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FOREWORD

When energy and material resources are extracted, processed, converted, and
used, the related pollutional impacts on our environment and even on our health
often require that new and increasingly more efficient poliution control methods be
used. The Industrial Environmental Research Laboratory-Cincinnat (lLERL-Ci)
assists in developing and demonstrating new and improved methodologies that will
mect these needs both efficiently and economically.

This report deals with a group of hazardous chemical compounds known as
dioxins. The extreme toxicity of one of these chemicals, 2.3,7.8-tetrachloro-
dibenzo-p-dioxin (23.78-TCDD). has been a concern of both scientific
researchers and the public for many years. The sheer mass of published
information that has resulted from this concern has created difficultics tn assessing
the overall scope of the dioxin problem. In this report, the voluminous data on
2,3.7.8-TCDD and other dioxins are summarized and assembled in a manner that
allows comparison of related obscrvations from many sources; thus, the report
scrves as a comprehensive guide in evaluation of the environmental hazards of
dioxins.

Sections 2 and 3 present detailed informatton on the chemistry and sources of
dioxins. Various routes of formation of dioxins are discussed, and the possible
presence of dioxins in basic organic chemicals and pesticides is addressed. Section 4
details the development of an analytical method for detccting part-per-trillion
levels of dioxins in industrial wastes. Sections 5 through 8 discuss routes of human
exposure to dioxins, including accounts of public and occupational exposure, and
the health effects, environmental degradation, transport, and disposal of dioxins.

WW
David G. Stephan

Director
Industrial Environmental Research Laboratory
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PREFACE

This report deals with 2 group of hazardous chemical compounds known as
dioxins. The report discusses the detailed chemistry of dioxin formation and
identifies types of organic chemicals and pesticides which may have dioxins
associated with them as impurities or byproducts. It investigates the development
of an analytical technique for identifying dioxins in industrial wastes. Finally, it
summarizes the reported incidents of human exposure to dioxins, and examines
the toxicity, environmental transport, and techniques available for
decontamination and disposal of dioxin-contaminated material.

An extensive amount of literature published during the past 25 years has been
concerned primarily with one extremely toxic member of this class of compounds,
2,3,7,8-tctrachlorodibenzo-p-dioxin. Often described in both popular and
technical literature as “TCDD™ or simply “dioxin,™ this compound is on¢ of the
most toxic substances known to science. This repart, however, is concerngd not
only with this compound, but also with all of its chemical relatives that confain the
dioxin nucleus. Throughout this report, the term “TCDD’s™ is used to indicate the
family of 22 tetrachlorodibenzo-p-dioxin isomers, whereas the term “dioxin™ is
used to indicate any compound with the basic dioxin nucleus. The most toxic
isomer among those that have been assessed is specifically designated as
“2,3,78-TCDD.”

The objective in the use of these terms is to clarify a point of technical confusion
that has occasionally hindered comparison of information from various sources. In
particular, early laboratory analyses often reported the presence of “TCDD,”
which may have been the most-toxic 2,3,7,8-isomer or may have been a mixture of
several of the tetrachloro isomers, some of which are relatively nontoxic.
Throughout this report, the specific term 2,3,7,8-TCDD is used when it was the
intent of the investigator to refer to this most-toxic isomer. Since early analytical
methods could not dependably isolate specific isomers from environmental
samples, the generic term “TCDD'™ is used when this term appears to be most
appropriate in light of present technology.
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ABSTRACT

Concern about the potential contamination of the environment by dibenzo-p-
dioxins through the usc of certain chemicals and disposal of associated wastes
prompted this study. i

This report reviews the extensive amount of dioxin hierature that has become
available in recent years. Although most published reports deal exclusively with the
highly toxic dioxin 2,3.7.8-TCDD, some include information on other dioxins.
These latter reports were sought out so that a document covering dioxins as a class
of chemical compounds could be prepared.

A brief description of what is known about the chemistry of dioxins is presented
first. Chemical reaction mechanisms by which dioxins may be formed are reviewed,
particularly those fikely to occur within commercially significant processes.
Various routes of formation are identified in addition to the classical route of the
hydrolysis of trichlorophenol. Basic organic chemicals and pesticides with a
reasonable potential for dioxin byproduct contamination are surveyed as to
current and past producers and production locations. Classifications are presented
both for gencral organic chemicals and for pesticides that indicate Kkelihood of
dioxin formation. Conditions are noted that are most likely to promote dioxin
formalion in various processes.

An analytical approach for use in quantifying part-per-trillion levels of TCDD’s
in various chemical wastes is included in this report. The Brehm Laboratory of
Wright State University examined waste samples provided by the Environmental
Protection Agency from plants manufacturing trichlorophenol,
pentachlorophenol, and hexachlorophene, and from plants processing wood
preservatives. The extraction procedure developed for isolating TCDD’s from
the various types of samplc matrices is fully described. The analysis using highly
specific and seasitive coupled gas chromatographic-mass spectrometric (GC-MS)
methods is also described in detail. TCDD's were detected and quantitatively
determined in several of the samples at levels in the ppt to ppm range.

Incidents of human exposure to dioxins are reviewed and summarized. A review
of the known health effects of 2,3.7,8-TCDD and other dioxins is presented. Many
toxicological studies of the cffects produced by chronic exposures to these
toxicants and the possible mechanisms of action are described.

Reports on possibic routes of degradation are characterized. Finally, current
methods of disposal of dioxin-contaminated materials are described, and possible
advanced techmques for ultimate disposal are outlined.
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SECTION 1
INTRODUCTION

The growing concern with contamination of the environment by dioxins arises
principally from their potential toxicity and their distribution as contaminants in
commercial products. The purpose of this report is to present in a systematic and
summary manner what is currently known about dioxins and their effects.
Although most published reports deal exclusively with the highly toxic dioxin 2, 3,
1._8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD), some include information on
other dioxins These latier reports were sought out so that a document covering
dioxins as a class of chemical compounds could be prepared.

Although 2.3.7.8-TCDD was first reported in the chemical hterature in 1872, no
major investigations into its toxicity were begun until the 1950%. Because of the
remarkable stability of this substance in biological systems and its extreme toxicity,
cumulative effects of extremely small doses are a major concern. For example, the
LD, of 2,3,7,8-TCDD for the male guinca pig has been shown to be only 0.6
u gikgor0.6part per billion body weight (McConnelletal. 1978). Fetal mortahty
has been observed in rats that had been fed 10 consecutive doses of 2.3.7,8-TCDD
at the level of 0.125 p g/kg per day (World Health Organization 1977). 1t s
reasonable to presume, therefore, that the slightest trace of 2,3,7.8-TCDD in the
environment may have adverse effects on the health of both human and animal
populations.

In view of these considerations, it is vitally important to scrutimze carefully the
probable avenues of contamination of the environment with 2,3.7.8-TCDD. It has
been recognized for some time that 2,3,7,8-TCDD can be produced in the~
manufacture of 2,4,5-trichloropbenol. Other dioxins are similarly produced in the
manufacture of other chlorophenols. The amounts of dioxins produced depend on
process controls such as temperature and pressure. Since dioxins may be present in
these and other manufactured chemical products, it 1s also likely that they may be
present in the chemical wastes and sludges remaining from these processes. i thisis
the case, indsscriminate discharge of these wastes into the environment, or the use
of improper disposal procedures could lead to the contamination of water, air, or
foodstuffs. This might, in turn, result in widespread exposure of the population to
TCDD’ and other dioxins.

The report first presents an account of the chemistry of dioxins (Section 2). their
physical and chemical properties and modes of formation. Section 3 considers the
sources of dioxns, focusing on basic organic chemicals as well as on the chemical
manufacture of chiorinated phenols and their derivatives

Section 4 discusses the development of an analytical method for detecting
dioxins in industrial wastes.

Section S prowvides a brief account of the major known ncidents of human
exposure to dioxins in the environment. In the aftermath of these incidents, which
include both occupational exposures and exposures of the general public. scientists
of many disciplines have undertaken extensive and continuing investigations of the
fate of dioxins when they are released to the environment.

Section 6 reviews the current scientific knowledge of the health effects of dioxina,
as indicated n epidemiological and laboratory studies ol 2nimal and human
subjects who have been exposed 10 dioxin contaminatien. Section 7 reviews the
known mechanisms of biodegradation, photodegradation, physical transport. and

L .
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biological transport. The investigations indicate that the persistence of dioxins
poses a serious environmental problem. In attempts to deal with this probiem,
numerous cnvironmental rescarch and development projects are aimed at
developing methods of destroying these toxic contaminants after they have been
formed. This work on dioxin disposal methods and decontamination procedures is
described in Section 8.

It is intended that this review of dioxin contaminants, {rom their formation
through their dispersal into various environmental media and the consequent
cffects, can provide a point of perspective for those who are concerned with
regulatory efforts and with research and development directed toward reducing the
hazards of dioxin contamination.

3
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SECTION 2
FORMATION OF DIBENZO-P-DIOXINS
CHEMISTRY OF DIOXIN FORMATION

A dioxin is any of a family of compounds known chemically as dibenzo-
p-dioxins. Each of these compounds has as a nucleus a triple-ring structure
consisting of two benzene rings interconnected to each other through a pair of
oxygen atoms. Shown below are the structural formula of the dioxin nucleus and
also the abbreviated structural convention used throughout the report.

9 1
8 (o) 2
7 o 3
6 4

Each of these substituent posttions, numbered ! through 4 and 6 through 9, can
hold a chiorine or other halogen atom, an organic radical, or (if no other
substituent is indicated in the formula or its chemical name) a hydrogen atom. The
only differences in members of the dioxin family are in the nature and position of
substituents. .

Most environmental interest in dioxins and most studies of this family of
compounds have centered on chlorinated dioxins, in which the chlorine atom
occupies one or more of the eight positions. Theoretically, there are 75 different

chlorinated dioxins, each with different physical and chemical properties, differing
only in the number of chlorine atoms in each molecule and in their relative
locations on the dioxin nucleus. There are, for example, two monochlorodioxins,
in which one chlorine atom is attached to the nucleus at either position ! or position
2. If two or more chlorine atoms are present, additional isomeric forms are
possible, in accordance with the following schedule (Buser, Bosshardt, and Rappe
1978):

2 isomers of monochlorodibenzo-p-dioxin (MCDD’s)

10 isomers of dichlorodibenzo-p-dioxin (DCDDs)

14 isomers of trichlorodibenzo-p-dioxin (Tri-CDD’s)

22 1somers of tetrgchlorodibenzo-p-dioxin (TCDDY)

14 1somers of pentachlorodibenzo-p-dioxin (Penta-CDD’s)

10 1somers of hexachlorodibenzo-p-dioxin (Hexa-CDD%)
2 isomers of heptachlorodibenzo-p-dioxin (Hepta-CDD?’)
! octachlorodibenzo-p-dioxin (OCDD)

3
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Tabie 1 lists the 75 possible chiorinated dioxins, and also notes the 40 that have
been prepared and identified and whose analytical characteristics have been
published (Buser, Bosshardt, and Rappe 1978; Buser 1975; Pohland and Yang
1972; Bolton 1978). Five others, as noted in the table, have been identified as
distinct compounds but have not been clearly differentiated from each other
(Buser, Bosshardt, and Rappe 1978; Buser 1975; Rappe 1978).

TABLE 1.

CHLORINATED DIOXINS

1-chloro
2-chioro
1,2-dichloro
1,3-dichioro
1.4-dichloro
1,6-dichioro
1,7-dichloro
1,8-dichloro
1,9-dichioro
2.3-dichioro
2,7-dichioro
2,8-dichloro
1,2,3-trichioro
1.2,4-trichloro
1,2,6-tnichioro
1.2,7-trichtoro
1.2,8-trichloro
1.2,8-trichloro
1.3.6-trichloro
1.3.7-trichloro a
1,3,8-trichloro R
1,3,9-trichloro N
1.4,6-trichloro
1.4,7-tnchioro
2.3,6-trichloro
2.3.7-trichloro  a

[ - -

1.2,3.4-tetrachloro
1,2,3,6-tetrachioro
1.2,3,7-tetrachioro
1,2,3,8-tetrachloro
1.2,3,.9-tetrachloro
1.,2,4,6-1etrachlioro
1,2,4,7-tetrachloro
1,2.4,8-tetrachioro
1.2,4,9-tetrachioro
1.2,6,7-tetrachioro
1.2,6.8-tetrachioro
1.2,6,9-tetrachloro
1,2,7,8-tetrachloro
1.2,7.9-tetrachloro
1.2.8.8-tetrachloro
1,3,6,8-tetrachloro
1.3,6,9-tetrachloro
1.3,7,8-tetrachioro
1.3,7.9-tetrachioro
1.4,6,9-tetrachloro
1,4,7,8-tetrachloro
2,3,7,8-tetrachlore

ad

LI -

1.2,3.4,6-pentachiloro
1.2,3.4,7-pentachioro
1,2,3.6,7-pentachloro
1,2,3.6,8-pentachloro
1.2.3,6,9-pentachloro
1,2,3,7 8-pentachloro
1,2,3,7.9-pentachloro
1.2.3,8,9-pentachioro
1.2.4.6,7-pentachioro
1.2,4,6,8-pentachloro
1,2,4,6,9-pentachioro
1.2.4,7.8-pentachloro
1,2,4,7.9-pentachloro
1.2.4,8,9-pentachloro
1.2,3,4,6,7-hexachloro
1.2,3,4,6,8-hexachioro
1,2,3,4,6,9-hexachioro
1,2,3.4,7,8-hexachioro
1,2.3,6.7,8-hexachlore
1.2,3.8,7,9-hexachloro
1.2,3,6,8,9-hexachioro
1.2.3,2.8.9-hexachloro
1.2.4,6,7,9-hexachloro
1.2.4,6,8.9-hexachloro

1.2,3,4,6,7.8-heptachioro
1,2.3,4,6,7,9-heptachioro

Octachloro

oo

LB BB - G B BE- N BN NN )

a—Identified compounds

b—One or the other of these compounds has besn prepared
c—A mixture of these three compounds has been prepared.
d—The Dow Chemical Company has recently reported the synthes:s

of all 22 TCOD isomers

The interest of health and environmental researchers in dioxins arose principally
because of the toxicity and distribution of one of these compounds, 2,3.7,8-TCDD,

whose structural formula is as follows:

Ci O
Ci o
4

Cl

Ci
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This is an unusual organic chemical, symmetrical across both horizontal and
vertical axes. It is remarkable for its lack of reactive functional groups and its
chemical stability (Poland and Kende 1976). Jtisan extremely lipophylic molecule,
and only sparingly soluble in water and most organic liquids; it is a colorless
crystalline solid at room temperature. The physical properties of 2,3,7,8-TCDD are
shown in Table 2, along with those of OCDD, another chlorinated dioxin with
twofold symmetry (World Health Organization 1977; Crummett and Stehl 1973).

TABLE 2. PHYSICAL PROPERTIES OF TWO CHLORINATED DIOXINS

2.3,7,8-TCDD OoCDD
Empinc formula C,HC O, G,0,0,
Percent by weight C 44.7 313
[o} 9.95 70
H 1.25
Ct 44 1 617
Molecuiar weight X 322 458 8
Melung point, °C 305 130
Decomposition temperature, °C Abave 700 Above 700
Solubilities, g/ liter
o-Dichlorobenzene 14 183
Chiorobenzene 0.72
Antsole 173
Xylene 368
Benzene 057
Chioroform 0.37 0.56
n-Octano! 0.048
Methanol 0.01
Acetone o1
Dioxane 0 38
Water 0 0000002 (0.2 ppd)

Dioxin Formation from Precursors

No published reports indicate that dioxins are formed biosynthetically by living
arganisms; these compounds apparently are not constituents of a normal growing
environment. The presence of dioxins in fly ash, 2-chlorophenol,
2.4.6-trichforaphenol, and hexachlorobenzene indicates that there may be yet-
undiscovercd mechanisms that produce these compounds. In a recent study,
chlorinated dioxins were created by pyrolysts of chlorobenzenes in the presence of
air (Buser 1979b). Dioxins have been made from catechols in condensations with
polychlorobenzenes and chloronitrobenzenes (World Health Organization 1977;
Gray et al. 1976; March 1968). A pesticide manufacturer has reported the finding of
chlorinated dioxins in cigarctte smoke and fireplace soot (Dow Chemical
Company i978). Other possible routes of formation are examined in Section 3 of

5
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this report. One route that has been demonstrated by extensive chemical researchis
the formation of chiorinated dioxins from industrial chemicals, especially from
certain “precursor” compounds that Jead directly to dioxin formation. In
generalized form, this reaction is as follows:

X Y: (o
e 0 — 00 - -
Y Xo0 o

This reaction indicates that a compound may be a dioxin precursor if it meets two

conditions:
e The precursor compound must by an ortho-substituted benzene ring in which
one of the substitucnts includes an oxygen atom directly attached to the ring.

& 1t must be possible for the two substituents, excluding the oxygen atom, to

react with each other to form an independent compound.

These conditions are met by many organic compounds, including a class of
mass-produced chemicals, the ortho-chlorinated phenols. The hydroxyl group of
the phenol supplies the ring-attached oxygen atom. The hydrogen of the hydroxy!
group is capable of reacting with chlorine, the other substituent, to form hydrogen
chloride, an independent compound. An even more likely precursor is the sodivm
or potassium salt of an ortho-chlorinated phenol because the coproduct of this
condensation is sodium or potassium chloride, cither of which is an even more
stable inorganic salt.

Almost all original dioxin researchers used ortho-chlorinated phenols as
precursors. Most often, the reactions were conducted in the presence of sodium or
potassium hydroxide, either of which will react spontaneously with the phenol
groups to form the phenylate salts. Six chemical reactions, all of which have been
performed in laboratory experiments, are shown in Figure I (Pohland and Yang
1972; World Health Organization 1977; Crosby, Moilanen, and Wong 1973;
Milnes 1971).

Not all of these reactions, however, have produced the expected dioxin in high
yicld, and investigators have detected other dioxins and similar compounds that
were not attributable to these simple reactions. Numerous studies have therefore
explored the reaction mechanism of dioxin formation and the complex of
competing reactions that create other compounds of this type (Buser 1975; Nilsson
»t a). 1974; Jensen and Renberg 1972; Plimmer 1973; Buser 1978).

The basic dioxin reaction actually occurs in two steps. in the condensation of
2.4 5-trichlorophenol, for example, onc pair of substituents reacts first to form a
phenoxyphenate, or substituted diphenyl ether, in accordance with the following
reaction (Nilsson et al. 1974; Jensen and Renberg 1972; Buser 1978; Moore 1979).

Tl ONe c o o
2 ' — + NaCl
c1” NZ ai c S cl
PREDIOXIN

Compounds of this type have been termed “predioxins.” They have been identified

in waste sfudges and commercial products as well as in the products of laboratory
experiments (Jensen and Renberg 1972 Arsenauit 1976; Jensen and Renberg
1973).
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H !ﬂ!l L]
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TOPPER PONDER
oK CATALYST o ¢l
N YACHUR
ct Cl sommarr Gt o
2, 4-BICHLONDPHENDL PBTASSIUM SALT 2.7-8c80
[e] [* ]
oNDITIONS o
WNAEPORTER
na——
Ct (¥ ] (o] 3
7,4,6-TAICHLBROPUENDL SODION SALT | 1,3,5.8-1000
VARIETY OF
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-
Ct
2,4,5-TRICALOROPHENDL SOUIUN SALT 2,3.7.8-1600
(o] [+ Ct
TOPPER PONDER
a oK EATALYST o a
W
C matimaoe Gt o
o c c
2,3.5,6-TETRACHLOAOPNENDL POTASSIUR SALT Y.2.4,6,7,3-REXA-COB
cl . ci (o]
G OH wianing wyy CF °
a—————-
ct ct o
C1 [¢/]
FERTACHLOROPHENDL ocp

Figure 1. Formaton of dioxins

There are other competing reactions, however. With some precursor
compounds, condensation may occur with a chiorine atom that is not in the ortho
position to a hydroxyl group. One study suggests that a meta chlorine will be
favored, in accordance with the following reaction (Langer, Brady, and Briggs
1973).
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c ONa ¢ ONa cl 0 ONa
- o0 —- X

ct a O ci a aa a
ISOPREDIOXIN

The end product has been termed an “isopredioxin”™{Jensen and Renberg 1973).
To this isopredioxin, additional molecules of sodium-2.4,5-trichiorophenate may
attach, creating a polymerized compound of three, four, or more monomers
(Langer, Brady, and Briggs 1973; Langer et al. [973).

oL

Investigators have noted similar reactions with para chlorine atoms, which form
another type of isopredioxin. Either of the isopredioxins may polymerize into
longer chains. or they may lead with loss of chlorine to the creation of
dibenzofurans (Jensen and Renberg 1972; Langer, Brady, and Briggs 1973;
Deinzer et al. 1979; Chemical Engineering 1978).

c ONa o o I o a
: O~ L = 1K
[ Cl (o) ct Ci ONa Cl ONa

It is believed that dibenzofurans are also formed by reaction between a
chlorophenol and a polychlorobenzene through an intermediate creation of
another type of diphenyl ether (Buser 1978).

Ct ONa Ci CI Ct o Ci
oL O == X
ct ct C Ct c o] o
Ct
Ci o
NaOH
2 v LT
Cl C
Ci

Another competing reaction that involves loss of chlorine is the reaction to form
dihydroxy chlorinated biphenyis (Jensen and Renberg 1973).

8
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Cl Ci
Ci OH
BoaNon pRE
Cl Cl HO OH
Cl Ci

The chlorine thus released may react with other rings to form compounds with
tgher chiorine saturation. Preparation of 2,3,7,8-TCDD was accomplished by
ticatment of unsubstituted dioxin (World Health Organization 1977).

o Cl 0 Ci
+ C|2 -
o c o ]
Other competing reactions have been described for pentachlorophenol, which
has been shown to degenerate, when heated, into hexachlorobenzene and water by

a reaction sequence that includes an intermediate decachlorediphenylether
(Plimmer 1973).

Cl o] Ci
Cl OH Ci ls) Ct
2 — + HCI :’2
Ci Cl (&)

(o]

Ci Cl Cl

cl o c , OH
+]-120 & +

Ci cérd | Cl 1 Ct Cl

(1) cl Cl a
Alternatively, the predioxin or the decachlorodiphenylether may lose chlorine
through reactions with water to form hexachloro or heptachlorodioxins or to form
octa- and nonachlorodiphenylethers. Loss of chlorine may also create

octachlorodibenzofuran in accordance with the following reaction (Crosby,
Moilanen, and Wong 1973; Jensen and Renberg 1973).

Ci Ci
Ct o) Cl

Ci & Ci
Ci Ct
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These competing reactions are predominant only with acidic
pentachlorophenol, however. Heating the sodium salt of pentachiorophenol
produces OCDD in essentially quantitative yield (World Health Organization
1977). .

Except for pentachlorophenol, once a predioxin is formed, there are apparently
no competing reactions other than its reversal into the precursor. In one test, when
Irgasan DP-300, a predioxin (sec Section 3, p. 111), was heated to 980°C, only
two classes of compounds were created: dioxins and precursor molecules (Nilsson
et al. 1974).

The competing reactions clearly indicate why dioxins generally are formed only
in trace quantities and why they appear in a complex mixture with polymers and
other multiring structures, many of which are also toxic. It has been more difficult
to explain why dioxins other than the one predicted by theory are also found in
these mixtures. In the laboratory, for example, a predioxin for 2,8-DCDD created
a small amount of this dioxin when heated; however, the principal dioxin formed
was 2,7-DCDD (Boer ¢t al. 1971).

- 0D

NaO Ci

1t was originally believed that such uncxpected dioxins were created by arbitrary
transfers of chlorine that occurred within the energetic predioxin molecules (Boer
et al. 1971). More recent work has demonstrated that a long-recognized chemical
phenomenon known as the “Smiles rearrangement” is often operational during
dioxin creation, in which one of the rings spontancously reverses into its mirror
image at the instant of ring closure (Gray et al. 1976; March 1968). This
rearrangement fully explains the reaction shown above, and rescarchers can now
predict with some certainty which dioxins will be formed from specific precursors
or predioxins. Even this development has not satisfied all observational evidence,
however, especially with the more highly chlorinated dioxins. Some researchers
believe that an equilibrium process is at work, in which dioxins slowly lose or gain
chiorine atoms to approach the most stable mixture of compounds (Rawls 1979,
Miller 1979; Ciaccio 1979).

Predioxin formation docs not ensure dioxin formation (Jensen and Renberg
1972; Jensen and Renberg 1973). Pentachlorophenol attains equilibrium with its
precursor in a reversible reaction but forms large amounts of dioxins only in the
presence of an alkali (Langer et al. 1973). Irgasan DP-300 can be chiorinated and
otherwise modified chemically without inducing ring closure (Nilsson et al. 1974;
Yang and Pohland 1973). “High amounts™ of predioxins have been found in
commercial products in which no dioxin could be detected. Another study revealed
predioxin concentrations as much as 20 times greater than dioxin concentrations
(Jensen and Renberg 1972). In still another study, the concentration of
hydroxypolychlorodiphenyl! ethers (predioxins plus isopredioxins) was more than
50 times the dioxin concentration (Deinzer et al. 1979 ; Chemical Engineering
1978). Although not specifically noted in published literature, predioxin formation
appears to be more likely than dioxin formation. It is possible that steric or
electronic hindrances interfere with the final step of ring closure, and that
predioxins may be formed under less-rigorous reaction conditions.

