a predioxin. Typically, a predi 
oxln will either cycllze to dioxin or break down to the precursors. For example, i 

one test, Irgasan DP30D, a compound with a predioxin configuration

(rxn 2)
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*11 heated to 980*C (36)• The reaction yielded both dioxins and precursors. Be­

cause of such competing reactions, dioxins are seldom found in more than trace quan­

tities. It has been shown that the higher chlorinated predtoxins are amenable to 

self-condensation, while the lower chlorinated predioxins apparently do not readily 

cycllie further (J7). For instance, in one test, irradiation of 2,4-dichlorophenol 

yielded a predioxin, but no further reaction (33).

Temperatures for dioxin formation by dlmenzatlon/cyclization have bean reported at 

values from 180*C to 620*C (33). Sandermann, et al. (cited by Choudhry and Hut- 

zinger) (_30_), obtained octachlorodtoxtn (XDD) (6 percent) and hexachlorobenzene (51 

percent) upon heating 100 g of pentachlorophenol m a closed tube at 300*C. Espo­
sito, et al. (33). reported quantitative yields of OCDD fron heating the sodium salt 

of pentachlorophenol at 360*C. Ahllng and Lindskog (_39) found that combustion of 

tn- and tetrechlorophenols at 500* to 600*C can yield PCDD. Duckett (40) reported 

temperatures for dioxin formation from pentachlorophenol ranging from 310* to 370*C.

However, the formation of dioxins froa chlorophenols Is exothermic, although there 

are no published data on the amount of heat released (41, 42). This fact, combined 

with the need for heating to initiate the reaction, suggests that one or more of the 

reaction steps In the dioxtn formation sequence has a high activation energy. The 

high activation energy contributes directly to the low yields. In addition, the 

boiling points of many dioxin precursors are lottr than the reaction temperature 
range. Thus, there is a loss of precursor molecules before reactions can occur 

(40). Host laboratory syntheses of dioxins rely on closed reaction vessels or pres­

sure to keep precursors in the liquid state.

Another major source of penta- and tetra-COD 1 sonars Is photochemical dechlorination 

of higher isomers, mainly 0C00 (43). The principal toxic isomers, 1,2,3,7,8-penta- 

chloro and 2.3.7,8-tttrachloro. are not as readily fommd as other penta- and 

tetrachloro isomers. The major hapta-CDD fornmd is the 1,2,3,4,6,7,9-substltuted 

isoamr. Indicating a preferential loss of lateral (2,3,7-, or 8-) chlorine atoms 
(44, 45). The major hexa-CDO formed is either 1,2,4,6,7,9- or 1,2,4,6,8,9-hexa-CDD 

(44). The major penta-COO is expected to be the 1,2,4,6,9-substituted isomer, and 

the major tetra-CDD is 1,4,6,9-tetra-CDD (44). These reaction products show a 

preferential removal of the lateral chlorine atoms. Lower Isomers (di- and trl- 

chloro) may be formad by irradiation, but they decopose via the same route, and 

thus do not acemulate (46).

HONS 215221
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Othtr know* sources include condensation of catechols wi tn polychlorobenzenes or 

chloronitrobenzenes (22) {figure 2-1). Pyrolysis (S20*C) of chlorobenzenes in me 

presence of air yields PCOOs (_33. £2' Since chi orobenzenes do not fit the csndi. 

tions set down earlier for dioxin precursors, 3user (25_. £9_) has oostulated that the 

alkaline hydrolysis of chlorobenzene to PCOO involves a two-stee conoensation pro­

cess from ortho-chlorinated pnenoxy anions via a polychlorinated "2-phenoxy pnenate.

This dimerization is exotnermic. Below approximately 180*C, usually very minor 

amounts of PCOOs are formed {<1 ppm), but significant quantities (1 to 10 oercent 
yields) result at temperatures over 180*C (25).

Dioxins have also been detected in residues from a variety of combustion processes, 

including municipal incineration, the burning of fossil fuels, wood in wood stoves, 

and cigarettes (SO). Precursors of dibenzo-o-dloxins are also known to be formed 

after simply adding hyorogen chloride to the flam of a Bunsen burner (20). Most 
Investigations have been centered on municipal incinerators and industrial heating 

plants. Olie, et al. (SO), for example, analyzed fly ash samples from a municipal 
incinerator in Netherlands, and found average PCOO concentrations of 2056 ng/g. 

Heiachloro isoamrs predominated, followed by heptachloro isorwrs. Ltbertt, et al. 

(52), found total concentrations of PCOOs and PCOFs on the order of 1300 cob in 

Italian municipal incinerator fly ash. They suggested phenolics plus chlorine or 

HC1 as precursors. Buser, et al. (52). also detected PCOOs m Swiss imjntooal fly 

ash. The major isoamrs detected were the same as those formed in the pyrolytic 
dimerization of the more common chiorophenates, namely the 2,4-dt-, 2,4,6-tn-, 

2,3,4,6-tetra-, and pentachlorophenates.

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

a Condensation of chlorophenols.

a Thermal synthesis from any organic materials and inorganic chloride 
(the "trace chemistries of fire" hypothesis) (54).

HoMver, even Ideal PCOO precursors, such as polychlorophenols, show very low PCOO 
conversion efficiencies. Thus, although every chlorinated organic compound or
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orgin’C caepound/lnorganlc chlorine mi* might be regarded as a potential precursor, 

the r(n^ of likely precursors for formation of detectable quantities of PCDDs is 

probably not thit &r°Ad (.SSh Consequently, it is unlikely that organic material/ 

inorganic chloride reactions will produce PCOOs.

The nigh-temperature am oxidation of coal in the presence of chlorine, MCI, or <aaC 1 

has been shown to yield PCODs (47) However, coal is a commercial soiree of benzene 

and cumene {a phenol raw material. Figure 2*1), so that formation of Chlorinated 

benzenes and phenols is a probable intermediate step. Thermal decomposition of lig­

nin (Figure 2-1) and polyvinyl chloride (typical constituents of municipal refuse) 

can yield phenols, cresols (Figure 2-1), catechols, benzene, chlorobenzenes, HC1, 

etc. (46. 56). Thus, rather than just any organic material serving as a potential 

precursor, it seems more likely that those compounds which can be pyrolyzed to ben­
zene, chlorobenzene, phenols, catechols, and/or inorganic chlorine are more prooaole 

indirect precursors.

The «*chan1sm(s) by which PCDDs are formed during combustion is still not well 

understood; thus, the effects of combustion temperature, fuel characteristics, 

catalysis, and other parameters have not been determined (£7). Townsend (5£) has 

suggested that dioxins created within a combustion source probably have a compo­
sition which reflects the chemical conditions within the source. Upon emission, a 

chemical equilibrium process takes place, yielding isomer ratios reflecting the 

chemical conditions of the atmosphere. However, this theory has not been generally 

accepted.

There has been some question regard!nq the role of PCBs in PCDD formation. In 1981, 

an electrical fire In the State Office Building in Binghamton, New York, resulted in 

the pyrolysis of PCS fluid froa a transformer (£, 6K Soot froe this fire con­

tained PCDFs and PCDDs. PCBs do not fit the precursor model discussed earlier, and 

PCDDs would not be expected to form readily in a mixture of biphenyl compounds (59). 

Conceivably, PCBs could be oxidized to polychlorinated hydroxybiphenyls which could, 
in turn, cycllze to form dioxins (60). Another reaction that has been suggested is 

(47);

ei* ei ci..,

However, neither mechanism quite fits the thermal decomposition pattern .for PCBs.
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The PC6 fluid at Binghamton was * mixture of 65 percent Aroclor 1254 end 35 percent 

chlorobenzenes. Rappe, et el. have suggested that pyrolysis of the cnloroben.

zenes is a more likely source of the PCOOs than PC8s. This reaction was discussed 

earlier.

Polychlorinated Qlbenzofurans (PCOFs) ~

While PCOFs and PCOOs can share son of the same precursors, PCBs are the aost com* 

mon source of PCOFs. Buser and Rappe (3£) have identified four basic nchanlsms of 
PCOF formation froa PCBs:

ci.

*ci.
{rxn 5)

ci, ei, cf.

} * wei
rxn 6)

ci «T C|i ■o

• W ci

c«t

(rxn 7)

«• 01, 01, 'O'

*

'01,
(rxn 8)

Reaction 4 involves the loss of the ortho-Cl. Reaction 5 Is a loss of HC1 involving 

a 2,3-chlorine shift. Reaction 6 has a loss of ortho-HCl. Reaction 7 Involves a 

loss of ortho-h.

PCOFs have been identified as trace contaminants at the ppm level in a nuirter of 
American, European, and Japanese canardal PCB mixtures (.13, £3., 62., 63).
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Concentrations and isomer ratios vary *fth the type of PCB and the country of ori* 

gin, probably ** * result of differences in manufacturing conditions (Table 3*2).
For instance, Bowes, et al. (83), detected PCOFs in American-manufactured Aroclor

1260 and 12*8 at total concentrations of 0.8 and 2.0 ppm, respectively; none «re 
detected m a single sample of Aroclor 1016. The total quantities of PCOFs in 

German Clophen A-60 and French Phenoclor OP-6 were estimated to be 8.4 and 13-6 oom, 
respectively (62). PCOFs have also been detected m several Japanese-made PC3s at 

concentrations frae 1 to 20 ppm, with the highest concentration In a sample of Kane- 
C hi Or AC-400 Ul, 14).

Table 3-2

LEVELS (ug/g) OF PCOFs IN C9VCRCIAL PCBs

Sample Trl- Tetra- Penta- Hexa- Hepta- 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 R.O.* - 4.5 15
Aroclor 1243 0.1 0.25 0.7 0.81 - 1.9 64
Aroclor 1254 (1969) 0.1 0.2 1.4 - 1.7 63
Aroclor 1254 (1970) 0.2 0.4 0.9 - 1.5 63
Aroclor 1254 0.02 0.2 0.4-0.6 * O.B 66
Aroclor 1254 (KK 602) 0.05 0.1 0.02 - 0.2 64
Aroclor 1254 0.1 3.6 1.9 - 5.6 15
Aroclor 1260 0.06 0.3 1.0 1.10 1.35 3.B 64
Aroclor 1260 (1969) 0.1 0.4 0.5 - 1.0 63
Aroclor 1260 O.B 0.9 0.5 - 2.2 15
Aroclor 1260 (AK 3) 0.2 0.3 0.3 - O.B 63
Aroclor 1016 (1972) R.O. R.O. R.O, - - 63
Clophen ABO 1.4 5.0 2.2 - 8.4 63
Clophen T64 0.1 0.3 1.73 2.45 0.B2 5.4 64
Rienoclor OP-6 0.7 10.0 2.9 - 13.6 63
Prodelec 3010 0.41 1.08** 0.35 0.07 - 2.0 64
Kanechlor 400 * « * - ca. 20.0 66
Mitsubishi (used) 2.13 4.00 3.30 0.53 • 10.0 64

• N.D. * None Detected.
■* Major Isoamr 2,3,7,8-tetra-COF.

PCOFs can also form during PCB use. The best known example of this Is the "Vusho" 

Incident In Japan, which Is dlseussed in npre detail In Section 2. The PCBs, *iich
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had leaked frae a heat exchanger, had PC0F/PC8 ratios 200 to 250 times higher than

that of the original Kanechlor KC-400 (H.* 64). Furthermore, the PCOFs in the ¥usho 
oil contained the sane isomers as a sample of used PCBs U£). This suggested that 

most of the PCOFs had been formed in service (62_). Similar PCDF ison»r ratios have 

been detected m other used Japanese PCBs (41).

In an experiment designed to duplicate the Yusho oil incident, Morita, et af. (67), 

heated PCBs in air for 1 Meek. PCOFs Mere formed at temperatures over 270*C, reach­

ing a maximum level at 300*C, and then declining at 330*C. suggesting decomposition 
primarily, di - and tnchloro dlbenzofurans Mere formed m this experiment, while 

tetra- and pentachloro isomers were found in the Yusho oil. Jansson and Sundstrom 

(2_) showed that, at 550* to 650*C, 0.5 to 2.8 percent of PCBs converted to PCOF, 

Mhile no net formation was observed above 700*C.

Other sources of PCOF include condensation of chlorophenates and chlorobenzenes, 

photochemical degradation of hl^ier chlorinated isomers, cjcllzation of polychlori­

nated diphenyl ethers and pol chlorobenzenes, and direct chlorination of dibenzofur- 

ans (45). Buser (*5_) showed that octachloro isoeers could be photochemical 1y 

dechlorlnated to tetra- and oenta-COFs. The preferential positions for photochemi­
cal loss of chlorine In the dlbenzofuran system have not been studied. In their 

discussion, Choudhry, et al. (47). noted that both chlorinated diphenylethers and 

chlorobenzenes wtll yield PCOFs and PCDOs when heated to 600* to 620*C. Chlorophe- 

nols and chlorobenzenes can form PCOFs via an intermediate polychlorinated diphenyl- 
ether (PCOPE) (25, 33).

WWW Cl * * WjO

PCOPEs usually occur as contaminants in chlorophenols, and are known to form PCOFs 

by thermal, photochemical, or metal-catalyzed reaction (68). PCOPCs and PCOFs 
probably form early In the reaction when large concentrations of chlorobenzenes are 

still present, whereas PCOOs are formed toward the end of the react 1 on (68).

Fires In electrical equipment containing PCBs have resulted in PCDF formation. 

Jansson and Sundstrom (_2) Investigated the aftermath of a 1976 capacitor fire in 

Sweden. Whereas the original PCB contained 1.1 to 1.3 ug PCDF/g (amounts of mono-.
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di-, tri-, and tetri- isomers about eoual), PCB samples from inside the exploaeo 
capacitors avenged 81 ug PCDF/g PC8 (approximately one-half of PCOF di- itowr, 

one-third mono-, and the rest tri-, with a trace of tetn-}, and samples from the 

inside surfaces contained 45 to 107 ug PCOF/g PCS (predominantly di- and mono- ’so­

bers mth some tri- and a trace of tetri-). Soot from a lg77 transformer fire m 

Toronto contained 5 ug PCC'Vg, while the original PCS contained OTOS ug PCDF/g (.2). 

During the course of the 1981 Binghamton State Office Building electrical fire, the 
secondary Bushing of a 1100-gal ton (4160-liter) transformer cracked, releasing about 

180 to 200 ( 680 to 760 liters) gallons of transformer fluid (65 percent Arcelor 1254 

PCB, and 35 percent tri - and tetrachlorobenzene) (69., 70). Chemical-contaminated 
soot was spread throughout the building by the ventilation systme. Two soot compo­

site samples collected from the stairwells contained 120 and 270 ppm 2,3,7,8-TCDF 

(70). Analyses of soot samples by Stalling and Rappe/Buser showed PCDF/2,3,7,8-TCOF 
levels of 756 ppm/3.7 ppm and 2160 ppm/ 12 ppm, respectively (.70).

In September 1982, a 500-unit capacitor battery at a steel mill in Surahammar, Swe­

den, was ignited by 10 tons (9090 kg) of molten steel. The capacitors were filled 

with PCSs (2 tons [1818 kg]) and mineral oil (3 tons [2727 kg]). The fire burned 

for 2 to 3 hours, and filled the entire building with smoke. Table 3-3 presents the 

results of analyses of wipe samples.

There have oeen several other capacitor fires after which PCOFs were found, such as 

those at a paper mill in [metre, Finland (August 1982), and Volvo in Skovde, Sweden. 
Table 3-4 presents a comparison of the gross PCOF from several incidents. Figure 3­
2 shows very similar TCDF isoernr distributions from these same incidents.

PCDFs have also been detected in fly ash samples from municipal incinerators and in­

dustrial heating facilities. Incinerator fly ash from the Netherlands averaged 1309 

ng PCOF/g (51). Incinerator fly ash from Italy averaged about 1300 ppb of cambtned 

PCDO and PCOF (52), Fly ash from an industrial heating facility and municipal in­

cinerator in Switzerland contained 0.3 and 0.1 ppm PCOF, respectively (S3). Thus 

far, the exact source of the PCDFs in fly ash is unknown. Buser, et al. (53). pyo- 

lyied commercial PCSs in quartz tubes, and produced the same relative PCOF isomer 

ratios that mire detected in the Swiss fly asn, suggesting that PCBs were tne source 
of the PCOFs. Other researcners have suggested that the similar isomer distribution 

is a function of the reaction surface (quartz tubes are SIOj, and fly ash is gener­

ally over 50 percent Si0^), and do not necessarily indicate the same precursors 
(72).
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Table 3-3

PCOFs found AT SLRAHAMMAR, SWEDEN (ng/m2)*

Samole Location TCQF 2.3. 7.8 TCDF Cl* Cl* ci* oa

Capacitor Room (Sample 1) 4000 875 3300 1800 1500 300
Capacitor Room (Sample 2) 1100 365 1250 940 625 145
N.E. Corner, 10 m height 1250 300 355 150 65 13
S.E. Corner, 10 m neight 480 120 210 140 60 30
N.E. Corner, floor 100 25 27 15 5 2
S.E. Corner, floor 90 22 25 17 17,. a
10 m Outside, downwind <250 <25 <25 (5) <60 (10) SB * 17'
300 » Outside, downwind <250 <25 <25 (S) <60 (10) <30 <12
After Cleaning (Samole 1) <20 <4 <10 <12 <15 2!
After Cleaning (Sample 2) <40 <8 <20 <20 <30 6

Source: C. Repot, Personal Communication.

* Wipe tests.
** Possibly due to Cl^-Cl^j PC8 in casting sand.

Table 3*4

PCDF LEVELS IN PCB FIRES

Site PCOF Levels PCBP Levels

Skotvde (foundry, well-ventilated) 0.01 ug/m2 None

Skoevde (basement capacitor rooe) 0.8 ug/*2 None

Dennllcen, Sweden 1.5 ug/m2 1.5 uq/m2
Sura hammer, Sweden 1-10 ug/m2 Less than PCOFs

Imatra, Finland 1-3 ug/m2 Less than PCOFs

[metre, Finland 1-5 ppm
Binghamton, New fork 2160 ppm Less than PCOFs

* Quantification not possible due to the lack of standards.
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Binghamton, N«m York

Oannlkan, Stockholm, Sweden

Volvo, SkSvd«, Sweden

Surahammar, Sweden

Imatra, Finland

TCOF Standard wixture

Figure 3-2. TCOF Isomer Distributions at F1v« PCS Fires
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TRANSFORMER/CAPACITOR CHEMISTRY

Askarel transformers are those transformers designed and manufactured to contain a 
liquid fire-resistant, electrically insulating coolant (askarel), consisting of 60 

percent (600,000 ppm) to 100 percent (1,000.000 ppm) comwrcial PCS products ; 56), 

and uo to *0 percent tr ichlorobenzene (U. The term "PCB transformer," as oefmeo 
in 40 CFR, Sec. 761.3(y), includes all askarel transformers (as defined aDOve), plus 

transforms filled with mineral oil but contaminated with PCBs at concentrations of 
500 ppm or greater,

'Most PCB-fi 1 led electrical equipment is desmned to operate at temperatures of 100' 

to 130'C, and transformer "hpt spots- are typically no greater than 135*C (£6) All 

units may contain air, but most newer ones have an inert atmosohere, usually nitro­

gen. Askarel units are sealed, but some seals can deteriorate with time, oermittino 

the entry of air and water. Hydrochloric acid can be oenerated, lead mo to interna) 

corrosion. Water can cause arcing. Internal transformer malfunctions can cause 

bushings and winding connections to becone white hot. During these occasional 

short-circuit episodes, temperatures reach 200' to 2$0'C for a few minutes. In 

cases of an arc where the transformer falls, maximum temperatures may reach 1000'C; 

these failures occur within fractions of a second (£6). Capacitors typically oper­
ate below 100'C. In those capacitor failures resulting In rupture, heating and in.

ternal arcing may have occurred prior to rupture.