Minimum Conditions for Dioxin Formation

Since dioxins usually are formed only in low yields. the minimum conditions
leading to their formation are poorly defined. Heat, pressure, photostimulation,

10
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and catalytic action have all been shown to encourage the reactions from
chlorinated precursors to predioxins and then to dioxins.

The temperature required for dioxin formation is variously reported at values
from 180° C to 400° C (Milnes 1971; Langer, Brady, and Briggs 1973; Crossland
and Shea 1973; Gnbble 1974; Buser [978). As previously noted. sodium
pentachlorophenate is converted to essentially pure OCDD at approximately
360° C (Langer ct al. 1973). The same series of tests indicated decomposition of
several other chlorinated dioxin precursors at temperatures from about 310° to
370° C. with formation of varying quantities of dioxins (Langer et al. 1973).

Essentially quantitative formation of many different dioxins from chlorinated

catechols and o-chloronitrobenzenes has been achieved at 180° C (Gray et al.

1976, March 1968). Direct combustion of herbicides or impregnated sawdust can

create dioxins (Nilsson et al, 1974; Langer, Brady, and Briggs 1973; Stehl] and

Lamparski 1977; Ahling and Lindskog 1977; Jansson, Sundstrom, and Ahling

1978), especially if there is a deficiency of oxygen{Chem. and Eng. News 1978), but -
the temperature of formation under these conditions cannot be measured (this
phenomenon may be limited to formation of dioxins from pentachlorophenol:
reports are indefinite). Apparently no definitive study has determined the
temperature of formation of 2,3.7,8-TCDD.

Pressure is needed to retain some precursor compounds in the liquid state to
permit dioxin formation (Jensen and Renberg 1972). At atmospheric pressure, the
boiling point of many precursors is apparently lower than the temperature needed
to form dioxins, and therefore the precursors escape from the reaction vessel before
decomposition reactions can occur,

’ Irradiation of pentachlorophenol with ultraviolet light has caused the formation
of OCDD (World Health Organization 1977; Crosby, Moilanen, and Wong 1973;
Plimmer et al. 1973; Crosby and Wong 1976). Irradiation of 2,4-dichiorophenol,
however, energized the hydrogen atom at position 6 of onc ring and created a
predioxin as a principal product, but ring closure apparently did not occur
(Plimmer et al. 1973). This experiment also produced a dihydroxy biphenyl,
probably through the competing reaction described previously. It has been
postulated that although dichloro, trichloro, and tetrachloro dioxins may be
formed by irradiation, they do not accumulate because they decompose rapidly by R

- the same mechanism (Crosby, Moilanen, and Wong 1973). As outlined in Section
5, the less-chlorinated dioxins are unstable when exposed to ultraviolet light.

In iaboratory production of dioxins, catalysts have been used to increase
reaction rates and reaction yiclds. Powdered copper, iron or aluminum salts, and
free iodine have been used (Pohland and Yang 1972; World Health Orgamization
1977). and all of these are known to stimulate many reactions of chlorinated
organic compounds (Wertheim 1939). One report indicates that heavy metallic ions
may decrease decomposition temperature (Langer et al. 1973). Presence of heavy
metals may, however, only encourage competing reactions: the silver salt of -
pentachlorophenol, for example, decomposes at about 200° C to yield
polymerized materials but no dioxins (Langer et al, 1973).

Formation of dioxins is an exothermic reaction (Langer et al. 1973) that releases
heat as the molecules contract into a more compact arrangement. No published
data define the amount of heat created by formation of the various dioxins.

Once formed. the dioxin nucleus is quite stable. Laboratary tests have shown
that it is not decomposed by heat or oxidation in a 700° C incinerator, but pure
compounds are largely decomposed at 800° C (Ton That ct al. 1973). A recent
report states that the nucleus survives intact through incineration up to 1150° C
(Crummett of Dow Chemical Company indicates temperature should be 1050° C)
if it is bound to particulate matter (Rawls 1979; Miller 1979; Ciaccio 1979).

Chiorinated dioxins lose chlorine atoms on exposure to sunlight or to some types
of gamma radiation, but the basic dioxin structure is largely unaffected (Crosby et
al. 1974 Buser, Bosshardt. and Rappe 1978). In comparison with almost any other

A ——————
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organic Acompound. the biological degradation rate of chlorinated dioxins is slow,
although measured rates differ widely (Zedda, Cirla, and Sala 1976; Commoner
and Scott 1976b; Matsumura and Benezet 1973; Huctter 1980). -

LABORATORY PREPARATIONS OF DIOXINS

The first report of intentional preparation® of this class of compounds occurred
in 1872, when Merz and Weith described the preparation of
“perchlorophenylenoxyd™ by thermolysis of potassium pentachlorophenate ().

Hugounenq (1890) reported that the treatment of pentachloroanisole (2) with
concentrated sulfuric acid also gives “perchiorophenylenoxyd.™

ci cl : a cl
—-é—> PERCHLONSPRENYLEROAYD <E2—J—
Cl Cl Ct Cl
Cl Cci
1 2

Soon after these reports, Zinke (1894) and Blitz (1904) showed that heating
heptachlorohexenone (3) to 200° C gave “perchlorophenylenoxyd.” Not until
1960 was it shown that “perchiorophenylenoxyd™ is octachlorodibenzo-p-dioxin
(OCDD) (4) {Denivelle 1960).

cl Cl
Ci
C 200C - _ Cl o) Cl
Cl Cl Ci O Ct
cicl Ct ci
2 4

The mechanism of the reactions reported by Zinke and Blitz remained unknown
for over half a century. In 1961 Kulka showed that heptachlorocyclohexenone (3)
climinates a molecule of hydrogen chloride at abowt 180° C to pive
hexachlorocyclohexadienone (5). Kulka proposed that this compound, on heating

* according 1o of Dow (? ) Company (Rawls 1979). dwoxins have been prepared since
“Prometheus stok fire from the gods and brought it fo mankind =
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to 200° C, loses a chlorine radical to give the pentachlorocyclohexadienone
radical (6) (or its resonance isomer, the pentachlorophenoxy radical (7)), which
.then dimerizes to give (4) and a molecule of chlorine.

o o o
C! Cl‘so.c : Cl Cct 200°C Ci Ci
—HCI + ~——Clo+
Cl Cl - Cl Cl ] cl
cia cici - Ci
3 5 6
(o} Ci o
ct O Xy Cl Cl - C!
Cl, + ‘
: ci 0N i (o LN
Ci cl Ci

&
I~

The mechanism that Kulka proposed. supplemented with earlier work by
Denivelle (1959, 1960). mtiated numerous reports on the preparation of
halogenated dibenzo-p-dioxins under neutral or acidic conditions. A number of
these reactions are listed in Table 3

Bayer (1903) patented a process for the preparation of dibenzo-p-dioxin (8) from
sodium o-chlorophenylate (9). This procedure, which is an exiension of the earlier
work reported by Mer/ and Weith (1872), is based on Ullmann’s preparation of
diphenylamines (Ullmann 1903) and is generally referred to as a modified Ulimann
condensation {Aniline 1973). Although the yields of the modified Ulimann reaction
rarcly exceed 30 percent. this procedure was standard for the preparation of both
substituted and unsubstituted dioxins until the carly 1970%. Examples of the
utithization of this process are given in Table 4. showing minor as well as major
products of reaction, where apphcable.

Q o
[::]:Cl N [::[Q]::)
8 :

g
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TABLE 3. PERHALO DIBENZO-p-DIOXINS VIA FREE

RADICAL REACTIONS
item Reactant Conditions Product (Yieid)" Ref.
OH 0 a cl
ot a o ct ag0 c o a
@ ]i't[q{_ ﬁ 756°-300% I:[ ﬁ o b
" ci ~Ci 25min c o cl
a ad (v ct
40 0g

a %]

oM
o a 3T T S o a
@ +  Cly 1,24 TRICUORBENZENE o3 ¢
~a o . 16 a o o
a

25¢ 15

c c
c ct _onnd, a (o] o ’
@ 210% 2807 o e
a ct tmia of [¢]
c c
(o] Ct 1.2,4 TRICHLOROSENZEKE CI
@ + B (m) c
o o REFLUX 16h

OH
o

c + § 24 TRICHLORS :uzsut c
ot

c

oH o
Be B c

® ¢ '"°‘z : Fam e

Br Br C cr\®* lrz Br (152)
B

cra 120°-360%
35¢ 8.2¢ I
Br Br
Br cx .n ] a o B 52)
®. ) c
u Brz Br cl (15p)
a C' 300°-350% Br Br
0.2g 30min
(continued)
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TABLE 3 {continued)

ttom Reactant Conditions Product (Yield)® Ref.
OH Ci cl .
a a a o ci d
©) 300°% ) e
ct 1 c e Cigrgomy
ct e c
o ¢
ci mm o Fo) cr
260% d
(¢ ] Ct ci o (o}
(o] cl cl
o Ct Ci
a cl c o ct
@ 260°¢ d
o cl ct Y cl
c o ci o
o
CDU Z ‘ol c
Ct Ct ] o] Ct
ci i 260-288% d
Cl o ct
ct Cl
c ct -
¢l o -
. o
(e} ct
c c
c
OH o] Lol cl
cl ¢l ci cl ct o) o]
@ ¢ 120-200°c @) g
o] Cl  Ci [+ I Ci O cl
(] ac cl c
200, 5¢
OH o (o] cl
c c c ot o cl
@ I 120-200% (80%) 9
c ci G ¢ al o o
ct Ci C c ct
222¢ &2
fcontinued}
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TABLE 3 (continued)

itam Reactant Conditions Product {Yield)" Ref.

o a
@ M0 a ° o
m c QUINOLINE o] 0O ct

c c

2—if no yield s stated, no value 13 reported in reference
b—Kulks 1965

¢—Kulka 1961

d—Denuvelie, Fort, and Pham 1859

e—Gribble 1974,

{—~Sandermann, Stockmann, and Casten 1957
g—Kaupp snd Klug 1862 . .

TABLE 4. ULLMANN CONDENSATION REACTIONS

mm Reactant Conditions Product {Yieid)" Ref.

o
(D C[ 7°, 1 O O )
o
cu, -
CHy Gt
180-200%¢ o
©) Cu. Cu(Blc), o
CHy
CHy
]C[ 199-200% QOOCH
Cu, Cu(DAc), & fo] CH,
190-200% OCH,
/©:o tu. Cu(Bic), ,@ U
cH;, CH40
oK
o LUt oo
+
cHy 8 - CHy i
L™
% O
OCHy

(2]

[}

2]

o

{continued)
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TABLE 4 (continued)

item Resctant Conditions Product {Yield)® Ref.
oK OCHy
Toich il o)
[ -
® L, CLI,
. CH,0

‘ oK
B o
® * cLo
Br : °
OCH;
coo™
o
| e
) : cH;O o
o a 160° oy~
® "X : o
ONa L] c
o 168%¢ 0
® CL s CLO
Na th o )
8_99n0 o
°o g CUD =
. Br 1iBmin o .

L T D ew
fu (0.2
1 3h %)
5g
OK Br o
® ChLJ % CLO ewn
Z Bt KO ./\ (o]

Zh
3.5 N __

4.5¢ @O | \I
(8.08g)
O N ¢
N

-

{continued)
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TABLE 4 {(continued)

ttem Resctant Conditions . Product (Yield)" Ref.
OO, T O
Br K R x x o
3.5¢ N o (TRACE)
s N
. OCH,
®@CL, 0
3min g
OH O
OH
Br CH3Q Br 180% o
()(::[ v KM, o [:I I:J (0.164g)
oH . 3Bmin o N
5.718¢ 6.50g
OCH,
CO
0.287p)
o (0.287¢
OCH3
0]
(0.1322)
O
OCH;,
c Ct [+]
(¢} K
8 [»} O a
@ Iﬂ:'t (20mg) K
ci c n c 0 o
(v] . c Ct
3.25¢
Br Br Br
Br oK 0%  Br o Br
@ Cu Uomp) &
Br Br 2 Br 0N 8r
Br . . Br Br
3.15¢
Br
0 % F Lo
Cu (40mg) K
BF 1.5k Br o
3.25g
{continued)
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TABLE 4 ({continued)

Itern Reactant Conditions Product {Yield)' Ref.
Br Br
OK 180% o
O] t (4mg)
Br 1.5h o
1.5 Br
o
ONa 21 o Ci
@ 0.3g Lu 0.5
: 3 (] o
cl .
3.7
oK
ct 198% o
® O O -
ah O
oK CHy
Cia Br 195% o
. Cu POWDER (50 ng)
Itein o
2E CHy
oK OCH,
CHO Br 200%¢ [+] CH;
@ Cu POWDER, . ° (2500g)
1.5h CHy
° CH, OCHy
10g
Br Br
oK 180°%¢ o]
C)' Tu POWDER {3.1g)
Br 1h (o]
bg - Br
oH Br
Br A\ -Br 145%¢ o
®@ i Ca PORDER. PYRIDING Qowp)
F .50 0
it B

{continued)
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TABLE 4 (continued)

item Aeactant Conditions Product {Yield)" Ref.
T CHy CHy  CHy
CH,. 14s5% [ T CHy
@ Cu POSOER, PYRIDINE (ag) ©
CH, Br 3h CHy (4]
CHy CHy  CHs
L11g
c oK ct
[»] o<} 5% (o] o R
® + . P
c ] a o
a [} .
c' .
”(ffl;t
o 1
a
ct o
o o ci
ct o c
ct ct .
oK oK o]
o] . o a
@ O . .
cl ) ¢l o o
o . Ct ci
ct
“CLL
a
c Ci
Ci o Cl
¢l o 1
a a
{continued)
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TABLE 4 (continued)

Item

Conditions Product  (Yield)' Ref.

OK OK
(::) cl ] cl
)
a Cl C
. a a

{continued)

0%
t-4h

BONeE
[} O a

CI ct
(o] [s] Cl
e O c
ct ct

o]

t-4h

o]
290% ct o ct
p

o (o]

a (o]

2

[

C! o:@[Cl

[¢] 0 Ci P
ci

_—
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TABLE 4 (continued)

Item Reactant . Conditions Product (Yield)" Ref.
" oK oK o c
c o I - BRI o o c
C) + 1-4h
c a ct to} o
(s} o c
oK o] C
. o o ' c O
® I-4h o P
.- . [v] 1
o ci
ox o \“
o e o oIi;[a
14k
CD cl Ct aj:;IO ct P
a c
w0
ct o
O
c 0 c
WX
oK oK ct a
Cl ct Ct 780% o] o 3
C) + 1-40 4
ct ct e} o Ct
a c a
ct
OO,
e}
c ct
L
o o ol
NiNoR

[« ] ct
BOHSH
G O
a R
{continued)
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TABLE 4 {continued)

ftem Reactant Conditions Product (Yidd)' Ref.
OK o] Cl
@ ClﬁCI 200% CI\(\jo l N
1-h P
‘15( ~Ci \Tﬁf [o] Z “Cl
[0t} (] (o]
Ct
Cli o Ct
Ct (¢} C1
Ct
Ct Ct
cl:I::t:]:() Cl
ci (¢}
(o]
cl ci
cu:@o c
[o]
o MR ct
oK oK ct (v}
|
@ ci Cl . clt[m 290°C ct (s} R
cl ¢l o foan o cl
Ct Cl Ct
Ci Ct

Q Q
Qo ©°
Q

[¢] Ct
(o] Ci

Ci ct

oK OK Ci

a
@ c a , o 5% c oﬁ .
I-4h
cl o a ci o c

a [¢] Cl

{continued)
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TABLE 4 (continued)

itom Reactant Conditions Product {Yisld]' Ref.
oK oK cl
C)Cl ci i\ cl % c'l\‘o ci
+
4 T-4h
cl G -~ o o o cl
cl ct C Ci
c ci
cl o o)
ct o c
ct ci
oK c (]
1
@ Ct Cl s Ci ct 2% ) o »
) i o I-4n o ¢t
ct Ct (] cr
cl
[} o [of]
o] O Cl
(]
ct cl
"
o 0o
ct
ot ci
ct [e) Ci
(WINOR)
ot (o] c
ct o
(] o
ct o Cl
Ci Ct
Cl
cl o ct
o o cl
Ct (&}
{continued)
24
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TABLE 4 ({(continued)

Item Reactant Conditions Product {Yield)' Ref.
oK oK [+:] Cl
(o]
(] C! . cl C 280% ct (o]
[e] cl Ct t-ah ¢ (o] c
a Ci (o] cl
8—If no yield i1 stated, no value 1s reported 1—Fupta et 8. 1956
In reference j—inubushi et al 1958
b—Cutinane and Davies 1936 k—Tomita, Ueda, and Narisada 1959
c—Tormta 1933 I—Denivelle, Fort, and Hai 1960
d—Tomits and Taru 1942 m—Ueda 1962
e—Juha and Badlarge 1953 n—Ueda and Akio 1963
{—Tomita, Nakano, and Hira1 1954 o—Ueda 1962
g—Tomita and Yag: 1958 p—Buser 1975

h—Fupta and Gota 1955

As the reactions in Table 4 show, dioxins have been formed from the alkali metal
salts of ortho-halophenols through pyrolysis at temperatures of 200° 10 300° C
for several hours, usually in the presence of copper powder or copper salts. Entries
23 and 24 in Table 4 show that much milder conditions (pyridine as the base and a
temperature of only 145° C for 2 to 3 hours) can give significant concentrations of
dibenzo-p-dioxins (Ueda 1963).

The mechanism for this type of reaction was gencrally believed to involve a
nucleophilic attack of the phenoxy ion on a second phenolate ring (Buser 1975),
followed by expulsion of the halide to give the o-halophenoxyphenate (10)
(predioxin). An intramolecular nucleophilic aromatic substitution followed by
expulsion of a halide gives the dibenzo-p-dioxin (11).

O5em®
ote
xXr & N

LT [ o
X ’\y

Oy xT (= AN X Oy
l | ]J=——F | J—U, I\,
YEONK VS 2 AP X 33~y

1 10

X=leaving group
(e.g. Cl, F,Br, |, NOZ’ SO3R)

M=alkali metal cation

Y=any substituent group
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In 1974 Cadogan, Sharp, and Trattles proposed a more reasonable mechanism
involving the & -ketocarbene (12), which is attacked by the phenoxide to give (10).

Y\ ®N®a
G%N(? y 0 @. (%a(o-:—)

(Je=-C 1 - (LG

12 10

They also proposed that the conversion of the o-halophenoxyphenate to
dibenzo-p-dioxin occurs via a benzyne intermediate (13).

Q

LG =L @~Q Q)

10

The evidence in favor of this mechanism is quite convincing since both ortho-
and meta-halophenoxyphenates are converted 1o the same dibenzodioxin, as
shown below.

@3@\ o
o 3 SCLO—Cu0
ol

As shown in Table 4 (items 5, 6, [1, 13, 25-28, and 31-35), complex mixtures
result from attempts to prepare unsymmetrical dibenzo-p-dioxins using the
modified Ullmann reaction. An early attempt to circumvent this problem involved
the synthesis of a protected form of the unsymmetrical predioxin intermediate (14)
(Tomita 1938) followed by its conversion to the dioxin in a separate procedure as
shown on the next page (Tomita 1938; Keimatsu 1936).
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CH3 CH3

HOAc
CH

CLo e oy
% P HO OH

This procedure has the advantage of giving a single dibenzo-p-dioxin isomer;
however, it is limited in that yiclds of the dioxin rarely exceed 10 percent (Tomita
1938).

A newer and more general procedure for the preparation of unsymmetncal (as
well as symmetrical) dibenzo-p-dioxins involves the reaction of catechol salts with
ortho-dihalobenzenes in dimethylsulfoxide (DMSO) (Pohland 1972; Kende 1974).

%K@ e o
(I@o,é ¥ CD DMSO " OOD

REFLUX

This procedure is a modification of a much earlier approach to the synthésis of
dibenzo-p-dioxin, which suffered low yields (Tomita 1932) or no dioxin formation
{Fujita 1955). The improved process gives very high yields of dibenzo-p-dioxins
when dimethylsulfoxide is used as the solvent. Whether this result is simply a
solvent cffect or DMSO plays a chemical role in the reaction has not been
determined. Examples of the utilization of this reaction for the preparation of
«<benzo-p-dioxins are included in Table 5. -

TABLE 6. CATECHOL-BASED REACTIONS

tem Reactant Conditions Product i Yield)" Ref.
200% o
@ SO, B T POVDER @ ]@ b
Z oK Br CuNOy o
7.75¢ 5.9¢ n A
oK Br 180
@ + tu POWDER (O REACTION) ¢
XANOK Br 2
|~
{conuinued)
27
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TABLE 8§ (continued)

Item Reactant Conditions . Product {Yield)’ Ref.
c
@ ClL O, = CCE w .
OH CI C * o ct
@ +Br xon 0 8r
S0, ° pe (B9 e
® CCooC W CC
on F ™30, & Ao g e
a c
OH Cj XOH o
® F 5o, & @) e
OH C1 ct (o] ct
o ct
a o
® o u L
OH Ci cl oNse, H o a (41%) e
& &
c
H O ct
® O . COCC
W Ci 50,8 o .
ct
(35%
+ oy
c
CL”
O
a
cl c
oH c
® + ] °
oH ot ousg. A o
¢ c
(48
* oy €
Cl
Sey
o
{continued)
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TABLE & ({(continued)

item Reactant Conditions Product (Yield)® Ref.

onc» CH,y 0o ci
Ol SIS & G- § % B T
CHS oNs0, H cH: O

e
cH Br Br CH
® LI s I
CH, OH Br B M0LO oy, 0 NA g, e
N0 (]
© JOESCL e O
OoH Ci Rs3, & CI- N0 ct
ci OH Q)
® JOLJIOL win O e -
ci OH CI '
cn oH O cl o a
® xon I:[ (e e
cv OH CI s, & a o
a
t

cl oH Cilx o ct + A ci i
® I wra  JCIICT
CI A 0H O NF et ) ch oY to

t—Eventy distributed carbons b—Tormita 1932
$—Preparanion of undormiy labelied **C TCOD c—Funa and Gota 1955
somers (148 mithcurne/mithmole} d—Pohland and Yang 1972
a—Mt no yreld 15 stated, no value 1s reported e—Kende et at 1974
n reference {—Rose et al 1976

Although no mechanistic studies of this reaction have been reported, it is clear
that the initial attack of the catechol dianion on the polyhalobenzene does not
occur via a benzene intermediate, since in item 3 of Table 5 one would expect two
different dioxins, which is not the result. This doces not preclude the possibility that
a benzyne intermediate is involved in the conversion of the predioxin (15) to the
2,3dichlorodibenzo-p-dioxin (16), as has been proposed for similar predioxin
cyclizations (Cadogan 1974).
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ONLY OBSERYED PROBUCY NOT OBSERVED

Numerous approaches to the preparation of substituted dioxins are based on
claboration of the dibenzo-p-dioxin skeleton via electrophilic aromatic
substitution reactions. These applications are summarized in Table 6.

TABLE 6. SUBSTITUTION REACTIONS

e cooes s oraata

CE S % S RIS O G AN
SO

@ QLD + = mwe JCLCL,

© O -+ = RS S A
Seuey

{continued)
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TABLE 6 (continued)

Item Reactant Conditions

Product {Yieid)" Ref.

®CRD & o oy
® CLICL,
® CLICL =
® CLICL " =
@ ©CLIC( -
© L e

T
0
@[o t Gl FeCly. 15(CAT)
T

OCH,

® L ¢ -

OCH;

® CLO o

{continued)

3

c o (]
]L/:[ :@ oy b
ct o (v}

+ PENTA-CDO AND TR1-CDD

ct o) ct
LI =
ct o (o]

Br o o
:C[ ]E:[ t16%) ¢
Br o ci

Br o 8r
L e
Br O Br

c (o} F
I o«
cl o] F

T
o
d
o]
]
T

o

g Y
0'0 o 0
e @
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TABLE 6 (continued)

o <

Item Reoactant Conditions

Product {Yield)" Ref.

® @Z@ ‘m"::,u'c

o™

T e LT

® @2)@ +RCOCI  we,
©.,CLT™
"{:\;\[EON& HOND, Cuc!
@ OZ]@ t1. HoAe

4.6
@ mOI\j - TaewmLTnion
~F -0 & N
8.2g

® OO . oW .
0 By, HoAc, 120°C
o
D bry. WOke, 120°C
0

4.5¢

0
@ @ ]@ B1,.M0c, 120%
o
@ O
Cly Fetly, |
o 2 Fetly 1y

26g

{continued)
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TABLE 6 {continued)

Item Reactant Conditions Product (Yield}" Ref.
o Br 0 Br
@ Q O& Bry, HOAe ji:[ Q (60ag) 1
Br [¢] Br o Br
S0mg
Ci ct
o a [s] Ci
Cl,, FeCly, 1 i
@) @o@ 7Y g 0 i
Ci C
B8r Br
o Br (o] Br
@ @ ]@ B, Ol m
(o] Br (o] Br
0.5¢ Br Br
o ct o o
® CLO o X ew
0 cl o ci
0.2g
Br o Br
@ CI LI -
o 8, Br o Br
0.5

a—if no value s stated, no valve 1s reported  g—Tomita 1937

n reference h—Ueo 1941
b—Gilman and Dietrich 1957 1—Gilman and Dietnich 1957
c—Kende et al 1974 1—Giiman and Dietrich 1958
d—Vinopal, Yamamoto, and Casida 1973 k—Sandermann, Stockmann, and Casten 1957
e—LUeda 1963 I—Tormita, Ueda, and Nansada 1959
{—Yomita 1935 m—Denvetie, Fort, and Has 1960

As indicated mn Table 6, electrophilic aromatic substitution occurs first at
position 2. (The dioxin numbering sequence is shown in item 1.) If the newly
mtroduced substituent is deactivaung (halogen or nitro), the next attack occurs at
either position 7 or 8. Gilman (1957, 1958) found that position | can be metalated
by treatment of dibenzo-p-dioxin with alkyl or phenyllithium reagents ailowing
this position to be substituted.

Miscellaneous Dioxin Preparations

Buser (1976) has developed a method for the preparation of qualitative
standards of polychlorinated dioxins based on the photodechiorination of
octachlorodioxin (Crosby 1971. 1973), Irradiation of octachlorodibenzo-p-dioxin
yields a mixture of tri-, tetra-, penta-. hexa-, and heptachlorodibenzo-p-dioxin that
i useful for the analysis of materials suspected to contain polychlorodioxins.

Lester and Brennan (1972) have patented a process for the direct conversion of
substituted phenols to substituted dibenzo-p-dioxins with a palladium-copper
catalyst.

KR]
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finmel Mﬂz

R
i S 340amel Cutl, Q:O]Zj
100sms) NaOA -
7 OH no:::.ls?:uxc o
R R

R = H,CH,, CH,CHs, OCH,, NO,

Although the mechanism of the reaction has not been studied, the reaction is
important in light of the widespread industrial uses of phenol and phenol
derivatives. .

An interesting procedure for preparation of dihydroxydibenzo-p-dioxins is
based on the oxidative coupling of polyhalocatechols found by reduction of the
resulting quinone (Frejka 1937).

cl Cct cl
N OH  NaNO,  © o o
- ~F~on  HOAcH,O Ci o o
c cl ct
Sn,HCl or
802
ct cl
ct o OH
ci o OH
Ct cl

Although the yields from this process are modest (15 to 35 percent). the reaction
proceeds under very mild conditions.

Discussion of Reaction Chemistry

On the basis of the daia presented thus far, certain generalizations can be made
about the conditions under which formation of dioxins (both halogenated and
nonhalogenated) is probable.

First, and most likely, is the formation of dioxins on treatment of o-halophenols
with basc at elcvated temperatures. The strength of the base required to effect this
reaction depends on the particular phenol involved; however, there is adequate
precedent for the ability of relatively weak organic bases such as pyridine or
quinoline to effect dioxin formation. The temperature range required for dioxin
formation varies with the particular o-halophenol; however, | percent yields of
halogenated dioxins have been formed at temperatures as low as 145° C. (See Table
4, item 23.) :

* The presence of an ortho-halogen on the phenolic starting material is not an
absolute requirement for dioxin formation. According to the mechanism proposed

34
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by Cadogan, Sharp, and Trattles (1974), all that is required is a substituent ortho to
the phenol that is capable of acting as a leaving group.

Q

o] 0
= Dioxins

x ()

Other substituents should be capable of elimination to give the « -ketocarbene
and thus dioxins. Among those in addition to the halogens are sulfonic acids,
sulfonate esters, nitro groups, and carboxylate esters.

A second possible source of dioxins is the treatment of halogenated phenols with
reagents conducive to the formation of the corresponding polyhalogenated
phenoxy radical (i.c., treatment with halogens or other mild oxidizing agents).
Although this reaction has been used only for the preparation of perhalo dioxins
(in yields of more than 80 percent and 200-gram quantities), there is no reason why
the reaction could not produce the lower halogenated derivitives of dioxins. (See
Table 3, item 2.)

A common practice in the preparation of polyhalobenzenes by electrophilic
halogenation is neutralization of the acid byproduct with alkali hydroxides. This
process (or simply a basic wash of product during the isolation procedure) can lead
(via nucleophilic substitution) to a halogenated phenol, which upon distillation
may produce dioxins.

C) o
XX OH X A\
C[ | _ - Dioxins
v/ " Y ‘

The treatment of catechol salts with o-dihalobenzenes is 2 particularly efficient
method for the formation of dioxins, both halogenated and nonhalogenated. Also,
the treatment of polyhalocatechols with mild oxidants can produce significant
quantities of halogenated dihydroxy-dioxins.

Of particular concern is the treatment of aromatic compounds under oxidizing
conditions at clevated temperature. Several industrial processes involve the
oxidation of benzene, toluene, and naphthalene under “semicombustion™
conditions. In light of the studices such as that by Dow Chemical Company (Rawls
1979) on combustion sources of dioxins, the “tars” from these processes (which are
often generated in considerable quantitics) deserve further study.

The mechanistic aspects of dioxin formation discussed in this section represent
the current understanding of these reactions; however, several experimental
observations about dioxin formation cannot be explained by the current theories.
The formation of four isomers of hexa-CDD on pyrolysis of 234.6-
tetrachlorophenate (Higginbotham 1968; Langer 1973), including the 1.2,3,7,8,9-
hexa-CDD (Buser 1975), can be expiained in terms of the predioxin intermediates,
(17) and (19), undergoing the Smiles rearrangement as shown on the following
page.

As the diagram shows, the initially formed predioxin intermediate can proceed
directly toward dioxin formation (path a) or can undergo the Smiles
rearrangement (path b), which leads to new predioxin intermediates 18 and 20. The
nwewly formed predioxins can then react further to give a different dioxin or can
undergo the Smiles rearrangement to regenerate the original predioxin. This

35

Are———————
DEP\DAC1200&4



interconvertability of predioxins often leads to mixtures of dioxin products which
are otherwise difficult to understand.

An cqually disturbing mechanistic point is the observation that numerous
pesticides are contaminated by polychlorodioxins, which would not be anticipated
on the basis of the feedstock materials and reaction conditions. An example
reported by Fishbein (1973) is the presence of significantly higher concentrations of
hepta- and octachiorodioxins than hexachlorodioxin in commercial 2,3,4,6-
tetrachlorophenol, also known as Dowicide-6 (see Table 9 on page 58).

The Dow Chemical Company (Rawls 1979) has proposed that the
polychloredibenzo-p-dioxins undergo disproportionation and establish an
cquilibrium mixture of halogenated dioxins. No experimental evidence in support
of this proposal has been published.

[« ] (=) ] o
@ & R o L& A o
O — o + NaCl o .
Ct Ci [a) [« [w] [«) (=} Q
a [=] [+ a

o

19 [+l o < 17

PREDISXIN o ) & a PREDIOXIN
S

PATH o PATH b\\ ""‘ ' PATH b

o
L °3¢f
c"m@ o Q +NsCt

o \\ \\ 1.2.4.6.7.5-HEXA €0

Q u
] s 0 o
- X
[} o a o & o]

a O n® Ns+ T
1,2,3,6,7,8-REAR COD 2
lf LT}
c [+ a o]
20 [} [e] (o] " o
T X 2
PREDIDXIN c|° O (] o <
Na* ] e®!
Gt [+ < cl
= 0. 1= o]
« NaC1 * NaCY
o Q [»] [ol} (o] Ct
[ 1
1,2,3,7.8,9-0ExA COD 1,2,4,6,8,9-06x2 CDO
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SECTION 3
SOURCES OF DIOXINS

This section discusses in detai} the possible sources of dioxins. The first
subsection deals with the basic organic chemicals with the greatest potential for
byproduct formation of dioxins. Subsequent subsections examine chlorophenols
and their derivatives, hexachlorobenzene, dioxins in particulate air emissions from
combustion. dioxins i plastic, and dioxins produced for research.

»

ORGANIC CHEMICALS

Because of the very large number of organic compounds and their varying
proclivitics to form dioxins, the compounds were screened initially on the basis of
molecular structure, process sequence, and commercial significance.

As a means of focusing attention on those organic chemicals most likely to be
associated with the formation of dioxins, they were placed in the following
classifications:

Class_}—Polyhalogenated phenols, primarily with a halogen ortho to the
hydroxy! group. with a high probability of dioxin formation. Products with such
compounds appearing as intermediates are also considered. Manufacture of
these materials normatly involves reaction conditions of elevated 1emperature
plus either alkalinity or free halogen presence. either of which is conducive to
formation of halogenated dioxins.

Class _11—Ortho-halophenols and ortho-halophenyl ethers where the
substituted groups are a mixture of halogens and nonhalogens. Processing
conditions are similar to those defined for Class I and produce mixed
substituted dioxins. The distinction between Classes | and H is arbitrary and

does not indicate necessarily a difference in likelihood of dioxin formation.

Class_111—Other chemicals having the possibility, but fess likelthood. of
dioxin formation. These include [} ortho substituted aromatic compounds
requiring an unusual combination of reaction steps to produce dioxins, 2)
aromatic compounds that might form dioxins because of their production under
semicombustion conditions, and 3) products that might contain dioxins by way
of contamination of their starting materials.

Since only commercially significant products are of interest in this study, the
listing is hmited to thosc produced 1n quantities in excess of 1000 pounds per year
and/or whosc sales reach $1000 per year, as required for listing in the Stanford
Research Institute Directory of Chemical Producers. The product lists are based
on commescial production during the past 10 years.

Table 7 lists and classifies commercial orgamic chemicals selected as having a
relationship to dioxin formauon or presence. Structures are shown for Classes |
and Il, the chemicals of primary importance. Class 111 compounds are listed by
name only. In addition, Tables Al-5in Appendix A give further information on
the producers and production sites of organic chemicals.

Most of the organic chemicals considered are used as manufacturing
imtermediates or at least are subjected 1o subsequent formulation or fabrication.
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Thus further processing may introduce additional possibilities for dioxin
formation, contamination, and exposure not contemplated within the scope of this
study.

Toxicity of the many substituted dibenzo-p-dioxins varics widely. None are
excluded from consideration here since disproportionation and other composition
shifts may bring about changes from lower 10xicity forms to higher (Buser 1976).

The intended reaction mechanisms for each Class 1 organic chemical are shown
in Figures 2 through I2. The sequence is shown from left to right across the top of
each figure, and the possible dioxin side reaction mechanism diverges to typical
dioxin byproducts at the bottom of the figure. The specific dioxin products shown
are those for which reasonably straightforward mechanisms can be postulated. ln
many cases more complex and secondary mechanisms may produce dioxins in
addition to those shown.

TABLE 7. ORGANIC CHEMICALS RELATED YO DIOXIN FORMATION

Class |
OH
Ci
4-BROMD-2, 5-D 1 CHLOROPHENOL
Cl
Br
OH
Ct

2-CHLORO-4-FLUOROPHENOL

F

Br Br Br B©Br
BECABROMOPHENOXYBENZENE Br (o) Br

Br Br Br Br

OH
Br
2, 4-D1BROMOPHENOL
Br
OH
2, 3-DICHLOROPHENOL cl
Ci

{continued)
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TABLE 7 (continued)

Class | {continuved)

Ci
2,4-DICHLOROPHENOL

velave

Ci
2,5-DICHLOROPHENOL
Ci
OH
Ci Ci
2,5-BICHLOROPHENOL
OH

3,4-D1CHLOROPHENDL

b2

Ci
OH
Br Br
PENTABROMOPHENOL
Br Br
Br
Br

2.4,5-TR1BROMOPHENOL

2
—Q——o
I

{coptinved)
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TABLE 7 (continued)

Class | (continued}
OH
i
2.4.5-TRICHLOROPRENGL
Ci
o}
Class 1l
OCaHsg
Br
BROMOPHENETOLE
0-BROMOPHENOL OH
Br
OC,Hsg
: X
2-CHLORO-1, 4-DIETHOXY-5-N1 TROBENZENE I
O,NNF
OCaHs
NH,
OCH;
5-CHLORD-2, 4-DIMETHOXY-ANILINE
Ct
OCH;,
OH
Ct
CHLOROHYDROQU | NONE
OH
{continued)
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TABLE 7 (continued)

Class Il {continued)

D-CHLORDPHENGL

2-CHLORO-4-PHENYLPHENDL

4-CHLORORESORCINOL

2,6-DIBROMO-4-N I TROPHENOL

3.5-DICHLOROSALICYLIC ACID

2,5-011000-4-NI TROPHENOL

{continued}

4i

©/c1

Ci
vo/ \
OH
OH
Ct
OH
Br Br
NO,
COOH
OH
Cl (od]
OH
I 1
NO,



TABLE 7 (continued)

Class W (continued)
COOH
OH
3 ,5-DI1ODOSALICYLIC ACID
I 3
OCH,
F
0-FLUDROAN | SOLE
OH
F
0-FLUDROPHEROL

AN
TETRABROMOB! SPHENOL -A HO c
=/
cl CH, cl
I
TETRACHLOROB I SPHENDL-A HO tI: Qon
c! CH cl

Class I

-PE:

go-2
is’
0
"

3-Amino-5-chloro-2 -hydroxybenzenesulfonic acid
2-Amino-4-chloro-6-nitrophenol

o-Anisidine

Benzaldehyde

Bromobenzene

o-Bromofluorobenzene

{continued}
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TABLE 7 (continued)

Class §li {continued)

o-Chlorofluorobenzene
3-Chloro-4-fluoro-nitrobenzene
3-Chloro-4-fiuorophenol
4-Chloro-2-nitrophenol
Chloropentaftivorobenzene
2,4-Dibromofiluorabenzene
3.,4-Dichioroaniline
o-Dichlorobenzene
3.4-Dichlorobenzaldehyde
3.4-Dichlorobenzotrichloride
3.4-Dichlorobenzotrifiuoride
1.2-Dichioro-4-mtrobenzene
3,4-Dichlorophenylisocyanate
3.4-Difluoroaniiine
o-Difluorobenzene
1,2-Dihydroxybenzene-3.5-disulfonic acid, disodium salt
2.5-Dihydroxybenzenesulformc acid
2 5-Dihydroxybenzenesuifonic acid, potassium saft
. 2.4-Dinitrophenol
2,4-Dinitrophenoxyethanol
3,5-Dinitrosahcyhc acid
Fumanc acid
Hexabromobenzene
Hexachiorobenzene
Hexafluorobenzene
Maleic acid
Maleiwc anhydride
o-Nitroanisole
2-Nutro-p-cresol
o-Nitrophenol
Pentabromochlorocyclohexane
Pentabromoethylebenzene
Pentabromotoluene
Pentachioroaniline
Pentafiuoroaniline
o-Phenetidine
Phenot (from chlorobenzene)
1-Phenol-2-sulforic acid, formaldehyde condensate
Pheny! ether
Phthahic anhydride
Picric acd
Sodium picrate
Tetrabromophthalic anhydnde
1.2,4,5-Tetrachlorobenzene
Tetrachiorophthahc anhydride’
Tetrafluoro-m-phenylenediamine
Tribromobenzene
1,2.4-Trichlorobenzene
2.4.6-Tnnitroresorcinol
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4-8RDND-2, 5-DICHLOROPHENOL

JIOT D, O

Br Ct

2,1-8000 2.8-BC00 2.71-08-,8-9C00

Figure 2. Proposed reaction mechanism for dioxin formation
in the production of 4-bromo-2,5-dichlorophenol.
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2 - CHLBRO - 4 - FLUOROPHENOL

OH OH
NaOCl Ci
NaOH

F F
4 - FLUOROPRENOL

o
ci i'.
F

0©

C% cl F
JOL T

fsuoy

2,7 - BEBD

Figure 3. Propused reaction mechanism for dioxin formation
in the production of 2-chioro-4-fluorophenol
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DECABRONOPHENGAYBENZENE
Br
Br Br
OoH ONa Br Br Br Br Br Br
Br. Br NaOH B B Br
— - —— Br o Br
Br
Br Br Br B B o ~
Br B
PENTABRONOPNENOL
[¢]
& L]
L]
Br Br
Br
B O Br
Br : O Be B
Br o Br
Br Br
Br l Br
Br o Br
Br o Br
Br Br

Figure 4. Proposed reaction mechanism for dioxin formation
in the production of decabromophenoxybenzene.
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OH

PHENOL

.

Figure 5.

24 oo,

OH
Br
Bry
-+ GTHER BRONOPHENOLS
Br
L 4
(o}
Br
< OTHER BROWOPHENDXY RADICALS
Br

o Br
Q ©/ 4  OTHER BRONODIOXINS
Br o .

_2.7~DBDD

Proposed reaction mechanism for dioxin formation
in the production of 2,4-dibromophenol.
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@ 2,3-DICHLOROPHENDL

Cl OH

Cl
SO Ci

s I

H280,4 @a @Cl
Cl

1,2,3-TRICHLEROBENZENE 803

ct
SO,H

309@ J@f

[
“CL,

2.1 - beop

Figure 6. Proposed reaction mechanism for dioxin formation
in the production of 2,3-dichiorophenol
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2,4 ~ DICHLOROPRENOL

OH OH
Cl,

CATALYST -
PRENOL Ct
0'
Cl
+  OTHER CHLOROPHERDXY RXDICALS
Cl

o Cl
Q ]©/ +  OTHER CHLOROBIGKINS
cl o

2,7 - bep

c

- OTHER ISOMERS

Figure 7. Proposed reaction mechamsm for dioxin formation
in the production of 2,4 -dichlorophenot.
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1,2,4 ~ TRICRLOROBENZENE 1,5 - DICRLOROPHENOL
(v ] Ct
a O OH
or
200°C
[+ ] [>]

Q

o, “f%"ﬁa
|
oL RO

2,8-0008 2.7-0C00

Figurs 8. Proposed reaction mechanism for dioxin formation
in the production of 2,5-dichlorophenol.
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2,6 - 01CHLOROPRENOL

OH OH
Ci Ct
Cl2 4 OTNER 1SDMERS
CATALYST
PHENDL
)
Cl Ct

-}~ OTHER CHLOROPHENOXY RADICALS

Cl
0]
(o]

-+ OTHER CHLOROBIOXINS

Cci
1,6 - 0CO0

Figure 3. Proposed reaction mechanism for dioxin formation
in the production of 2,6-dichloropheno!.
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_.4“ all

3, 4-D1CHLONGPRENOL

@ @X@w‘ .

1,3,4-TRICHLOROBENZENE

Cl
803H SOH
e
© @ o

ci
CIJL/:? Cl_+ SOsH
soHZ 9 : :Cl
LG
SOH O Cl

l H3PO,

L,

2.1 - DCDD

Figure 10. Proposed reaction mechamsm for dioxin formation
wn the production of 3.4-dichioropheno!
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Figure 11,

PENTABROMOPHEROL

OH
Br, . CATALYST  Br Br
Br Br
Br
0.
Br Br
Br Br
Br
Br [ Br
Br o Br
Br 0] Br
Br Br
ees

Proposed reaction mechanism for diexin formation

in the production of pentabromophenol.
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2.4.6 - TRIBROMOPHENSL

OH OH
i;fz Br Br
+ OTHER BADMOPHENOLS
PHENOL Br
00
Br Br
+ OTHER BRONOPHENOXY RADICALS
Br

Br
f o Br
+  UTAER BROMDRIOXINS
Br

2,4,1,8-1880

Figure 12. Proposed reaction mechanism for dioxin formation
in the production of 2,4,6-tribromophenol.
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PESTICIDE CHEMICALS

Pesticides are the most significant group of organic chemicals in relation to
dioxin occurrence. This statement is based on the structure and reaction
mechanism analogy, reaction conditions, detected presence of dioxins in a number
of commercial pesticide products, and a history of environmental contamination
problems, particularly with trichlorophenol and 2,4,5-T.

Chlorinated dibenzo-p-dioxins are known 10 be present in at least trace amounts
in 2 number of pesticide chemicals. These inciude 2,4,5-T, silvex, 2.4-D, erbon,
sesone, DMPA, ronnel, tetradifon, and the various chiorophenols (Fishbein 1973).
In addition, the chemical structures, reactions, and process conditions for a
number of others indicate dioxin content potential.

This study deals with production of the basic pesticide chemicals. Thus it does
not address problems of dioxin formation possibly resulting from formulation,
storage, distribution, and utilization of the pesticides. if exposure to alkaline
formation media or elevated temperatures is encountered in any of the diverse
procedures for handling and use of these pesticides, dioxin formation could be a
significant problem. .

Selection and Classification

The pesticide chemicals were selected for evaluation in this study on the basis of
molecular structure, from those listed as commercial pesticides in the Farm
Chemicals Handbook. The primary criterion was an ortho-halophenolic structure,

. or the derivative esters and salts thereof. Also considered were ortho dihalo
aromatic structures, which coneeivably could convert to phenols upon exposurc to
alkaline conditions.

A second criterion was a minimum commercial production level of 1000 pounds
or $1000 value per year. These correspond to the minimum levels required for
inclusion in the Stanford Research Institute Directory of Chemical Producers,
which was a primary reference. The lists are based on production during the past 10
years.

The pesticide chemicals considered in this study are listed in Table 8. They are
grouped into classes representing likelihood of dioxin formation, as follows:

ss_l—Highly likely to be associated with the presence of halogenated
dibenzo-p-dioxins because of the presence of an ortho-halogenated phenol in the
reaction sequence, with subjection to clevated temperature ( >145° C+) plus
cither alkalinity or the presence of free halogen.
Class Hl—Rcasonable but lesser probability of such dioxin association because
of the presence of phenolic or aromatic structures related to dioxins; although
not directly involving dioxin precursive conditions, such chemicals might form
dioxins under irregular operating conditions.

TABLE 8. LIST OF PESTICIDE CHEMICALS

General name Chemical name

Class |

Bifenox Methyi-5-{2.4-dichloroephenoxy}-2 -
nitrobenzoate

Chioranil 2,3,5,6-Tetrachivio-2,5-cyclorhexadiene-
1,4-dione

{continued)
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TABLE 8. (continued)

Genersl name

Chemical name

2,4-D and esters and salts

2.4-DB and salts
Dicamba

Dicamba, dimethylamine
sait

Dicapthon

Dichlofenthion

Disul sodium (sesone)

2,4-0pP

Erbon

Hexachlorophene

isobac 20

Nitrofen

Pentachlorophenol {PCP)
and salts

Ronnetl

Sivex and esters and sahts

2,4,5-T and esters and
salfts

Ciass Il

Bromoxynii and esters

{continued)

(2.4-Dichlorophenoxy) acetic acid and
esters and salts

2,4-Dichlorophenoxybutyric acid and salts
3.6-Dichloro-2-methoxybenzorc acid

3.6-Dichloro-2-methoxybenzoic acid,
dimethylamine salt

Phosphorothiowc acid 0-{2-chloro-4-
nitrophenyl) o.0-dimethy! ester

Phosphorothioic acid 0-2,4-dichlorophenyl
0,0-diakyl ester

2.4-Dichiorophenoxyethyl sulfate,
sodwm salt

242,4-Dichlorophenoxy) propionic acid

2,2-Dichloropropancic acd 2-{2,4,5-
trichlorophenoxy) ethy! ester

2,2'-Methylene bis {3,4,6-trichlorophenot}

2,2'-Methylene bis (3.4,6-trichiorophenol),
monosodium sait

2.,4-Dichlorophenyl-p-mitrophenyl ether

Pentachiorophenol and salts

Phosphorothioic acid, 0.0-dimethy!
0+(2.4,5-trichlorophenyl) ester

2 -2.4,5-Trichlorophenoxy) propionic
acid and esters and salts

(2,4,5-Trnichlorophenoxy) acetic acid

2.3.4,6-Tetrachiorophenol

2.4, 5-Trichiorophenot

o-Benzyl-p-chloropheno!

3.5-Dibromo-4-hydroxybenzonitrile
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TABLE 8. (continued)

Genersl name

Chemical name

Carbonphenothion

DCPA

Dichlone

Dintrobutylphenol,
ammonium salt

Loxynil

Lindane

MCPA

MCPB

Mecoprop

Parathion

PCNP

Piperahn

Propanil

Tetradifon

Phosphorodithioic acid s-{[(4-chloro-
phenylithiolmethyl] o,0-diethyl ester

2,3,5.6-Tetrachloro-1,4-benzenedi-
carboxylic acid dimethyl ester

2,3-Dichloro-1,4-haphthalenedione

2,4-Dinitro-6-sec-butyl phenol,
ammonium salt

3,5-Driodo-4-hydroxybenzomtrile

1,2.3.4,5,6-Hexachlorocyciohexane,
gamma isomer

{4-Chioro-o-toloxy) acetic acid

4-{2-Methyi-4-chiorophenoxy) butync
acid

2-{4-Chiloro-2-methylphenoxy) propronsc
acid

Phosphorothioic acid o,0-diethyt 0-{4-
nitrophenyl) ester

Pentachioronitrobenzene
Pipecolinopropyl-3,4-dichlorobenzoate

3-(2-Methylpiperidinojpropyi-3,4-
dichlorobenzoate

3.4-Dichloropropionanilide

1.2,4-Trichloro-5-4(4-chlorophenyt)-
suffonyl] benzene

2,3.6-Trichlorobenzoic acid

2,3,6-Trichlorophenylacetic acid and
sodium salt

Trnodobenzoic acid

Chemical Reactions

Higher chlorinated dioxins have been detected in samples of a number of
pesticides produced from 1950 to 1970. Data from these analyses were summarized
by Fishbein (1973), as shown in Tablc 9.
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TABLE 9. HIGHER CHLORINATED DIOXINS FOUND IN

COMMERCIAL PESTICIDES*
Sample
Chiorodibenzo-p-dioxin detected ® ~ Number Number
Pesticide TJetra- Hexa- Hopta- Octa- contaminsted tested

Phenoxysikanoates

24,5-T + + - - 23 42

Silvex + - - - 1 7

24-D - + - - 1 24

Erbon - - - +4 1 1

Sesone - + - - 1 1 .
Chiorophenols

Tri- - + + + 4 6

Tetra- - ++ + ++ 3 3

Penta- {PCP) - ++ ++ ++ 10 it
Others® - ++ ++ + [ 22

a—Fishbemn 1873
b-~Concentration range  ++ = >10 ppm
+ = 0.5 10 10 ppm
- 2 <05 ppm
c—DMPA, ronnel, and tetradifon were found to contain chiorodioxin contamination

Many of the dioxins present differ from those expected on the basis of the
straightforward mechanisms hypothesized. Possible reasons for this may be that
other mechanisms are at work or that substantial disproportionation is occurring
among the dioxins initially formed, as has been suggesied by Dow Chemical
Company (Rawls 1979) and others (Buser 1976).