Samples df used oil taken from two capacitors (Prodelec 3010) have been analyzed for 

PCOFs; no apparent Increase was detected (see Table 3-2) (_I9.. 6£). 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 indi­

cated that both sparking and soldering did not result in an increase in the concen. 

tratlon of PCOFs; weldings, however, resulted in a 1.4. to 5-fold increase in PCDFs 

(il).

Samples of used askarel taken frem transformers manufactured In the United States 

and Canada have also been analyzed for PC0F concentrations. For Instance, both bulk 

samples of used askarel and air In a transformer maintenance workplace were ana­

lyzed; results showed trace TCOF concentrations (0.013 to 0.116 ppm) In the fluids, 

and no detectable concentrations in the air (£3). Two samples of used askarel were 

also analyzed by the National Institute of Environmental Health Sciences (2£1 

Fluid A, obtained from a transformer of early manufacture but unknown extent of use, 

contained 0.7 ppm PCOF (66h Fluid 0, a bulk simple of used askarel obtained from a
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transformer maintenance ooeration (66), contained 4,7 pom PCOF (74), The PCOFs 

found in Fluid B consisted primarily of octa-COF (4,5 ppm), and no detectable tetra- 

TCOF.

In 1979, Chittim and coworkers (_7S_) investigated the formation of TCDFs in transfor­

mer askarels, using gas chromatography with a oacked coluim. They reported TCDF 

concentrations ranging from approximately 0.004 to 4.7 ppm fn used askarels (Table 

3-5). The amount of PCDOs, if detected, was usually less than 5 percent of the TC3F 

concentrations (_7_5). Small amounts of terphenyl, quaterphenyl, and chlorinated ter- 

phenyl were also detected In some of the askarel samples, but they were not quanti­

fied. The concentrations of TCOF in transformer askarels were found to increase 

with time in 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 failure, (t should be noted that 

the authors themselves acknowledged the limitations of the applied analytical method 
(l.e., packed chromatoyaphic coluim).

tn 1962, the General Electric Company (GE) submitted a sample of used askarel 
(obtained from the Canadian General Electric Company} to both a university-affili­

ated and an industrial laboratory for PCOF analysis. Using high-resolution gas 

chromatography/mass spectroscopy (GC/HS), the industrial laboratory found PCOFs on 

the order of 1.0 ppm or lower (66). The university-aff 111 ated laboratory found no 

PCOFs at detection limits of 10.0 ppm for tetri- and pentachloro isomers, and 1.0 

ppm for hexa-, heota-, and octachloro Isomars (66).

Subsequently, GE submitted four additional samples of used askarel to the same in­

dustrial laboratory for PCOF analysis (66). These samples had been obtained from 

in-service distribution transformers at a GE transformer manufacturing facility in 

the United States during the course of normal maintenance activities. The results 

of these analyses, presented In Table 3-6, show PCOF concentration ranges from 0.62 

to 1.66 ppm In 40-year-old askarels; these PCOF concentrations are coxparable to the 
PCOF concentrations reported for unused Aroclors.

The formation of PCOFs when askarels are exposed to sufficient oxygen and high temp­

eratures was dennstrated by conducting laboratory-scale pyrolysis at 500*C of two 
PCS mixtures (Aroclor 1254 and Aroclor 1016) and three askarels (Chlorextol, Pya- 

nol, and tnerteen) (75). The results of these tests (Table 3-7) indicated the 
formation of high concentrations of PCOFs. Aroclor 1016 generated sfqnlflcantly
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Table 3-5

PCBi* ANO TCDF CONCENTRATIONS (ppn) 
IN USED ASKARELS (75)

S IS S t

£
■
£

i
4

3

Grata 1
l-l LIST *r 21.4 1 1 1 3 14 4 2 4 91 0/4*.0 1240 0.700
1-2 IH1 tr 21.4 1 f tr 19.2 3.4 91 S/M 4 12*0 l.ilO
l-l 1*41 t r 27 1 1.2 tr 14 0 2.1 90.1/4*.4 12*0 1 020
1-4 (HI tr 21.1 1 4 tr 14 4 2.* *2-4/47.1 12*0 0 7*0
l-l 1*41 tr 21 4 1.0 tr 2.2 tr 31.1/11.4 1200 0 150
1-4 IMI XT 21.0 7 1 tr l.l *0 17.2/12,1 1240 0 2*0
1-7 1*70 XT 22.1 ’ 0 tf tr 90 21.1/70,4 1254 3 »0
1-4 1*70 tP 21 2 i.l tr ir 90 24-0/72 0 1254 0 470
l-l 1*71 tP 21.2 7 4 tr tr 90 21 0/71 3 1254 3 2*0
1*10 1*74 >10 21.4 i 4 10 10 90 24.4/71 | 1214 3 051
Ml tan tr 20.1 9 4 tp tr 90 10.1/1* 4 1254 3 041

trot* 2
2-1 1*47 m 21.4 4 1 tr 14 1 3.4 49-2/94 | 1200 0.010
2-2 1147 tp 21.2 7 2 tr 14 1 1.2 44 1/91 7 1200 0 004
2-2 1*47 tp 21.0 7 0 tr 14.4 3.2 50-4/41.4 12*0 0 007
2-4 1*47 tp 21.4 1.4 tr 11 4 2.1 4*.0/41.0 12*0 0.010
2-1 IMS tp 27.1 7. a tr tr tr 19.4/44.1 1200 0 171
2*4 1*41 tp 27.0 9.a tr 11.1 2.1 4*.0/*1.0 12*0 0.434
2-7 IMI tp 27.1 t.t tr 1 0 tr 39.4/44 f 13?

0.110
2-4 U4I tr 24.4 1.2 tf tr tr 14.4/11.4 0.141

fire* 1
3-1 LM7 40 21.4 9.a tf 14*1 3*4 49.2/14.1 1240 0 411
1-2 1*47 tr 21.0 7 0 tf 14.4 1.2 90.1/41.4 1210 0.141
1-1 IM7 tp 2*. 2 9.0 tr tr tr 34.2/fl.l 1210

12*0
0 444

1-4 1*47 tp 27 4 7 I tr tf tr 11.2/44.1 3.421
l-J IM7 tr 21.0 7.1 tr tr tr 32.1/47 2 1290 3 1
1-4 1*47 tr 21.0 7 4 tr tr tr 12.1/17.2 12*0 3.1

fr-aie 4
4-1 1*47 40 2«.| ’ 2 tr 14.2 3.0 41.2/90.1 12*0 4 7
4-2 :»*7

IMI
w 29 2 9 1 tr 14.0 2 1 M. 4/91.1 12*0 2 2

4-1 40 27.0 9.2 tr 14 4 3.1 90.2/4*.* 1210 3.4
i-4 1*71 40 27.4 9.2 tr 14.1 4.0 91.4/M.1 12*0 0 4
4-4 <•* tr 11.4 11.4 tr 10.0 90 91.1/41.2 1254 3 3
4-4 tan 40 20.2 10.0 tr •0 90 30.2/ft.l 1254 3 0
4.7 Hat tr 20.1 *.« tr tr a« 10.1/41.4 12*4 3.0

* fCI* • Hl)ciilriMM mn<n

•• feane t: (l-l tfrae** t-tt) - rarlMla ttv-tn-iarrlct (ft).

2; (l-l tlra^M 2-«) . cat tronf»m»n: vartMla tM'Mhv 'ittg (ft* MfaMli Cl 
(1*1 tlrawM 2-1) - ft trml*t*rt; rarlMla f**t(nlw riot (ftt Aaeanen C)

Oraae 1: tart*1« flat* tym - J-t aM J-2 fwanal (Ctt)
J-l an* 1-4 Chlaraital (ft)
1-1 m* >-1 Intrttt* (N).

*: 4-2 »"* *-2 - *<*ry **e trmlimn (tt): l*r*a variation in aeoer/votw ratio

4*) in 4-4 . trMfran I* let *a* ft 11*4 I* ftrv let (40. tt).
4-1. 4-4. 0*4 4*7 - nan f gran* I (CSC). Intrtaa* (4). t* CMoroilel (ft)

tm(Kt*rlr) 
(ft»u tjnt)

Cat - Cw4ln fitter11 dictric 
ft - farraatI-factor*
H - ttltlWIMH 
40 • On eeotr!
U4 • fatter flactrlc

(tyrant)) 
(Chlaraital) 
Inerte*a) 
tjraclor 
Inerta**)

• Chlaracaapa (71).
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Tib it 3-6

CONCENTRATION OF PCOFs IN ASKAREL TRANSFORMER 
FLUIDS FROM IN-SERVICE DISTRIBUTION TRANSFORMERS AT 

GE transformer manlfacturing FACILITT (7S)

Sanple
Nunmr Type of Transfor^r

3 Single phase - 100 kVA
2300 vt — 115/230 
115 gallons (435 liters) 
fluid

23 3 phase - 1250 kVA
1380 vt — 480Y/277 
490 gallons (1855 liters) 
fluid

44 2 phase - 375 kVA 
2300 vt — 550
31.5 gal ions (119 liters)

45 Slnple phase - 100 kVA
2300 vt — 120/240
42 gallons (159 liters)

Oate Total PCOF
I ns tel led (ppm) < PCB

1940 1.1 56.4

1947 0.62-0.82 66.2

1938 1.84-1.86 60.1

1939 0.64-0.86 66-8

‘Pure Aroclor
1254- (control) 0.62-0.82

HONS 215233
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Table 3-7

PYROLYSIS OF PCBs ANO ASKARElS AT 500*C (7S)

Hess of Tetrachl prod!beniofurarts Formed

Per Gran of

PCB or
Hass Posltion Actual Starting A»erage oi 

" Both RunsPyrolyted of # Hass Haten af Total
Astarel (">9) Samole (ug) (ug/g) (<K) (Ufl/Q)

Aroclor 25.0 0 2.20 B8.0
1254 C 1.33 53.2 141.2

169.3
40.0 0 4.90 122.5

c 3.03 75.8 197.3

Aroclor 25.0 0 0.038 1.52
1016 c 0.027 1.08 2.60

2.53
40.0 0 0.072 1.80

c 0.026 0.65 2.45

Pyranol 25.0 0 0.53 21.2
c 0.53 21.2 42.4

NA
0.25 0 0.048 191.7

c 0.074 297.0 488.8

Inerteen 0.25 0 0.030 118.3
c 0.030 121.9 240.2

193.1
0.25 Q 0.033 133.7

c 0.003 12.2 145.9

Cblorextol 0.25 0 0.023 93.5c 0.025 100.2 193.7
221.1

0.25 Q 0.021 82.8
c 0.041 165.7 248.5

* Sampling points: Q ■ fimdlately after the reaction tube; C ■ a cold trap
further along In the reaction apparatus.
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lets PCOF than Aroclor 1254 when pyrolyzed. Thete results were to be expected since 
Aroclor 1016 has lower chlorine content, and thus does not contain as much of the 
higher chlorinated biphenyls (i.e., penta- or hexachtoro), which are the necessary 

precursors of TCDFs.

As discussed above, PCB conversion to PCOF or chiorobeniene conversion to PCOO and 
PCOF might be possible in a malfunctioning transfomer or capacitor, provided that 
there is sufficient time at optimum temperature and/or oxygen conditions for their 
formation. Ordinary working conditions do not appear conducive to PC00/PC0F forma­
tion (66).

As described m Section 2, electrical equipment PCB fires may begin internally or 
externally, If they begin internally In an airless transformer or capacitor (with 
either no head space or an inert atmosphere), the early stages are caused by elec­
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. 
Raope, Personal Communication). PCBPs were identified for the first time in the 
aftermath of a 1981 capacitor explosion in Stockholm, Sweden (2).

If the equipomnt explodes or cracks and the PCBs are exposed to air, hi ?wr concen­
trations of PCOFs will form. If the fire begins externally, PCDFs are the major 
combustion product accompanied by PCPYs and PCCYs; no PCBPs will form. PCDOs will 
form only If chlorobenzenes/chlorophenols are present in the PCB or askarel. De­

tails of detected combustion products after different electrical equipment incidents 
are given in Section 2-

Flnally, it should also be noted that most of the research on PCB/askare) conversion 
to PCOO, PCOF, and other chlorinated species has been performed using pure PCBs or 
askarel formulttions containing at least 50 percent PCBs. Very little research has 

been conducted on dilute PCB systems, such as contaminated mineral oils. Conse­
quently, there is little data available on the effects of dilution on PCB chemistry.

HONS 215235
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Section 4

CHEMICAL ANO biological degradation

Very little research has been done on degradation mechanisms of dioxins and dibenzo- 
furans. This Is particularly true of the chlorinated dlbeniofurans; there is almost 
no information published on degradation. A nunfeer of researchers have speculated on 
degradation pathways, but little actual research has been conducted. Consequently, 
the discussion mist center primarily on the chlorinated dioxins.

CHEMICAL DEGRADATION 

Ozonation

Ozone bubbled through a suspension of 2,3,7,8-TCOO In water and carbon tetrachloride 

for 50 hours achieved 97 percent degradation (_33). The dioxin was apparently sus­
pended as an aerosol combined with the CC14, which facilitated the ozone attack. 
Although not tested with dioxins, the combination of ozone and ultraviolet Irradia­
tion has been successfully used to degrade oentachlorophenol and DOT (33). The UV 
activates the molecules to a highly energetic state, making them more susceptible to 
ozone attack.

Chloroiodide Destruction

Recently, Botre, ft al. (77), treated contaminated soil from Save so, Italy, with 
several chloroiodides (a class of compounds derived from quaternary ammonium salt 
surfactant). In laboratory tests on residues frps the vacuus evaporation of 2,3,
7,8-TCOO in benzene, alkyl dimethyl benzyl ammonias (benzalkonium) chloroiodide 
achieved 71 percent 2,3,7,8-TCOD degradation. The use of l-hexadecylpyridinium 
(cetylpyridlnium) achieved 92 percent degradation. In tests on actual soil samples, 
benzalkonium chloride achieved only about 14 percent degradation after 24 hours.
Mten benzalkonium chloroiodide wes added, an additional 38 percent was degraded.
The chloroiodides apparently cleave the ether linkage.

Alkaline Oehvdrochlorlnatlon

Alkaline dehydrochiorination is a generic tens for several new chemical processes 
that have been developed to treat and dispose of hazardous chlorinated hy*-ocarbon
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wastes. However, only the process developed by the vertac Chemical Company of Hem- 
phis, Tennessee, has been tested on TCOO and other chlorinated dioxins (78).

The vertac process involves the dehalogenation of chlorinated dioxins with anhydrous 
alkali metal salts of polyhydroxy alcohols at atmospheric pressure, or by reacting 

PCODs, an alcohol, and a water solution of an alkali metal hydroxide. Vertac claims 
that 2,3,7,8-TCDD and chlorinated dioxins are reduced to essentially aero (78).

Experiments have been conducted by vertac using 2,4,5-TCPh still bottoms, containing 
up to 250 ppm TCOD. A stoichlonetric excess (based on the halogen content) of 
alkali metal alcoholates of C4.g-alcoho]s, C^.g-alkanepolyols, and monoalkyl ethers 
was used. The reaction took place at a temperature of 140'C to 220*C for a time 
sufficient to convert the organic halogen into inorganic halides. The reaction 
product was essentially free of 2,3,7,8-TCDD (ppt range) and other chlorinated diox­
ins (i.e., more than 99.95 percent destruction) (79).

Catalytic Reduction with Iron Chlorides

In 1972, experiments were conducted to investigate the potential for separation of 
esters of 2,4*0 from 2,4,5-T in Agent Orange by fractionation (78). Overheads «<re 

found to contain 93 percent 2,4-0 ester, whereas bottoms comprised 93 percent 2,4,5- 
T ester. It was not possible to determine TCOD closure by materials balance, as the 
stainless packing and steel colum initiated some catalytic destruction of the TCOO. 
The bottoms fraction (2,4,5-T) contained more than 93 percent of the total TCOO, 
while the overhead fraction (2,4-0) contained 0.15 ppm TC00. These experiments dem­
onstrated that an effective and efficient separation of the esters was feasible 
(28).

Catalytic Oxidation wi th Ruthenium Tetroxide

Ruthenium tetroxide has been successfully employed in the laboratory to destroy 2,7- 
0CDD and TCOD (77). Reaction kinetics were studied using solutions containing 70 to 
72 ppm PCDO in carbon tetrachloride and 2 to 4 ppm ruthenium tetroxide as a function 

of temperature. The results indicated a 2.4-fold increase m the r4te constant per 
10*C increase in temperature. At 7D*C, the half-life of TCOD was found to be less 
than 15 minutes, and that of 2,7-OCOO, approximately 10 minutes.
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Micellar Catalysis with Chloroiodldes

The most premising results have been obtained with benzalkomum dlchloroiodide and 

cetylpyridlnluw dichloroiodlde (77). The low solubilities of these compounds *«re 
increased by the use of micellar solutions of the same surfactants, TCDD degrada­

tion products included chloroohenols, phenols, and 2-phenoxy-chlorophenol. These 
findings Indicated that micellar catalysis (which Is carried out In the absence of 

harsh acfdlc conditions, at ambient temperature, and without the use of light 
energy) results In a cleavage of the ether link.

Chlorolysls

The chtorolysis process operates with chlorine gas as the oxidant at a temperature 

of 600* C and a pressure of 2500 osig (170 atm). The Noechst-Uhde Corporation, under 
contract to EPA, conducted an experimental study to assess the feasibility of the 
chlorolysls process to convert typical 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 TCDD. 

The pretreated military defoliant Initially contained 14 to 18 ppe TCDD, whereas the 
carbon tetrachlorIde product contained no aeasurablc TCDD at a detection limit of 1 
ppb (80).

PHOTOLYSIS

There are basically tlree conditions necessary for the photoreduction of chlorinated 
aromatic compounds (81,, 82):

e Presence of a hydrogen donor, usually in the solvent,

e ultraviolet (UV) light of the appropriate wavelength,

e Absorption of the light.

In sunlight, only these expounds absorbing UV light above 290 nm can be expected to 
be subject to photode^adatIon. This Includes the PCDOs and PCOFs.

TCDD photolysis proceeds via stepwise photoreductlve dechlorination as follows (_*6,
81.):
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A hydrogen donor is essential ; as a result, degradation is fast only in organic 

media, slow in water, and practically nonexistent on dry, inorganic surfaces (*6). 

Most of the photolysis research has been conducted on organic solvents, such as 

methanol, hexane, diesel oil, or phenoxjether (46, JI_, ,83). In these solvents, the 
lower chlorinated isomers are extremely unstable to light. For instance, Crosby, et 

al. (46), have shown that 2,7-dlchloro-, 2,3,7-trlchloro-, and 2,f,7,8-tetractiloro- 
dlbenzodloxin in mathanol will totally degrade within a few hours. The octachloro 
Isomer was nuch more stable.

Shortly after the Seveso incident, it was demonstrated that olive oil Is a suitable 
hydrogen donor (64). Total reductions in TCOD levels In excess of 60 percent were 

observed 48 hours after treatment with 400 1 of olive oil emulsion per ha of contam­
inated soil. Furthermore, less than 0.07 percent of the applied olive oil was found 

In the leachate. Indicating that TCOD could not be transported to lower geologic 
strata, even If It were totally dissolved In the oil film on vegetation or the 

ground.

8otre, et al. (85). evaluated various solvents to solubilize pure 2,3,7,8-TCDD and 
sables of contaminated soil from Seveso in aqueous solutions containing cationic, 
anionic, and nonionic surfactants prior to photolysis. The cationic surfactant, 1- 
hexadecylpyrldlnlimi chloride (HOPC), was found to be effective in solubilizing TCOD 

and In enhancing photolysis. The total destruction of 8 ug/ml 2,3,7,8-TCDD In 0.091 
HOPC was accomplished In 4 hours.

Stanford Research Institute reported a half-life for gas-phase TCOD in sunlight of 5 
to 24 days (55). Mhen samples of TCOD wire placed on dry soil and glass plate and 
Irradiated with UV, no degradation was observed after g6 hours and 14 days, respec­
tively (83). TCOD In the crystalline state resists photolysis (81). Thus, the 
presence of the hydrogen donor Is essential to rapid photolysis.

In general, the rate of dioxin photolysis Increases as the number of substituent 
chlorine atoms decreases (83). According to Pllmapr, at al. (S3), even the dioxin 
nucleus will photodegrade In aothanol. On the other hand, Crosby (,81.) reports that 
monochi or odlbenzodl oxl n is essentially stable to photolysis.

In 1981, 4300 gallons of wastes containing approxlaetely 343 ppm each of TCOD (7.5 
*9)i trlchlorophenols (50 to 55 percent), and ethylana glycol dtrlvatlves (45 to 50 
percent) were subjected to 4 coeaprdal-scale batch trtatepnt UV-dtgridatlon process
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for TCDD destruction. TVs destruction process involved the two following major 

steps: (1) aultlphase extractlon/neutralIzatlon with sulfuric acid/n-hexane/caustic
soda (up to eight multlole extractions of the hexane, acid, and oily phases); and 
(?) photo lytic reduction using UV-irradl atton and Isopropyl alcohol as a proton 

donor. The process was found to be effective in reducing the mlttil TCDO from 7.5 
kg to less than 100 g (destruction efficiency of 98.24 percent).

The picture with regard to dlbenzofurans is less dear. Crosby, et al. (46). re­
ported that PCOFs follow the same degradation pattern as PCOOs, with higher chlori­
nated Isomers being more stable. Hutzinger (86) reported that both 2,8-dtch) oro- 
and octachlorodlbenzofuran In methanol and hexane photodechl or mated rapidly. fluser 
(45) stated that higher chlorinated PCOF isomers photodegrade faster.

INCINERATION

There has been little research conducted on thermal destruction of PCDD, and even 
less on PC OF. Different researchers have reported 2,3,7,8-TCDO destruction at SOO'C 
(40, 55). In general, however. Incinerator operating conditions currently consid­

ered adequate for TCDO destruction are a temperature of at least 1000*C and a dwell 
time of 2 seconds (33). At 700‘C and a 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
struction was achieved.

In 1972, tests were conducted to evaluate the feasibility of Agent Orange Incinera­
tion (78). The Incineration test unit consisted of a SUE* burner/incinerator and 
reaction tailpipe, a Venturi scrubber, a scrubber collection bank, and a pas sam­
pling system. Both exhaust gas and scrubber liquid effluents were samoled and ana­
lyzed for TCOO. The test results showed that TCOO was not present cither in the 
combustion gases or In the scrubber liquid at the detection limit of 15 ppb (78).

Recently, a truck-mounted nob lie waste processor, develooed by Pyro-Magnetlcs Corpo­
ration, was evaluated at the diversity of Tennessee Space Institute in Tullahoma, 
Tennessee (87). The mobile incinerator was fed a 41.7 percent PC8 waste at the rate 
of 222 1/hour In four tests totalling 14 hours in duration. Average destruction and 
coxttustlon efficiencies of PC8s were 99.9999 and 99.9979 percent, respectively. The 
Incinerator outlet temperature was reported to average 1245'C, and the residence 
time was 2.9 seconds. The 2,3,7,8-TCOO was detected In only one of ttree test 
burns, and averaged 14 percent of the total TCOO; the 2,3,7,8-TCDF Isomer averaged 
27 percent of the total TCDF.
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Ackerman end coworkers (_30) have developed guidelines for land-based incineration of 
PC8s and related materials; the criteria are summarized in Table 4-1. For non.

liouid PCBs or materials contaminated with PCDFs and/or PCOOs, there is an addi­
tional requirement: the mass air emissions must contain £0.001 g PCS/kg PCS fed to

the incinerator

1. Maintenance of introduced llouids for 2-sec duel 1 time at 1200*C (+10D*C) and 3 
percent excess oxygen in the stack gas, or for l.5-sec dwell time at 1600*C 
(±100*0 and 2 percent excess oxygen in the stack gas.

2. Combustion efficiency >99.9 percent based on lOOCCO^VICCOj] + [CO]).

3. Rate and quantity of PC8s fed to combustion chanber oust be measured and re­
corded at regular Intervals (<15 min).

4. Incineration temperatures continuously measured and recorded.

5. Monitoring of stack emissions products for:

f. PC 8s
g. PCDFs and PCODs
h. Total particulate matter.

6. Automatic shutoff of waste flow when:

a. Combustion temperature decreases to below conditions 
stated in Item 1 above.

b. Failure of monitoring operations stated In Item 5 above.

7. Caustic scrubbers used for HC1 control (or an approved alternate method).

To date, M/T Vulcanus is the only incineration vessel that has been employed to in­
cinerate TCOD-contamlnated materials (78). The M/T Vulcanus Is a double-hull, dou­
ble-bottom tanker specifically designed to Incinerate chlorinated hydrocarbon waste

Table 4-1

CW8USTI0N CRITERIA FOR PC8s ANO PCDF/PCOO- 
CONTAMINATEO WASTES

c.
d.
e.

a.
b.

4.6
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products. Waste to be processed must be liquid in order to be pumoed. althougn 
solid substances up to 2 in (5 cm) in site may be included. T*o incinerators are 

installed aboard, eacti having an overall height of 34.25 ft (10.45 m) with an inner 
dimension of 15.75 ft (4.B m) for the combustion chancer. The waste feed rate is 

about 12.25 tons/hour (12.5 tonnes/hour), and the residence time is approximately 
1.0 second at 1500"C (7B).

biological degradation

Investigations have shown that dioxins exhibit a relatively strong resistance to 
biodegradation (36. 50). Most of the work on dioxins has been focused on 2.3,7,3- 
TCOD because of its extreme toxicity. Approximately 100 strains of microbes, wnich 
had previously shown the ability to degrade persistent pesticides, were tested.
Only five strains were shown to have the ability to degrade 2,3,7,8-TCOO (36, IB8). 
It is possible that the lesser chlorinated PCOOs are more susceptible to biodegrada­
tion, as Is the case with PC8s (50). TCOO was found to be practically immobile in 
soil, and adsorbed strongly on lake sediments (89 , 90, _91^ ^92. ^3. J4). Although

2,3,7,8-TCOO may be genuinely metabolized m aquatic ecosystems, the rate is ex­
tremely slow (62).

Klecka and Gibson (1979) have reported that unsubstituted dlbento-P,-d1 oxm can be 
readily nmtabollzed by a mutant strain of Pseudomonas (sp. N.C.I.8. 9816 strain II) 
when an alternative source of carbon, such as salicylate. Is available (_36). The 
dioxin molecule was metabolized first to a ci_s-l,2-dihydroxy-1,2-dlhydrodibenzo- 
[l,4]d1oxin

as the major metabolite. They also reported finding no organisms capable of utiliz­

ing dlbento-p-dloxln as the sole source of carbon.

(rxn 11)

which was subsequently dehydrated to yield 2-hydroxyd1benzo[l,4]-d1oxin

(rxn 12)
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Cano"' and coworkers (^95_) evaluated microbial degradation of TCOO 'n soil samples 

from "Zone A' at Seveso. Soil samples containing an average of 0.1 ppm TCDO were 
analyzed in the presence and absence of organic compost. The results indicated a 25 

percent reduction in TCDO concentration in 480 days. Studies by Kearney, et al. 
(96), have indicated that the average TC00 remaining in the soil after 1 year of 
weathering was approximately 50 percent at all concentrations tested (1 to 10 ppm). 
However, it has been determined that microbial degradation is not a major factor m 
the environmental degradability of these toxins. The predominant mode of elimina­
tion of this conpound within the environment appears to be In the photodecomoosition 
by sunlight (88).

On the other hand, research by Hutter (£7) and Young (98) indicates that microbial 
degradation of TCDO is very slow under the most optimum conditions, leading to the 

conclusion that dioxins are essentially nonblodegradable. furthermore, these re­
searchers suggest that the half-Hves for dioxins In soil observed In earlier exper­

iments are actually the result of drastically decreased extractablllty, and do not 
reflect a loss of material from the soil.

Recent research has shown that dioxins are metabolizable by certain mammals (99).
The biotransformation of TC00 In dogs appears to be a detoxification process. 
Experiments with guinea pigs showed that the acute toxicity of the metabolites was 
at least 100 times lower than that of the parent compound- Conversely, when predl- 
oxins were administered to animals, there was no Indication of netabolIsm-induced 
dioxin formation (C. Rappe, Personal Communication).

Little research has been conducted on dlbenzofuran biodegradation. However, the 
metabolism of chlorinated biphenyls may produce penta- and hexa-COFs (64). The re­
searchers have suggested that the PCDFs were synthesized via ortho-hydroxylatlon in 
association with chlorine miration, and have further Indicated that It may have a

substitution pattern at positions 1, 2, 3, 7, 8, and 9. This newly discovered phe­
nomenon is of p-eat toxicological significance. There is also evidence to suggest

that tetra-CDFs may be formed by liver metabolism In rats. These COFs are potenti­
ally wch nore toxic than the parent chloroblphenyls, even if their production is 
via a minor metabolic pathway. The metabolism of PCSs has often been regarded as a 
detoxification process. This Is particularly so tdien the metabolites arc conjugated 

and excreted.
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Section 5

ENVIRONMENTAL persistence

with their high tonicities, the environmental fates of PCODs and PCDFs are of in* 
creasing importance. Unfortunately, little is known of the environmental benavior 
of most of these compounds. Only 2,3,7,8-TCDO has been studied in any detail, and 

then often with inconclusive results (100). To what degree the findings with TCOO 
are applicable to other PCODs and PCOFs is largely undetermined.

Primarily as a result of the Seveso incident, most of the environmental research nas 
centered on the persistence of TC00 in soil. In general, TC00 is highly persistent 
In soils (32). According to 01 Domenico, et al. (101). there is a high initial loss 
rate due to volatilization and photodecomposttlon of TC00 present on the surface, 
followed by a very slow steady-state loss rate. They estimate that after 10 jeers, 

30 to 44 percent of the TCOO present after the first half year would still be in the 
soil. Since other researchers have Indicated that up to 50 percent can be lost in 

the first year, this emphasizes the eitremely slow loss rate m subsequent jears 
(55. 96).

Once the TCOO has been washed Into the soil, it is protected from the influence of 
solar photolysis and volatilization (102, 103)■ It is not easily washed out of 
soils, being virtually immobile m all but very sandy soils (_7). The role of such 
processes as erosion as a transport mechanism is unknown (£0). TCOO is not taken uo 
by plants to any significant dearee U, 5£), and there is relatively little biomag- 
mflcatlon In aumeals (50). As noted in the previous section, these compounds are 
not readily biodegradable. Stehl, et al. (104), have suggested that 2,3,7,8-TCOO is 
probably stable toward air oildatlon.

There appears to be only one significant environmental decomposition mechanism: 
photolysis. As noted earlier, however, a hydrogen donor Is necessary for this reac­
tion. Consequently, TCOO deposited on dry surfaces may be resistant even to photol­
ysis. Crosby (81) denonstrated at Seveso that spraying a contaminated environment 
with an Innocuous organic solvent (In this case, olive oil) can greatly enhance TCOO 
decoevosltlon.
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If TCOO I* washed into a water body, it will strongly adsorb onto bottom sediments 
(55). There is some evidence to suqgest that PCOOs and PCDFs will bind stronoly to 

any particle, ho data is available on the solubilities of the sorbed PCOOs and 
PCOFs. Neither PCOOs nor PCDFs are particularly soluble in water, and solubility 

decreases with increastno chlorine saturation (££). How the solubility of PCOOs is 
affected by the presence of colloids or solvating agents In natural waters is un­
known ('50). However, there is some evidence that TC00 bioaccumulates, suggesting at 
least a limited mobility throuoh the food chain (^, 1QQ). Fish do not seem to bio- 
magntfy TCOO to any great extent through food consumption (£0). However, there is 
evidence to Indicate that bioaccumulation from the water vector can exceed 6000 
times the water content (105) ■ Nevertheless, different Isomers be nave 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 iso­
mers. In addition. Table 5-1 shows the benavior of different isomers in fish.

Several researchers have speculated on various environmental prooertles of TCOO, 
based on the properties and fate of other similar organic conpounds (see Table 5-2). 
These have then been used to predict persistence and fate in a model aquatic ecosys­
tem. Where testable, these predictions have been reasonably accurate. However, m 
the absence of more extensive test data, these constants remain speculative.
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Table 5-1
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Section 6

PCOO/PCDF/PCBP TOXICOLOGY

INTRODUCTION

The following section discusses the toxicological effects of PCOOs, PCDFs, and PCBPs 
on laboratory animals and man. On a molecular basis, 2,3,7,8-TCOO Is perhaps the 
most toxic synthetic molecule knowi to man (_33). Only bacterial exotoxins (i.e., 
Botuimum Toxin A, tetanus toxin, and diphtheria toxin) are more potent ooisons
(107) .

Both higher and lower chlorination reduce toxicity, but the toxic symptoms of the 
various isomers are similar, the only difference being the amount reguired to oro- 
duce a given effect.

The isomers with the highest acute toxicity are 2,3,7,8-tetra-CDO, 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-COD. 2.3.7.8-tetra-CCF.
1,2,3,7,8- and 2,3,4,7,8-penta-CCf, and 1,2,3,4,7,8- and 2,3,4,6,7,8-hexa-COF (see 
Figure 6-1). This figure clearly illustrates the current thought that full lateral 
substitution with Cl In the 2,3,7,expositions leads to high toxic potency. Most of 
the research has centered on the 2,3,7,8- Isoamrs.

ANIMAL TOXICITY 

Rodents

Comparative oral lethal dose values for various PCOOs In mice and guinea pigs 
clearly shorn that 2,3,7,8-TCOD and 1,2,3,7,8-penta-COO isomers are the most toxic
(108) . The toxic effects Induced by PCOOs vary both quantitatively and qualita­
tively among different species (33_. 108. 109. 110). The major characteristics of 
lethal doses of 2,3.7,8-TCDD In all animal species are progressive weight loss and 
general weakening, with death occurring within a few weeks or months (111). Degen­
eration of the liver is also a comm pathologic effect (112). hepatic necrosis 
produced by 2,3,7,8-TCOD is probably a contributing cause of death in rats and rab­
bits. However, the number of deaths attributable to liver insufficiency is loimr in 
mice, and minimal in guinea pigs (108).
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There is minimal damage to the liver of guinea Digs, the species most sensitive to
2,3,7,8-TCOO toxicity. This suggests th*t 2,3,7,8-TCOD is probebly effecting some 

fundamental process in animal celts, which leads to a oenerat dysfunction of those 

celts (1111.

A targe percentage of 2,3,7,8-TCOD persists in tne liver In unmetaboHzed form, par­
ticularly concentrated m the microsomes and microsomal fractions (fragments of 
ribosomes and endoplasmic reticulum) (.33,, 109, I la). These findings suggest that 
the unmetabolfzed 2,3,7,8-TCDD, rather than a metabolite, is responsible for the 

observed toxic effects (1151-

Various experiments conducted to date have failed to provide the exact biochemical 
mechanism(s) of 2,3,7,8-TCDD lethality. Adverse effects on the following processes 
do not appear to be the mechanisms by which 2,3,7,8-TCOO exerts its toxicity (33. 

Ul):

e ONA synthesis,

e Protein synthesis,

e ATP production.

e Oxidation-reduction state of cells.

e Action of thyroid and glucocorticoid hormones.

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

e Aerobic and anaerobic metabollsat of carbohydrates, amino acids, and 
fatty acids,

e fatty acid composition of tissues.

At this time, the most reasonable hypothesis Is that 2,3,7,8-TCOO binds to a recep­
tor in the cytosol (soluble portion of the cytoplasm) fraction of cells. Is trans­
ferred Into the nucleus, and Increases or decreases the synthesis of a critical pro- 
teln(s) or enzyme(s). This Increase or decrease In crucial protein or enzyme levels 
eventually leads to a general dysfunction of a nueter of different cell types, re­
sulting In death (111), However, the receptor theory may not explain the chloracne- 
genlclty of TCOO, Receptor proteins have not been Identified on skin cells.

The lower toxicity of 2,3,7,8-TCOO In rats, as compared to other marnmals, suggests 
some degree of metabolic transformation of the parent compound (33, 115. 116. 117).
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The concentration of dioxin in the liver of ret* may be five times greeter then tnet 

found in their body fet, Concentretion* within the kidney, thymus, and soleen are 

1/12 to 1/50 of thet found in the liver (^2). The substance which is not retained 

is excreted unchanged with the feces (60 percent) vie the bile fluid. A smell 
amount (5 percent) is excreted in the urine as a water-soluble conjugate (1091.
This suggests that 2,3,7,8-TCDO metabolism may be occurring in the rat, since water- 
insoluble compounds, like dioxins, are excreted predominantly, if not exclusively, 
through the feces (33, 211) •

Female albino rats (Porton strain), given a single oral dose of 200 ug/kg 2,3,7,8- 
TCDD (their approximate L0-50), died within 3 to 9 weeks following a period of 
weight loss and depressed food intake (116). Within 24 hours after the dose was 
administered, there vere changes In the hepatic parenchymal cells, including a pro­
liferation of the smooth endoplasmic reticulum, and alterations in the metabolism of 
various substrates. Approximately 4 weeks after the 2,3,7,8-TCOO was administered, 
giant multi nucleated cells were found within the area of the centrilobular tone 
(116). These cells were probably formed by the fusion of preexisting degenerate 
parenchymal cells (109. 117). This hypothesis Is supported by the following evi­

dence:

e ho mitoses occurred within these cells.

O' These cells tend to follow the line nf trabeculae.

a Isolated bile canallcull were occasionally observed to be surrounded 
by the cytoplasm from the multinucleated cells.

e Adjacent mononucleated parenchymal cells showed areas of apparent 
fusion of their plasma meeDranes,

In addition, there were Increased numbers of lysosomes, loss of microvilli fron the 
bile canallcull, and proliferation of the smooth endoplasmic reticulum in the ten- 
trllobular parenchymal cells (116). These lesions disappeared in surviving animals 

over a period of time.

Hlstochemlcal 1y, there was a centrilobular loss of ATPase activity within 3 days. 
This lots extended to the periportal area by the sixth week (116). Biochemical 
studies on plasma membranes have indicated that the ha*/K* ATPase is unaffected, 
whereas the K*/Hg+* ATPase activity Is drastically reduced (109, 116).
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It is known that the K*/Mg*^ ATPase of the sarcoplasmic reticulum reauires a lipid 

for activation; the degree of activation can be affected by the type of lipid in­

volved (116)■ Toxic levels of PCDD result in a chronic increase in triglycerides 
and developnent of a fatty liver {1081. It is possible that the initial disturbance 

of the oxidative enzymes of the endoplasmic reticulum leads to alterations in endo­
genous lipid nctabolism, with a conseouent change in 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-TCOO and other halooenated PCOOs stimulate a number of enzyme activities, 
most notably within the liver (1Q8, 111, II*. U£, 119). Hepatic 6 •aminolevulinic 

acid (ALA)* synthetase and aryl hydrocarbon hydroxylase (AHH)** are induced by the 
presence of PCDOs, particularly 2,3,7,8-TCOO (108. 120). The PCDOs which have been 
found to induce ALA synthetase appear to have two common properties: (1) halo9en
atoms occupy at least three of the four ring positions (l.e., 2, 3, 7, 8); and (2) 
at least one free nonhalogen a ted carbon atom is unoccupied (108, 118). Available 

toxicological data indicate that those PCDOs that are not toxic generally do not in­
duce ALA synthetase; those which are lethal, even at extremely law concentrations, 

induce the enzyme. 2,3,7,8-TCOO has been found to be many orders of magnitude more 
potent than any other known inducer of ALA U3, 118).

microsomal monooxygenase (e.g., AHH) is a menbrane-bound enzyme complex which cata­
lyzes the oxidative (and for certain substrates, reductive) metabolism of numerous 

xenoblotlcs and endogenous lipophilic compounds (118). 2,3,7,8-TCOO is a highly
lipophilic macromolecule (,120). The Induction of AHH by various PCOOs is earned 
out by the same mechanism as that found for the induction of ALA (118). The hypo­

thesis that the Induction of ALA and AHH by 2,3,7,8-TCOO is mediated by the interac­
tion of the ligand with an induction receptor (the product of a regulatory gene that 

cnblnes with a small molecule to Initiate gene expression) Is supported by the fol­
lowing evidence (118)1

a The potency of 2,3,7,8-TCOO In evoking a dose-related Induction of 
ALA and AHH activity.

e Chemical specificity.