Reaction mechanisms for the Class | pesticide products are shown in the
following figures. The intended product reaction sequence is from left to right
across the top of cach figure, and the possible dioxin side reaction mechanism
diverges to typical dioxin byproducts at the bottom of the figure. The specific
dioxin products shown are those for which reasonably straightforward
mechanisms can be postulated. In many cases, more complex and secondary
mechanisms may produce dioxins in addition to those shown, as evidenced by their
analytical detection in a number of products (Fishbein 1973).

The initial reaction steps in producing many of the Class | pesticides are very
similar and thus the pesticides are grouped by common mechanism. Similarity is
noted in 2.4,5-T, silvex, ronnel, 2,4-D, erbon, sesone, dichlofenthion, dicapthon,
bifenox, and dicamba. The final substitution patiern differs in cach case, as does
the precise halophenol or chlorobenzene starting structure.

The first step in production of 2,4,5-T, silvex, ronnel, and erbon is identical
(Figures 13 through 16). Treatment of 1,2.4,5-tetrachlorobenzene with caustic
yields 2,4.5-trichlorophenol. The reaction conditions are sufficiently drastic,
including alkalinity and clevated temperature, to cause formation of the a-
ketocarbene, which reacts with the chlorophenylate to give the predioxin, which
then reacts to yield 2,3,7,8-TCDD. Continued alkaline processing, which occurs
with cach of thesc product items, also contributes to the same transient
intermediates and coansequently to formation of 2,3,7,8-TCDD.
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1.2,4,5-TETRA-
CHLORODER2ENE

2,3,1,8-1C08

Figure 13. 2,45 Trichlorophenol, 2,4,5-T and esters and salts.
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SILYEX
?OOH
CH;;'?H
Cl OH
Ct :

1,2,4.5-TETRA-

CHLORDBENZENE 2, 4,5-TRICHLORGPHENDL
”~ - T
(o} ()ONa*
. Ci
L
Ci Ci
Ct Ci

2.3,7,8-1c08

Figure 14. Silvex and esters and salts
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2.4,5-TRi- RONNEL
CHLOROPNENOL
£i°‘,(:| S%Si{()(:fig
cl (Gona® oPa "OCH,4
I 1 c
SPCl; NaOCH
ci cl cl C
cl Cl C Ci

1,2,4,5-TETRA-
CRLORDBENZENE

©

M
JCLICT
JORCK,

2,3.1,8-1C00

Figure 15. Ronnel.
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(BISUL SODIN) SESONE

=0 g o
1] i}

oH OC;H(OF-OM OCH,05-ONa

A G o o o

?”10,‘5’ . Y NaOM

o ©Oon
ct o\ o c c
NaOH JJ::::I’(Iiz—(Hiz
X X ! Fen 2 ocu:cu,o—g-cazm,
ct

&/
o c <o,
o,
44 ERBON
ct —_—
X=H or CI a a
N*
] o'

2,7-pC00 2,3,1,8-1000

Figure 16. Erbon and sesone
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The normal reaction sequences for 24-D, 2.4-DB, 2,4-DP, disul sodium .
(sesone), dichlofenthion, bifenox, and nitrofen (sequences shown in Figures 16 -
through 22) are analogous in their carly steps to those of 2,4,5-T and others in the
group just described, but occur via 2.4-dichlorophenol rather than 2.4.5-
trichlorophenol. The dioxin formation sequence is likewise analogous but typically
would produce 2,7-DCDD.

Note that the rcaction mechanism for disu) sodium is presented in the same
figure (Figure 16) with that for erbon. This placement is not meant to imply that
they are co-products, but rather is intended to demonstrate the analogous reaction
paticms of typical pesticides differing as to halogenation and substitutions. Similar
anslogics can be drawn among nearly all of the pesticide chemicals studied.

Another point, important to dioxin formation, is demonstrated in Figure 17,
showing the reaction for 2,4-D. The reaction sequence conventionally cited is
chlorination of phenol to 2.4-dichlorophenol. followed by a reaction with
chloroacetic acid in the presence of caustic to produce 2,4-D. This last step with the
dichloropheno! under alkaline conditions can result in dioxin formation. An
alternative process sequence cited in the patent literature (Manske 1949) reverses
the order of chlorination, as shown in the upper tier reaction of Figure 16. This
sequence would be expected to reduce the likelihood of dioxin formation. A
commercially feasible yield in excess of 80 percent is noted, but the extent of
commercial utilization is not known. This reaction sequence could possibly be
adapted to other dihalogenated phenoxyalkanoates, with anexpected reduction in
dioxin formation.

Dicamba (Figure 23) with its dimethylamine salt presents one of the more
complex dioxin derivation patterns because of the continued alkaline conditions
under which various substitutions are made. First, preparation of 2,5-
dichlorophenol and its subsequent further exposure to caustic results in transient
intermediates and predioxins that form 2,7-DCDD and 2,8-DCDD. In addition,
similar alkaline processing of the carboxyl and methyl substituted forms can result
10 variously substituted dioxins, only two of which, for simplicity, arc shown in
Figure 23.

Pentachlorophenol (PCP), a commercially high-volume chemucal, can be
manufactured by two basic methods. One involves direct chiorination of phenol
{Figure 24) in the presence of an AICI; catalyst. The presence of normal excess
chlorine is conducive to formation of a free-radical intermediate, then of the
predioxin, and ultimately of OCDD. The alternative process based on caustic
treatment of hexachlorobenzene (Figure 25) produces chlorinated transient
intermediates analogous to the 2,4,5-T series but fulty chlorine substituted. These
in turn form the predioxin and finally OCDD.

The complex free-radical mechanism by which chloranil is made (Figure 26)
results in transient intermediates similar to those occurring as byproduct
derivatives of PCP. Therefore, OCDD should be expected as a dioxin
contaminant.

Hexachlorophene and its sodium salt, Isobac 20 (Figure 27), are produced from
2.4,5-trichlorophenol whose preliminary production from 1,2,4,5-
tetrachlorobenzene is carried out by reaction with caustic. This first step
potentially forms dioxin precursors similar to the equivalent step in the
manufacture of 2,4,5-T. Consequently, 2,3,7.8-TCDD is the anticipated byproduct
dioxin.

The production of 2,3,4,6-tetrachlorophenol (Figure 28) by chlorination of
phenol would be expected to yield trace byproducts of various isomeric
hexachlorodibenzo-p-dioxins via a free-radical mechanism.

Again, becausc of the analytical evidence of many dioxins other than those

hypothesized in these mechanisms, no specific dioxin presence should be presumed V
or excluded. ) .
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PRENOL PIEIHUCET 1T atid

OH OCH,COOH
NaOH
CiCH 2COOH
Cl2 2,4-0
ONa OCHchOHH
cl +ROY . ESTERS
NaOH /
CICH,COOH
\2..AM|NE
SALTS

2, O-DICHIOIOPHEIM

5
V/\(@ bc.
cﬁﬁ

2,1+ 2,1-po00

Figure 17. 2,4-D and esters and salts. .
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2,4-88

° CH2CHZCH2 COOH
OH ONa 0
. . g 2205 e

H
50-200°C \AMINE

G SALTS

2,4-DICHLOROPHENOL

SO

1 - 0COD

Figure 18. 2,4-D8.
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2,4 - 0P
Y
CHy ~C—COH
OH ci 0
1
C!' NaOH, CH;CH -CO,H cl
cl Ci
2,4 - DICALOROPHENOL o@ ls)
ct .
—
c \( c.
oc c
c :

7,7 - 50D

Figure 19. 2.4.0P 4
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DICAPTHON  (X+M9,)
DICHLOFENTHION (X=CI)

s§,OR
OH @ONa@ s, OR O’P\OR
~N_ 7
! 1 t:ll"\<)F‘ Ct
X X X

”~ A T

@ONa
C

WONOANNNG» o4

2,7-DNDD

Figure 20. Dicapthon and dichlofenthion.
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M® 81FENDY
cl NO,
o COOR

=N, K
1= Ci, Br
R=H ar Ayl

Cl

SO

2,1-0tD0

Figure 21. Bifenox ¢
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cI NO,

2,4-DICHLORBPHENGL  CHLORG-4-KIIROPHENOL

Cu

Q
: Q

MITRBFER

ol v,

OT©{
Feavs
o

|
Bes

2,1-8000

Figure 22. Nitrofen
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1.2, 4-TRICHLORDRENZENE  2,5-BICHLOROPRENOL DICANRA

OH () ocnJ

N

140°C ] coon
c

\ S}

@
o co,
coz

iSO
00, Ty, o, e,

2.1-0C00 2,8-8C0D 87

—

@

Figure 23. Dicamba. R
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MRENOL

PENTACHLOROPHENOL(PLP) PCP. M SALY

OH ONa
Ci l Ct (o]
Cl; : NaOH
AICly
1 Cl Ci Ci
Cl (o]}
o

\

Cl Cl Ci .

Ct Ci c

Ci
Ct Ct \
(o} ‘ (o1
Ci ((—)> Cl Ci
ct o cl
1 Ct
C
Ct o Cl
cr o ct

Figure 24. Pentachlorophenol (PCP) via phenol.
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PENTACKLOROPHENOL  (PCP)

C)
c ONa
cl

® OH
c O NaoH © o 5 o cl
cl cl cl ct cl cl
ci cl
o
(NG
ci cl
cl

XACHLORGBEMTENE

cl odcl cl
ci o cl

cl Cl

cl o cl
o

Cl
Ci Ci

Figurs 25. Pentachlorophenot (PCP) via hexachloropenzene.
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Table 10 summarizes the primary raw materials involved in the production of the

Class 1 pesticide chemicals.

A more complete discussion of many of these pesticides appearsinthefoliowing

subsections.

TABLE 10. PESTICIDE RAW MATERIALS

Pesticide product

Raw materisis

Bifenox

Chlorani)

2.4-D and esters and salts

2.4-DB and salts

Dicamba

Dicapthon

Dichlofention

Disul sodium (sesone)

2.4-DP

{continued)

2.,4-Dichtorophenot
3-Halo-o-nitrobenzoic acid ester
NaOH

Benzene
Hydrogen chlonde
Oxygen

Phenol

Chioroacetic acid

NaOH

Ct,

Alcohols {for esters)
Amines {for amine salts)

Phenol

Cl,

NaOH

Butyrolactone

Alcohols {for esters)
Amines (for amine salis)

1.2.4-Trichlorobenzene
NaOH

Cco,

Dimethyl sulfate

2-Chloro-4-nitrophenot
NaOH
Chiorodimethyithiophosphonate

2,4-Dichiorophenocl
NaOH
Chilorodimethyithiophosphonate

2.4-Dichloraphenot
NaOH

Ethylene oxide
Chiorosulfonic acyd

2.4 -Dichiorophenol
2-Chioropropsonic acid
NaOH
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TABLE 10. ({continued)

Pesticide product

Raw materials

Erbon

Hexachlorophene and
Isobac 20

Nitrofen

Pentachlorophenol (PCP)

Ronnel

Silvex and esters and salts

2,4,5-T and esters and salts

2.3,4.6-Tetrachlorophenol

2.4,5-Tnchiorophenot

1.2.4.5-Tetrachlorobenzene
NaOH

Ethylene oxide
2,2-Dichloropropionic acid

1,2,4,5-Tetrachlorobenzene
NaOH
Ethylene oxide

2,4-Dichlorophenol
Chioro-4-nitrobenzene
KOH

Phenol
Cl, (Phenol route}

or

Benzene
Cl, (Hexachlorcbenzene route}
NaOH

1,2,4,5-Tetrachlorobenzene
NaOH

Phosphorus sulfochloride
NaOCH,

1.2.4,5-Tetrachiorobenzene
NaOH

Chioropropionic acid
Alcohols {for esters)
Amunes {‘or armine salts)

1.2,4,5-Tetrachlorobenzene
NaOH

Chioracetic acid

Alcohois {for esters)
Amines {for amine saits)

Phenol
Cl,

1.2.4,5-Tetrachlorobenzene
NaOH
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DIOXINS IN COMMERCIAL CHLOROPHENOLS
AND THEIR DERIVATIVES

Since most reports of dioxins are associated with chlorinated phenolic
compounds, this section examines this group of organic materials with respect to
their reported dioxin contaminants and their vtilization, manufacture, production
volumes, and derivatives. Similar information is presented, when available, for
hexachlorobenzene, which has been found to contain dioxins, and alsofor a group
of other related commercial chemicals that theoretically could contain dioxin
contaminants, aithough no analyses have been reported. For each chemical, the
discussions include the probable processing steps that may promote dioxin
formation and also the mechanisms through which dioxins could appear in the
associated process wastes or be retained within the chemical products.

Chilorophenols

Chlorinated phenols are a family of 19 compounds, consisting of a benzene ring
to which is attached one hydroxyl group and from one to five chlorine atoms. The
positions of the chlorine atoms with respect to the hydroxy! group and 1o each
other provide the opportunity for three monochlorophenols, six each of dichloro-
and trichlorophenols, three tetrachlorophenols, and one pentachlorophenol.
Many rescarchers have established the presence of dioxins in these chemicals;
Table 11 lists the results of several such studies.

Data in this table show that until recently dioxins have not been found in
commercially produced mono- or dichlorophenols. The presence 0f 2,3,7,8-TCDD
in low concentration was found in 1979 in a railroad tank car spill of o-
chlorophenol. Onc or more samples of all chlorophenols with three or more
chlorine atoms that have been examined have contained dioxins. TCDD's have
been identified not only in the 2,4,5-trichloro isomer but also in the 2,4,6-trichloro
isomer. One or more samples of trichlorophenol have contained dioxins with two
to eight chlorine substituents. Only dioxins with six to eight chlorine substituents
have been found in tetra- and pemtachlorophenol. Numecrous analyses have
confirmed that dioxins with less than six chlorine substituents are not found in
pentachlorophenol.

Most commercial chlorophenols are used as raw materials in the synthesis of
other organic compounds. Some of the less highly chlorinated phenols are used
with formaldehyde to make fire-resistant thermosetting plastics (Doedens 1964).
Those containing three or more chlorine atoms are used directly as pesticide
chemicals. 2,4,6-Trichlorophenol is cffective as a fungicide, herbicide, and
defoliant (Hawley 1971). 1t was formerly used in large quantities in the Jeather-
tanning industry; however, its use in this industry has decreased substantially (U.S.
Environmental Protection Agency 1978a), probably as a result of the improved
effectivencss and mass production of 2,4,5-trichlorophenol, a substance of
sufficient importance to warrant a special section in this report. 2,3,4,6-
Tetrachlorophenol is used as a preservative for wood, Iatex, and leather, and also
as an insecticide (Kozak et al. 1979).

Pentachlorophenol or its sodium salt is said to be the second most widely used
pesticide in the United States. Itis effective in the control of certain bacteria, yeasts,
slime molds, algac, fungi, plants, insccts, and snails. Because of its broad spectrum,
pentachlorophenol is used in many ways:

® Asa preservative for wood. wood products, leather, burlap, cordage, starches,
dextrins, and glues
® As an insecticide on masonry for termite control
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* Asa fungicide/slimicide in pulp and paper mills, in cooling tower waters, and
in evaporation condensors

e As a prcharvest weed defoliant on sced crops

e As a preservative on beans (for replanting only)
As a means of controlling slimes in secondary oil recovery injection water (in
the petroleum industry)

By far the major usc of pentachloropheno! is as a wood preservative. It was once
reported to have been used in shampoos; however, this chemical does not now
appear to be used as an ingredient in cosmetics or drugs, since it is not listed either
in the CTFA Cosmetic Ingredient Dictionary (Cosmetic, Toiletry, and Fragrance
Association, lnc. 1977), or in the Physicians® Desk Reference (1978).

Manufaciure—

Through ecither process variations or separation of mixtures by fractional
distillation, manufacturers sclectively produce chlorophenols with specific
numbers and arrangements of chlorine atoms. Table 12 shows that 13 of the 19
possible chlorophenols are currently sold commercially in sufficient volume to be
listed in the 1978 Stanford Research Institute Directory of Chemical Producers.
Seven of these are made in much higher volume than the other six. The high-
volume products arc all made by onc of two major types of manufacturing
processes, referred to herein as the hydrolysis method and the direct chlorination
method.

As mentioned carlier, chlorophenols are benzene rings that contain one
hydroxyl group and one or more chlorine atoms. The basic raw material in the
manufacture of chlorophenols is benzene, and the two major manufacturing
methods differ primarily in the order in which the substituents are attached to the
benzene ring. In the hydrolysis method, chlorophenols are made by replacing onc
chlorine substituent of a polychlorinated benzene with a8 hydroxyl group. The
hydrolysis method is the only practical method for producing some of the
chlorophenols, such as the 2,4,5 isomer; this isomer is apparently the only onc
currently produced in large quantity by this method (Kozak 1979; Deinzer 1979;
Chemical Engincering 1978). In the direct chlorination method, phenol
(hydroxybenzene) is reacted with chlorine to form a variety of chlorophenols. Each
manufacturing method is more fully described in the paragraphs below. In
addition, a detailed description of the manufacture of 2,4,5-trichloropheno! (2,4,5-
TCP) is outlined scparately.

Hydrolysis method~The first step in the hydrolysis method is the direct
chlorination of benzene. Through a series of distillations, rechlorinations, and
other chemical treatments, several purified chlorobenzene compounds are
obtained that contain from two to six chlorine substituents. Specific chlorophenols
are then made by reacting onc of the chlorine substituents with caustic, thereby
replacing the chlorine atom with a hydroxyl group (see Figure 29). The reaction
takes place in a solvent in which both materials are soluble, and the mixture is held
at specific conditions of temperature and pressure until the reaction is complete.
The product is then recovered from the reaction mixture. The solvent is usually an
alcohol (most often methanol), although use of other solvents is possible.

A 1957 process patent describes the manufacture of pentachiorophenol from a
starting matcrial of hexachlorobenzene (U.S. Patent Office 1957¢). Methanol is the
solvent, and the rcaction takes place at temperatures of 125° to 175° C and
pressures of 125 10 360 psi. Reaction timeis 0.3 to 3 hours. This method is known to
have been used commercially (Arsenault 1976).

A variation of this process using ethylene glycol as the solvent also has been used
commercially for the production of 2,4.5-trichlorophenol (Commoner and Scott
1976a; Whiteside 1977).

82

DEP\DAO120131



A process described in another 1957 patent uses water as the solvent in hydrolysis
of dichloro- and trichlorobenzenes (U.S. Patent Office 1957¢). Temperature is
maintained from 240° C to 300° C under alkaline conditions at autogenous
pressure. Reaction time varies from 0.5 to 3 hours. By this method,
monochlorophenols are produced in yields greater than 70 percent from o-, m-, and
p-dichlorobenzene. Metachlorophenol is formed as an impurity from the ortho-
and para- starting materials through ring rearrangement mechanisms.
Orthochlorophenol, which is the most likely dioxin precursor, is not formed by
ring rearrangement but is produced in 86 percent yicld from o-dichlorobenzene.
Also, hydrolysis of 1,2,4-trichlorobenzene forms a mixture of dichlorophenol
isomers in yiclds up to 95 percent.

TABLE 12. COMMERCIAL CHLOROPHENOLS AND THEIR PRODUCERS'

Chlorophenol Manufacturer(s)

o-Chiorophenol Dow Chemical Company
Monsanto Company

m-Chiorophenol Eastman Kodak Company
Aldrich Chemical Company
Specislty Organics, Inc.
R.S.A. Corporation

p-Chiorophenol Dow Chemical Company

Monsanto Company
2,3-Dichiorophenol Specialty Organics, Inc.
2,4-Dichiorophenol Dow Chemical Company

Monsanto Company

Rhodia, Inc.

Vertac, Inc.
2,5-Dichiorophenol Velsicol Chemical Corporation
2,6-Dichlorophenol Aldrich Chemical Company

Specialty Organics, Inc.
3.4-Dichlorophenol Aldrich Chemical Company
3,5-Dichlorophenol Aldrich Chemical Company

Specialty Organics, Inc.
2.4.,5-Trichiorophenol Dow Chemica! Company

Vertac, Inc.

2,4 ,6-Trichlorophenol Dow Chemical Company
2,3.4,6-Tetrachlorophenot Dow Chemical Company
Pentachlorophenol Dow Chemical Company

Vulcan Matenais Company
Reichold Chemicals

3—Source Swanford Research Instiute Directory of Chemical Producers, U S 1978
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JIRECT CHLORINATION SOME PROCESS
YARIATIONS
ENPLOY &
OH CITlLYSI OH
+ Oy
SMVE“
UNNECESSARY
PHENGL MIXTURE OF CHLOROPHENGL |SOMERS
BYDROLYSES
G ¢
Ci~ ~Ci CATALYST Ci. OoH
UNNECESSARY
+ NaOH —
c" \C‘ SOLVENT REQUIRED c', \c.
!
Ct Ci
POLYCHLORINATED BEWZENE HLORGP

Figure 29. Basic chlorophenol reactions.

A 1967 patent describes the use of a combined methanol-water solvent system
(U.S. Patent Office 1967b). Temperature is maintained at 170° to 200° C, under
above-autogenous pressures. Reaction time is 1 hour or less.

A 1969 patent describes still another solvent, dimethylsulfoxide {DMSO) (U.S.
Patent Office 1969). Use of this solvent in a mixture with water permits the reaction
to take place at atmospheric pressure; caustic hydrolysis of hexachlorobenzene to
pentachlorophenol occurs at approximately 155° C and is complete in about 3
hours. This process apparently has never been applicd commercially.

When an alcohol is used as a solvent, the chemical mechanism that occurs
involves an initial equilibrium reaction between the alcohol and caustic to form a
sodium alkoxide, which is the reagent thatactually attacks the chiorobenzene. The
compound formed first is the aicohol ether of the chlorophenol. On standing,
rearrangement of the compound occurs to form the chlorophenate plus any of
several side reaction products (Sidwell 1976). This mechanism is significant
because itexplains the “aging™ step that is a distinct phase in commercial hydrolysis
sequences, and it also explains the substantial quantity of byproduct impurities
that are derived from the aicohol solvents.

Inall these processes, the product is recovered through cither of two mcthods In
one, cxtraction into benzene separates the organic materials from water, salt, and
excess caustic. Subscquent vacuum distillation reclaims the benzene for recycle and
also scparates the chlorophenols into purificd fractions. Extraction with benzene
(or a similar solvent) is probably the preferred product recovery method for
chlorophenols of lower molecular weight, especially the mono- and dichloro-
products, since they are more casily distilied than the heavier products.
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The alternative product recovery method is to filter the reaction mixture,
perhaps after partial neutralization or evaporation and subsequent cooling, to
1cclaim unreacted polychlorobenzenes. The solution is then acidified and filtered
again to collect the solid products. This variation is probably best suited to
recovery of tri-, tetra-, and pentachlorophenols becausc these products and their
ruw materials are solids at room temperature and therefore can be removed more
casily in the filtration operations.

Chlorophenols can be purified by distillation to separate high-boiling impurities.
lechnical feasibility has been reported in three 1974 patents, in which purified
pentachlorophenol is recovered in good yicld by high vacuum distillation in the
presence of chemical stabilizers (U.S. Patent Office 1974a, 1974b, 1974c).
Purification of 2,4,5-trichlorophenol by distillation has also been reported (World
ticalth Organization 1977).

The high-temperature, high-pressure, and strongly alkaline conditions of the
hydrolysis process are conducive to the formation of dioxin compounds. Although
not in present U.S. commercial use, the hydrolysis manufacture of pentachloro-
phenol was especially favorable for the formation of octachlorodibenzo-p-dioxin
{OCDD) Figure 25, p. 72). As described in more detail later in this section, the
«ommercial hydrolysis method is known to produce 2,3,7,8-TCDD from 1,2,4,5-
retrachlorobenzene.

Direct chlorination method—Dircct chlorination begins by the addition of a
hydroxyl group to benzene to form hydroxybenzene or phenol. This compound is
manufactured in specialized plants, usually through sulfonation, chlorination, or
atalytic oxidation of benzene. Dioxins have not been reported as resulting from
tius portion of the process; this study is therefore concerned only with the second
part of the process in which phenol is reacted with chlorine to form various
hlorophenols.

The reaction of phenol with chlorine actually forms a mixture of chlorinated
phenols (see Figure 29), although centain compounds are formed preferentially.
Urrect chlorination i1s practical, therefore, only if the desired product is one of the
mgh-yield compounds. Except for low-volume specialty isomers and the high-
solume 2,4,5 isomer, all commercial chlorophenols made in this country are those
that are formed preferentially by this process (Buser 1978; Kozak 1979; Deinzer
1979; Chemical Engincering 1978). These include mono- and dichlorophenols that
are substituted at positions 2 and 4, the symmetrical 2,4,6-trichlorophenol isomer,
2.1.4,6-tctrachlorophenot, and pentachlorophenot.

Chlorination of phenol can be accomplished in batch reactors, but is best suited
tu the continuous process shown in simplified form in Figure 30 (U.S. Patent Office
1960; Sittig 1969). Liquid phenol and/or lower chlorinated phenols are passed
vountercurrently with chiorine gas through a series of reaction vessels. Trace
amounts of aluminum chloride catalyst are added, usually asa separate feed intoan
intermediate vessel. Equipment is sized so that all the chlorine is absorbed by the
phenol; the Jast phenol-containing vessel is usually built as a scrubbing column to
ensure complete chlorine absorption. Gas leaving the scrubber is anhydrous
hydrogen chloride, which is either used in other chemical operations ordissolved in
water to form substantially pure hydrochloric acid as a byproduct.

The chlorophenol compound created in greatest amount by this process is
wstablished by the ratio of feed rates of chlorine and phenol. Because alt chlorine is
vonsumed, it is fed at rates I to 5 times the molecular proportion of phenot,
Jdepending on the principal product desired. To prevent excessive oxidation that,
produces nonphenolic chlorinated organic compounds, temperatures are carefully
wegulated; the usual temperatures are 130° to 190° C for pentachlorophenol and
170° C for 2.4-dichlorophenol. Pressure is atmospheric, and reaction time is Sto |5
hours (U.S. Patent Office 1960).
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The mixture from the first reaction vessel can be vacuum-distitled to separate the
various compounds. Unreacted phenol and any undesired less-chlorinated phenols
would be recycled. To make some products for which purity standards are rather
flexible, very little purification is necessary, and some processes may include no
final distillation or other treatment. Also, a chlorinated product may be withdrawn
from the scrubber (usually a mixture of 2- and 4-mono- or 2,4-dichlorophenol) and
may be cither distilied, with portions recycled to the first reactor for further
chlorination, or sold as is. 2,4-Dichlorophenol may be further processed to the
phenoxy herbicide 2,4-D.

Supplemental processing steps may be necessary to remove contaminants such
as “hexachlorophenol™ (hexachlorocyclohexadiene-1,4-one-3), dioxins, and
furans from PCP made by this process. Hexachlorophenol may be formed during
the process by overchlorination of the reaction mass (U.S. Patent Office 1939).
Dioxins may be formed during distillation by the condensation of PCP with itself
or with hexachloropheno! (sce Table 3: see also Figure 24, p. 71).

Dioxins have been reported in numerous samples of PCP, as shown in Table 8.
Although hexa-CDD’s. hepta-CDD’s, and OCDD are known to be present in
commercial PCP, 2,3,7,8-TCDD has never been found (Chemical Regulation
Reporter 1978; U.S. Environmental Protection Agency 1978e).

All PCP made in the United States is produced by the direct chlorination of
phenol; apparently the method involving the hydrolysis of hexachlorobenzene has
never been used commercially for PCP production (American Wood Preservers
Institute 1977). Dow reportedly changed its production process in 1972 to produce
a PCP with lower dioxin content; the other two producers of PCP apparently have
not followed Dow's lead (Chemical Regulation Reporter 1978). Details of Dow’s
process change were not reported.

Production—

Production figures for di- and tetrachlorophenols are not available. Although
current figures for pentachlorophenol production are also not available, it is
estimated from production capacity information (Table 1(3) that U.S.
manufacturers are producing as much as 53 million pounds of PCP annually
Annual U.S. trichlorophenol production is probably also in the range of 50 million
pounds (Crosby, Moilanen, and Wong 1973).

As Table 12 indicates, chlorophenols are apparcotly manufactured by atleast |1
companices, which represent two diverse groups of chemical producers. Of the 13
commercial chlorophenols, 7 are made by Dow Chemical Company in Midland,
Michigan. Except for 2,4,5-trichlorophenol, all of the isomers made by Dow are
those formed preferentiatly through direct chlorination of phenol. Competitive
with Dow in the sale of these seven chlorophenols are four other companies:

Monsanto Company—Sauget, lllinois
Reichold Chemicals, Inc.—Tacoma, Washington
Vulcan Materials Company— Wichita, Kansas
Rhodia, Inc.—Freeport, Texas
Al of these companies are engaged for the most part in the mass production of
organic chemicals for which market demand is relatively constant. These
companies are geared to heavy chemical production, and their products are made
to commercial standards of purity and are usually sold at relatively fow prices.
The other six chlorophenols are made by five companies that generally
manufacture fine or specialty chemicals.

Velsicol Chemical Corp.—Beaumont, Texas
Eastman Kodak Company—Rochester, New York
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TABLE 13. 1977 PENTACHLOROPHENOL PRODUCTION CAPACITY

1977 Capacity

Company Production location {millions of pounds)
Dow Chemical Company® Midiand, M} 17
Monsanto Company*© Sauget, IL 26
Reichoid Chemicals Tacoma, WA 20
Vulcan Materials Company Witchita, KN _IE

Total capacity 79

a—Source Amencan Wood Preservers Institute 1977 These figures presumably do notinclude
production of sodium or potasswm salts of pentachlorophenol

b—Dow ceased production of the sodium salt of PCP (Dowicide G} in Apsil, 1978 (Dow Chemical
Company 1978)

c—Monsanto

d att PCP prod n as ol January 1, 1978 (Dorman 1978)

Aldnch Chemical Co . Inc Milwaukee. Wisconsin
Speaalty Orgames, Inc.  Irwindale, Califorma
R.S A. Corporation— Ardsley, New York

Products from these manufacturens are often batch-produced under contract
with specific industnal customers, sometimes to high standards of purity The) are
manufactured w much smaller quantities than those described above, often
intermitiently. and they are sold at a relatively high price. Often. the products from
these companies are used in the manufacture of pharmaceuticals, photographic
chemicals, and similar high-quality chemical matenals Without exception. the
chlorophenols made by these companies are those not formed preferentially
through direct chlonnation of phenol.

Any chlorophenol with a chlonne atom at position 2 (ortho to the hydroxyl
group) may be a precursor for dioxin formation. Nine of the 11 companics are
reported 10 make at least onc chlorophenol of this description Potential for the
occurrence of dioxins 1s therefore not hmited to the manutacture of chlorophenols
for pesticide use.

It is not known. however, whether the hydrolysis method, which s especially
conducive to dioxin formaton, 1s used to make the lower-volume chlorophenols
In many mstances, this method probably 1s not used because the parent
polychlorobenzenes needed for raw matenals usually cannot be directly
synthesized by conventional chlorination techniques. For productnion of m-
chlorophenol i high yields. for example, general chemical references describe a
synthests route that involves chlonnaton of nitrobenzenc, followed by reduction.
diazotization, and hydrolysis of the nitrate group (Vinopal. Yamamoto. and
Casida 1973) Mulustep batch processes of this type are necessary to cause the
substituents to attach to the ring at unnatural posiions (Korsak 1979). These
specialized producuion methods are not addressed in this report

The primary chemical producers described above are not the only commercial
sources of chlorophenols Other compames purchase chlorophenots from primary
producers. combine them with other ingredients. and market the formulated
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products. Still others deal only in distribution of the chemicals or chemical
mixtures. Most often the trade name of the product changes each time it is bought
and sold.

2,4,5-Trichlorophenol

In 1972, hexa-, hepta-, and octachlorodioxins were found at concentrations of
0.5 to 10 ppm in four of six trichlorophenol samples analyzed. Tetrachlorodioxins
were not detected (0.5 ppm level of detection). The research report implies that the
2,4,5 isomer of trichlorophenol was being analyzed (Woolson, Thomas, and Ensor
1972).

Also in 1972, another study showed dioxins in trichlorophenols (Firestone etal.
1972). Isomers identified in 2,4,5-trichlorophenol (or its sodium salt) at ppm levels
were 2,7-di-, 1,3,6,8-tetra-, 2,3,7,8-tetra-, and pentachliorodioxins. High levels of
2,3,7-trichlorodioxin (93 ppm) and 1,3,6,8-tetrachiorodioxin (49 ppm) were found
n the 2,4,6 isomers of trichlorophenol. The investigator analyzed for, but could not
detect, mono-, hexa-, hepta-, and octachlorodioxins in these trichlorophenol
samples. Data from these two studics are included in Table L1 on page 79.

A U.S. EPA position document on 2,4,5-TCP (U.S. Environmental Protection
Agency 1978i) was prepared to accompany the August 2, 1978, Federal Register
notice of rebutiable presumption against continued registration of 2,4,5-TCP
products. The position document gives the following description of the known uscs
of this chemical:

The largest use of 2,4,5-TCP is as a starting material in the manufacture of a
series of industrial and agricuitural chemicals, the most notable of which is the
herbicide 2,4,5-T and its related products including silvex [24(2,4,5-
trichlorophenoxy) propionic acid], ronnel [0,0-dimecthyl 0-(2,4,5-
trichlorophenyl)-phosphorothioate], and the bactericide hexachlorophene.
2,4,5-TCP and its salts arc used in the textile industry to preserve emulsions used
in rayon spinning and sitk yarns, in the adhesive industry to preserve polyvinyl
acetate emulsions, in the leather industry as a hide preservative, and in the
automotive industry to preserve rubber gaskets. The sodium salt is used as a
preservative in adhesives derived from cascin, as a constituent of metal cutting
fluids and foundry core washes to prevent breakdown and spoilage, as a
bactericide/fungicide in recirculating water in cooling towers, and as an
algicide/slimicide in the pulp/paper manufacturing industry.

There are some minor uses of 2,4,5-TCP and its salts in disinfectants which are of
major importance relative to human exposure, These include use on swimming-
pool-related surfaces; household sickroom equipment; food processing plants
and equipment; food contact surfaces; hospital rooms; sickroom equipment; and
bathrooms (including shower stalls, urinals, floors, and toilet bowls).

It is apparent, therefore, that all the uses of 2,4,5-TCP exploit the poisonous
character of the compound and its derivatives. As a pesticide, it is subject to EPA
registration in ali of its applications except those associated with food processing.

Manufaciure—

Only trace amounts of 2.4,5-trichlorophenol are created by direct chlorination of
phenol. I can bec made in about 50 percent yicid by rechlorination of 3.4-
dichlorophenol (U.S. Patent Office 1956¢). Neither of these production methods is
in commercial use in this country.

Domestic commercial production is accomplished through hydrolysisof 1,2,4,5-
wetrachlorobenzene, which is a principal isomer produced by rechlorination of
o-dichlorobenzene. Conversion of this chemical to the sodium salt of 2,4,5-TCP is
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a batch reaction with caustic soda. Subsequent neutralization with a mineral acid
forms the product. The basic process is a typical application of the hydrolysis
method of chlorophenol production described earlier. The reaction sequence is
given below:

c ci cl ONa
+ 2NaOH  ——
cl cl ci ci
|,Z,‘J-]ETR‘C“L“RUBENHNE
;Hm
cl OH
a c

2,4, 5-TRICHLOROPHENDL

At Jeast three variations of the basic process have been described in process
patents specifically for production of 2,4,5-TCP, differing only in the solvents used
and thercfore in the conditions needed to drive the reaction to completion. The first
patented process (U.S. Patent Office 1950) uses a solvent of ethylene glvcol or
propylene glycol at preferred temperatures of 170° to 180° C and pressures up to 20
psi. A second patent, the most recent (U.S. Patent Office 1967b), describes the use
of methanol as a solvent, with temperatures ranging from 160° to 220° C and with
pressure less than 350 psi (probably 50 to 200 psi). Both of these alcohol-based
processes require | to 5 hours to complete.

A third patent (U.S. Patent Office 1957b) describes the use of waler as the
rcaction solvent. Use of water necessitates the most severe operating
conditions: operating temperatures from 225° to 300° C and pressures from 400
to 1500 psi. This method permits greater production, since reaction time is reduced
to no more than 1.5 hours and in some instances to as little as 6 minutes. In addition
to its production efficiency, the water-based process eliminates the side reactions
between caustic and the alcohol soivents, which form undesired impurity
compounds. The process also improves product yicld and eliminates solvent costs.
It appears, however, that the high-temperature, high-pressure, and sirongly
alkaline conditions of the water-based process promote a continuation of the
reaction, in which 2,4,5-TCP combines with itself to form 2,3,7,.8-TCDD (see
Figure 13, p. 59).

The patent examples cited above are fairly old, and details of the current 2,4,5-
TCP production methods are difficult 1o obtain. A 1978 EPA report on 2,4,5-TCP
briefly describes present-day 2,4,5-TCP manufacture as a reaction of
tetrachlorobenzene with caustic in the presence of methanol at 180° C wnder
pressure. Although a final product purification step is described in the most recent
patent example (U.S. Patent Office 1967b). the EPA report does not describe it.

A more detailed estimate of current production methods is derived from
fragmentary descriptions of both U.S. and foreign operations (Sidwell 1976; World
Health Organization 1977; Fuller 1977, Whiteside 1977; Fadiman 1979, D. R
Watkins 1980). (One plant from which much of this information was derived
ceased production of 2,4,5-TCP in 1979.) Figure 31 is a flow chart prepared from
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these sources, showing the most likely process details. In this processing scheme,
alcohol and caustic are mixed and heated. Tetrachlorobenzene is added, an
exothermic reaction begins, and cooling water is turned onto the reactor coils.
After all the tetrachlorobenzene has been added, the batch is “aged™ during the
aging period, sodium-2,4,5-trichlorophenate (Na-2,4,5-TCP) is formed. Volatile
compounds such as dimethy! ether also are formed during the aging step; these are
vented from the reactor, along with small amounts of vaporized methanol.
According to Vertac, Inc., dimethyl ether is absorbed by a water scrubber, in which
it is highly soluble, The presence of these flammable vapors presents a fire or
explosion hazard, and the reaction vessel is usually enclosed in blastproof walls to
minimize physical damage from any accident that may occur during the aging step.
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On completion of the reaction, the methanol is evaporated, condensed, and
recycled. At the same time, water is added 1o keep the batch contents in solution.

In this process, a toluene washing step is conducted to purify the product by
removing some of the high-boiling impurities. Toluene condensed from the
overhead of an auxiliary still is mixed into the cooled water solution of Na-2.4,5-
TCP. The mixture is then allowed ta stand quietly so that the water and organic
phascs can separate into layers. The organic layer, containing impurities, is
decanted and returned to the toluene still as feed. The water layer, containing
partially purified Na-2,4,5-TCP, can be used directly to manufacture a herbicide
derivative. Alternatively, hydrochloric acid can be added to neutralize the mixture.
Acidic 2,4,5-TCP precipitates and is scparated from the liquid by centrifugation.

Many of the impuritics created during this process, including 2,3,7,8-TCDD,
accumulate in the bottom of the toluene still. Still bottoms are removed
periodically to be discarded. Toluene still bottoms have been identified as the
source of at lcast one exposure of the public to dioxins, and also as the source of one
of the highest concentrations of 2,3,7,8-TCDD (40 ppm) ever discovered in such
wastes (Watkins 1979, 1980; Richards 1979a). (Analysis of this waste sampleis fully
described in Section 4 of this report.)

As shown in Figure 31, the acidic 2,4,5-TCP is dried and cither packaged for sale
or used to manufacture other derivative products. One reference shows one or
more stages of purification of the product after it is centrifuged from the water
solution {World Health Organization 1977). One stage of high-vacuum distillation
is conducted to create what is described as “agricultural grade 2,4,5-TCP.” A
second stage of distillation removes additional impurities to form “pharmaceutical
grade 2,4,5-TCP.” It is believed that all U.S. hexachlorophene is made from a
distilled grade of this chemical.

Process details concerning the only remaining 2,4 5-TCP plant in the United
States have not been released. It was reported in 1967 that this plant (Dow
Chemical Company, Midland, Michigan) was using the water-based process
described in its 1955 patent (Sconce 1959; U.S. Patent Office 1957b), but this
probably is not the casc today. Another report states that the process is conducted
with very careful temperature control to prevent the formation of dioxins (Sittig
1974). This source also indicates that still bottoms from the manufacture of 2,4,5-T
at this plant arc being discarded by incineration; therefore, a distillation is
presumably being performed. his not known whether these still bottoms are froma
toluene washing still or from a product still.

Production—

Dow Chemical Company is apparently the only current producer of both 2,4,5-
TCP and Na-2,4.5-TCP. Merck and Company has recently begun producing Na-
2,4,5-TCP (Stanford Research Institute 1979). Current records related tothe EPA
Federal Insccticide, Fungicide and Rodenticide Act (FIFRA) indicate that 42
companies, including Dow, are marketing 94 registered commercial products
containing 2,4,5-TCP or its salts (U.S. Environmental Protection Agency 1978i).
According to EPA sources, most, if not all, of these companies obtain the basic
chemical from Dow {Reece 1978¢).

Former 2,4,5-TCP manufacturing sites are listed in Table 14 by location and
owner. Details of the processes used by these former producers are not known;
however, “still bottoms™ were said to be the source that created a dioxin exposure
at Verona, Missouri (see Section 5). The methanol-based process with a toluene
washing stage was used by Vertac, Inc. (Watkins 1980).

Current U.S. production figures for 2,4 5-TCP and its salts are not available
(U.S. Environmental Protection Agency 1978i). in 1970, the estimated level of
domestic production for 2.4,5-TCP and its derivatives was 50 million pounds
(Crosby. Moilanen, and Wong 1973). In 1974, the reported annual world
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TABLE 14. FORMER 2,4,5-TCP MANUFACTURING SITES®

Plant location Owner

Niagara Falls, NY Hooker Chemicals and Plastics
(approximately 46 yeasrs)®

Jacksonville, AR Reasor-Hill Corp. (1948-61)°

Hercules, inc. (1961-71)¢
Transvaal, inc. (1971-78)¢

Verona, MO North Eastern Pharmaceuticals and
Chemcals Co.

Monmouth Junction, NJ Rhodia, Inc.

Linden, NJ GAF Corp.

Chicago, iL Nalco Chemicai Co.

Cleveland, OH Diamond Shamrock Corp.

a—4Unless otherwise noted, the informauon in this table was derived from Stanford Research
nsti D yolCh { Prod United States 1976-79, and U S Inmternational Trade
C i Synth Org Chemicals, U.S. Prod and Sales 1968, 1974, 1876-78.

b—Chemics! Week 19798

c—Richards 1979a

production of all chiorophenols and their salts was estimated to be 100,000 tons, or
200 million pounds (Nilsson et al. 1974).

Chlorophenol Derivatives with Confirmed Dioxin Content

The wide utilization of chlorophenols in chemical synthesis makes it virtially
impossible to identify all the potential derivatives of this class of compounds. The
following paragraphs outline the manufacture of derivatives that, upon analysis,
have been reported to contain chlorinated dioxins. The products are all pesticides,
which are usually made as only partially purified chemicals and are intended to be
distributed rather broadly into the environment.

24-D. 2,4-D8B. 24-DP, and 2.4-DEP—

The compound 2,4-dichlorophenoxyacetic acid (2,4-D) is a widely used herbi-
cide and a close chemical relative of 2,4,5-trichlorophenoxyacetic acid (2,4,5-T)
described later in this section. A 50:50 mixture of these two chemicals, known as
“Herbicide Orange™ (carlier called “Agent Orange™), was used as a defoliant during
the Vietnam conflict. The chemical formula of 2,4-D is shown below.

OCH,COH
cl
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The herbicide 2.4-DB is 4-(2,4-dichlorophenoxy) butyric acid; 2,4-DP is 2-(2.4-
dichlorophenoxy) propionic acid; and 2,4-DEP 1s tris [2 - (2.4-dichlorophenoxy)
ethyl] phosphute; alf are closely related chemically to 2,4-D.

In 1972, Woolson, Thomas, and Ensor found hexachlorodioxin in one sample of
2,4-D at a level between 0.5and 10 ppm. No other dioxins were observed. Twenty-
three other 2,4-D samples, as well as three 2,4-DB and two 2,4-DEP samples, were
analyzed. but no dioxins were found at a 0.5 ppm limit of detection. Apparently,
only tetra-, hexa-, hepta-, and octachlorodioxins were sought in these analyses.
The samples apparently were not analyzed [or dichlorodioxins, which should be
more likely to occur (see Figure 17, p 64).

According to the World Health Organization (1977). 2.4-D s widely used as a
herbicide for broadleaf weed control in cetreal crops (wheat, corn, grain sorghum,
rice. other small grains), sugar cane. and citrus fruits (lemons), and on tusf,
pastures, and noncrop land. Food-related uses account for 58 percent of all 2.4-D
used in the United States in 1975.

Two manufacturing processes have been described for 2,4-D. only one of which
starts with a chlorinated phenol. One process is a direct chiorination of
phenoxyacetic acid (U.S. Patent Office 1949). The other process is a reaction
between 2.4-dichlorophenol and chioroacetic acid (U.S. Patent Office 1958a). The
seccond process is similar to the 2.4,5-T manufacturing process described in the
following section and is also similar to the process used to make 2,4-DB (U.S.
Patent Office 1963).

Since many compames make 2.4-D aad its esters and salts, both production
processes may be in use, although it is claimed that chlorination of phenoxyacetic
acid produces a higher yield and s a simpler process. In a batch reactor,
phenoxyacetsc acid is melted by heating 1t to 100° C. With continuous agitation,
chlorine is bubbled through the molien chemical and the temperature is increased
slowly to 150°C. A stream of dry air is passed through the reactor to sweep away
the hydrogen chloride byproduct. When the calculated amount of chlornine has
been added, the resulting mass 1s cooled, pulverized. and packaged. No solvent is
used. no specal recovery operation s needed, and product purification is
unnecessary I dioxins are created during this process. the mechanism of their
formation is unknown.

The second process invelves reaction of 2.4-dichlorophenol with chloroaceuc
acid in a solvent mixture of water and sodium hydroxide. This process is said to be
used by at least one large manufactuser (Sittig 1974). Heat is applied to the vessel,
and the water is evaporated from the mixture. When the temperature begins to rise,
indicating that most of the water has evaporated. heating 1s stopped and a fresh
charge of cold acidified water is added The product can be filiered from the
mixture and dnied; this procedure would form an impure product.

Alternatively. the product can be extracted from the cooled mixture with a
water-smmiscible solvent and then separated from the solvent by distillation. Thus
latter recovery method would probably create anhydrous organic wastes and
therefore 15 probably in use by at least one company that has been reported 10
incinerate waste tars from 2.4-D manufacture (Sittig 1974).

This chlorophenol-based process for making 2.4-D could create dioxins because
it provides for an alkaline mixiure of a dioxin precursor chemical in contact with
hot heating surfaces. If the product is only filtered from the reaction mixture, the
dioxin contaminants would be captured along with the product. If solvenmt
extraction is employed. part of the dioxin would probably appear in wastes from
the process and part would probably be captured with the product.

The process for manufacture of 2.4-DB uses 2.4-dichlorophenol and gamma
butyrolactone in a solvent mixture of dry butanol and nonane, with sodium
hydroxide as a reaction aid. The chemical reactions are shown on the following
page.

The ingredients are mixed and heated to a temperature of about 165° € for a
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/@0&1 [ °| NaOH ¢
+ —
o cl

Ci
2,4-D1CHLORGPHENOL
1,4-08

period that may range from ! to 24 hours. On completion of the reaction, dilute
sulfutic acid is added and 2,4-DB precipitates; the precipitate is centrifuged from
the mixtures, dricd, and packaged. Liquids from the centrifuge are allowed to stand
quietly and separate into two liquid layers. The water fractionis discarded, and the
organic layer is recycled to the subsequent reaction batch. Any water that is
brought into the reactor is removed by distillation before the next reaction is
started.

It is possible that dioxins could be produced by this process by the mixture of 2,4-
dichlorophenol with sodium hydroxide being brought into contact with a hot
surface (see Figure 18, p. 65). Product recovery methods are such that any dioxins
formed would either be removed as solids along with the product or be recycled to
the succeeding batch.

Commercial production of 2,4-D in the United States started in 1944 and by the
mid-1960°s had pcaked at 36 million kg (World Health Organization 1977). After
the use of Herbicide Orange was discontinued, production dropped. Production in
1974 is estimated to have been 27 million kg (World Health Organization 1977).
Production figures for 2,4-DB and 2,4-DEP are not available.

The current basic producers of 2,4-D and 2,4-DB acids, esters, and salts as
reporied by Stanford Rescarch Institute in 1978 are listed in Table 15. Former
producers or production sites are listed in Table 16. No current producers of 2,4~
DEP are listed in the Stanford Research Institute publication of 1978.

Sesone—

The chemical name for the pesticide sesone is 2(2,4-dichlorophenoxy) ethyl
sodium suifatc. The only sample known to have been analyzed for dioxins
contained 0.5 to 10 ppm hexachlorodioxin (Helling et al. 1973). No tetra-, hepta-,
vr octachlorodioxins were detected (0.5 ppm detection level). Analysis apparently
was not performed for di-, tri-, or pentachlorodioxins.

Sesone is made from 2,4-dichlorophenol by boiling it for several hours ina water
solution of beta-chloroethyl-sodium sulfate and sodium hydroxide. The following
are the chemical reactions of the process:

Q®

OH OCH,CH,0S05Na
! [ONC) NaOH a
+ CICHaCH,0SO3Na —
ct c
240 _SESME
95
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TABLE 15. CURRENT BASIC PRODUCERS OF 2,4-D AND 2.4-DB
ACIDS, ESTERS, AND SALTS*

Pesticide Company Production location
2,4-D and esters Dow Chemucal Company Midiand, MI
and salts
Fallek-Lankic Corp Tuscaioosa, Al
Impenial, Inc Shenandoabh, IA
North American Phslhips Corp , Kansas City, KS
Thompson-Rayward Chemical Co ,
subswdary
PBl-Gordon Corp Kansas City, KS
Rhodia, Inc Portland, OR
St Joseph, MO
Chicago Heights, IL
Riverdale Chemical Co Chicago Heights, IL
Union Carbide Corp . Amchem Ambier, PA
Products, inc, subsidiary Fremont, CA
Vertac, Inc, Transvaal, Inc, Jacksonwille, AR
subsidiary
2,4-DB and salts Rhodia, Inc Porttand, OR
Union Carbide Corp, Amchem Ambler, PA

Products, Inc , subsidary

a—~-Source Stanford Research | 18978

In more detail. the straight-chain reactant 1s made by combining ethylene
chlorohydrin and chlorosulfonic acid 1n a refngerated water solution (U S. Patent
Office 1958c) After partial neuviralizauon with sodwm hydroxide, 2.4-
dichlorophenol is added and the minture s botled {or about 15 hours. According to
the patent example, the mixture s probably not punified; it 1s simply spray-dried to
| form a usable product It could be purilied by repeated extractions with hot alcoho!
' to separate the sodivm sulfate impurny.