* The initial and rate-limiting enzyme in heme synthesis.

•* A cytochrome P^-450 mediated monooxygenase.
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• SIological specificity (i.e., 4 specific type of microsomal monooxy­
genase activity is induced m some, Out not all, tissues).

If tne hepatic cytosol-binding species is in fact the induction receptor, a oossible 

mechanism by which the receptor ligand complex in the cytosol initiates an increase 
m nuclear activity would involve tne translocation of this complex into the nucleus 
in a manner analogous to the mode of action ascribed to steroid hormone receptors 
(33, 118).

Theoretically, the most logical pathway of 2, 3,7,8-TC00 metabolism is by hydroxyla- 
tlon at the 1, 4, 6, or 9 position of the molecule by AHH, The hydroxylation of 
aromatic rings in positions adjacent to halogen atoms is an uncommon reaction of the 
cytochrome P-448 monooxygenase system. This most likely accounts for the metabolic 
stability of 2,3,7,8-TCOO within mammalian systems (115, 116). However, it has been 

postulated that 2,3,7,8-TCOO moves into a cell and binds to a specific cytosolic 
receptor. The receptor-dioxin complex then moves into the nucteus of a cell, where 

it Initiates the synthesis of a specific messenger RNA, which directs the synthesis 
of cytochrome P-448, Other 2,3,7,8-TCOO molecules can then react with newly formed 
cytochromes, possibly to produce reactive Intermediates that reduce or imoeir cellu­
lar metabolism, gradually Inducing cell death (^3, 120). These metabolites may be 
excreted as innocuous by-products which may affect specific cells in other organs, 
or may act as carcinogens or cocarcinogens (33).

If the activity of AHH were increased, more 2,3,7,8-TCOO would be metabolized. If
2,3,7,8-TCOO, rather than a metabolite, is responsible for the toxicity, then in­
creased metabolism by the P-450 monooxygenase system should lead to a decrease m 
toxicity. Conversely, If a metabollte(s) Is responsible for the toxicity of 2,3,7,3- 
TCOO, then an Increase In metabolism may result In an Increase in toxicity (115.
116). Several studies have shown that 2,3,7,8-TCOO induces many enzyme systems 
while suppressing others. 2,3,7,8-TCOO Induces the following enzymes in addition to 
those previously mentioned (33, 108, 110):

e HOP glucuronyl transferase.

• Aldehyde dehydrogenase.

e Glutathione transferase 8.

• DT-dlaehorase.

a Btnzopyrene hydrolase.
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• Glutathione S-transferase.

• Ethoxycoumarin aee thy Use.

2,3,7,8-TCDD reduces the activity of the following eniynes (891:

e UDP-glucuronic ecid pyrophosohatase. -

• D-glucuronolactone dehydrogenase.

• L-gluconate dehydrogenase.

A sublethal dose of 2,3,7,8-TCOO in rats will cause a temporary increase in trigly­

ceride and free fatty acid levels, with a persistent decrease of sterol esters. 
Lethal concentrations result tn a fatty liver, increased serum cholesterol esters, 
and free fatty acids, with little change m triglyceride levels. These changes are 
due m part to the damage sustained by lysosomes (_33). The decrease m the acid 
lipase activity, derived from damaged lysosomes, probably accounts for the increased 
levels of cholesterol esters within the liver. Therefore, another mechanism by 
which 2,3,7,8-TCOO may exert its toxic effect is by the increase of lipofuscin pig­
ments (33). Lipid peroxidation, which precedes the formation of polymeric lipofus- 
cins, is known to seriously damage meebranous subcellular organelles, including 
lysosomes (^33, 108, 121).

In one or more species of laboratory animals, bone marrow hypoplasia, testicular de­
generation, renal pelvis and urinary bladder hyperplasia, and hemorrhage m the in­
testines and adrenals have been observed (108). Chronic administration of low lev­
els of 2,3,7,8-TCOO to rats increases the incidence of neoolasia (tumors) (108)■
The high incidence of tumors in rats fed subacute levels of 2,3,7,8-TCOO (i.e., I 
ppt to 5 ppb)* suggests the carcinogenic potential of the compound (112). Lung 
turners that had been observed were characterized by squamous metaplasia of the bron­
chial epitheliimi and keratlniution. Lymphocytic leukeerta wes associated with a 
massive enlargement of the spleen. The most malignant tumors were observed m the 
lungs, kidneys, liver, and the skeletal miscutature. Other neoplasms were found in 

the brain, skin, testes, and ears (33, 108. 112). The only abnormalities of the 
hematopoietic system noted in rats have been hemoconcentration and throxbocytopenia

* 1 part per tril Hon ■ 10“^ g TCOO/g food. 
1 part per billion ■ 10"9 g TCOO/g food.
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(increase tn the relative volume of red blood cell* per unit volume of circulating 

blood and decreased nuneer of platelets per unit volume of blood) (33).

The terms “embryotoxici ty" and "fetotoxici ty“ denote all transient or permanent 

toxic effects induced In an embryo or fetus, regardless of the nmcnanlsm Involved 
(33). A special fetotoxic effect is teratogenicity, which may be defined as an 
abnormality (likely irreversible) caused by impairment of an activity «*1ch is typi­
cal of embryonic or fetal development (_33, 122). This effect may either be obvious 
by macroscopic appearance or ‘hidden’ (micromorphological defect or mental abnormal­
ity). 2,3,7,8-TCOO Is a specific teratogen, interfering only with a few soecial de­
velopmental processes (122).

Recent studies have shown that 2,3,7,8-TCOO can nave a dramatic effect upon the hor­
mones involved In reproduction (33). As little as 0.3 ug/kg of 2,3,7,8-TCDD in­
jected Into mice was found to Increase the frequency of cleft palate (a teratogenic 
effect) (33, 122). This is by far the smallest effective dose of any teratogen 
known (122). Oral administration of 2,4,5-T containing dioxin to golden namsters on 
the sixth to tenth day of gestation resulted In an Increased absence of eyelids 

(33). Other fetotoxic effects of 2,3,7,8-TCOO Include thymic atrophy, fatty infil­
tration of the liver, general edema, delayed head ossification, low birth weight, 
fetal reabsorption, and kidney abnormalities (33). fetal mortality, early and late 
fetal reabsorptions, and fetal intestinal hemormaglng occurred in rats given a
2,3,7,8-TCOO dosage as low as 0.125 ug/kg U3). The fetal kidney anaaaly can be 
best described as a renal papilla which is markedly reduced In size, resulting in an 

enlarged renal pelvis (.108). This may progress Into hydronephrosis during metane- 
phric kidney formation (123). The teratogenic effect of 2,3,7,8-TCOO may be a 
result of mutagenesis by Intercalation of the parent compound Into DKA, or by inter­
calation and covalent binding of the mttabollte, analogous to findings of tests con­
ducted with acridine and amlnofluorene compounds (120).

Information i^llcatlng 2,3,7,8-TCOO as a mutagen Is both scarce and conflicting 
(33). Derivatives of dioxin have shown negative results when tested for dominant 
lethal effects In rats, and only slightly positive results when tested for their 
caoaclty to produce chromosomal aberrations in bone marrow cells of rats (.33, 108).

Studies on mice Indicate that sub lethal doses of 2,3,7,8-TCOO increase tne nunper of 
erythrocytes (and their cell volume) and neutrophils, and decrease hemoglobin, serum
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protein, end globulin levels. The number of blood platelets decreases, resulting in 

diminished dot reaction (109).

Another effect of 2,3,7,8-TCDD is its interaction vith iron metabolism (_33). Sets 
given 1.7 ug of the compound mtragastncally have shown a twofold increase in the 
serosal transfer of iron, whereas no change was observed in mucosar iron uptake. 
However, it appears that this iron deficiency protects mice from many of the toxic 
effects exhibited by 2,3,7,8-TCDD. Mice rendered fron-def icient were found to be 
protected from elevated porphyrin levels and liver damage. Since mixed-function 
oxidative enzymes were elevated m iron-deficient mice, it was speculated that the 
depleted storage of iron within the tissues was responsible for the observed reduc­
tion in toxicity (33).

2,3,7,8-TCDO, 2,3,7,8-TCOF, and 2,3,6,7-TC8P are the approximate fsostereomer of 
3,4,3’,4'-TC8. It is thus believed that the structural configurations that render 
TCOOs, TCOFs, and TC8Ps toxic are analogous to those for TC8s. Namely, 3,4,3' ,4'- 
TC8 may assume a planar or nearly planar configuration with its four chlorine atoms 
projecting froei the lateral ring positions, similar to 2,3,7,8-TCOO. However, if 
chlorine is substituted in a position adjacent to the biphenyl bridge (e.g., 2,4,3', 
4’-TC8), this sterically blotters the biphenyl rings and prevents planarity. Such 
nonplanar PCS analogs are incapable of initiating AHH activity (124). Thus, among 
the halogenated biphenyls, there are two structural retirements for the induction 
of AHH: (1) the presence of at least two adjacent halogen atoms in the lateral
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 atoms adjacent to the biphenyl bridge (positions 2, 6, 2', 
6’). The effects of different biphenyls on AHH are shown in Appendix 8.

Birds

It has been shown that there is a very good correlation between the potency of PCDOs 
and PCQFs to induce AHH activity and their capacity to produce chloracne, thymic 
atrophy, and edema in chickens (124).

Histopathological examinations of birds exposed to 2,3,7,8-TCOO have revealed atro­
phy of the spleen, involution of the thywus, decreased nuefcers of lymphocytes (par­
ticularly in the bursa of Fabricius), pulmonary edema (i.e., myocardium), and necro­
sis of the liver (££). The disease known as "chick edema" has also been reported in 
TCOO-exposed birds. This disease is characterized by the accumulation of serojs 
fluids in the ascites, anascara, and pericardial sac (125. 126)■ One study sho*md
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that 3-day-old chicks treated mth doses of 1 and 10 uo of 2,3,7,8-TCDD/kg body 

weight developed chick edema f 125); the chicks also exhibited dyspnea, accumulation 
of mucus in the mouth, and enlargement and mottling of the liver (126), Alterations 

in drug-netaboliimg enzymes such as the cytochrome P-450 system and the accumula­
tion of porphyrin were also noted.

The biological potency (EOjq) of 2,3,7,8-TCDD and various biphenylene and biphenyl 
congeners was estimated from a log dose-response curve for the Induction of hepatic 

aryl hydrocarbon hydroxylase activity in a chicken embryo (124)■ EOjg values for 
the three halogenated biphenyls found to induce AHH (l.e., 3,4,3',4'-TC8; 3,4,5,3’T 
5'-HC8; and 3,4,5,3’ ,4' ,51-H88) were reported to average 4.5 nmoles per egg. In 
comoaring the potency of 3,4,3',4'-TCB with that of 2,3,7,8-TCOO and Aroclor 1254,
2,3,7,8-TCDO was almost 500 times as potent as 3,4,3',4’-TC8, and 2 x 10® times as 
potent as the commercial PCS mixture (124).

2,3,6,7-TC8P was found to be a very potent Inducer of AHH activity (EOjq ■ 14 pmoles 
per egg), as was 2,3,6,7-tetrabromobiphenylene (TB8P) (EOjq - 22 pmoles per egg). 

Both of these blphenylenes were reported to be approximately equlpotent to 2,3,7,8- 
TCOO and TCOF. 0C8P, 2,3,6,7-tetramethoxybtphenylene, and 2,7-dlnltroblphenylene 
(DN8P) could not Induce AHH activity at doses of 46 nmoles per egg (124). 2,3,6,7-
TCBP was also found to be roughly equlpotent to 2,3,7,8-TCOO in Inducing AHH activ­
ity in both mouse and rat livers.

The ability of biphenyls and biphenylene congeners to compete for sterospecific 
binding of [^HJTCOO to mouse and rat liver cytosol was also investigated (124).

2.3.6.7- TC8P and 2,3,6,7-TB8P bound avidly, whereas 3,4,3',4*-TC8P proved to be 

approximately 30 times less potent.

Table 6-1 compares the binding affinity In vitro. Kg (for mouse liver cytosol), and 
the biological potency in vivo, EOjg (for hepatic AHH activity in a chicken embryo), 
for 2,3,7,8-TCOO, several blphenylenes, and one biphenyl congener. As shown,
2.3.6.7- TCBP and 2,3,6,7-T8BP are roughly equlpotent to 2,3,7,8-TCOO. The other 
biphenylene analogs failed to conpete with [3H]TC00 for hepatic cytosol binding 

sites or for inducing AHH activity (_124). It should be noted that all of the 
biphenylene and biphenyl congeners which failed to induce AHH activity also did not 
exhibit any affinity for the cytosol binding sites. In contrast, the three halogen- 
ated blphenylenes and biphenyls which were found to induce AHH activity also com­
peted with [^HJTCOO for specific cytosol binding sites (124).
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Tab Te 6-1

8I0LXICAL POTENCY AND BENOING AFFINITY OF 
VAR I DUS SIPHENYLENE AND BIPHENYL CDNGENERS (124)

Biological Potency

Compound
i n Vivo Blndlhg Affinity 

in Vitro (Kn fnMll

TCDD 0.20 0.27
2,3,6,7-tetrachlorobiphenylene D.28 0.34
2,3,6,7-tetrabromobiphenylene 0.44 0.47
3,4,3', A'-tetrachlorobiphenyl 88 15
Octachtorobiphenylene Inactive Inactive

(470)* (540)*
2,7-dlmtrobiphenylene Inactive Inactive

(930)* (540)*

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

Fish

A considerable amount of extrapolation is required in order to interpret the availa­
ble data on fish, which pertains almost entirely to lethality (50). It appears that 

lethal levels of 2,3,7,8-TCOO In fish are within the same order of magnitude as 
those described for mammals (5£). Rainbow trout that vere fed 2.3 mg/kg 2,3,7,8- 

TCOD (representing a total dose of approximately 700 ug/kg body weight) exhibited a 

SO percent mortality rate within a 60-day period. Exposure of rainbow trout to 0.1 
ug/1 of water over a 96-hour treatment period (representing a total dose of approxi­

mately 600 ug/kg body weight) resulted In 50 percent mortality within a period of 21 
days (50). In comparative experiments with Coho salmon, a 96-hour exposure to an 

Initial water concentration of 0.105 U9/I (representing an estimated total dose of 
5.4 ug/kg body weight) was found to be lethal within a period of 20 days (50).

There was no significant Increase In egg mortality in either rainbow trout or pike 
when exposed to water levels as high as 0.01 ug/I over a 96-hour period (50). 
However, there was a significant Increase in the mortality rate of yolksac-fry in 
both of these species.
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An 80 percent mortality rate was observed m the feeding-fry of otke at an exoosure 
of 0.01 ug/1 of water over a 96-hour treatment period (50). There was no signifi­

cant difference in the same exposure regime for rainbow trout. Beported nistooatno- 
logical responses include edema, rupturing of blood vessels, and hecrotic livers. 

Teratogenic changes m embryos include shortened maxilla and structural defects of 
the operculum (50). -

monkeys

The most striking characteristic of animals exposed to dioxin is the substantial 
loss of body weight (109, 127). In addition to progressive weight loss, monkeys 
exhibit puffiness of the eyelids (IIP, 127, ^2^). Dryness and granularity of the 
skm, loss of hair, and reduced physical activity have also been observed (128).
Two types of lesions have been reported m all laboratory animals studied: (1)
involution of the thymus, and (2) testicular alterations, including atroohy, necro­
sis, and abnormal spermatocyte development (13). It Is believed that 2,3,7,8-TCDO 
has a suppressive effect on testicular microsomal AHH. Two other hyperplastic 
lesions in monkeys appear to be related to 2,3,7,8-TC00 or its metabolites: (I)
bile duct hyperplasia, and (2) epithelial hyperplasia of the renal pelvis, urinary 
bladder, and ureter (IIP). Only one lesion, hypertrophic gastritis, has been 
observed In primates (221- This lesion is characterized by chronic inflammation of 
the gastric mucosa, which occurs in the fundlc and pyloric regions, conbined with 
small gastric ulcers penetrating the mucosa (33).

In experiments with rhesus monkeys exposed to dioxins, researchers found reduced 
hematopoiesis, degeneration of blood vessels, focal necrosis of the liver, gastric 
ulcers, 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 were distinctly seoa- 
rated by fluid, and Individual niscle cells tmre hypertrophic, with enlarged, dis­
torted, and typercftrotic nuclei. Although the lungs were not appreciably altered, 
isolated trees of atelectasis, congestion, edema, and fibrosis were observed. Their 
livers were small, firm, and moderately yellow, with many enlarged, multlnucleated 
parenchymal cells. Necrosis of parenchymal cells occurred In the centrilobular 
zone, and some areas of fibrosis were apparent In the periportal area. Their 
spleens tmre found to be small; the germinal centers tmre surrounded by only scat­
tered lymphocytes, and the blood sinuses were practically devoid of cells. The 
seminiferous tubules of the testes had abundant spermatogonia and sertpli cells.
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However, only a few primary spermatocytes Mre present, and no spermatids or mature 

spermatoioa were observed (33).

The mesenteric lymph nodes of the monkeys were light tan and edematous. Microscooi- 
cally, the nodes reseneled a splenic disarray of cellular architecture. Under gross 

observation, the bone marrow resembled coagulated plasma. Microscopically, only a 
few hematopoietic cells Mre seen within the marrow; these were equally divided be* 
t«*en members of the myeloid and erythroid systems. Changes in the skeletal muscle 
resent)led those of cardiac muscle. Facial edema and petechiae Mr* commonly ob­
served (33).

Whereas rats store 2,3,7,8-TC00 mainly in their livers (40 percent versus 10 percent 
in monkeys), monkeys accumulate the toxin in lipid tissues such as the skm, muscle, 
and fat (109). Consequently, unlike rats, the number of deaths attributable to 
liver insufficiency is minimal in monkeys (108)■ Rhesus monkeys that Mre fed 500 
ppt 2,3,7,8-TCOO on a daily basis developed signs of toxicity at intake levels as 
low as 1 ug/kg body Might (112). A total intake of 3 ug/kg over a period of 9 

months was sufficient to causa death (112, 127). The LD-50 of monkeys exposed to a 
single oral dose of 2,3,7,8-TCOO is approximately 50 to 70 ug/kg, with death occur­
ring wtthm 45 days (127). Prior to death, their peripheral blood is practically 
devoid of immature red and white blood cells (127)■ The marked throebocytopema was 
associated with widespread hemorrhaging (127). while death is usually associated 
wtth severe pancytopenia in chronically exposed animals, hematological changes do 
not always occur in those acutely exposed. Widespread hemorrnaging occurs only in 
chronically exposed animals (127).