The manufacture of sesone mects all of the requirements for promotion of the
formation of 2,7-DCDD (see Figure 16. p. 62). Both the raw matenal and the
final product contain a chlorine atom ortho to a ring-connecied oxygen atom, and
the mixture 1s heated in the presence of sodium hydroxide. Although overall
reaction tempcerature is only shghtly above 100° C. 1t could be higher at the heating
surfaces

The volume of sesone produced annually 1s not known Only nine commercial
products containing the herbiaide are currently registered as pesticides with EPA
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TABLE 16. FORMER BASIC PRODUCERS OF 2,4-D AND 2,4-DB
ACIDS, ESTERS, AND SALTS*

Pesticide formerly

reported produced Company Production location

24-D acid, esters, Chempar Portiand, OR

and salts
Miller Chemical, subsidiary of Whiteford, MD
Alco Standards
Rhodia, inc. North Kansas City, XS
St Paul/Minneapolis, MN

Thompson Chemical St. Lows, MO
Woodbury, subsidiary of Comutrix Orlando, FL

2,4-DB and salts Rhodia, inc. North Kansas City, MO

St. Paul/Minneapohs, MN

»—-Source: Dryden et al. 1980

DMPA—

The chemical name for DMPA is 0-(2,4-dichlorophenyl) O-methy!
isopropylphosphoramidothioate (Merck Index 1978). Some of the relatively
higher chlorodioxins (hexa-, hepta-, and/or octachlorodioxins) were detected at
ppm levels in at least one DMPA sample analyzed in 1972 (Helling et al. 1973).

The following is the structure for DMPA.

Ct
il
O—f" —NHCH(CH3)2
OCH3
(o]
PA

—

Synthesis of this molecule involves the methanolysis of 0(2,4-dichiorophenyl)
phosphorodichloridothioate, which is made through the phosphoralation of
dichlorophenol (U.S. Patent Office 1960; Blair, Kaner, and Kenaga 1963).

DMPA is known commercially as Zytron, K-22023, and Dow 1329 (Merck
Index 1978). It is useful as an insecticide, especially against houseflies (Blair,
Kaner, and Kenaga 1963). 1t is also useful as a herbicide for controlling the growth
of undesirable plants (U.S. Patent Office 1963; Merck Index 1978). DMPA is not
believed to be produced in large amounts. Currently three companies—Dow
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Chemical Company, Techne Corp., and Rhodia Chemical Company—have each
registered one DMPA pesticide product with EPA (U.S. Environmental
Protection Agency 1978f).

Trichlorophenol Derivatives—

As mentioned carlier, the largest use of 2,4,5-TCP is as a starting material inthe
manufacture of several pesticide and bactericide products. Table 17 lists the known
2,4,5-TCP derivatives, their specific uses, and the companies which have recently
been reported to produce them.

2,4,5-T—The chemical name for 2,4,5-T is 2.4,5-trichlorophenoxyacetic acid
and it is the most important derivative of 2.4,5-trichlorophenol. it has been a
registered pesticide for about 30 years (U.S. Environmental Protection Agency
1978h) and was used primarily as a herbicide for controlling woody plant growth.
2,4,5-T is best known for its combined use with 2,4-D as Herbicide Orange, which
was uscd extensively by the U.S. military as a defoliant during the Vietnam conflict.
When the toxicity of this formulation became apparent, the government suspended
all further military use of Herbicide Orange, and in 1970 stopped many registered
domestic uses including application to lakes, ponds, ditch banks, homesites,
récreational areas, and most food crops (World Health Organization 1977). Until
1979, domestic commercial use of 2.4,5-T continued for control of brush and other
hardwood in forestry management and on power transmission right-of-ways,
rangelands, rice fields. and turfs. Most of these uses have now been suspended
(Blum 1979).

Parts-per-million quantities of dioxins have been reported in 2.4,5-T since 1970
{World Health Organization 1977). A study (Woolson, Thomas, and Ensor 1972;
Kearney et al. 1973b; Helling et al. 1973) of samples manufactured between 1950
and 1970found 0.510 10 ppm TCDD's in 7 of 42 samples tested; another {3samples
contained 10 to 100 ppm TCDD's. Hexa-CDD’s were found in 4 of the 42samples.
The timit of detection in this study was reported as 0.5 ppm for cach dioxin. Most
samples came from a company that no longer produces 2,4,5-T. Elvidge (1971)
reported that five of six 2,4,5-T samples contained TCDD"s at levels ranging from
0.1 to 0.5 ppm. The dioxin was present in two 2,4,5-T ester sampiles a1 0.2 10 0.3
ppm. TCDD's were also found in two 2,4,5-T ester formulations at 0.} and 0.2
ppm. The level of detection was 0.05 ppm. Storherr et al. (1971) reported finding
0.1 1o 55 ppm TCDD’s in seven of eight samples of technical 2.4,5-T (see Figure 13,
p. 59).

Analysis of 200 samples of Herbicide Orange for TCDD' by the U.S. Air Force
showed 0.5 ppm or less in 136 samples and more than 0.5 ppm in the remainder.
The highest level was 47 ppm (Kearney et al. 1973). Early in 1976, investigators at
Wright State Univeristy analyzed 264 samples of U.S. Air Force stocks of
Herbicide Orange and found TCDD"s at levels ranging from 0.02 to 54 ppm
(Tiernan 1975). The level of detection was 0.02 ppm.

2,4,5-T with a TCDD isomer content of less than 0.1 ppm is now commercially
available from U.S. producers (U.S. Environmental Protection Agency 1978h).
Commercial 2.4,5-T guaranteed to contain less than 0.05 ppm TCDD’s is available
from foreign producers (World Health Organization 1977).

The commercial method of producing 2,4,5-T is bricfly described in EPA
Position Document | (April 1978) on this pesticide (U.S. Environmental
Protection Agency 1978h). According to this document, 2,4,5-TCP is reacted with
chloroacetic acid under alkaline conditions. Subsequent addition of sulfuric acid
produces 2.4,5-T (acidic form). which can then be reacted with a variety of alcohols
or amincs to produce 2.4,5-T esters and amine salts. The chemical reactions are as
foliows:

98

DEP\DA0120147



Cl ONa C OCH,COONa

+ CICHaCOONa ——»

ct Ci Gl Ci
%a-2.4, 5-TCP
HC
COOH
¢H2
o)
ci
ci
ci
2.4,5-1

A more complete description of the 2.4,5-T production process appears in a
patent record (U.S. Patent Office 1958a). Sodium 2,4,5-trichlorophenate is most
often delivered to the process as a water solution containing excess sodium
hydroxide directly from the Na-2.4,5-TCP manufacturing process. Amyl or
isoamyl alcohol, or a mixture of these solvents, is added, and heat is applied to
remove water as an azeotrope. When all water has been removed, chlosoaceticacid
s added to initiate the reaction that produces sodium 2,4,5-trichlorophenoxyace-
tate (Na-2,4,5-T) and sodium chloride. The reaction proceeds undes total reflux for
about 1.5 hours at 110° to 130° C and atmospheric pressure. An excess of sodium
hydroxide is present during the reaction.

Water is then fed into the reactor and distillation is resumed, this time to remove
the amyl alcohol and replace it with water. Atthe end of the second distillation, the
1caction mixture consists of Na-2,4,5-T dissolved in a sodium chloride brine.

The patent example incorporates a purificiation step that may not be conducted
n commercial practice. Near the end of the second distillation, activated carbon
may be added 1o adsorb heavy or colored impurities, which wouid include dioxins
that were present in the Na-2,4,5-TCP feedstock. On completion of the second
distillation, the carbon would be filtered from the mixture and discarded. If this
step is conducted, the process will generate a waste carbon sludge likely to be
contaminated with dioxins. If this step is not conducted, any dioxins present are
tikely to be carricd through the process and appear in the fina) product.

In either variation, the next step is to add acid to neutralize the residual caustic
and to form insoluble 2,4 ,5-T. The product is then filtered or centrifuged from the
waste brine. dried, and packaged for sale. The filtrate from this step should contain
only soluble sodium chloride and sulfate, excess neutralization acid. and very smali
yuantitics of organic matter; it is discarded as a liquid waste.

The patent that describes the manufacture of 2,4.5-T is unusually detailed and
mdicates that the temperature during the process is never above 140° C. whichis
lower than the temperature believed to be necessary to create dioxins. Any dioxins
that enter with the feed will appear either in the product or in process wastes, but
additional dioxins probably are not formed during 2.4,5-T manufacture. Even
during abnormal operation or an industrial fire. it would be difficult for the
icmperature to exceed by far the low boiling point of amyl alcohol, since all
operations take place in unpressurized vessels.
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TABLE 17. DERIVATIVES OF 2,4,5-TRICHLOROPHENOL
AND THEIR RECENT {1978) PRODUCERS?

Derivative Use Current producers Production location
24,5-T and Herbicide for Dow Chemical Company Mudiand, MI
esters and woody plant
salts control North American Phillips Kansas City, KS
Corp.. Thompson-Hayward
Chemical Co., subsidiary
PBJ-Gordon Corp. Kansas City, KS
Riverdale Chemical Co. Chicago Heights, IL
Rhodia, tnc.’ Portland, OR or
St. Joseph, MO
Umion Carbide Corp., Ambler, PA
Amchem Products, inc., Fremont, CA
subsidiary St. Joseph, MO
Vertac, Inc.. Jacksonville, AR
Transvaal, inc.,
subsidiary ¢
Silvex and Herbicide for Dow Chemicat Company Midtand, M}
esters and woody plant
salts controf, plant North American Phillips Kansas City, KS
{Fenoprop} hormone Corp., Thompson-Hayward
Chemical Co..
subsidiary
klverdale Chemical Co Chicago Heights, IL
Vertac, Inc.. Jacksonwille, AR
Transvaal, inc.,
subsidiary®
Erbon Herbicide, Dow Chemical Company?  Midiand, Mi
weed and
grass killer
Ronnel insecticide Dow Chemicat Company Mhdiand, M1
{Fenchlorfos)
Hexachforo- Bactericide Givaudan Corporation Chfton, NJ
phene
a—Source 1978 Directory of Chemical Producers, United States

b—Rhodia 1s not listed 1 the 1978 Dwectory of Chemical Producers, United States, but has been
recently cited by the EPA {Blum 1979) and the news media (Wall Srreet Journal 1979 and
Environmemat Reporster 1979a) as 2 manufacturer of 2,4,5-T

c—in 1979 this pany

2.4.5-T and silvex

d—ARhough erbon is not histed in the 1978 O

d prod yvof 2.4,5-inchiorophenol for subsequent conversion to
y of Ch ¥ Prod: <. United States, several
1 Comp: have reg od erbon p prod with

compantes including Dow Ch

¥
the EPA Dow i1s most hkely the basic producer of the herbicide
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The highest production of 2,4,5-T occurred between {960 and 1968, when it
peaked at 16 million pounds per year (World Health Organization 1977). Between
1960 and 1970 a total of 106.3 million pounds was produced domestically (Kearney
ct al. 1973b). Production declined during the 1970 because of restrictions on usc
of the compound. In 1978 the annual U.S. usage of 2,4,5-T was estimated at only §
million pounds (American Broadcasting Co. 1978). Because of EPA’s March 1979
cmergency ban on most of the remaining uses (Blum 1979), current usage is
helieved 1o be even less, probably less than 2 million pounds per year.

2.4.5-T may be produced and formulated in several forms as saits and esters of
the acid. The low-volatility esters have been used most often. Emulsifiable
concentrates of 2,4,5-T salts and esters contain 2 to 6 pounds per gallon of the acid
vyuivalent; oil-soluble concentrates contain 4 1o 6 pounds of active ingredient per
gailon (U.S. Environmental Protection Agency 1978h).

Until 1979, this herbicide was probably produced by the seven companies shown
n Table 18. Over 2 hundred companies were recently marketing more than 400
lormulated pesticide products containing 2,4,5-T (U.S. Environmental Protection
Agency 1978h).

TABLE 18. FORMER PRODUCERS OF 2,4,5-T
{Prior to 1978)*

Company Location
Chempar Portland, OR
Diamond Shamrock Corp. Cleveland, OH
Hofiman-Taft, Inc. Springheld, MO
Hercules, Inc Witmington, DE
Monsanto Company St. Louis, MO
Rorer-Amchem Ambler, PA

Fremont, CA

St Joseph, MO

Jacksonwite, AR

wm. T. Thompson Company, St Lows, MO
Thompson Chemical Division

a—S Stantord R ch Ir Drrectory of Chemical Producers, United States 1976
and 1977 United States Tantf C v Unied S international Trade Commission
Synthetic Orpamic Chemicals, Unied States Production and Satles 1968, 1974, 1976, and
1977

Silvex~Silvex 1s a family of compounds that act as hormones to plants and can
be used as specific herbicides. Formulations containing these materials were used
for control of woody plants on uncropped land and for control of weeds on
residential lawns until 1979, when sales of most products containing silvex were
halted (Blum 1979). Silvex is still being used on noncrop areas, on rangelands and
orchards, and on rice and sugar cane (Toxic Materials News 1979b; Chemical
Regulation Reporter 1979¢).

The chemical name for silvex acid 1s 2-(2.4.5-trichlorophenoxy) propionic acid.
It is also known as Fenoprop. 2.4.5-TP, and 2.4.5-TCPPA
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Sitvex is available either as the acid or esters and salts of the acid. The low-
volatility esters are probably the form most widely used.

TCDD’s were detected (1.4 ppm) in one of seven silvex samples manufactured
between 1965 and 1970 and analyzed in 1972; no other dioxins were detected
{Woolson, Thomas, and Ensor 1972. Kearney et al. 1973b).

The following are recent producers of silvex as listed in the 1978 Stanford
Research Institute Directory of Chemical Producers:

Dow Chemical Company —Midland, Michigan

North Amenican Phillips, Thompson Hayward Chemical, subsidiary—Kansas
City, Kansas

Riverdale Chemical— Chicago Heghts, Hilinois

Vertac, Inc., Transvaal. Inc., subsidiary —Jacksonville, Arkansas

Hercules, Inc.. of Wilmington, Delaware, 1s a {ormer producer (U.S. Tariff
Commission 1968). The 1978 EPA pesticide files indicate that more than 300
products or formulations contamning silvex are registered (U.S. Environmental
Protection Agency 1978f).

Silvex manufacture is more complex than that of other 2.4,5-TCP derivatives.
The compounds sold commercially are usually complex esters, made from a
specialized alcohol and silvex acid. The final manufacture of the ester is well
documented in a process patent (U.S. Patent Office 1956a), as is the manufacture of
the specialized alcohol. No definitive information has been found, however, on
manufacture of the silvex acid. probably because compounds of this type can be
manufactured by a long-cstablished chemical reaction that is used in many
categories of the organic chemical industry (J. Am. Chem. Soc. 1960). Silvex acid
would be the source of any dioxins 1n commercial siivex products (see Figure 14,
p. 60). The figure on the following page illustrates the most likely chemical reaction
that would form the silvex acid and also shows the subsequent estenfication, as
described in the patent.

In the first step, 2.4,5-TCP is probably brought into reaction with the methy)
ester of 2-chioropropionic acid, with methanol as the solvent and sodium
mcthoxide as a reaction aid. This reaction would occur approximately at the
boiling temperature of methanol, which is 65° C. The resulting compound would
probably be scparated from the reaction mixture by treatment with acidified water
followed by extraction with a chlorinated hydrocarbon.

The addition of more acidificd water 1o the extractant and a subsequent

evaporation at a temperature ncar 100° C would hydrolyze the mtermediate
compound and also would drive off the chlonnated hydrocarbon for recycle and
the methanol byproduct to be reclaimed for other uses. The resulting compound s
2-(2.4.5-tnchiorophenoxy) propionic acid. which 1s known to be a reactant in the
subsequent processing (U.S. Patent Office 1956a).
, Other methods could be used to prepare this intermediate acid, but none of them
would utilize high temperatures or unusual solvents. The use of a strongly alkaline
hydrolysis step. rather than an acidic medium. ts possibie. In any method, the last
step is probably another solvent extraction using 1.2-dichloroethane to prepare the
mixture for the next operation

Silvex acid can be converted to various esters by using selected ether alcohols
The esterification steps are identical except for variations in the alcohol raw
material. In a solvent of 1.2-dichloroethane. with concentrated sulfuric acid as a
reaction aid, the mtermediate acid is mixed with an cther alcohol. In the following
examplec, butoxypropoxypropanol is used. The mixture is held at about 95°C
for about 7 hours. Duning this period. the water formed in the reaction is removed
by passing the reflux condensate through a decanter. At the end of the reaction, the
product 1s present as an insoluble precipitate. which is filtered from the mixture.
washed with sodium carbonate solution. and vacuum-dried at about 90° C.
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CH3—-(':H
OH o]
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+ CHyCHOOOCH; ——+
cl G cl
Ci C
2,4,5-1CF
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?Cnﬂo
GOOCHaCHACH foon
oC -CH
CH;-?H 3H7 ?Cqﬂq CH3 ?
Ho 1
Cl Ct
H
‘_____9_03 7
c H2S0s c
Cl 1
SILYEK ESTER SELVEX

Although compicte data arc unavailable, no information indicates that
temperatures greater than 100° C would occur at any step in the manufacture of
acidic silvex or its esters. 1t is therefore unlikely that dioxin compounds would be
created as side reaction products.

Absence of detailed information makes it impossible to establish whether dioxin
vontamination would carry through from the 2,4.5-TCP raw material into the final
product. Theoretical considerations do not permit an estimation of the degree of
purification required by the various intermediate compounds. Probably. as noted
1bove, at Jeast two solvent extraction operations are used to separate the principal
processing materials from water solutions. Since TCDD's are very siightly soluble
m chiorinated organic solvents, some could be carried through these operations,
but most should be rejected.

Erbon—Very little information is available on erbon, which is derived from 2.4,5-
trichlorophenol. Analysis of one erbon sample produced in 1970 indicated more
than 10 ppm octachlorodioxin (Woolson, Thomas, and Ensor 1972). Tetra-, penta-
hexa-, and heptachlorodioxins were not detected (0.5 ppm limit of detection).

In 1978, nine companics had registered 17 products containing erbon (U.S.
I nvironmental Protection Agency 1978). Dow is probably the only producer of the
hasic chemical. The other companies are most likely formulators who obtain their
hasic erbon ingredicat from Dow. The volume of erbon produced annually is not
known.

This herbicide s an ester based on 2.4,5-TCP. Although the initial
inanufacturing step is not reported, the first intermediate is almost identical to that
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used to make sesin. General organic chemical references indicate that itis probably
made by an niual reacnion of 2.4.5-TCP with ethylene chlorohydrin (March 1968).
Water 1s the most hikely solvent, made strongly alkaline with sodium hydroxide.
and the mtermediate probably precipitates on addition of acid and is filtered {rom
the solution and dried A process patent (U.S Patent Olfice 1956b) discloses that
the second reaction step is a combination of the intermediate with 2.2-dichloropro-
pronic acid tn a sotution of ethylene dichlonde (1.2-dschloroethane). with addition
of a small amount ol concentrated sulfuric acid to remove the water formed in the
rcaction These chennical reactions are shown by the lollowing sequence drawing.

oH QCH,CHOH

Cl cl
+ CICHoCH,0H NaOH
Ct ci
(o} Ct
7,4,5-1CP
CH3CCl1,COOH
H2SO,
(“J
OCH.CHL0—C—CClaCH3
o
Ci
cl
ERBON

The resulting reaction mixture iy partially purified by washing with water and
then tracuonally distitied under vacuum to recover ethylene dichioride for recvele
and possibly to separate the praduct from any impuritics.

T'he first step of the reaction s the one that could possibly form dioxans (sec
Figure 16, p. 62). Both the raw material and the resulting intermediate contain a
chlonipe atom ortho to a nag-connected oxygen atom, and the mixture s heated
with sodium hydroside Temperatures are not high, however, since water
probably the solvent used and thes aimple reaction ordinarily docs not require
apphcation of pressure Dioxan lormation could occur at the surlace of steam cotls
il high-pressure steam is used 1o dintillation

Apparently no operation other than the final distillation would remove any
dionin contanmination trom thes material Since the most hikely impurities would be
more volatile than the hinal ester. even the distilation may not serve to polate
dioxins 1ato i waste stream Mast dians evther formed by the process or presentin
the raw matenal would probably be collected with the final product

Ronnel—1 he chemical name of ronnacet s 0.0-dimethyl 0-(2.4.5-trichlorophenyh)

phosphoroate. Ty maeciiarde s also known by such names as fenchlorfos.
Irolene. Etrolene, Nanhor, Korlan, Viosene, and Ectoral (Merck Index 197¥)
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Ronnel is effective in the control of roaches, flics, screw worms, and cattle grubs
(Merck Index 1978). In 1972, highly chlorinated dioxins were detected at ppm
levels in an unknown number of ronnel samples {(Woolson, Thomas, and Ensor
1972).

The manufactuse of ronnel is a two-step process (U.S. Patent Office 1952) in
which Na-2,4,5-TCP is reacted first with thiophosphoryl chloride, then with
sodium methoxide. The chemical reactions are shown below:

S, ,C 5, (0CHs
ONa oe 0" ocH,
cl ci a
PSCly NaOCH;
ol ci cl
cl Ci ci
Na-2,4 5-1CF RONNEL

In the first step, dry Na-24.5-TCP is added to an excess of thiophosphoryl
chloride (2 to 4 times the theoretical amount) and heated slightly, perhaps to 80° C.
Sodium chloride is formed as an insoluble precipitate; it is filtered from the mixture
and discarded. The clear filtrate is vacuum-distilled to vecover the cxcess
thiophosphory! chloride for recycie and to fractionally separate the intermediate
irom side reaction impuritics.

In a separate reaction vessel, metallic sodium is mixed with methano!. Hydrogen
pas is liberated, creating a methanolic solution of sodium methoxide. This solution
s mixed siowly with the purified intermediate while the mixture is maintained at
approximately room temperature with noncontact cooling water.

When measured amounts of both reactants have been combined, the mixture is
held for a period of time to ensure completion of the reaction. A nonreactive
organic solvent is then used 1o extract the product from a mixture of methanol,
excess sodium methoxide, and byproduct sodium chloride. Suitable extraction
solvents are carbon tetrachioride, methylene dichloride, and diethyl cther. The
extraction solvent is decanted from the mixture, washed with water solutions of
sodium hydroxide, and fractionally vacuum-distilled to separate the extraction
solvent for recycie and to scparate ronnel from side reaction byproducts.

Throughout this process, the temperature probably does not exceed 150° C. The
highest temperature probably occurs in the base of the final distillation column. In
theory, additional dioxins arc not likely 1o be created by this process because of the
absence of high temperature and pressure, although all other conditions meet the
requirements for formation of 2,3,7,8-TCDD (see Figure 15, p. 61).

It appears even less hkely that dioxins originally present in the Na-2,4.5-TCP
raw material would be carried through into the product. If all the steps outlined
above are properly conducted, some of the operations might isolate dioxins into
waste streams. The solubility of dioxins in thiophosphoryl chloride is unknown: if
they are insoluble, they would be removed with the first filtration. Because the
solubility of dioxins in chlorinated methanes is very slight (0.37 g/ liter for TCDD
in chloroform), much of the dioxin present would not be capiured by the extraction
solvent and would be carried away with the methanol reaction solvent.
Distillations afford twe other opportunitics to isolate dioxin contaminants into
-¥aste organic {ractions. Although the probability of dioxins carrying through into
the final product appears slight. definitive information is not recorded.
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Ronnel is reportedly produced by only one company—Dow Chemical
Company. Midland. Michigan (Stanford Research Institute 1978). Annual
production volume is not known. It is found in over 300 pesticide formulations
registered by more than 100 companies.

Chlorophenol Derivatives with Unconfirmed Dioxin Content

This subsection deals with several other chlorophenol derivatives that may
contain dioxins. The compounds discussed include those that have been analyzed
for dioxin content with negative results and also those for which analytical data
have not been reported.

Hexachlorophene—

Hexachlorophene is known chemically as either bis~(3.4.6-trichloro-2-
hydroxyphenyl) methane, or 2,2’-methylene-bis (3,4.6-trichlorephenol). It is also
known commercially as G-11 {Cosmetic. Toiletry, and Fragrance Association, Inc.
1977). Hexachlorophene is an effective bactericide and fungicide. Prior to 1972 it
was widely advertised and distributed as an active constituent of popular skin
cleansers, soaps, shampoos, deodorants, creams, and toothpastes (Wade 1971;
U.S. Dept. HEW 1978). Although its use has been considerably restricted by the
Food and Drug Administration. it still may be used as a preservative for cosmetics
and over-the-counter drugs; the concentration is restricted to 0.} percent in these
products. Skin cleansers containing higher levels may also be sold but only as
ethical pharmaceuticals, available by medical prescriptions (U.S. Code of Federal
Regulations Title 21 1978). As an agricultural pesticide, hexachlorophene is a
constituent of formulations used on three vegetables and on some ornamental
plants for control of mildew and bacterial spot. It is also used in limited industrial
and houschold apphcations as a disinfectant.

The grade of hexachlorophene produced today is reported to contain less than
15 ug/kg (< 15ppb) 2.3,7,8-TCDD (World Health Organization 1977). Ina 1972
analysis, dioxins could not be detecied in hexachlorophene at a detection limit ot
0.5 mg/kg (0.5 ppm) (Helling et al. 1973).

Four process patents have been issued on manufacture of hexachlorophene, and
all are variations of the following chemical reaction:

OH OH OH
ct He ci ci
o 99
H2C=0
G aa
ct cl ci
2,4,5-1CP HEXACHLOROPHENE

Hexachlorophene i1s formed by reacting one molecule of formaldehyde withtwao
molecules of 2.4.5-TCP at elevated temperatures 1n the presence of an acid catalyst
(Moye 1972). The patented processes differ in temperature, reaction ime, order of
reagent additions, rcaction solvents, and other physical parameters

In the first process, patented in 1941, methanol is the solvent and large amounis
of concentrated sulfuric acid are used to bind the water that is formed as a reaction
byproduct; the process takes place at 0° 10 5° C over a 24-hour period {U S Patem
Office 1941). A second patent issued in 1948 discloses that the methanol solvent
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climinated and the reaction is conducied with paraformaldehyde at an clevated
temperature (135° C) over a J0-minute period (U.S. Patent Office 1948). A 1957
patent reintroduces a solvent, which is one of several chlorinated hydrocarbons
(U.S. Patent Office 1957d). Temperature is 50° to 100° C, and reaction time is 2to 3
hours. Oleum {sulfuric acid plus SO;) is used as the catalyst and concentrated
sulfuric acid is recovered as the byproduct. Finally,a 1971 patent revises the order
of reagent addition and also emphasizes the chemical reaction mechanism (U.S.
Patent Office 1971). This last-mentioned process is probably the one in present use;
its processing sequence is shown in Figure 32.

Patent information indicates that older manufacturing methods probably
reclaimed the product from the reaction mixture by neutralizing the sulfuric acid
with sodium hydroxide, which would have created a rather large amount of brine
waste. In modern processes, conditions are probably maintained so tha the
residual sulfuric acid scparates as a distinct liquid layer when agitation of the
mixture is stopped after compietion of the reaction. This acid, which contains the
water formed during the reaction, is decanted from the mixture; it is strong enough
10 be used eisewhere in the plant complex, although it probably cannot be used in
subseguent hexachlorophene batches.

In the patent examples, the organic layer that remains after the acid is removed is
mixed with activated carbon, which is then filtered from solution. The purpose of
this treatment is to remove colored impurities. The clear filtrate is then chilled to
approximately 0° C; crystals of hexachlorophene precipitate and are {iltered from
solution, dried. and packaged. The filtrate. which would contain some
hexachlorophene, is probably directly recycied for use in succeeding batches.

There is no indication that dioxins wounid be formed during the production of
hexachlorophene, since highly acidic conditions arc maintained throughout the
process and temperatures are well below those known to be needed for dioxin
reactions (Kimbrough 1974). if dioxins are found in hexachlorophene, the most
likely explanation for their presence is that contamination in the 2,4,5-TCP raw
material is carried through into the final product (see Figure 27, p.74), In a
situation identical to that of the 2,4.5-T process, the patent descriptions show the
possibility of activated carbon adsorption, which could cause accumulation of
dioxins into an extremely hazardous waste. If carbon adsorption is not vsed in
commercial practice or if it is not totally effective, any diexins in the raw matenal
will either appear in the hexachlorophene product or be recycled to succeeding
batches. Although dioxins are not known to be soluble in sulfuric acid, they might
be carried out of the process with the acid byproduct. if this were the case, dioxins
could then appear in other products of the plant in which the sulfuric acid is
utilized.

Givaudan Corporation in Clifton, New Jersey, is apparently the only active U.S.
producer of hexachlorophene. Until 1976, the 2,4,5-TCP for hexachlorophene
manufacture was produced by Givaudan's ICMESA plant in Seveso, Italy, and
shipped to New Jersey for conversion. In 1976, Wright State University analyzed
iwo representative samples of this trichlorophenol and found 1.8 and 1.9 ppb
TCDD's (Tiernan 1976). An accident in 1976 closed the ICMESA plant and
climinated Givaudan's primary supply of 2,4,5-TCP. (For further details of the
ICMESA incident see Section 5, p. 168). It is now believed that all the 2,4.5-TCP
for hexachlorophene manufacture is supplied by Dow Chemical Company and
that Givaudan specifies an exiremely low dioxin content. In 1978, five waste
samplies from the Clifton plant were analyzed for chlorinated dioxins. None were
found at a 0.1 ppm level of detection (U.S. Environmental Protection Agency
1978d). Subscquent analysis of three of these sampies found no TCDD s at 0.1 or
less ppb (scc Section 4 of this report).

About 400 commercial products containing hexachlorophene have been
marketed recently in pesticide, drug, cosmetic, and other germicidal formulations.
The annual production volume of the germicide is not reported.
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Figure 32. Flow chart for hexachlorophene manufacture
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Bithionol —

Bithiono! (2,2~thio-bis{4,6-dichlorophenol]) is an antimicrobial agent that was
approved at one time for drug usc by the U.S. Feod and Drug Administration. This
approval was withdrawn in October 1967 because the chemical was found to
produce photosensitivity among users (Kimbrough 1974; Merck Index 1978). The
U.S. EPA continues to approve its use as a pesticide in three animal shampoo
formulations. These formulated bithionol products may no longer be actively
marketed, however, because the single basic source of this chemical (Sterling
Drugs Hilton-Davis Chemical Co.) apparently no longer produces it (Chem
Sources 1975; Stanford Rescarch Institute 1978).

The manufacture of bithionol is a one-step reaction between 2,4-dichlorophenol
and sulfur dichloride (U.S. Patent Office 1962; U.S. Patent Office 1958b). Carbon
tetrachloride is used as the solvent, and 2 small amount of aluminum chloride
serves as the catalyst. Bithionol is formed in a reaction at about 50° C; batch time is
about 2 hours. The chemical reaction is shown below.

OH OH
cl
cl 5Cla a s
AlCiy
c cl

B1THIONOL

OH

Two methods of product recovery are outlined in one process patent (U.S.
Patent Office 1958b). In one method, water is added and impure bithionol
precipitates. To form a crude product, it is necessary only 10 filter the solids from
the mixture and wash them several times in water and cold carbon tetrachloride.
They are then dried and packaged.

Alternatively, to recover a purified product, water is added and the mixtuores
distilied 10 remove the carbon tetrachloride for recycle. Bithionol collects as an
organic sediment, which is separated from the water solution by decantation,
washed with water and sodium bicarbonate, vacuum-dried, redissolved in hot
chlorabenzene. filtered, chilled to precipitate bithionol, and again filtered.

A separate patent outlines a procedure for forming metallic salts_of bithionol,
which are compounds that permanently impregnate cotton fabrics with
disinfectant properties (U.S. Patent Office 1962). The process uses sodium
hydroxide and various metallic salts in room-temperature reactions, with water as
the solvent.

This manufacturing dperation apparently provides no potential for production
of dioxins by the known process of dioxin formation. In the manufacture of crude
bithionol, there is no opportunity to reject any dioxins that may be present in the
2.4-dichlorophenol raw material. They would be carricd through into the final
product.

If bithionol is purificd by the process outlined above, one filtration operation
would remove compounds that are insoluble in hot chlorobenzene. Some dioxins,
however, are slightly soluble in this solvent and thus might persist even in purified
bithiono! or its salts.
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Sesin—

Sesin s an ester based on 2.4-dichlorophenol. The manufacture is simiarto that
of erbon. a 2.4.5-TCP-based herbicide described earlies. Although details of the
ftrst process step have not been reported, general organic chemmcal references
indicate that sesin manufacture probably begins by a reaction between 2.4-
dichlorophenol and ethylene chlorohydrin, as shown n the reaction sequence that
follows (March 1968). Water is the most likely solvent, made strongly atkaline with
sodium hydroxide, and the intermediate probably precipitates on addition of acid
and is filtered from solution and dried

oM OCH,CHOH

a NaOH c
+ CICH,CHaOH  ——>

c cl
COH

4-91CHLORDPHENOL

HyS04
%
ocn,cu,o-c—@
Ci
st

A process patent discloses that the sccond reaction step is a combination of the
intermediate with benzoic acid (U.S. Patent Office 1956d). Xylene is the solvent.
and a small amount of sulfuric acid s used to remove the water formed in the
reaction.

The resulting reaction mixiure is neutrahized with sodium carbonate and is then
fractionally distilled under vacuum to recover the xylene for recycle and possibly to
separate the product from any impurities.

The first step of the reaction 1s the one that could possibly form dioxins. Both the
raw matenal and the resulting intermediate contain a chlorine atom orthoto a ring-
connected oxygen atom. and the mixture 1s heated with sodium hydroxide. High
temperature is not present, however. Since water 1s probably the solvent, this
simple reaction would not ordinarily require apphcauon of pressure. Dioxin
formation could occur at the surface of steam coils if high-pressure steam 1s used
for distillation

Apparently no operation other than the final distillation would remove any
dioxin contamination from this matertal Even this distilation may not solate
dioxins into a waste stream. Mostdioxins ewther formed by the process or present in
the raw material would probably be collected with the final product

110

DEP\DA0120159



Triclofenol Piperazine—

A pharmaceutical compound can be made from commercial 24,5-
trichlorophenol for usc as an anthelmintic (deworming medication) (U.S. Patent
Office 1961a; Short and Elslager 1962). The research and animal tests of this drug
were conducted prior to 1962 with unpurified commercial-grade 2,4,5-TCP. The
drug was made by dissolving the chlorophenol in warm benzene and adding a
measured quantity of piperazine. The resulting solution was filtered to remove
insoluble matter, diluted with petroleum ether, and chilled. Crystals of the drug
precipitated and were filtered from the mixture, washed with petroleum ether,
dried, and packaged in gelatin capsules.

If this drug is being manufactured, the volumes are very low because it is not
listed in most pharmaceuvtica) trade references. Manulacture would probably be by
the same process used in the laboratory, probably in very smail batches, and with
cquipment not much larger than standard laboratory apparatus.

Any dioxins present in the TCP raw maierial are probably discharged in plant
wastes rather than being concentrated into the pharmaceutical. Most of the dioxin
probably is filtered from the benzene solution as part of the insoluble matter. Since
some dioxins are slightly soluble in both benzene and petroleum ether, a portion
might remain in solution and be transferred to solvent recovery distillation
columns. The remaining dioxin would be discarded as part of an anhydrous tar
from the base of these columns. The pharmaceutical industry usually incinerates
both solid organic residues and solvent recovery tars.

Dicamba—

The herbicide dicamba is & derivative of salicylic acid known chemically as 3,6-
dichloro-2-methoxybenzoic acid. 1n 1972, analysis of eight samples indicated no
tetra-, hexa-, or hepta-CDD's at a detection level of 0.5 ppm (Woolson, Thomas,
and Ensor 1972). The presence of DCDD's is theoretically possible, however (see
Figure 23, p. 70).

Dicamba is made by acylation of 3.6-dichlorosalicylic acid, which in turn is made
from 2.5-dichlorophenol. The chemical reactions are shown below.

g 7 g go
Cl HO~C HO~
D,u o c c
NeOH NaOH :
< Cct cr
1,5-BICNLOROPNENDL BICANBA

The first step is known as the Kolbe-Schmitt reaction and is also used to make
unsubstituted salicylic acid from unsubstituted phenol in addition to haloginated
derivatives (U.S. Patent Office 1955a). Operating temperature is probably below
200° C, and operating pressure is probably greater than 8 atmospheres. The
chlorinated salicylic acid is mixed into water and sodium hydroxide and treated
with dimethyl sulfate (U.S. Patent Office 19672). The reaction is conducted initially
with refrigeration 1o retard the otherwise violent reaction; the mixture is then
heated for a few hours at reflux temperature (slightly above 100° C).

On completion of the reaction. the mixture is acidificd with hydrochloric acid.
Dicamba precipitates and is filtered from the mixture, rinsed with water, and dried.
Recrystallization from an organic solvent such as cther is possible, but probably is
not conducted in commercial practice.

Except for high temperature, all conditions necessary for formation of
chiorinated dioxins arc present. 1t is likely that at high temperature dicamba would
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lose carbon dioxide in a reversal of the initial manufacturing reaction, and any
dioxins formed would not contain carboxy} groups.

Dicamba is seported to be wmade by Velsicol Chemical Corporation n
Bcaumont. Texas, under the trade name Banve! (Stanford Research Institute
1978). It is commercially available in many formulated pesticide products

Other Chlurophenol Derivanves—

Compounds other than the products listed above are also potential dioxin
sources. but are made and used in smaller volumes.

A compound with the trade name of Irgasan B52001s used as a bacteriostatand a
preservative. Often described by the generic abbreviation TCS., it is an acid amide
derivative of a chlorinated salicylic acid, made by first reacting 2.4-dichlorophenol
with sodtum hydroxide and carbon dioxide at high pressurc, then reacting the
resulting intermediate with 3.4-dichloroaniline (U.S. Patent Office 1955a).

The germicide Irgasan DP-300 is a predioxin that was once sold i this country
by Ciba-Geigy Corporation. As outlined in Section 2, 1t was used in some of the
research of chlorinated dioxin chemistry, and dioxins were formed readily on
heating of this compound. Its chemical farmula is as follows:

0

Cl Gt HO Cl
This compound ts a derivative of 2,4-dichlorophenol. although the process of
manufacture has not been reported.
The formulation called Dowlap was once used in the Great Lakes to control the

sea lamprey. an eel-like fish. The active ingredient of the formulation was 3.4,6-
trichloro-2-nitrophenol, whose chemical formula is as follows:

Cl
OH

ci NO,
cl

This compound was made by direct nitration of 2.4.5-trichlorophenol using
concentrated nitric acid in a solvent of glacial acetic acid (Merck Index 1978).

A dye assistant chemacal for use with polyester fibers was once made with the
trade name Tyrene {Merck Index 1978) lts chemical name is 2,4.6-trichloroamsole
or 2.4.6-trichloromethoxybenzenc, with a structural formula as follows

o]
O—CH;3

Cl Cl

It was probably made by acylation of 2.4.6-trichlorophenol with dimethyt sulfate
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Dioxins in Chlorophenol Production Wastes

Although the dioxin content of many products containing chiorophenols or
their derivatives has been reported in the literature, little information is available
on dioxins in the industrial wastes created by chloropheno! manufacture. One
unpublished report (U.S. Environmental Protection Agency 1978d) describes
analysis for dioxins in 20 samples of liquid wastes from plants manufacturing
trichlorophenol, pentachlorophenol, and hexachiorophene. The limit of detection
was 0.1 ppm. No TCDD's were detected in any of the samples. Hexa-, hepta-, and
octachlorodioxins were found in the pentachlorophenol wastes. The report does
not indicate clearly whether any of the higher chlorodioxins were found in the
hexachlorophene wastes.

Considerations of solubility and volatility suggest that large concentrations of
dioxins will be found in the still bottom wastes from 2,4,5-TCP manufacture.
Direct analytical evidence to this effect, though limited, is affirmative. Waste oils
identified as carly 1970 still residves from a former 2,4,5-TCP manufacturing plant
in Verona, Missouri, have been analyzed and reported to contain ppm quantities of
2,3,7,8-TCDD (Johnson 1971; Commoner and Scott 1976a). A toluene still bottom
waste taken from Transvaal’s plant in Jacksonville, Arkansas, has recently been
found to contain 40 ppm of TCDD (Watkins [979; also see Section 4 of this
report).

The effect of biological treatment on removal of dioxins from liquid industrial
wastes s not known. In 1978, the Dow Chemical Company reported that no
2,3,7,8-TCDD couid be detected in 13 of 14 grab and composite samples from the
secondary and tertiary outfall of its manufacturing plant, which produces farge
quantities of 24.5-TCP, 2,4,5-T. and other chlorophenolic compoinds; one
sample was questionable. The reported level of detection ranged from 1 to 8 ppt.
No information is given on the dioxin content of the untrecated waste stream or on
the treatment methods.

Apparently it has been common practice for chemical manufacturers to dispose
of dioxin-contaminated wastes or other toxic chemical wastes by landfill. Either
liquid or solid forms of the wastes are placed in drums and stored or buried. Dioxin
wastes disposed of in this manner would be expected to be quite concentrated.
Recently ppt to ppb levels of TCDD’s were reported in environmental samples
from two landfills in Niagara Falls, New York (Chemical Week 1979). Hooker
Chemical reportedly has dumped a total of 3700 tons of 2,4,5-tnichlorophenol
wastes over the past 45 years in these two dumps (Hyde Park and Love Canal)and
in one other disposal site on the company’s Niagara Falls property. The report
estimated that the wastes buried in thesc landfills could contain over 100 pounds of
TCDDss.

At the Transvaal pesticide plant in Jacksonville, Arkansas, more than 3000
barrels of dioxin-contaminated wastes are stored on the plant property (Fadiman
1979). The total quantity of TCDD present in the wastes has not been estimated.

No other known information describes the quantities of dioxins that might be
buried eisewhere in the United States. in an effort to ideatify areas where landfills
are most likely to contain large dioxin wastes, Figure 33 illustrates the locations
where chlorophenols and their derivatives are now or were formerly produced. A
list of these locations is presented in Table 19; note that this list does not include
tocations of the many companies that are believed only to formulate or otherwise
merchandise the chlorophenols or their derivatives.

A detailed discussion of the methods used for disposal of dioxins is presented in
Section 8. Additional information related 1o the environmental effects of dioxin
disposal is presented in the subsection on Water Transport in Section 7.

HEXACHLOROBENZENE

In 1974, a techmical paper reported the presence of OCDD in samples of
commercial hexachlorobenzene (Villaneuva et al. 1974). Three samples were
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‘ 1. Philadelphia, PA 17. Sauget, iL
; 2. San Mateo, CA 18. Chicago, IL
3. Portland, OR 19. Kansas City, KS
4. Cleveland, OH 20. Verona, MO
[ 5. Midiand, MI 21. Tacoma, WA
; 6. Tuscaloosa, AL 22. St Paul, MN
! 7. Linden, NJ 23. St Joseph, MO
8. Clifton, NJ 24. Chicago Heights, IL
9. Naperville, iL 25 Nntro, WV
10. Jacksonville, AR 26. Ambler, PA
11. Springfield, MO 27. Fremont, CA
12. Niagara Falls, NY 28. Port Neches, TX
13 Dover, OH 29. St Lows. MO
14. Shenandoah, 1A 30. Wichita, KS
15. Rahway, NJ 31. Orlando, FL
16 Whiteford, MD
‘I

Figure 33. Locations of current and former producers
of chlorophenols and their derivatives
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TABLE 19. LOCATIONS OF CURRENT AND FORMER PRODUCERS Of
CHLOROPHENOLS AND THEIR DERIVATIVES*

Producer Location Chemical Type
Alco Chemical Corp. Philadelphia, PA 24-D
J. H. Baxter and Company San Mateo, CA PCP
Chempar Portland, OR 2457
24-D
Diamond Shamrock Corp. Cleveland, OH 2,4,5-TCP
2,4.5-T
24-D
Dow Chemical Company Midiand, M} 2,45-TCP
2,4.6-1CP
2,3,4,6-Tetrachtorophenol
2,4.D
2,457
Sitvex
Ronnel
Erbon
OMPA
Fallek-Lankro Comp. Tuscaioosa, AL 2,4-D
GAF Linden, NJ 2,4.D
Givaudan Corporation, Ciifton, NJ Hexachiorophene
Chemicals Division
Guth Corp. Napervilie, iL. 2,4-D
Hercules, Inc.® Jacksonville, AR 2,4-D
Silvex
2,45-TCP
Hotfman-Taft, Inc Springfield, MO 245-T
Hooker Chemicsl Corp. Nisgara Falls, NY 2,45-TCP
Occidentat Petroleum Corp.,
subsidiary
1CC Industries, Inc., Dover Dover, OH PCP
Chemical Corp., subsidiary
Imperial, Inc. Shenandosh, IA 2.4-D
Merck and Co., Inc. Rahway, NJ 2.4,5-TCP
Miller Chemicsls, Whiteford, MD 24-D
Alco Steel subsidiary
{continued)
15
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TABLE 13. (continued)

Producer Location Chemical Type
Monsanto Company Sauget, IL PCP
Monsanto industrial 245-T
Chemicals Company 24-D
Nalco Chemical Co. Chicago, I PCP
24.5-1CP
North Amernican Phullips Corp., Kansas City, KS 24-D
Thompson-Hayward Chemical 245-T
Co , subsidiary Silvex
North Eastern Pharmaceuticals Verona, MO 2,4,5-TCP
PBi-Gordon Corporation® Kansas City, KS 24.-D
24,57
Private Brands, Inc.© Kansas City, KS 24D
245-1
Reichhold Chemicals, inc. Tacoms, WA PCP
Rhodia, inc. Portland, OR 2,4-D
Agricultural Division St. Paul, MN 2,4-DB
St. Joseph. MO
Riverdale Chemicat Co. Chicago Heights, IL 24-D
2,457
Silvex
Roberts Chemicals, Inc Nitro, WV 2,48-TCP
Rorer-Amchem Ambler, PA 2457
Amchem Products, inc . Fremont, CA 24-D
Divisron® St. Joseph, MO
Sanford Chemucals 2.3,4,6-Tetrachiorophenol

Thompson Chemicals

Umon Carbide Corp.
Agricultural Products Division
Amchem Products, Inc,
subsidiary?

Vertac, inc.
Transvaal, inc.,
subs:diary®

{continued)

Port Neches, TX
St. Lowss, MO

Ambter, PA
Fremont, CA
St. Joseph. MO

Jacksonwille, AR
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24-D
245-T
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24.0
2,45-T
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TABLE 19. (continued)

Producer Location Chemical Type

Vuican Materials Co. Wichita, KS PCP
Chemicals Division

Woodbury Orlando, FL 2,4-D
Comutrix subsidiary

a—Sources  StanfordR h institute D y of Ch ) Producers, United States 1976,
1977, 1978, and 1979 U S Tarifl C Synthetc Org Ch Is, United States
Production and Ssiles 1968, U.S. imernationsl Trade Commission. Synthetic Organic Chem-
icals, Unnted States Production and Sales 1974, 1976, 1977, and 1978

b—Hercules, Inc., was a former owner of the Jacksonville, AR, facility now owned by Vertac, Inc

c—Pavate Brands, inc , 1s betreved to be a former owner of the Kensas City, KS, faciity now owned
by PBI-Gordon Corp

d—Former Rorer-Amchem facil in Ambler, PA, Fi CA, and St Joseph, MO, ate now
owned by Unon Cartwde Corp

analyzed, two of which contained OCDD inconcentrations of 0.05and 211.9 ppm.
All three contained octachiorodibenzofuran (OCDF) in concentrations of 0.34,
2.33, and 58.3 ppm. Onec sample contained a trace amount of
heptachlorodibenzofuran. It was established that the principal impurity in these
samples was pentachlorobenzene in amounts ranging from 0.02 percent to 8.1
percent. When the samples were examined gualitatively, 11 other impurities having
polychiorinated ring-type structures were identified:

Octachiorobipheny?
Decachlorobiphenyl
I-Pentachlorophenyi-1,2,3-dichloroethylene
Decachlorobiphenyl
Octachlorobiphenylene

Octachloro-1, I-bicyclopentadicaylidenc
Hexachlorocyclopentadienc
Nonachliorobiphenyl
Decachlorobiphenyl
Pentachloroiodobenzene
Heptachloropilium

It is significant that this list includes no phenolic compounds and no predioxins or
wsopredioxins. In fact, the only compounds in these samples that contain oxygen
are dioxins and dibenzofurans.

Uses

Hexachlorobenzene is a registered pesticide formerly used to control a fungus
wnfection of wheat. It is also a waste byproduct from manufacturing plants that
produce chlorinated hydrocarbon solvents and pesticides (Villancuva 1974; U.S.
Environmental Protection Agency 1978g). It can be used as a raw material in the
manufacture of pentachlorophenot, but is not so used in this country.

Hexachlorobenzene is not the same compound as benzene hexachloride. The
empiric formula of hexachlorobenzene (HCB) is C,Cl,, and its structure is that of
henzene in which all of the hydrogen atoms have been' replaced with chlorine.

£z
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Benzene hexachloride (BHC) ts the common name of hexachlorocyclohexane. Its
empiric formula is C,H,Cl,, and its structure results from direct addttion of
chlorine to benzene rather than from replacement of hydrogen. One stereocisemer
of BHC, the gamma form, is a powerful insecticide, and its use in this country is
severely restricted. It is still made, however, because BHC is an intermediate in the
most common synthesis method of producing HCB.

Manufacture

In the manufacture of HCB. the first siep 15 a photochlorination, in which
chlorine gas is bubbled through benzene (Wertheim 1939; U.S. Patent Office
$955b). This occurs in a specialized reaction vessel fitted with a strong source of
uhraviolet hight. In a low-temperature reaction, the light catalyzes the conversion
of approximately 25 percent of the beazene into a mixture of BHC isomers. This
mixture is “crude” BHC, consisting of about 65 percent of the aipha isomer, 10
percent beta, 13 percent gamma, 8 percent deha, and 4 percent epsilon. Jt is
separated by distilling off most of the excess benzene for recycle and then filtering
the BHC crystals from the mixture.