It appears that damage is greater to monkeys and other experimental animals when 
submilligram doses of toxin are administered over a period of time, rather than all 

at one time (1281. It has thus been speculated that toxicity is 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 lengthens, the severity of cellular 
deterioration in bone marrow and lymphoid tissue becomes widespread (127). The ob­
served ventricular dilation and myocardial hypertrophy may in part be related to the 
reduction In circulating erythrocytes and the subsequent increase in cardiac work­
load (127). Focal areas of hemorrhaoe were found in the epicardium, myocardium, and 
endocardium (127). Petechial hemorrhages were observed In the atria and the tips of 
the papillary muscles (127).

HONS 215259

6-13



The possibility of reproductive abnormalities also exists. Altered levels of serum 

progesterone and estradiol, associated with both difficulties in conception and 
early abortions, have been reported m female monkeys exposed to low levels of
2.3.7.8- TCOO (127) Testicular atrophy may also develop in male monkeys given small

amounts of dioxin (127)■ _

Considerable edematous fluid usually surrounds the epithelium of those exposed to
2.3.7.8- TCOO. Inflammatory cells, with a predominance of neutrophils, have been ob­
served to be in close proximity to ruptured submucosal mucinous cysts (127). The

rupture of such cysts produces ulcers of the gastric mucosa (127). Metaplastic 
changes, characterized by numerous mucous -secret ing cells, have been observed m the

ductal epithelium of the salivary glands, bile ducts, and pancreatic ducts. Similar 
changes may also occur in the bronchial epithelium and the palpebral conjunctivae 
(127). Hemorrhages within the brain have been limited to the Verchow-Sobbm's 
spaces surrounding the blood vessels (127).

A series of single oral exposures were performed on female rhesus monkeys to es­
tablish a toxic (acute) dose for TCDF. The L0-50 value was determined to be 1,000 
ug/kg, a dose approximately 20-fold higher than that estimated for 2,3,7,8-TCOD 
(129). Toxicity was characterized by the onset of the following symptoms 7 to 10 
days after exposure (129):

e Progressive weight loss, 

e Facial edema,

e Loss of eyelashes and nails,

e Development of white streaks in the eyelids, 

e Thickening of the skin,

e Death within 2 to 4 weeks.

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

Oata pertaining to lethality, carcinogenicity, and reproductive effects are summar­
ized in Table 6-2 (50).

HONS 215260

6-14



Tame 6-2

SIHMARY OF THE DOSAGE ASSOCIATED WITH THE TOXICOLOGICAL 
CRITERIA FOR VARIOUS PCOO CONGENERS

leiitt Utmilty
Bditm to 
i.i.M-TCW

ibukHw l»>tl

lllttv* til
HoaviOtt* \ttmr SullWl 2.3.7.a-'COO

lljCDO 2.7 >2.000.000
>300.000

33.000
2.a 300.000 >150.000 33.000

TjCOO 2.3.7 30.000 10.000 15.000 >1.500 3.100

r4cn 2.3. 7,a 2-S.OOO 2 I ISO 1
l.j.i.a 2*0
l.i.s.o 1.700i.j.i.a <1.000.000 33.000

i.t.j.x.a 3-330 1 1 5 170 15
i.2.».7,« 1.100-5.000 1.100 540 >2.500 330.000

X 8 1.2.3. a,7.0 70-400 73 40 610 21
i.2.3. a. 7.a 70-1300 70-100 «0 430 as
1.2.3.7.a.t 40-1*00 40-100 *0 >720 130
1.Z.3.S, 7,5 220.000

HyCOO l.2.3,a.t.7.l >400 >400 >300 370
i.2.3.«.a.7.» 10.000

OgCOO >1.000.000 53.000

C*rcmo»i>*city Ojtt 
»ow a \

«io ob«*ve« 
C^wt Pw y>%*

1>10'J 1.10°

Mi 10'2

HUMAN TOXICITY

Chloracne, an often disfiguring and persistent dermatological disorder, is caused by 
human exposure to several chlorinated aromatic compounds, including PCBs. PCDFs, and 
PCODs (108. 130). This anomaly Is analogous to hyperkeratosis m mice, rats, rao- 
blts, and monkeys (108, 130). Chloracnc may appear weeks, months, or even years 
after initial exposure to the toxin (3_3, 108), According to Moore (131), chloracne 
is the most sensitive Indicator of poisoning in the human subject. However, the 
absence of chloracne does not preclude Intoxication. Exposure to 2,3,7,8-TCDD may 
also cause polyneuropathy (nerve disease) and nystagimis (rapid eye movement).

Liver dysfunction Is manifested by hepatomegaly and elevation of enzyme levels (33). 
Dally human exposure to 0.01 ug of 2,3,7,8-TCOO may result in incipient carcinogeni­
city, but existing evidence indicates that PCOOs are at most only mildly carcino­
genic (107). Exposure to 4 ug of 2.3,7,8-TCOO would result In a shortened lifespan, 
and dally exposure to 290 ug would likely cause acute toxicity (13).
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The result* of laboratory studies on 2,3,7,8-TCDD and its interaction with iron 

metabolism in rets (described in the preceding subsection) have significant implica­
tion for toxicity in humans. Persons with a high dietary iron intake would be ex­

pected to be more susceptible to 2,3,7,3-TCDD toxicity than persons with a marginal 

iron intake. Similarly, females might be less vulnerable to 2,3,7,8-TCDD toxicity 
than males, since they usually store less iron in their bodies (^3). This may ex­
plain the variation m toxicity levels among different species.

The most notable cases of human exposure to 2,3,7,8-TCDO are those associated witn 
accidental releases in chemical factories or contact with contaminated materials/ 
areas (3_3), The immediate symptoms of exposure to dioxins include a burning sensa­
tion in the eyes, nose, and throat, followed by headaches, dizziness, nausea, and 
vomiting. Several days later, severe itching, redness, and swelling of the face 
(more marked over the eyelids, nose, and lips) may develop just prior to the onset 

of chloracne. It has been shown that as little as 20 ug of 2,3,7,8-TCDD on the skin 
can lead to chloracne f33). Within the initial weeks after exposure, inflamed nod­

ules as well as pustules appear on the face, forearms, shoulders, neck, and trunk, 
leading to comedones and cysts (33, 108, 130). Same times chloracne is preceded by 
erythematous and edematous skin lesions (108). After 1 or 2 months, acneform erup­
tions emerge, and the skin becomes hype augmented. At approximately the same time, 

mscles, primarily in the thl^is and chest area, becom aggravated upon exertion. 
Insomnia, extreme fatigue, nervousness, irritability, and the loss of libido also

occur during this period (33, 108, 118, 130).

Other symptoms of exposure Include arthralgias, porphyria cutanea tarda, hyperlipi­
demia, cutaneous hyperpigmentation, and hirsutism. Porphyria cutanea tarda, a skin 
condition that usually occurs as a photosensitive dermatosis, is caused by the de­
velopment of vesiculobullous lesions over exposed areas (J3). The dermatosis is pre­
cipitated by minor trauma, and may result in areas of healed bullae, crusts, scars, 
and ml 11 a (33). Blurred vision and the loss of taste and smell may alto occur (33).

Patients with chloracne may exhibit Increases In serum triglycerides and choles­
terol. Uplds on the skin of such patients contain an increased proxrtlon of cho­
lesterol, sgualene, and wax esters. Since the latter two substances are known to 

induce comedo formation in experimental animals, it is possible that the disturbance 
of Hpid metabolism in cells of the sebaceous follicles is responsible for the der­

mal toxicity of 2,3,7,8-TCDD (116),
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No fetal damage nas been substantiated to indicate a mutagenic, teratogenic, or em- 
bryotoxic effect of 2,3,7,8-TCDD exposure in vivo (33, 132). However, chromosomal 
abnormalities have been reported in in vitro cytogenetic studies on human lympho­

cytes exposed to 2,4,5-T containing D.D9 ppm 2,3,7,8-TCDD (33.). Chromatid breaks ana 

deletions increased with increasing concentrations of 2,4,5-T. It was not possible 

to determine whether this was a toxic or genetic effect (13).

The clinical appearance of contaminated animals and the variety of let ions found 
during post-mortem examinations are identical for TCOFs, 2,3.7,8-TCDDS, and PC8s 

(1D7. 128). The toxicity of TCDF is approximately 10 percent that of 2.3,7,8-TCDD. 
and 1.D00 times that of Aroclor 1242 (128). The correlation of nmtabolism with de­

toxification indicates that the greater toxicity of 2,3,7,8-TCDD versus TCDF could 
be the result of the relatively slower metabolism and excretion of 2,3,7,8-TCDD 

(120. 133). Studies Indicate that TCDF nmtabolism is carried out through a detoxi­
fication nmchanism; species that are able to metabolize and purge TCDF are more re­

sistant to its acute toxicity. The multiple-organ and histologic dtMge may be a 
result of both the relative rate of formation 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 in

the liver (Table 6*3). PC OF isomers present in the rice oil but not detected in the 
rusho 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 in 

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-oenta-. 2.3,4,7,8-penta-. 1.2.3.7,8-penta-, 1,2,3,6,7,8-hexa-, and
1,2.3,4,7,8-hexa-CQFs, had lateral positions substituted with chlorine (Figure 6-2) 

(79. 134). The complete elimination of this compound from the organism is a fric­
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 OF PCOFs IN SAMPLES FROM YUSMO PATIENTS (79. 134)

Liver___________ __________ Adipose____________ Stood

IsMer Yds ho, Japan YuSho, Tainan Yusho. Jaoan Vdsho. Taiwen Oitho. Japan Yusho, Taman

2,3,6,8-Tetra-COF <0-005.0.7 NO* <0.005-0.6 NO NO NO

2,3.7,8-Tetra-COF <0.005-0.3 0 060 <0.005-0.3 0.014 <0 003 <0 03

1,2,3,7,8-Pent4-CDF NO 0.194 NO 0.044 NO 0 02-0 03

1,2.4,7,8-Penta-COF <0.005-7.1 0.042 <0.005-0.8 0.014 NO 0 04-0 06

2,3,4,7,8-Penta-COF <0.005-6.9 0.091 <0.005-5.7 0.068 0 003 0 08-0 120

1,2,3,4,7.8-Me*4-C0F <0.005-2.6 0.193 <0.005-0.5 0.088 <0.006 0.06-0 150

* H9/9.
** NO • Not detected.
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Figure 6-2. PCOf isown RcUined end Excreted in rusho Petients
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Section 7

CHEMICAL AND BIOASSAY ANALYSES

CHEMICAL ANALYSES

The toxicitles of son PCDO and PCDF isomers, which have bean demonstrated by tests 
(Section 6) and, to son* extent, by accidental exposures of huaians to these con* 
pounds (Section 2), have prompted extensive efforts to Quantitatively measure these 
chemicals in various chemical, biological, and environmental media (36. 126). These 
toxicity considerations have further dictated the requirement to analyte for these 
chemicals at concentrations ranging as low as parts-per-tr 11 lion (ID*** g or pico- 

gravs of analyte per grm of sample), development of an entirely new realm of ana­
lytical chemical capability has been required to achieve reliable quantitative de­
terminations at the part-per-trlllion level; this has only recently been success­
fully realized. Even when the sample medium contains higher concentrations of 
PCOOs/PCOFs, analysis for these cotpounds can be a formidable task because of the 
large nuebers and quantities of other chlorinated hydrocarbons which are frequently 
present in many samples of interest. These other hydrocarbons can complicate or 
even preclude accurate determination of the PCOOs/PCOFs If appropriate analytical 
methodology Is not utilized.

In the present survey, the current status of analytical procedures for the determi­
nation of PCOOs/PCOFs Is reviewed. A summary of the Instrumental nethods which have 
been used for the detection and/or quantification of PCOOs/PCOFs is given in Table
7-1. While the focus of this survey is primerily aimed at techniques applicable to 
PCB-containtng fluids used in electrical devices, it is desirable to discuss the 
evolution of such analytical methods in a somewhat historical sense, particularly 
since most of the reported analytical procedures have been designed for other types 
of settle media.

SCOPE OF THE ANALYTICAL PROBLEM

As discussed earlier, there are 75 PCOO isomers and 135 PCDF Isomers. The magnitude 
of the analytical task associated with the determination of PCOOs/PCOFs in complex 
samples thus becomes apparent, especially when one recognizes the difficulty of 
separating and Identifying a large nuaber of Isomers within a given chlorinated
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Table 7-1

INSTRUMENTAL METHODS APPLIED tO DETECT PCDDs/PCDFs
in sample extracts
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class, ill of which tre quite similar structurally, and thus similar in chemical and 
physicil properties. This task is further complicated by the fact that mtny of the 
isomers of the PCDDs/PCQFs have not been prepared in pure form, and thus are not 
available for use in developing and calibrating analytical methods.

Several synthetic routes for preparing PCDDs {.137., 16$, 166. .167, 168.~ 169. 170) and 
PCOFs {*5. 48, 68. 167, 171. 172. 173) hive been reoorted, and various PCOD and PCDF 
isomers nave been produced by these reactions. The entire sets of the isomers of 
tetra-, hexa-, and hecta-COOs, as well as octa-COO. have been synthesized (161. 169. 
170), as have 2 di-, 4 tri-, and 14 penta-CDDs (^4, 174. C. Rappe. Personal Comnuni- 
cation). All 38 tetra-COF isomers (175) and some of the penta-CDF isomers (174) 
nave been synthesized.

The PCDO and PCDF isomers orepared by the various investigators cited have been 
characterized using several methods, including gas and liquid chromatography, mass 
spectrometry, proton- and 13C-IH1, and photolytlc dechlorination coupled with pat­

tern recognition techniques (136). However, few. If any (except 2,3.7,8-TCDD), have 
been structurally confirmed by single-crystal X-ray diffraction, which Is the most 
definitive method. This Is due in part to the fact that only quite small quantities 
of the synthesized isomers have been available; in addition, single-crystal X-ray 
diffraction requires considerable time and expense.

The PCOD and PCDF Isomers prepared by these investigators have not been widely 
available to laboratories seeking these compounds for use as analytical standards. 
However, a limited number of PC00 and PCDF isomers, including several *3C- and 37C1- 

1 abelied compounds, have been prepared In sufficient quantities for sale to numerous 
investigators by a camamrcial synthetic laboratory (KOR Isotopes. Cambridge, Massa­
chusetts). PCDO standards are available only as mixtures; PCDF standards have been 
synthesized and isolated as individual Isomers. Even in those laboratories «Fiich 
have synthesized or acquired PCOD and PCOF standards, there are no reported in­
stances in which the quantities of these cotpounds have been sufficient to thor­
oughly evaluate and calibrate the complex analytical procedures for entire sets of 

isomers of several chlorinated PCOO and PCOF classes.

In spite of these limitations, there has been widespread Interest In the determina­
tion of specific PCOO and PCOF isomers. This Interest stems largely from the fact 
that the toxicity of these compounds is markedly dependent on both the nuxber and 
position of the chlorine substituents.
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The toxicology of PCOOs and PCOFs Is discussed to re extensively in Section 6. It is 
clear fro* that discussion that there is a need to perform isomer-specific analyses 
of PCOOs and PCOFs In many types of sample media, and that simply determining these 
compounds by chlorinated class does not generally provide sufficient information to 

adequately evaluate hazards. However, the extent to which such-analyses can cur. 
rently be accomplished Is still rather limited for the reasons discussed above.

Many of the early analytical studies focused on the determination of 2,3,7,8-TCDD m 

various biological and environmental samples, because of the extreme toxicity of
2,3.7,8-TCOO, which has been associated primarily with 2.4,5-trlchlorophenol and 
certain herbicide derivatives (2,4,5-T) of this chlorophenol (all widely used at one 
time), In addition, this PCOD isomer was one of the earliest available in suffi­
cient quantity to use as an analytical standard. Much of the currently extant ana­

lytical nmthodology for PCOOs and PCOFs thus stems from that developed originally to 
detect 2,3,7,8-TCOO. Some of this nmthodology was gradually adapted, modified, and 
expanded to accommodate analyses of other PCOOs and PCOFs, although entirely new 
net hods have also been developed. Among the many types of samples which have been 
analyzed for PCOOs and/or PCOFs are the following (36. 136):

e Animal tissues - adipose, imiscle, liver, blood, whole animal 
(bovine, fish, deer, elk, turtle, rat, rabbit, birds).

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

e Human and animal milk.

e Plant material.

e Soils and sediments.

e Hater - rivers, streams and lakes, wells, leachates.

e Chemical formulations and wastes (2,4-0; 2,4,3-T, PC8s, chlorophe- 
nols, dlphenylether herbicides, and other herbicides and industrial 
chemicals).

e ftafeustlon products - fly ash, bottom ash, soot, condensate particu­
lates and other stack effluents, water and other process fluids from 
codustlon of municipal waste, coal, wood, chemical wastes, PCBs,
PCS-treated materials and wastes.

e Industrial hygiene simples • wipes, air samples (solid sorbents).

e Hazardous waste site simples - complex chemical mixtures, landfill
sludges, leachates.
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It should be mntioned that the level of sophistication applied m these analyses, 
and the objectives thereof varied widely. In some cases, the objectives have been 
primarily to screen sanies (qualitatively or semiouantitatively) to identify chlor­
inated classes of PCODs and/or PCDFs. In other instances, the objective of the 
analysis has been to accurately quantify specific PCDD and/or PCDF isomers m such 
sanies. Both types of analyses can be useful, depending on the purposes for which 
the analytical results are to be used. The most specific of these Mthods employs 
mass spectronmtry (MS). Prereauisites for best analyses include representative sam­
pling, good storage, efficient extraction, and sample purification (containment) 
followed by good separation, ultrasensitive detection and quantification, and most 
desirable confirmation (1131.

CRITERIA FOR SELECTING ANALYTICAL PROCEDURES

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

jectives of the analysis. These criteria are discussed below.

A standard practice applied by most competent laboratories idtlch perform analyses 
for PCODs/PCOFs Involves the addition of Isotopical ly labelled PCOO and/or PCDF iso- 
amrs to the sample In Iuiomi quantity prior to analysis, and determination of these 
labelled compounds along with the native or unlabel led PCODs or PCDFs. The percent 
recovery of the Isotopical ly labelled standard provides a amasure of the efficacy of 
the analytical procedures. Typically, ^Cl-label led or ^C-label led PCODs or PCDFs 

have been used for this purpose. However, since only a few such standards have been 
prepared and are generally available (certain labelled isomers of the tetra-, hepta-, 
and octa-CDDs, and labelled 2,3,7,8-TCOF are commercially available), the extent to 
which these procedures can be utilized Is limited. The addition of a labelled 
PC00/PC0F to a sample Is also useful In that the added compound can be utilized as a 
true Internal standard for pirposes of quantitating the native PCODs/PCOFs m the 
sample. Such an approach presumes that losses of the added Internal standard In­
curred In the course of processing the sample are proportionately the sanrn as the 
losses of the native PCODs/PCOFs In the sample. Since the internal standard is 
added In an accurately known quantity, however, by measurinq the native compound 
relative to the labelled Internal standard, it Is possible to reliably quantitate 
the native compound In the sample.
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Since PCDOs/PCDFs nave been detected at concentrations spanning a relatively *iae 
range in various sample matrices (typically oarts-oer-tnl lion to oarts-oer- 

thousand), it is desirable to utilize analytical methodology uhicn can detect (and 
if desired. Quantitatively measure) PCODs/PCDFs over tms entire range.

If large numbers of samples are to be analyzed, as is frequently the case m envi­
ronmental assessments, the analytical methodology should be amnable to efficient 
and reliable processing of such large numbers of samples in a reasonable tune per. 
iod. the complexity of reliable analytical procedures for determining PCDDs/PCDFs is 
such that even the best methods currently available are quite labor- and resource­
intensive. These analyses are therefore auite expensive, and single analysis often 
requires 1 to Z days, although economies can obviously be realized by orocessma 
samples in batches.

To the extent possible, acceptable analytical procedures for determining PCDOs/PCDFs 
should be applicable to the analysis of a wide variety of different sample matrices. 
As shown in Tables 7-1 and 7-2, the procedures for separation and instrumental de­
tection which have been developed for PCDO/PCOF analyses are rather similar for many 
types of samples.

SAMPLING tCTHODS

The procedures utilized In obtaining a sample to be analyzed for PCDOs/PCDFs can 
markedly affect tne results obtained. A detailed discussion of sampling methods is

beyond the scope of this review, but it should be noted that tms aspect of PCOD/ 
PCOF analysis is perhaps one of the most neglected areas. In general, tne dictates 

of good analytical practice should be applied In sampling: homogeneity of the sam­
ple matrix; collection of a truly representative sample; statistical considerations 

with respect to replicate analyses; and the resultant effects on precision and 
accuracy. In cases where samples are acquired by simple grab sampling, such consid­
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 
arc far less standardized, and their effectiveness and limitations have not been 
adequately evaluated.

Sampling nwthodology is discussed In a recent Canadian Governnent reoort on analyti­
cal methodology applicable to PCDOs (185). A discussion of some of the sampling

r-6
HONS 215271



procedures applicable for collection of flue oas samples has been presented oy ‘i(r. 
nan, et al. (160), and a detailed discussion of environmental samplmo reouirements 

and guidelines has been oreoared by the American Chemical Society 1136).

’able 7-2

list of EXTRACTION and CLEANUP PROCEDURES 
FREQUENTLY USED FOR PCDO/PCDF ANALYSES

On oi nator Procedure/Reference Apolleation

U.S. Environmental 
Protection Agency

Acid extract ion (153) Fish; adioose tissue; mi lx, 
water; soil; sediments

Neutral extraction (153) Fish

U.S. Food and Oruo
Admi nistration

(176) Chemical formulations, £'sn

U.S. Fish and wild* 
life Service

(177) Fish

Dow Cnemical Company Acid extraction ( 178, 179) Fish; milk

Neutral extraction (180) Fly ash; dust, urban par­
ticulates; municipal sludae.
SOI 1

wnght State Univer­
sity-Srenm Laboratory

(180, 181) Soi1. chemical waste: 
aqueous effluents

(160, 182) Particulates and other samples 
from flue oas stacx

Umea University,
Sweden

(10)

(3, 183, 184)

PCBs

Fly ash, soot, wipe tests

(79, 135) Slood

SAMPLE EXTRACTION, PURIFICATION, AND SEPARATION

Analytical methods which have been developed for determination of PCOOs/PCOFs in 
various sample matrices generally entai1 a sequence of three operations:

e Extraction of PCDO$/PCDfs from the sample matrix, which in some 
cases involves digestion or destruction of the matrix.
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• Preliminary separation of PCOOs/PCOFs from major matrix constituents 
and other major chlorinated residues and chemical contaminants.

• Quantification and confirmation of PCOOs/PCOFs in the c'eaned-uo 
sample extract.

Procedures to accamolisn these ooerations have been develooed and applied m sever a' 
different laboratories. These procedures are similar in many respects, althougn 
they differ in various details, such as the choice of liquid chromatography columns, 
and the digestion or extraction reagents. A representat«ve listing of several metn- 
ods that are used by major laboratories currently performing PCDD and/or PCOF analy­
sis is presented In Aopendu 0. Other reported variations of such methods are dis­
cussed and evaluated m a recent Canadian reoort (^185h

All of the methods listed m Appendix D entai 1 initial addition of internal stan­
dards, followed by destruction of the sample matrix (where practical) or extraction

with an organic solvent, partitioning of the PCOOs/PCOFs Into an organic phase and 
polar constituents into an aqueous phase and discarding of the latter, and liauid

chromatographic cleanup (and in some cases HPLC cleanup) of the extracts. The 
cleanup steps are intended to remove matrix components, such as lipids, as well as 

most of the chlorinated hydrocarbon residues in the sample (e.g., PCBs, DOE, other 
common chlorocarbon residues, and fused-ring aranatic compounds), ^iich may inter­
fere with subsequent detection and quantitation of PCOOs/PCOFs. Albro and Parker 
have recently discussed tne types of chlorinated hydrocarbons which may constitute 
interferences, and fractionation procedures aimed at elimination of these (_74)- Some 
of the more frequently used extraction and cleanup procedures are listed in Table 7­
2, followed by a discussion of the efficacy of extraction and cleanup rnetnodoloay.

EFFICACY OF EXTRACTION AND CLEANUP METHOOOIOGY FOR PCOOs/PCOFs

The efficacy of extraction and cleanup nsthodology for determining PCODs/PCDFs is 
generally gauged by the extent of recovery of the initially added labelled internal 
standards. This has been applied less frequently for PCOF determinations, because 
only one labelled PCOF has been available (^7Cl4-2,3,7,8-TC0F). Collaborative test­

ing of some of these methods has been accomplished through EPA’s Oloxin Implementa­
tion Plan (180). Few of the results of these studies have yet been oubllshed. The 
FQA also conducted a limited assessment of several of these nmthods for fish analy­

ses (187). Most of the methods cited seem to be relatively effective m so far as 
they have been tested, when accomplished by skilled and experienced analysts.
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One type of simple which has received particular attention m terns of evaluating 
the efficiencies of extracting PCDOs/PCDFs using various orocedures is oarticulates 

(such as fly ash). lustenhouwer. OUe, and Hutzinger (60) have resorted the results 
of extracting aliquots of the same fly asn sample using six different extraction 

methods, which have been used by various investigators who nave reoorted data on de­
terminations of PCDOs/PCDFs in the literature. According to these results t'"able 7­
3), Soxhlet extraction with toluene (following acid treatment) was the most effec­
tive of the several procedures evaluated.

More detailed subsequent studies from the same laboratory in which still other oro­

cedures were evaluated led to the conclusion that Soxhlet extraction with benzene 's 
approximately equally effective, and far superior to simpler extraction metnoos 
(378). In the latter study, the effect of the period of extraction, ranging from 24 
to 72 hours, was also evaluated. The results of these tests, shown m Table 7-4. 
indicate that a 24-hour extraction period was sufficient to remove the bulk of the 
PCOD/PCDF constituents. Cutie (153) has also reported results of similar studies on 

the extraction of 2,3,7,8-TCDO from fly ash, soil, and active carbon.

There have been comparatively few measurements of PCDDs/PCDFs m electrical eauip- 
ment PCS fluids (see Section 3). As such, methodology for this purpose has not been 
extensively reported.

The extraction and cleanup procedures applied m several of these studies were r»n- 
erally similar to those described earlier in this section for determinations of 
PCDOs/PCOFs m other samples. The most detailed accounts of such orocedures appli­
cable to PCB electrical fluids are those given by Suser (166). Happe. et al (371. 
and Albro and Parker (7£). Polychlorinated diphenylethers, which are also present 
in some fluids of this type, can give rise to mass spectral fragment ions, which 
coincide with those monitored as indicators of the COFs (_7£1. It is thus important 
that the chlorinated diphenyl ethers be effectively removed from the extracts by sep­
aration techniques prior to GC/MS analysis. Adeouate separations can be achieved by 
careful attention to the elution procedures used in the liquid chromatographic frac­
tionation sequence (74).

INSTRUFCNTAL CTHOOS

Table 7-1 lists the instrumental methods which have been applied for detection and/ 
or quantification of PCDDs/PCDFs in sample extracts prepared by the orocedures given 
in Table 7-2 and Appendix 0. Table 7-1 shows the types of analytical applications
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Tib le 7-3

EXTRACTION EFFICIENCIES OF POLYCHLORINATED 
COMPOUNDS "POM FLY ASH (60)

Analytical Results f"otal. sop)

Method Chi orooheno 1 PCOD - PCDF

1. Toluene, acid treated, Soxhlet 
extraction 1364 10« 1309 1001 1407 1 OOI

2, CHjClj, shaking treatment 240 18 124 1 23.5 2

3. Acetone/hexane, ultrasonic treatment 92 7 NO 1 NO 1

A. CHjClj, Soxhlet extraction 434 32 81.8 6 155 11

5. CHClj, Soxhlet extraction 592 44 168 13 260 20

6. Toluene extraction of solution of 
fly ash in 4« HF 446 33 113 9 230 16

Description of methods:

1. Fly ash (25 g) is stirred In In hydrochloric acid (200 ml). After centrifu­
gation, the residual fly ash is washed with deionized water over a Buchner
funnel and dried at room temperature. The fly ash is extracted for 35 hours 

„ with toluene using a Soxhlet apparatus.

2,3. Fly ash (10 g) is shaken manually (Method 2) or treated in an ultrasonic 
bath for 5 minutes (Method 3) m the solvent indicated. For ooth "etnods, 
this is reoeated four times. The extracts are combined for cleanup and 
analysis.

a,5. Fly ash (25 g) is extracted for 35 hours, using a Soxhlet apparatus.

6. Fly ash (5 g) Is dissolved in a &8X HF solution. i>e solution is then
extracted with toluene. Some particulate matter renamed.
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(e.g., screening or qualitative detection, quantitative analysis, isomer determina­
tions) for »nich these various methods nave been aoolied, alona with examples of 

reoorts of such aoplications. As indicated m Table 7-1, several methods nave seen 

developed for rapid screening of samples for the presence of PCODs/PCDFs, sucn as 
DV-soectroscoPy. thin-layer chromatooraphy For example, gas cnromatoorapny jsino

an electron capture detector (GC/ECO) offers the sensitivity needed for such a 
screening procedure, but does not have the specificity that is needed” td eliminate 

false positives. The ECO responds to any molecule that has an affinity for captur­
ing electrons m an ionized field. This includes molecules containino halogens 
(e.g., pesticides), oxygen (e g,, phthalate esters, ethers, ketones, etc.), and 
dther hetero atoms, such as sulfur and nitrogen (144).

Table 7-4

INFLUENCE OF TIME ON EXTRACTION EFFICIENCY
FOR PCODs AND PCOFs* (188)

PCDD ftl

TCOO P^ HCOD HtCDO OCDO Average

1st 24 hours
2nd 24 hours
3rd 24 hours

97.0
2.3
0.7

97.4
2,0
0,6

98,4 99.3
1.3 0,7
0,3 0,1

PCOF <D

99. S
o.s
0.0

98,0
1.6
0,3

TCDF ft HCOF htC0F OCOF Averaoe

1st 24 hours 97,7 98.4 98.6 99,4 99,5 98,5
2nd 24 hours 1.7 1,3 1,1 0.6 0.5 1,2
3rd 24 hours 0.8 0.4 0.3 0,1 0,0 0.3

* Sample pretreetnnt with IN NCI; Soxhlet extraction with toluene.

Radian Corporation has developed a prototype detector system for gas chromatography, 
called a thermally modulated electron capture detector (THECD) system. This system 
consists of two electron capture detectors in series with a temperature-contro! led
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catalytic pyrolysis unit between them. Different classes of organic conuounas react 
to the pyrolysis conditions m different ways, resulting either in an enhanced sig­

nal, a diminished signal, or no change in the magnitude of the signal The ratio of 

the peak area measured for the detector after the reactor to that for the detector 

prior to the reactor is a property cnaractenstic of each eomoound This oea* area 

ratio is used m conjunction with its retention time to increase the confidence 

level of the identity of a oiven compound -

In addition to this methoa (which is still unoer development and needs validation), 

several techniques have been developed which are dependent upon biological responses 

to the toxic PCODs/ PCOFs. These bioassay techmoues are discussed separately m 
this section.

It is generally accepted that the only technique which has both the required sensi­

tivity and specificity for reliable detection and quantitation of PCDDs/PCOFs is 
coupled aas chromatography-mass spectrometry (GC/MS). Hass spectranetnc analysis 

for PCDOs/PCOFs is based on the presumption that these compounds exhibit specific 
mass spectral fragmentation patterns. The electron impact mass spectra of PCOOs and 

PCOFs exhibit Intense molecular ions (M+) with the appropriate ion clustering, which 

is due to the two chlorine isotooes. PCODs mainly fragment to M+-C0C1 and M+-2C0C1 

ions. Smaller intensities of various other ions aopear in the spectra of both types 
of standards, thus enabling reliable analysis of PCDDs/PCOFs (139).

In most instances, monitoring the molecular ions of the PCDOs and PCOFs will easily 

distinguish these compounds from otner chlorinated aromatic nyarocarbons, which may 

be present In the saavle extracts. However, some PCBs, as well as DDE, can fragment 

to yield ion masses which may interfere with the detection of certain PCOOs, unless 

rather high mass spectral resolution Is employed. Also, the identification of PCOFs 

may be complicated by the presence of chlorinated diphenylethers, since tne latter 

compounds yield intense M^-Clj Ions, which have the sant exact mass and nuntoer of 

chlorine atoms as the corresponding PCDF (156). In such cases, successful analysis 
is dependent upen the ability of the preseparation procedures and/or the gas chroma­

tographic fractionation to separata such interfering compounds from the PCDOs/PCOFs 

before the latter enters the mass spectronpter. while it is desirable to obtain 

complete mass spectral scans in GC/MS analysis in order to identify tne analytes of 

interest, this is not possible If very low detection limits (e.g., part-per-tri 1- 

Hon) are needed. In the latter case, which is the more comnon requirement m ana­
lyzing environmental simples, only a few ions in the mass spectra of the PCODs/PCDFs
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of interest are typical ly monitored, utilizing a technique termed Selected-Ion Mom- 

tor mg. This is discussed further below.

Earlier analyses of PCDOs were aimed primarily at determining the low levels of 

TCDD, and utilized less soomstieated gas cnromatograpnic techniques than those 

presently available. The first attempt to apply mass spectronetry for quantitative 

determination of TCDD was the high-resolution mass soectromttnc technique reoortea 
by Baughman and Heselson {1*31. This technique did not utilize prior us chromato­

graphic separation at all. the sample extract was introduced via a direct inlet 

probe. These investigators modified a high-resolution mass spectrometer to permit 

repetitive high-resolution scanning over a narrow mass range (typically 0.3 AW) at 
a rapid rate (4 scans/second). Hass spectranetric signals were acquired using a 

signal-averaging computer, which resulted in sufficient sensitivity (approximately 1 
picogram of injected TCDD).

Due to the relatively high mass spectral resolution achieved, this technique was 

adequate for the purposes of distinguishing the molecular ion of TCDO from ions 
arising from the sample matrix (mostly biological samples). However, it was soon 

realized that the TCOO ions 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 TCOO (part-oer-milllon versus part-per-trilllon). Another 

limitation of the latter method was its inability to separate TCOO isomers; the mass 

spectrometric response observed with this nmthod was obviously attributable to any 
TCOO isomers in the sample, or any compounds given a TCOO fragnpnt, not just the

2,3,7,8-TCDD which was of major interest.

During the san period that the Baughman-Meselson method was being applied, several 
investigators reported the use of coupled gas chromatography-low resolution mass 

spectrometry for deteneinations of TCOQs m chlorinated phenols and 2,4,5-T herbi­

cide formulations (145-149). These studies utilized open-tubular packed gas chroma­

tographic colwmis, which were capable of separating TCOO from other PCDOs of differ, 

ent chlorine content, but had little capacity for separating discrete TCDD isomers. 

The detection limits achieved in these determinations were in the range of 0.001 to 
0.1 ppm. These methods derived their specificity from the cleanup methods used. 

Furthermore, these wthods required that the analyte exhibit the appropriate GC re­
tention time and a mss spectral response at the appropriate Ion masses correspono- 

i ng to TCOO.
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Due to concerns over the possible accumulation of 2.3,7,8-TCDD in the food chain 
(from the use of 2,*,5-T on cattle-grazing land), the U.S. EPA initiated the Dioxin 

Implementation Plan (DIP} in 197S. This program was intended to Quantitatively 
assess the levels of 2,3,7,8-TCDD in beef tissues and related environmental samples 
The program prompted the development of conbined GC (packed-eoluwi)-mgh resolution 
mass spectrometric techniques for determining TCDD at four different laboratories
i.e., Wright State University, University of Nebraska, EPA/RTP, and Dow Chemical 
Company (136, 150. 152. IBlI■ The mass soectrometnc methods were similar to meth­
ods applied by Baughman and Meselson (143). but were superior m that hlqh-resolu- 
tion scanning was generally accomplished over a narrovmr mass range and at a more 
rapid scan rate. This improved both the resolution capability and the sensitivity 
of the technique. Wright State's adaptation of this procedure permitted as many as 
four ions to be monitored.

A further enhancenent of the capabilities of the GC-hlgh resolution mass soectrone- 
trlc technique for analysis of PCDDs/PCDFs entailed the incorporation of capillary 
GC coliums (wall-coated open-tubular columns). This has been accomplished at both 
the EPA/RTP (153) and Wright State laboratories (ISA). The use of caoillary GC col­
onels provided the capability to separate discrete isomers of the PCDDs/PCDFs; until

recently, few of these have been available in pure form. The use of caoillary col­
umn GC-hlgh resolution MS also further improved the ability to obtain accurate quan­

titative data on the low concentrations of PCDDs/PCDFs in environmental samples. 
Typical results of this highly specific technique are showi in Table 7-5.

Due to patent problems in the United States, the technique of capillary columns was 
developed and extensively used In Europe. Investigations of the use of capillary GC 
columns for the separation of PCOO Isomers »*re undertaken as early as 1975 by Buser 
(155). who prepared eight HxCOD Isomers and demonstrated that these could be separ­
ated on a column having about 35,000 theoretical plates, using a temperature program 
which Increased the coluxei temperature by 2*C/m1nute. Subsequently, Buser (155) 
demonstrated separations of nine TCDD Isoners available at that time. More re­
cently, Outer (155) and Outer and Rappe (157) have reported the results of separat­
ing all 22 TCDD Isomers on three different capillary coluneis.

Other capillary coluneis have also been tested for separating the 22 TCOO Isomers, 
such as new hybrid coluxms coated with stationary phases OV-17 and/or STlar-lOC 
(Figures C-l and C-2, Appendix C). It should be noted that these techniques pro­
vided for the separation of the highly toxic 2,3,7,8-tetra-COO isoner from the other
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Table 7-5

typical analytical results for quality assifance
SAMPLES. ANALYSIS OF FISH FDR 2,3,7,3-TCDO (153)

Sample*
(g>

37C1-TC00
Recovery**

EX)

TCDO
Detection 

Limi t 
(opt )*

TCDD
Detected
(opt)*

TCDD
Fortification

Level

P9 001

5{ 1)* 62 2 20 no 22

5(1) 52 4 34 185 35

5(1) 82 3 NO 0 0

5(4) 100 3 NO D 0

5(3) 54 1 19 70 14

5(3) 100 2 NO 0 0

5(3) 78 2 NO 0 0

5(1) 92 2 19 55 11

5(1) 97 5 45 240 48

10(1) 100* 1 8 130 13

10(1) 100* 4 43 600 60

10(2) 100* 7 NO 0 0

10(2) 100* 3 NO 0 0

10(1) 100* 4 76 1250 125

10(4) 67 1 NO 0 0

10(1) 93 3 56 650 65

10(1) 84 4 73 620 62

* (1) Ocean perch, (2) lake trout, (3) beef liver, and (4) method 
blank.

*• Each sample has been fortified with 5 or 10 np 37C1-TCDD.

# Corrected for X recovery losses; NO ■ not detected; 37C1-TCDD 
mean X recovery, 36X; TCDO mean X accuracy, tl5X.
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21 isomers. Such capillary colunrn also provided the means for separating oenta- 
and hepta*C00 isomers (Figure C-3), as veil as tri-t tetra-, oenta-, and hexa-CDFs 

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

Capillary colum GC-!ow resolution mess soectrgnetry is being increasingly utilized 
at several laboratories to provide data on a wide range of PCDD/PCOF isomers in var. 
ious types of samoles (_10, £3. 136, 1S5. 157. 158, 159) including PCS "electrical 
fluids. A summary of the Quantification of separate PCOD and PCOF isomers in sam­
ples from PCB fires and incinerator fly ash is oiven m Table 7-6.

Dow Chemical scientists have recently achieved considerable success in the seoara- 
tion of tetra- and hexa-CDO isomers by HPLC fractionation of discrete isomeric com­

pounds (136, 161). This technique appears to be particularly powrful when used m 
conjunction with GC/MS techniques, and does not necessitate the use of capillary GC 
columns, ho data on separation of PCOF isomrs by this method has been reported.

Several newer mass spectrometric techniques have also been recently investigated for 
the analysis of PCDDs/PCOFs. Among these are negative-ion mass spectrometry (163). 
negative-ion chemical ionization mass spectrometry (162). and atmospheric pressure- 
ionization mass spectrometry (142). Results obtained thus far show that all of 

these offer enhanced sensitivity, selectivity, and specificity. For furan isomers 
in particular, there is a dramatic increase in sensitivity using negative-ion chemi­
cal ionization NS as coaoared to normal electron impact NS.

quantification

To date, quantification has been based on peak area measurements by comparison with 
either internal standards or a calibration curve of known quantities of authentic 
standards (external standards). It has generally been assumed that all isomers of a 
particular PCOD or PCOF have the same response using the NS quantification. Re­
cently, Gara, et al. (189). and Rappe, et al. (113), have studied responses of 28 
and 20 different PCOF isomers, respectively. Findings of both studies shoved a 3* 
fold variation in the response, using the electron impact (El) mode, and uo to a 20­
fold and 25>fo1d variation, respectively, using the negative chemical ionization 
(NCI) mode. For the higher chlorinated homologues, the differences appeared to be 
much smaller.

7-16
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Tab It 7-6

QUANTITATIVE ANALTSES OF PCOF AMO PCDO ISOPCRS IN SAMPLES FROM PCS INCIDENTS 
AMO INCINERATOR Fir ASH

Isoaer
II nan a« ton* 

(«■)
Nwrtal Je**

(«9/9)
Sfcovde#
(ua/e7)

SurahaBaarf
Municipal

Fly Ash Part leu)ate

Inttistnal 
Fly Ash** 

(PI* I

Municip41 
F ly Ash
_ippt>)

Mono-CDF 20-4] _ _
Oi -CDF - 15-43 - - - - - -

Tr i-CDF - 5-14 - - - * - -

Telra-CDF 21 3-4 0 01-0 6 <0 02-4.0 Ill 460 110 9
Penta-CDF 670 0 1 <0.01-] ] 196 960 530 23

Heia-CDF MS 0.06 <0 01-1 0 361 1600 ]S0 50
Nepta-COF 460 0 DOS <0.015-1 5 177 1130 300 2S0
Octa-CDF 40 0.005 0.002-0.3 18 140 20 ns

Tetra-COO 1.2 154 100 400 3
Penta-COO s.o 182 800 1400 20
mu-COO 4,7 326 1370 1000 50
mpta-COD 7 0 288 1370 300 180
Octa-COO 2.0 106 310 ISO 210

* Reference 29. 
**-Reference 2.
I Reference 190. 
t Reference 60.
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COff IRHATION

Confirmation of PCOOs/PCOFs can tie based on the prxer to Secular ions and frjon*nts, 
as well as the intensities of the ion clusters due to the Cl lsotooes. Moreover, 

a samole contains a multitude of PCDD/PCOF isomers, the positive identification of 
PCDOs/PCOFs could be confirmed by cluster analyses (113).

For adeouate confirmation of PCDDs/PCDFs, there are several oaraneters available 
Cornered to an authentic standard, the PCDOs/PCDFs in the SMole should have tne 
same following parameters: retention volume m tne cotum chromatography m the
cleanup steps, retention tine m the gas chromatographic separation, molecular 
weight, fr ague n tat ion and chlorine cluster in the Ms detection, and difference m 
response factors comparing the El and the NCI mode. These paraneters, in addition 

to access to welt defined weighted standards, dive the possibility of reliable anal­
ysis of PCDOs/PCOFs.

BIOASSAYS

Numerous cllnlctl biomedical parameters have been shown to be altered in animals and 
humans receiving different doses of PCDOs, PCOFs, and PCBPs (Section 6). In a num­
ber of investigations, 2,3,7,8-TCOO served as a prototype of individual PCOOs and 

PCOF congeners end their mixtures, alt of which produce a similar and characteristic 
pattern of toxic lesions, including hyperkeratosis and souamous metaplasia in the 

skin, and induction of a nuafeer of coordinated expressed enzymes through stereosoe- 
ciflc, reversible binding to a cytosolic receptor protein (which has been identified 
m several mammalian soedes and In celt cultures).

As described in Section 6, the potencies of the bioloaic and toxic responses for 
halogenated aryl hydrocarbons are also dependent on structure. Maximal activity was 
observed for the 2,3,7,8-TCOO congener, which contains a chlorine substitution pat­
tern at the four lateral positions of the dlbenzo-o-dloxin molecule (igi). Further 
Cl substituted at the 1, 4, 6, and g positions tends to diminish the activity, 
whereas the removal of one or acre of the laterally substituted Cl atoms leads to a 
marked loss (or complete loss) of activity. The results of recent studies suogest 
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 a receptor protein. There appears

to be an excellent correlation between the relative toxicities of halogenated ary] 
hydrocarbons and their potencies as AHH Inducers and their receptor protein binding 

avidities (_18l). This suggests that both the receptor binding and AHH induction

MOMS 215263
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assays may be useful short-term in vitro bioassays for total PCDO/PCOF biological 

activity, which would in turn reflect potential toxic potency.

The significance of the bioassays, in addition to the assessment of the toxicologi­

cal effects, is their usefulness as a raoid and reliable screen for detecting biolo­

gically active substances pnor to chemical identification and quantification. The 

following discussion will focus on some of these bioassay techniques.

Aryl Hydrocarbon Hydroxylase (AHH) Induction

2,3,7,8-TCOO has been known to alter the activity of a number of enzym systems, the 
most extensively studied being the hepatic microsomal monooxygenases. The monooxy­
genase enzyme system, consisting of KAO PH -cytochrome P-450 reductase and cytochrome 
P-450, is an integral part of the smooth endoplasmic reticulum, and catalyzes the 
catabolism of lipophilic caepounds to more polar mtabolites.

The induction of the hepatic monooxygenases by 2,3,7,8-TCOO occurs in most tissues 
of most species. It should be noted that these bioassays are extremely sensitive to 
a variety of chlorinated aroawtlc hydrocarbons. A large number of specific enzymes 

have been assayed; the most extensively studied of them, AHH, is discussed below.

AHH activity is a measure of one cytochrome, cytochrome P-448. The induction of AHH 

is mediated by the reversible stereospecific binding of halogenated aroxatle hydro­
carbons to a cytosol protein, the cytosol Induction receptor (192), which mediates 
the nuclear uptake of the toxicant (193). The receptor Is determined by the Ah 

locus in mice (192). The Ah locus, and hence the cytosol receptor, controls not 
only the induction of AHH activity but also a battery of coordlnately expressed 
enzymes (192).

Two lines of evidence suggest that toxic lesions produced by TCOO, as well as bio­
chemical responses, are mediated by the cytosolic receptor. First, the binding 
affinities of a large nuafcer of halogenated aromatic hydrocarbons for the receptor 
correspond very closely with the rank order of their toxic potencies (193). Second, 

two toxic responses produced by TCOO in mice, thyenc involution and cleft palate 
formation In fetuses, have been shown to segregate with the Ah locus (192).

Caaoared with classical polycyclic aromatic hydrocarbon Inducers of AHH, such as 
3-methyicholanthrene, 2,3,7,8-TCOO produces a parallel dose-response curve; both
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coaoounds produce the same maximum response Tn AHH activity. However, 2,3.7,8-TCDO 
is 3 x 10* time* more potent that 3-methyl cho lanthrene as an AHH inducer.

Poland and coworkers have extensively studied the induction of AHH and other enzynes 
by 2,3.7,8-TCDO and a variety of its coroners (50). This structure-activity rela­
tionship has been examined using a variety of PCDD (SO) and PCOF {_5£, 197) congen­
ers.

The AHH induction bioasssay utilizes a rat hepatoma cell line which possesses low 
basal AHH activity and Is highly inducible for this enzyme. The amount of ahh 
induction is determined by the fluormetric assay of 3-hydroxybenzo[a]pyrene forma­

tion from benzo[a]p>rene (the substrate for the AHH enzyme assay), or by the fluori- 
metnc determination of 7^thoxyresonif1n 0-deethylatlon. This technioue has been 

used to examine Individual halogenated aromatics, food, and environmental extracts 
(191). For examole, several gelatin samples have been shown to contain pentachloro- 

phenol and related PC00 imuritles, including the 1,2,3,6,7,8- and 1,2,3.7,8,9-hexa- 
and 1,2,3,4,5,7,8-heota-CODs which exhibit AHH activity. The results confirmed the 
correlation between the concentration of the toxic dioxins In the samples and their 
bioassay 2,3,7,8-TCOO equivalents.

The binding of a specific ligand or mixture of ligands is determined by measuring 
the dose-dependent displacement of [3h]-2,3,7,8-TC00 previously bound to the pro­
tein.

Toxicity to Cells Cultured in vitro

One of the most characteristic responses to TC00 in vivo is hyperkeratosis in the 
skin. Recent work by Knutson and Poland has demonstrated that the hyperkeratlniza- 
tlon rtsponse to TCDD exposure which occurs upon exposure to TCOD in vivo could be 
reproduced In an In vitro model system (192, 195).

When XB^olls derived from a mouse teratoma are cultured at high density (to prevent 
spontaneous dlffentlatlon) along with lethal ly Irradiated 3T3 cells, the addition of 
TCOD produces a dose-related keratlnlzatlon response, as detected by red staining 
with Rhodanlle blue. This Is a direct effect of TC00 on XB cells, and will occur m 
the absence of the feeder cells If the teratoma cells are cultured in 3T3-condi - 
tloned media. XB cells contain the cytosol receptor, and respond to TCOD with a 
dose-related Induction of AHH activity.

HONS 2152B5



Other hatogenated aromatic hydrocarbon congeners, including PCOOs, PCDFs, PCBPs, and 
azobenzenes, also induced keratin nation although to a lesser extent than 2,3,7,8- 

TCOO. Keratlnizatlon could also be induced by some nonhalogenated aromatic hydro­
carbons, such as benzanthracene and 5,6-benzoflavone (192). Since 2,3,7,8-TCDO is 

the most potent, but not the only inducer of this hyperkeratmizatlon response, tnis 
effect Is referred to as "dioxin-like" activity (196). unrelated toxins were 
studied to determine if the keratinlzation response was due to nonspecific cell dam­
age (192). The direct acting alkylating agents N-acetoxy-2-acetylaminpf luorene and 
N-methyl-it'-nitrosoguanldine; inhibitors of nucleic acid synthesis, actinomyem D, 
bleomycin, and cordyccpln; the spindle microtubule inhibitor, colchicine; kepone, a 
chlorinated hydrocarbon producing a toxic syndrome distinct from that of TCOO; and 
2,6-dichlorobenzonitrlle, an acnegen considered to have a different mechanism than 
TCOD all failed to produce keratlnizatlon in the XB/3T3 culture system (192). Fur­

thermore, a correlation has been demonstrated between the de^ee of toxicity of var­
ious TCOD isomers and congeners and the extent of hyperkeratlnliatlon response (124. 

192).

The XB/3T3 system is extremely sensitive, qivlno an Induction of keratlnizatlon with 
as little as 3-2 plcograae of TCOD (192). In addition, this system Is particularly 
relevant as a model, since it deals with an Induced differentiation of the intact 
cell using an endpoint (hyperkeratlnliatlon) known to be relevant to human exposure 
(l.e., chloracne) (196).
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Section s

RESEARCH NEEOS

INTRODUCTION

This section outlines research recommendations directly related to the potential 
formation of PCOFs, PCODs, and other polychlorinated aromatics from askarel fluids. 
These recommendations, based on the findings presented In previous sections, reflect 
the identified Information gaps regarding the generation of these compounds, them 
toxicity, methods of analysis, environmental pathways, and procedures for their de­
struction /remove I.

GENERATION

PCOFs, PCDDs, PCBPs, and other polychlorinated aromatic compounds have been gener­
ated in association with PCB equipment fires and explosions. The quantities gener­
ated were found to vary significantly, depending on the type of equipment and reac­
tion conditions. The probability of generation under normal operating conditions 

and in noncatastrophic malfunctions Is still highly uncertain,

Since available information on both conditions and quantities of formation is insuf­
ficient and often contradictory, future studies should focus on better delineating 
the generation of PCOFs, PCODs, and PCBPs. In parallel, standard and non-standard 
operating conditions should be compared with optimum formation conditions to deter­
mine (1) if formation is Indeed possible, and {2} if the necessary precursors exist 
in PCB fluids. Operating conditions of primary Interest Include the fotlming:

e long-term high temperature overload in the presence of an oxygen 
source {e.g., water, o2).

• Short-term catastrophic failure caused by internal arcing, 

o long-term part i al di sch arge.

e Arcing in circuit breakers containing PCB-contaminated oil.

By conducting the above tests under controlled conditions, performing the analyses 

using the most advanced analytical techniques, and comparing the resulting data to

8-1
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established theories, the above expeniwnts would provide specific insights into the 

foltowing:

e Reaction conditions favoring the formation of PCOFs from PCS*.

e Mechanisms and wtimum reaction conditions for the formation of 
PCODs from chloroohenols and chlorobenzenes. -

e Chemistry and reaction conditions for the formation of PCfPs.

e Effects of dilution of PCBs m mineral oil on the formation of 
PCODs, PCOFs, and other cnlorinated species.

TOXICITY

Environmental contaminants become a concern when they affect human safety and the 

duality of the environment. It Is therefore Important to assess the risks resulting 

from exposure to the above expounds using the appropriate toxicological criteria. 
Milte other PCDO homo log ues have been studied to a lesser degree, the data on struc- 

ture-blologlcat activity relationships for 2,3,7,8-TCOO In laboratory animats are 

extensive. These data pertain to lethality, carcinogenicity, and reproductive ef­

fects.

Toxicological date for PCOFs and PCSPs are very limited, as are the data on the syn­

ergistic effects of two or mere of the above by-products. For these compounds, spe­

cific data are lacking on acute lethality, chronic toxicity, carclnogenlclty, tera­

togenic and reproductive effects, mutogenlclty, and Immunotoxlclty. There are sig­

nificant gaps In the relationship between the receptor theory and the Induction of 
chlorecne. Data on such effects as the extent of enzyme Induction through specific 

receptor binding and cell keretlnlzatlon should be acquired through bioassay teen- 
nlques.

In particular, rmseardi should be focused on the human target of PCODs and PCOFs in
at leut three areas:

Dotage/time/response relationship for each major health effect actu­
ally seen In humans as a function of exposure to potential PCODs and 
PCCFs.

e Mechanism of action at the tissue level for each major health ef­
fect of these chemicals In hueans.

e Quantitative risk assessments for each real, ehronic health effect 
In humens under exposure conditions actually met In occupational or 
envlromentat situations, '
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CHEMICAL ANO BIQASSAY ANALYSES

It it apparent that there are several areas of research which recuire additional em­

phasis in order to further advance the capabilities for analysis of PCOOs/PCDFj.

Such areas include the following:

e Synthesis and isolation of additional pure PC00/PC0F isomer stan­
dards for use in calibration and metnods development. '

e Synthesis of additional compounds which are chemically similar to 
PCODs/ PCOFs, and which may represent interferences In PCOO/PCOF 
analysis (dlphenylethers, hydroxylated- and mmthoxy-OPEs and PCIs) 
for methodology evaluation.

e Development of htgher resolution GC and/or iC columns for Isolation 
of PCOO/PCDF Isomers.

e Research on more specific detection, quantification, and confirma­
tion methods, including possibly positive and negative ion chemical 
Ionization MS, atmospheric pressure ionization MS, and MS/NS.

e Research Into an Isomer-specif 1c analytical method to differentiate 
between toxic and nontoxic isomers.

e Research Into rapid chemical and/or biological screening metnods.

e Standardization of sampling methods, particularly for such tech­
niques as wipe tests, and establishment of criteria to Identify the 
significance of analytical results obtained via different samollng 
methods (e.g., how the results of a wipe test relate to toxicologi­
cal deta).

ENVIROfMEKTAL persistence

The environmental pathways of these camounds need to be better defined. Neither 

the pathways nor the rates (other than general overall rates) for their physical mi­
gration and decay have been determined with any certainty. Photolysis, for example, 

has been called the main route of environmental degradation. However, this process 
requires a hydrogen donor, rfilch Is not likely to be present under most normal envi­

ronmental conditions. Thus, further research Is needed Into photolysis to define the 
role and afcmndaace of hydrogen donors, and the exact conditions under which measur­

able photo lymts will occur In air, water, and soil.

In aquatic systems, photolysis would be limited because of the attenuation of hoht 

with depth; in soils, photolysis would be rapid on the surface. A longer half-life 

is therefore expected as dapth increases.
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The persistence of these compounds in both water and soil may also be controlled by 

their uptake/metaboli sm by biota, but the degree to which this occurs cannot be de­

termined, based uoon existing metabolic degradation research.

OeSTBUCTION/REMOVAl

Since these compounds are both persistent in the environment and to.jic to animals 

and humans, more research needs to be directed toward the development of chemical, 
physical, and/or biological methods for effectively treating wastes containing 

PCDFs, PCODs, and PCBPs, as well as soil and water contaminated with these by-prod­
ucts.
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Appendix A

POLYCHLORINATED* DIBENZ0-O-0I0XIN CONGENERS 8Y homologue 
ANO ISOMER (NUMBER OF ISOMERS)**

» i

Tot Tor TETRACHLORO-! 22) HEXACHLOAO-aO)
1,2.3,4- 1,2,3,6- 1,2.3.4,6,7-

e 4
1,2,3,7- 1,2,3.8- 1.2.3,4,6,8-

NumOering system for congeners 1,2,3,9- 1,2,4,6- 1,2,3,4,6,9-
MONOCHLOftO-(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-

0ICHL0R0-U0) 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-
TRICHLORO—{14)

1,4,6,9- 2,3,7,8-
HEPTACHL0R0-(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-(l)
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

1,2,4,7,9- 1,2.4,8.9-

* EPA includes monochlorinated compounds under the general term, 'polychlorinated

** 'Congener* is a general tens used to wan any isoeer of any homologue; thus, 
there are a total of 75 PCOO congeners. In the present document, 'homologue' < 
defined as a 9*0110 of isoeers having a specific nuafeer of chlorine atoms; thus, 
the tetrachloro- homologue has 22 isomers. An 'isomer" is defined By the 
numerical arrangeoent of chlorine atoms within the homologue.

A-1
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polychlorinateo oibenzofuhan congeners 9Y hqmologue 
ANO ISWCR- (NUHSER OF tSOfCRS)

» t

• *

Numbering system for congeners

MONOCHLORO-(4)

1- 2- 3- 4-

OICHLORO-C16) 
1,2* 1,3- 1.4­
2,3- 2.4- 3.4­
1,6- 1.7- 1.8­

1,9- 2,6- 2,7­
2,8- 3,6- 3,7­
4,6-

TRICHLORO-{28) 
1.2,3- 1,2.4­
1,3,4- 2,3.4­

1.2,6- 1,2,7­
1,2,8- 1,2,9­
1,3.6- 1,3,7­
1,3,8- 1,3.9­
1.4,6- 1,4,7­
1,4,8- 1,4,9­
2.3,6- 2,3,7­
2,3,8- 1,7,8­
2.4,6- 2.4,7­

2.4,8- 1,6,8­
3.4,6- 3,4,7­
2,6.7- 1,6,7

TETRACHLQRO-( 38}
L,2,3,4- t.2.3,6-

1.2.3,7- 1,2,3,8­
1.2.3,9- 1,2.4,6­

1,2,4.7- 1,2,4,8­
1,2,4,9- 1,3,4,6­
1,3,4,7- 1,3,4,8­
1.3,4.9- 2,3,4,6­
2,3.4,7- 2,3,4,8­
1,6,7,8- 1.2,6,7­

1.2.6,8- 1,2,6.9­
1,2,7.8- 1,2,7,9­
1.2,8,9- 1.3,6,7­

1,3,6,8- 1.3,6,9­
1,3,7,8- 1,3,7,9­
1,4,6.7- 1,4,6,8­
1,4,6,9- 1,4,7,8­
2.4,6.7- 2,4,6,8­

3,4,..7- 2,3,6,7­
2,3,6.8- 2,3,7,8- 

PENTACHLORO-{ 28)

1. 2,3.4,6- 1,2,3,4,7-

1. 2,3,4,8- 1.2.3.4.9-

1, 2,3,6,7- 1,2,3,6.S-

1, 2.3.6,9- 1.2,3,7,8-
1. 2.3.7,9- 1.2.3.8.9-

1. 2,3,6,7- 1,2,3.6,8-

1. 2,4,6,9- 1,2,4,7,8-

1, 2.4.7,9- 1.2,4,8,9-
1. 2,4.6,7- 1,2.4,6,8-

1, 3,4,6,9- 1,3,4,7.8-

1, 3.4,7,9- 1.3.4.8.9-

2. 3,4,6,7- 2.3.4,6.8-

1. 4,6.7,8- 2.3.4,7,8-

1. 3,6.7,8- 1,2,6,7,8-

HEXACHL0R0-' 16)
1.2.3.4.6.9- 1,2.3.4.6,3

1.2.3.4.6.7- 1,2.3.4.7,3
1.2.3.478.9- l,t,3,6.7,s

1.2.3.7.8.9- 1,2,3.6,7.9
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

hEPTACHL0R0-{4) 

1.2,3,4,6,7,8­
1,2,3,4,6,7,9­
1,2,3,4,6,8,9­
1,2,3.4, 7.8,9-

OCTACHLORO-{1)
1,2,3,4,6,7,8.9-

NOMS 215303
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Appendix 3

POTENCY OP HAlOGENATEO BIPHENYLS IN INOUCING HEPATIC ARYL 
HYOROCARBON HYOROxYLASE ACTtVtTY IN CHtCKEN EMBRYOS

Chicken ettCryos at 17 days of gestation were administered halogenated siphenyl com­

pounds dissolved m 25 ul of £-dioxane, Twenty-four hours later, they were tilled, 

and their livers were assayed for aryl hydrocarbon hydroxylase activity,
EO 'EDe

“50
(moi/egg)

l eng- THACtlVC

^50
{mol/egg)

*.4 x 10 -9

inactive 10 n^Q)-<Q)-a 4.7 X 10 -9

inactive

inactive i nactive

5 inactive

inactive

Inactive 15 •<0)—(Q)"" intct1ve

a <QHS> 1nict1« 16 <QHQ> ,hiCt,v*
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Appendix c
TRANSFORMS DATA FOR TESTS CONDUCTED BY CHITTIM, ET AL, (75)

Sample Installation Manufacturer*

Olelectric
Strength

Otv)
Power
(ItVA)

Volume
(liters) kVA/1

Group 1 
1-1 1957 FP 36 1,500 1,888 0.791-2 1961 FP 36 1.500 2.093 0.72
1-3 1963 FP 36 1,500 1.251 1.191-4 1963 FP 36 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 FP 30 1,500 1.765 0.B5
1-8 1970 FP 22 1,500 1.490 1.01
1-9 1971 FP 28 1,500 1.490 1.01
1-10 1974 FP 28 1.500 1.490 1.01
1-11 ICU FP - 1.500 -

Group 2
2-1 1967 CGE 33 500 725 0.69
2-2 1967 CGE 31 1.000 938 1.07
2-3 1967 CGE 36 1,000 770 1.30
2-4 1967 CGE 36 1.866 1.268 1.47
2-5 1965 FP 36 700 660 1.06
2-6 1965 FP 36 1,500 1.251 1.20
2-7 1965 FP 36 2,500 2,084 1.20
2-8 1965 FP 36 2,500 1,092 2.29

Group 3
3-1 1967 CGE 33 500 725 0.69
3-2 1967 CGE 41 1,000 770 1.30
3-3 1967 W 41 750 883 0.85
3-4 1967 w 41 1,200 1.087 1.10
3-5 1967 FP 31 750 829 0.90
3-6 1967 FP 36 1.000 838 1.19

Group 4
4-1 1947 CGE 56 660 0.08
4-2 1947 CGE 10,000 6.900 1.45
4-3 1966 AO .
4-4 1973 HA m m
4-5 NEW CGE m m
4-6 NEW w
4-7 NEW FP - -

* FP - Ferranti -Packard H - Hast inchouse MA - Foster Electric
CGE - Canadian General Electric AO - Broun

C-l

Boverl
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Figure C-l. Fragmentogram (Based on Ness Specific 
Detection) of e Fly Am Sample (Above) and Standard 
Mixture of TCDO (Bottom) on a 55-« SHar 10-C Column 
(l.d. 0.26 mm) (113)
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Flour* C-Z. Riltlpl* Saltctad Ion **ss ChroMtopraa Obtain** for 
Calibration Mixture Containing th* ZZ TCOO Isoa*rs (Colmat: 50a 
Hybrid Ph*** MCOT Slats Capillary) (Braha Laboratory, Personal 
Comm Icat Ions)
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ao 13 to 9

(1) ).i.ft-t#lr*-COO
<11 i.M'ltir* COO

01 2 UJ-tilff-CDO
1*1 i.«.2.a-e»ti-t(io
01 2.1.?.l'ptiiU*C00
1*1
(1)
(a)
<•>

< 101
on
<121 i.i.M.U iw»u CDO
(1)1 DeU-CBO

Figure C-3. Matt Fragaantograas (0V-1F Clast Capillary Coluaet, 200*210*0 Showing Elution of PCOOs 
In (a) Fly Ash of a ftntlclpal Incinerator, (b) Fly Ash of an Industrial Heating Facility, and (c) 
Hlcrapyrolysls Saaple of Combined 2.4.6-tri-. 2.3,4,6-tetra, and pentacftloraphenale; o/e 320. 354, 
388, 422, and 458 for tetra* to octa*C00t (34)
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Figure C-4. Ness Frtgaantogran (m/e 270. 304, tnd 338) of PyrolyZtd Pentichlorobi - 
phenyls Shotring Elution of tri-. tetri-, end penti-CDFs fro* (t) 2,3.4.5,6-, (b)
2.4,5.2’.S'-, (c) 2,4,5.3* .4'-, (d) 2,4,6.2*.4'-, tnd (e) 2,3,6,2' .5' -pentichlorobi - 
phenyl (50-ei 0V-17 Slits CapilUry Coluwi, 100-160* it 20*/*in, 160-250* it 2‘C/nin) 
(34)
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Flgur* C-5. Mtis Fragaantogran (•/« 304, 338, and 372) of Pyrolyzad Hex*, 
chloroblphtnyls Showing Elution of tetr*>, pent*-, end hexe-CDFt fro* (*) 
Z.d.S.Z’.d-.S'-, (b) 2,4,6,2*,4',6'-, (c) Z.S.S.Z'.S*,*1-. (d) Z.S.t.Z'.l'.S1-, 
(•) Z.J.S.Z'.S’.S*. (f) 2.3,6.2',3’,6'-, end (g) 3,4,5,3',4\S'-hmchlorobi- 
phonyl (S0-« OV-17 suit ceplllery Co loan. 100-160* et 20*/a1n, 160-250* *t 
2*C/«1n) (34)

MONS 215310
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C
-7

Figure C-6, Mass Fragaantogram (a/e 338, 372 , 406. and 440) of Pyrolyaed Hepta- and Octa- 
chloroblphenyls Showing Elution of pent*-, hexa-, hepta-, and octa<CDF froa (a) 2,3,4,5,2’. 3*. 
4'-, (b) Z.S.a.S.Z'.a'.S’-hepU, and (e) 2,3,4,5,2,.3\4\S’-octach1orobiphenyl (50-a OV-17 
Glass Capillary Col urn, 100-160* at 20*/«tn, 160-250* at ?*C/»1n) (34),
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Appendix 0

EXTRACTION METHOOS FOR PCOO* AND PCDFs 

U.5. Environngntil Protection Agency ^EPAl Procedures (1531

Acid-Extinction Procedure • Applied to Fish, Adi oote Tissue, Ml Ik, Miter, Soil, and 
Sediment--

• Solke 10 to 20 g of sample with 37C14-2,3,7,8-TC00 standard,

i Reflux with KOH.

a Extract with hexane.

e Remove and extract hexane fraction with concentrated HjSO^. 
a Dry on sodium carbonate.
e Chromatograph on neutral alumina column using CC14 and CH^Cl2 t0 elute.

Neutral Extraction Procedure - Applied to Fish—

e Slend 15 to 20 g of sample with sodium sulfate and dry Ice. 
e Spike resultant powder with 37Cl4-2,3,7,8-TCD0 standard,

e Extract with acetonitrile.
e Remove acetonitrile fraction and extract with acetonitrile-saturated

hexane.
- a Discard hexane.

a Concentrate acetonitrile and replace with hexane.
a Chromatograph on florisll column, then on neutral alumina column, eluting 

sequentially with 100 percent hexane, 10 percent CHjCIj-i"-hexane, and 25 
percent CKjC^'ln-hexane.

U.S. Food and Orug Adalnlstratlon (FDA) Procedure (176) - Applied to Chemical 
formulations and risn

• Dissolve 20 g of sample In alkaline solution by agitating at room 
temperature for 2 to 3 hours.

a Extract with hexane.
a Remove hexane and extract with concentrated acid,
a Dry on sodium carbonate.
a Chromatograph on neutral alumina, eluting with 20 percent CCI4-In-hexane, 

then CH2CI 2<
e HPIC on Zorbax-OOS, 40*C, methanol eluant.

0-1
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U.S. fish and midlife Service Procedure (177)

• Blend sample with sodium sulfite to free-flowing powder, 

e Pick powder Into glass colour and extract with Ch^CIj (200 ml for eicn g 
of fish).

e Evaporate solution to 50 ml.
e Add methanol and benzene to yield solution containing 20 percent CHjOh and 

S percent benzene. -
e Pass extract through colour containing segnents of potassium silicate and 

silica gel.
e Pass solution through carbon-glass fiber sorbent, and wash sorbent wi tn 

CHjClj/CK^H/CjHg (75/20/5). 
e Elute with toluene.
e Chromatograph on column containing h^S04 dispersed on silica gel and 

cesium.
e Chromatograph on acid alumina, eluting with hexane and CH^Ci^-hexane.

Dow Chemical Company Procedures

Acid Extraction Procedure (176. 179) - Applied to Fish and Milk—

e Spike 10 to 20 g of sample with 13C-TCD0 Internal standard (and/or other 

PCOO standards).

e Shake with concentrated HC1 for 1 hour.
e Extract with hexane (overnight shaking plus 3 additional hours),
a Pass hexane extract throu9h combined column of silica, concentrated H^so^

on silica, and 1M KDH on silica (l.e., 22 percent HjSQ^, 44 percent H^SO* 
on silica columns, and KaQH on silica coluams are used alternatively). 

e Pass hexane extract thrau9h second dual column of silver nitrate on silica 
and basic alumina.

e Clean up dioxin fractions using normal phase silica (Zorbax-SlL) HPLC, 
then reverse phase HPLC (Zorbax-OOS, amthanol solvent).

neutral Extraction Procedure (180) - Applied to Particulates (Fly Ash, Dust, Urban
Particulates), Mwlclpal Sludge, and Soils—

o Spike SO mg to 100 g of sample wi th l3C-TC00, l3C-HC0D. and l3C-0CDD 

Internal standards.
e Soxhlet extract sample with benzene for at least 16 hours, 

e Concentrate extract using Snyder column.

HONS 215313



• Subject to liquid chromatographic ano hrlc n.,w%* t itftfup similar t
described for tcid extraction procedure. t0 tha*

Wright Stete University-Brehm Laboratory Procedures*

Procedure for Soils, Cheetieel Wastes, and Aqueous Effluents (ISO. 1811..

Soi Is

e Spike 1 to 10 g of soil with ^C1-TC00 Internal standard {and/or other 

internal standards).
e Extract spiked soil in bottle with petroleum ether or hexane<*ethanol by 

shaking for period of 20 minutes to overnight.
e Alternatively, extract spiked soil in a Soxhlet apparatus with methylene 

chloride or benzene, followed by concentration of extract on a Snyder 
column.

e Wash the organic phase successively with 20 percent KOH, water, 
concentrated HjSOa, and water, discarding the wash solutions.

e Dry organic extract over sodium sulfate.

e Pass extract through basic alumna column.
e Clean up dioxin fractions, using normal phase silica {Zorbax-Stl) and 

reverse phase (Zorbax-ODS) HPIC.

Chemical Wastes

e Spike 1 to 10 g of sample with ^Cl.TCDO internal standard (and/or other 

label led standards).
e Extract spiked sample in bottle with methanol and petroleum ether by 

shaking for period of 20 mnutes to overnight.
e Continue with cleanup as in soils.

Aqueous Effluents

e Spike 10 to 20 g of sample with ^7C1-TCDD internal standard (and/or other 

internal standards).
• Extract spiked sample in bottle with petroleum ether by shaking for period 

of 20 minutes.

• Continue with cleanup as in soils.

0-3
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«nd Other Simples from Flue Gas Stack Sampling Trains
procedure f°r
(160. JK)**

p<rticui«te*

Solk* appropriate quantities of organic and aqueous liquids, particu lates. 
XAD-Z resins, and other sorbents with 37C1-label led and/or 13C-labe)led

PCDOs/PCOFs.
e Extract liquid samples with petroleum ether by shaking m bottle for 1 

hour.

e Extract solid samples in a Soxhlet apparatus with ben»ne.
e Idash extracts successively with kOH, water, and and discard

washings.
e Pass extracts through a combination macrocolumn of silica, 33 percent 

NaOH-slltca, 44 percent HjSOa-siHca and silica, eluting with hexane, 
e Pass eluate through a Uoelm basic alumina xrlnicolumn, eluting with 3 

percent CHjCIj.in-hexane and SO percent CHjC^-m-hexane, collecting 
appropriate fractions.

Umea University (Sweden) Procedures 

Procedure for PCB Cleanup {10)--

e Chromatograph 100 mg used PCB on an alumina microcotumn (1.0 g basic 

alumina, Uoelm, in Pasteur pipette), eluting with 10 ml of n-hexane.
e Recover PCOFs by eluting with 6 ml of CHjClj after careful evaporation to 

dryness.
e Chromatograph on a second alumina microcolumn, elutinq with 10 ml of * 

percent CH^Ct2 in n-hexane.
e Recover PCOFs and other chlorinated tricylic aromatic conoounds with 10 ml 

of 50 percent CH^Cl^ 'n n-hexane.

Procedure for Fly Ash, Soot, ulpe Tests (^, 183. 184)--

e Spike 1 g sample with 1 ppb of Z,3,7,8-*3Cij-tetre-CD0, Z.3,7.8-^C14- 
tetra-COF, and 37C1g-octa-COD.

e Shake for 1 hour with 10 ml of 1M NCI.
e Filter by suction using Buchner funnel, and wash with water.
e Dry in air, and extract the dried material with approximately 100 ml

toluene In a Soxhlet extractor for 48 hours with a speed of 1 to Z ml/min.

e Reduce toluene to 100 ul by evaporation on a rotavapor using some external 
heating.
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• Eliminate remaining toluene by a Purified Nj flush -1thout external 
heating.

• Dissolve th* residue in 2 ml of n-hexane.

e Chromatograph on t silica gel column {0.5 g Kiselgel 60, 70 to 230 n»sh 
(Merck)), eluting with 5 ml of n-hexane. 

e Seduce n-hexane under to 2 ml by evaporation, 
e Analyte for PCBPs. ~
e Separate PCODs and PCOFs us mo an Alox column (1.0 basic Aloe akt 1,

Woelffl, 1CN West Germany).
e Discard the first fraction, i e., 10ml of n-hexane: CH^Clj (98:2).
e Collect the second fraction, i.e., 10 ml of n-hexane: CH^Cl2 (1:1). and

evaporate to dryness under Nj. 
e Dissolve the residue m 100 ul of solvent.

Procedure for Blood Sample (_79. 13S)--

e Add 10 ml of n-hexane to 10 ml of blood plasma,
e Spike with 0.1 ng of ^l2*2«3,7,8-tetra-CDO.

e Add 10 ml of acetonitrile saturated with n-hexane (three times), 
e Shake mixture and centrifuge.
e Treat the caetoined acetonitrile phases with 10 ml of 1 percent aqueous 

sodium sulfate solution.
e Extract three times with 20 ml of n-hexane.
e Ory the combined n-hexane layers with sodium sulfate, and concentrate to 2 

ml.
e Chromatooraph on alumina column (1 g alumina).
e Elute first with 10 ml of 2 percent CH2Clz m n-hexane, and discard the 

eluate; then elute with 10 ml of 50 percent CH^Clj in n-hexane.

e Concentrate the eluate.
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Appendix E

GLOSSARY AMO ABBREVIATIONS

AHH Aryl hydrocarbon hydroxylase; an enzyme.

ala 4 •aminolevulinic acid.

Aroclor Monsanto trademark for PCBs.

Askare! A generic descriotiive name for synthetic dielectric material; for 
the purpose of this report, usually a mixture of PCBs and chlori­
nated benzenes.

Ctrl or tent An acne-like dermatological disorder due to the exposure to chlo­
rine compounds.

Congener A general term used to mean any isomer of any homologue.

Dioxin Otbenio-p-dioxtn, a triple-ring organic compound consisting of two 
bente 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- 
chloro isoamr.

Edna An abnormal accumulation of fluid in the body.

Frogmentogr am The term used for the output from a mass specific detector miss 
spectrometer.

Fur an Specifically, a five-sided aromatic hydrocarbon with four carbon 
atoms and one oxygen atom In the ring; in general, the term is 
used for the dlbentofuran and its chlorinated isomers.

Monologue A group of 1 soamrs having a specific nuatoer of chlorine atoms: 
thus, the 22 tetrachloro isoamrs would be the tetrachloro-nomo- 
logue.

In vitro Outside the living body and in an artificial environment.

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

Isomer One of two or more molecules having the same nuafter and kind of 
atoms, but differing in respect to the arrangement or configura­
tion of the atom.

Kanechlor Japanese trademark for PCBs.

PCS Polychlorinated biphenyl.

PC BP Polychlorinated blphenylene.
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peerpeer

PCOO

Polychlorineted chrysene.

Polychlorinated dibento-p-dioxi n ; Oioxin,

PCOF Polychlorinated dibenzofuran; Fyran,

PCDPE Polychlorinated diphenyl ether.

pepr Polychlorinated pyrene.

PCQ Polychlorinated quarterphenyl.

PCQE Polychlorinated quarterphenyl ethers.

PCT Polychlorinated terphenyi.

PCX Polychlorinated xanthene.

Photolysis Oecomoosition of a compound into simpler units as a result of 
absorbing radiation.

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

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

Predioxin A diphenyl ether compound with a chlorine atom and hydroxyl group 
positioned such that they can react and form an oxygen bond be* 
tween the two rings.

TCOO Te tr achi orod 1 be nio-p-di oxi n.

TCP Trlchl orophenol.

UV Ultraviolet radiation..

Wipe Test A sampllno method where a specific area is wiped down and the wip­
ing materials analyzed.

Tusho pice oil disease.
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Appendix F

MATRIX OF REFERENCES FOR PCBs
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