Alf stereoisomers of BHC are equally suitable for the manufacture of HCB. The
continuation of the process consists of mixing BHC with chlorosulfomc acid or
sulfury} chloride and holding the mixture at approximately 200° C for several
hours (U.S. Patent Office 1957a). This step removes the hydrogen from BHC and
thereby restores the unsaturated benzene ring. When the mixture is cooled, HCB
precipitates and is separated by filtration, rinsed with water, dried. and packaged.

. The following shows the overall chemical reactions of the process.
Cl H
H
U.V. LIGHT Cl ﬁ'
+ C': ——
' H Ci
c H
BENZENE H Ci
: I}
CISOzH
Ci
G Ctl  + HC
+ H,0
ct Cl + SO,
Ci
HEXACKLOROBERZENE

Descriptions of these process steps provide no indication that dioxins are
formed. The raw materials arc benzene, chlorine, and chiorosulfonic acid, none of
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which are likely sources of dioxins. The only reactant that could contribute the
oxygen needed to complese the dioxin ring is chlorosuifonic acid, but in this
compound the oxygen is tightly bound in a linkage with suifur.

There is, however, a supplemental process that contributes other chemicals that
may Jead to dioxin formation. This extra step may be conducted at some plants, or
may have been conducted in earlier years. If a market exists for the sale of gamma-
BHC as an insecticide, this material is extracted from the mixture of crude BHC
and benzenc after most of the excess benzene has been distilied off for recycle. To
this concentrated solution, water is added. along with other chemicals. The
objective is to form an emulsion that will entrain part of the BHC. The solution is
then filtered; the emulsion passes through the filter, while the solids that were not
emuisified are captured. Since gamma-BHC accumulates preferentially in the
cmulsion, the solids from this first filtration are used for HCB manufacture and the
tiltrate is treated with salt to break the emuision and then refiltcred. The second
crop of solids contains up to three times as much gamma-BHC as the crude product
and is dried and sold separately (U.S. Patent Office 1955b).

As indicated by the process patent, chemicals added during this supplemental
step include a wide range of organic detergents and solvents, but none of those
listed are phenolic or have been shown to create dioxins. Detergents of the anionic
type are preferred, especially salts of sulfonated succinic esters, although any of the
common surface-active agents are suitable. Supplemental solvernits may not be
cmployed, since benzene alone is said to be prefesred, but other suitable solvents
include dioxanes, any of the aliphatic substituted benzenes, any of the common
chiorinated paraffin hydrocarbons, kerosenes, and ethyl cther. Dioxane is the one
compound listed that might contribute to dioxin formation, although the reaction
15 not reported in published literature.

Production

Current information on the volume or production of hexachlorobenzene is
uncertain. Annual production estimates range from 420,000 to 700.000 pounds.
Stauffer was the only reported domestic producer in 1974; Dover Chemical
Company of Niagara Falls, New York, was the only reported producer in 1977
¢11.5. Environmental Protection Agency 1978g). Dioxins have not been reported in
any other chlorobenzene compounds.

OTHER PHENOLIC COMPOUNDS WITH DIOXIN-FORMING
POTENTIAL

Several compounds with a phenol nucleus that do not contain chiorine are now
being manufactured or were manufactured at one time. Four such compounds or
classes of compounds are examined for their dioxin-forming potential in this
section. (See also Table 7, page 38)

Brominated Phenols

Three brominated phenolic compounds were once manufactured, and may still
be. Because brominated dioxins have been made in laboratory experiments, they
may be created during the manufacture of these compounds.

Published data describe the production method for tetra-bromo-cresol, whichis
made by direct bromination of o-cresol in a solvent of carbon tetrachloride with
aluminum and iron powders as catalysts (U.S. Patent Office 1943). The following
ieaction is conducted at room temperature, and it requires about 24 hours to
complete a batch.

e
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OH Br OH
+ sz — + HBr
Br Br
Br
0-CRESOL TETRABROMG-0-CRESOL

When the reaction s complete, the nuxture i heated to about 80° Ctodre ol the
carbon tetrachlonde solvent and excess bronune. The residue 1s suxed with dijute
hydrochloric acid to form a shurry, which is then fifiered. The resulting sohds are
washed wath water, dned, and packaged Yield 1s about 95 pereent.

it 1y possible to recrystallize this product to sepatate nonphenolic impuiies by
dissolving the crude product in sodium hydrovade solution, hilterning out insolubles.
neutralizing the mixture with hydrochloric acid. and rebiltering This step may or
may not be conducted in commercal practice

‘Two other brommated phenohc compounds are behieved to be made by
essentsally the same process Structual formulas are as follows

Br Br
OH H3C OH

2,4,6-TRIBROMOPHENGL 2,4,6-TRIBROMO-N-CRESOL

Almost all bromunations of osganic compounds are low-temperature processes
because bromine 1 readily vaporized and would be drivenfrom the seaction vessels
at high temperatures. A metathe catalyst s needed to activate the diatomic hyuid
bronune, and a volatilc solven s usually employed to maintam al reactants i the
hguid state

Because the iemperature dunng ntanufacture of these compounds docs not
usually exceed 80° C except at the surface of heating coils, dioxin formation woukt
not beexpected 1t dioxin contanmnation enters with the raw matenals, bromsnated
dioxins bikely would appear s the crude product. H the product s recrvstalfized.
the dioxins could be constituents of a wastc sludge

The literature menuons dioxins that are both brominaied and methylated (scc
Table 5). By the known process of dioxin formation, 2.4.6-tribromo-m-cresol
would be expected to form several dimethyltetrabromodioxins, and other cresobs
would also. 1n theory, form dimcthyl dioxins

O-Nitrophenol

* There 1s no direct utnlization of o-mitrophenol as a completed chemical. It is a
chemical synthesis intermediate. although 1t has fewer uses than p-mitrophenol
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The manufacture of o-nitrophenol is a hydrolysis of o-nitrochlorobenzeae with
sodium hydroxide in a process essentially identical to the hydrolysis method of
chiorophenol production. The chemical reaction is as follows:

+ NaOH ——» [::]:éﬂ + NaCl
NO, NO2

Although the operating conditions of this reaction are not known, conditions of
temperature are probably mild. In nitrochlorobenzenes, the chlorine atom is
weakly attached, especially when the substituents are in the ortho position. The
chlorinc atom behaves like that of an alkyl halide and is readily replaced. In
contrast, the nitro group is very strongly attached and its replacement is difficult
(Wertheim 1939).

Unsubstituted dioxin would be created if a further reaction did occur to remove
the nitrate group by the following theoretical reaction:

OH ON o
(Lo O == CO0 + 2w
NO; HO o

This reaction is possible, and o-nitrophenol may be a source of dioxin
contamination.
This compound is manufactured by the Monsanto Company, Sauget, Illinois.

Salicylic Acid

Salicylic acid is an important chemical synthesis intermediate used to make dyes,
flavoring chemicals, and pharmaceutical compounds such as aspirin.
Unsubstituted dioxin may be present, but has not been reported. Salicylic acid is
made by a high-pressure reaction between phenol and carbon dioxide in the
presence of sodium hydroxide; this reaction is known as the Kolbe-Schmitt
reaction.

OH

COOH

+ COy NaOH

Operating temperature is about 150° C. Higher temperatures are avoided to
prevent a side reaction that forms p-hydroxybenzoic acid.

This process includes some of the conditions needed to produce unsubstituted
dioxin, but not all of them. The hypothesis of possible dioxin formation is
strengthened, however, by observations of products created by thermal
decomposition of salicylic acid. When heated strongly, it decomposes primarily
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into phenol and carbon dioxide, but also into smaller amounts of phenyl salicylate,
which in turn condenses to xanthone:

0] 0
- i
D — O
¢
onM °
PHENYL SALICYLATE XANTHONE

Since the ortho carbon is held weakly in the salicylic acid molecule, and since the
triplc-ring xanthone structure has been identified, the formation of dioxins may
also be possible, especially if oxygen is present.

Both salicylic acid and xanthone are widely distributed in nature. Salicylic esters
are responsible for some plant fragrances, and xanthone is a yellow pigment in
flowers.

Salicylic acid is manufactured by four companies in this country:

Dow Chemical Company—Midland. Michigan
Monsanto Company—St. Louis, Missouri
Hilton-Davis Chemical Company—Cincinnati. Ohio
Tenncco Chemicals, Inc.—Garfield, New Jersey

The combined capacity of these four plants is 24 million kilograms annually.

Aminophenols

The v-aminophenols could conceivably form dioxins through condensation with
loss of ammonia. These are not high-volume chemicals and are not known to be
made with halogen substituents. A class of related compounds is used in much
larger quantity; these are the derivatives of o-anisidine (methoxyaminobenzene),
which in several forms are important dye intermediate chemicals. These might
condense in appropriate environments into the dioxin structure through loss of
methylamine. The environments would probably be acidic:

O—CH3 O
NH, o

Although this reaction is possible, st is unlikely because the amine group is tightly
bound to the benzene ring. Aminophenols or similar compounds are not likely
sources of dioxin contamination.

DIOXINS IN PARTICULATE AIR EMISSIONS
FROM COMBUSTION SOURCES

Recent reports by chemists at the Dow Chemical Company maintain that dioxin
formation is a2 natural consequence of combustion {Dow 1978). There arc
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numerous naturally occurring compounds that could, during the complex process
of combustion, serve as precursors of dioxins. Combustion of these compounds in
the presence of chiorine-containing compounds (¢.g.. DDT or polyvinyl chloride)
could lead to the formation of chlorinated dioxins. Examples of such naturally
occurring “potential” dioxin precursors are given below.

(I)H
CC. CC., T
OH OCH3 OH
22 23 24

CATECHOL CUATACSL ADRENAL INE
(EPIMEPHRINE)

Catechot (22) occurs in nature as the product of phenol biodegradation and asa
major product of tannin pyrolysis (Wertheim 1939). Guaiacol (23) occurs as the
major phenolic component in several hardwood trees and is also prepared
synthetically for use as an ingredient in cough syrups (Merck 1978; U.S. EPA Draft
1979). Adrenaline (24) is a nawurally occurring mammalian hormone and is also
prepared synthetically for use in many drug formulations (U.S. EPA Draft 1979).
Other naturally occurring compounds that contain the orthohydroxy or alkoxy
groups include vanillin (25), which is the flavoring ingredient in vanilla extract;
urushiol (26), a mixture of compounds that are the toxic constituents of poison ivy;
cugenol (27), the pungent principle of cloves; capsaicin (28) the pungent principle
of various peppers; and safrole (29), the major volatile constituent of sassafras.

CHO OH o
@Ew -
OCH3 R
OH

R -%”Hm CrCH=CH,
27
L = CysHoo EURENOL
= CisHar
= CygHos
= CysH
oH CysHaa o___\
OCH3 JRUSHIOL
0
CHaNHE ~(CHy - CH=CHOHICH3) CHaCH=CHy
28 2
CAPSAICIN . SAFROLE
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Among many plant alkaloids that include the structure are reserpine (30), glaucine
(31), and colchicine (32). Other potential dioxin precursors are found in the
fomecin (33) serics of antibiotics, produced by a fungus, and also in one of the
active ingredients of creosote.

A constituent of animal urine is 4-hydroxy-3-methoxymandelic acid (Merck
Index 1978). Since the structure is so common in living organisms, it is also often
used in synthetic medicinal compounds, including phenisonone, isoproterenol,
estil (an anaesthetic), methocarbanol, and the high-volume drugs guaifenesin and
methyldopa (U.S. Environmental Protection Agency 1979).

OCH,
'3
OCH,
CH30 |E
29
CHy0 N
{
CH,
2 k1)
RESERPINE GLAUCINE
cHO
HOH,C OH
OH
OH
ocw, ©
32 33
COLCRICINE . FOMECIN

At lcast one natural compound may be by itself a precursor for a chlorinated
dioxin. A microorganism species creates a defensive chemical known as
drosophyllin A (34}, (p-methoxytetrachlorophenol) { Merck Index 1978). In theory
it could, when heated, form a substituted hydroxy or methoxy chlorinated dioxin.
one possibility of which is:

c (o] (o]
c OH a o OCH3
—— +2 HCI
CH30 (=} o Ct
&} Lo} a
34

CROSOPHYLLIN &
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Several reports describe the occurrence of dioxins in fly ash and fluc gases from
municipal incinerators and industrial heating facilities. In 1977, analysis of samples
of fly ash from three municipal incinerators in the Netherlands showed 17 different
dioxins (S TCDD’s, 5 penta-CDD's, 4 hexa-CDD’s, 2 hepta-CDD's, and OCDD)
{Olie, Vermeuien, and Hutzinger 1977). Although the specific number of isomers
was not stated, the same dioxins were found in flue gas from one of the incinerators.
In addition, large amounts of di-, tri-, and tetrachlorophenols were found in flue
pases, and high Jevels of chlorobenzenes, especially hexachlorobenzene, were
detected in aff fly ash samples.

Another team of investigators reported finding the same dioxins in Switzerland
(Buser and Bosshardt 1978). This study quantitatively determined that the total
amount of polychlorinated dibenzo-p-dioxins in the fly ash from a Swiss municipal
cinerator and industrial heating facility were 0.2 ppm and 0.6 ppm, respectively.
High-resolution gas chromatography was then used to identify 33 specific dioxin
nomers found in the fly ash samples. The dioxin isomers known to be most toxic,
which are 2,1,78-TCDD, 1,2.3,7.8-penta-CDD, 1,2,3,6,7.8- and 1,2,3,7,8,9-hexa-
DD, were only minor constituents of the total dioxins found.

Later in 1978, researchers at Dow Chemical Company reported finding ppb
levels of chlorinated dioxins in particulate matter from air emissions of two
mdustrial refuse incinerators, a fossil-fucled powerhouse, and other combustion
sources such as gasoline and diesel autos and trucks, two fireplaces, a charcoal grill,
and cigarettes. (See Table 20.) All of these sources are betieved to be located on or
ncar the Dow facilities in Midland, Michigan. Tetra-, hexa-, hepta-, and
uctachlorodioxins were found. Concentrations of 2,3,7,8-TCDD were minor
relative 1o concentrations of other dioxins. Dow conciuded from the study that
their Midland facility was not a measurable source of the dioxins found infishfrom
ncarby rivers, and that, infact, chlorinated dibenzo-p-dioxins may be ubiquitous in
vombustion processes. A preliminary data analysis by the EPA does not entircly
agree with Dow's conclusions. The EPA continues to believe that Dow’s Midland
plant is the major and possibly the only source of the dioxins contaminating fish in
nearby rivers. The EPA has asked Dow for further clarification of the companys
findings and analytical methods (Merenda 1979).

In contrast to the Dow finding of 38 ppb TCDD in powerhouse emissions,
Kimble and Gross (1980} report finding no TCDD’s in fly ash {rom a typical
commercial coal-fired power plant in California; the detection limit was (.2 ppt.
Crummett of Dow Chemical Company asserts that these studies could not have
found 2,3,7.8-TCDD to be present because the solvents used for the extraction
iechniques in preparation for the analytical analysis were not appropriate.

in 1980 Wright State University chemists analyzed emissions from a U.S.
municipal incinerator for chlorodioxins (Tiernan and Taylor 1980). TCDD's were
detected in all seven samples. Isomer-specific analyses indicate that 2,3,7,8-TCDD
» a minor product, and evidence was obtained for the presence of 1,3.6,8-, 1.3,7.9-,
1.3,7.8-, 1.3,6,7-, and at least six other TCDD isomers.

The formation of dioxins from the thermal decomposition of chlorophenols
and their salts (chlorophenates) is well documented. In 197}, Milne reported
hinding no evidence of formation of lower chiorinated dioxins from the thermal
decomposttion of dichlorophenols; all six dichlorophenol isomers were studied.
tlowever, Aniline (1973} found that pyrolysis of 2.3.4,6-tetrachlorophenate
produced two hexa-CDD isomers. Later, Stehl et al. (1973) found that burning
paper treated with sodium pentachlorophenate produced OCDD. but burning
either wood or paper treated with pentachlorophenol did not produce the dioxin.
In 1975, a series of pyrolysis experiments was conducted with 2.3.4-, 2,3,5-, 2.4,5-
and 2,3.6-tn1.2.3.4.5-,2.3,5.6- and 2,3,4,6-tetra, and pentachlorophenates to obtain
samples of many tetra-, penta-, hexa-. and octa~-CDD’s for study (Buser 1975). In
1977, 2.3,7.8-TCDD was found as a combustion product of many 2,4,5-trichloro-
phenoxy compounds, but the amount of this dioxin was very small relative to the
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amount of the 2,4,5-trichlorophenoxy compound that was burned (Steh! and
Lamparski 1977). Results of the study showed that only 1.2 x 10-3 to 5 x 103
percent by weight of the 2,4,5-trichlorophenoxy specics was converted to 2,3,7,8-
TCDD by combustion.

The origin of the dioxins in airborne particulates from combustion is not yet
clarified. Rappe et al. (1978) suggest that polychlorinated dibenzo-p-dioxins can be
formed during combustion by dimerization of chlorophenates, by dechiorination
of more chlorinated polychlorinated dibenzo-p-dioxins, and by cyclization of
predioxins. Dow Chemical Company (1978) suggests that because of the complex
nature of the materials being burned and the complex chemistries of fire, the
formation of chiorinated dioxins occurs in all combustion processes, i.c., that the
formation s not necessarily limited to combustion in the presence of
chlorophenates or chlorophenols. The presence of biosynthesized compounds with
characteristics of dioxin precursors may give some credence 1o this contention.

An alternative explanation for the observed presence of dioxins in the fly ash of
refuse incinerators is that the dioxins enter intact as contaminants of the wastes
being burned. For example, silvex-treated grass clippings, sawdust or other wastes
from PCP-treated wood {(Jandscape timber, railroad ties), and “empty™ PCP,
silvex, or other pesticide containers from home or industrial use might be direct
sources of the dioxins detected in municipa) incinerator fly ash. If this were the
case, scasonal variations in fly ash dioxin content would be expected, with larger
amounts in spring and summer.

DIOXINS IN PLASTIC

In 1965, it was reported that dioxin is an impurity in the preparation of
polyphenylene ethers (Cox, Wright, and Wright 1965). No rscports further
substantiating this finding arc known. “PPOTis a trademark of General Electric
Company for a polyphenylenc thermoplastic derived from 2,6-dimethylphenol
(Hawley 1971). The dioxin configuration one would expect from condensation of '
the dimethylphenol is as follows:

i OH ] CHy
HaC CHa o
2 — + 2 CHy
o
. N CHy
2,6-DIMETHYLPHENSL 1,6-DIMETRYLOIBENZO-P-DIOXIN

Because PPO is highly resistant to acids, bases, detergents, and hydrolysis, it
may be used in hospital and laboratory equipment, and in pump housings.
impelicrs, pipes, valves, and fittings in the chemical and food industries.

DIOXINS PRODUCED FOR RESEARCH PURPOSES

Many investigators have reported the sources of purified dioxin standards used
1n their studies. Some of these dioxin sources and the names of the dioxins provided
are fisted in Table 21.

In addition to these, Dow Chemical Company has recently published methods
tor preparing all of the TCDD isomers (Nestrick, Lamparski, and Steh! 1979).
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TABLE 21. SOURCES OF PURIFIED DIOXIN SAMPLES FOR RESEARCH

Source Dioxin provided Referance
Givaudan Ltd. 2-mono-CDD Buser {1978)
Dubendorf, Switzerland  2,3-di-COD
2,7-di-CDD
2.8-¢i-CDD
1.2.4-tri-CDD
1.3.7-4ri-COD
2,3, 7-tn-CDD
Or. K. Anderson 1.2.3.4-tetra-CDD Buser {1978)
University of Umea,
Sweden
Dr. C. A. Nilsson 1.2,3.8-tetra-CDD Buser {1978}
University of Umea, 1.2,3,7tetra-CDD
Sweden
Stickstoffwerke 2,3.7.8-tetra-COD Buser (1978)
Linz, Austria
Dr. David Firestone 1.2.3.7.8-penta-COD Buser {1978}

Food and Drug
Administration
Washington, DC, US.A.

Dow Chemical Company
Midland, MI, US.A.

1.2.4.7.8-pema-COD
1.2,3,6,7,8-hexa-COD
1.2,3.7.8,9-hexa-CDD

Unspecifred dioxin
stendards

Villanueva (1973}

ITT Research Institute 1,2,4,6.7,9-hexa-CDD Firestone (1977)
Chicago, L, US A. 1.2.3.6.7.9-hexa-COD
1.2,3.6,7,8-hexa-COD
1.2.3,7.8,9-hexa-CDD
1,2.3,4,6,7,9-hepta-CDD
1.2.3,4,6.7,8-hepta-CDD
A. €. Pohland 2,3,7,8-TCDD Firestone (1977)
Food and Drug OoCDD
Administration
Washington, DC, US A.
A. Poland “C-TCDD O’'Keefe et al. (1978)
McArdie Laboratory
for Cancer Research
University of Wisconsin
Madison, Wi, US.A.
Dow Chemical Company hexa-CDD C. D Pieiffer (1978)
Midtand, M, U.S.A hepta-CDD
octa-CDD
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SUMMARY

In summary, dioxins can enter the environment in a variety of ways:

As contaminants in commercial chemical products whose normal processing
conditions generate the dioxins as byproducts. Previous subsections detail the
mechanisms by which this can occur in some of these commercial chemicals.
As contaminants in chemical processing under improperly controlled reaction
conditions (Rappe 1978). Thus, dioxins would be present in the wastes from
“bad batches.” Chemical manufacture that might Jead 10 dioxin presence
under such circumstances is also reviewed above.

As products of intentional dioxin preparations in the laboratory. Although
the quantities involved from such sources probably would not be large, the
concentrations would be high. Therefore any failure to practice proper
disposal could be serious because of the high toxicity and concentration
potential. Reported laboratory dioxin preparations arc noted in Section 2.
As deliberate or unintentional products of reactions carried out by
uninformed or irresponsible persons. The hazards in such cases wauld be
enhanced because the dioxins formed would fikely be subject to improper use
or disposal.

As products of combustion of general municipal, commercial, 2nd industria}
wastes. Such wastes are likely to contain materials required for dioxin
formation. The chlorine content of municipal waste is refatively high becausc
of the widespread use of polyvinyl chioride and other chlorinaled polymers.
As combustion products and residues from burning vegetation that has been
sprayed with chlorinated herbicides (and other pesticides). This potential
source is of two-fold interest. First, chemicals such as 2,4,5-T, 2,4-D, and
others noted in this section might be degraded to dioxins under relatively mild
combustion conditions (Buu-Hoi 1971). Second, formation of dioxins might
occur under combustion conditions, even from chemicals not directly related
to dioxins, such as many insecticides (DDT, aidrin, dieldrin, etc.).

As incidental products of fires in facilities such as chemical and pesticide
warchouses, farm buildings in which pesticides are stored, and facilities for
storage of chemically treated wood products such as lumber or poles (Buu-Hoi
1971).

As waste disposal byproducts of materials such as polychlorinated biphenyls
{PCBs). These matcrials have been used extensively in electrical transformers,
as heat transfer media, as lubricants, and in carbonless paper.

As derivative wastes from pentachiorophenol (PCP) and other wood-treating
agents. Agents used in the treatment of wood products are likely to remain
with the wood through its use cycle. Thus they are subjected to the same
extremes of exposure as the wood, including ultimately combustion, which
leads to dioxin formation (Buu-Hoi 1971).

As an unsuspected byproduct of the treatment of aromatic compounds under
oxidizing conditions at clevated temperature. Several industrial processes
involve the oxidation of benzene, toluene, and naphthalene under
“semicombustion™ conditions. In light of such studies as that by Dow
Chemical Company (Rawis 1979) on combustion sources of dioxins, the
“tars™ from thesc processes (often occurring in considerable quantities)
warrant further study.

As byproducts of miscellaneous chemical syntheses that may not be
commercially significant at this time. An example might be the detected
presence of 2,3,7,8-TCDD in chiorinated polyphenylene ethers (such as 21),
which can be produced from 2,4,5-trichlorophenol (Cox 1965).
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cautionary example.

12.  As a resuit of the combustion of naturally occurring compounds.
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SECTION 4

ANALYTICAL METHOD FOR DIOXINS
IN INDUSTRIAL WASTES

INTRODUCTION

Most of the current technology for detection of TCDD's is based on gas
chromatography and/or mass spectrometry. However, a variety of other less
specific techniques have been used, including ultraviolet spectroscopy (Pohland
and Yang 1972), cleciron spin s spectroscopy, and low-temperature
phosphorescence emission spectroscopy (Baughman 1974). None of these methods
provide both the high sensitivity and selectivity nceded for amalysis of most
environmental samples.

A resin sorption technique using X AD-2 resin has achicved adetection limit of |
ppt for TCDD’s in water; because this technique required a large quantity of
sample for extraction, however, extension to other types of samples is unlikely
{Junk 1976).

Another technique uses PX2! powdered charcoal suspended on shredded
polyurcthane foam as the sorbant (Huckins, Stalling, and Smith 1978). The
TCDD's were eluted from the charcoal column by use of a 50 percent solution of
toluene in benzenc and finally werc detected by electron-capture gas
chromatography. To enhance selectivity, an atumina column chromatography step
is usually included after elution from the charcoal column. The detection limit of
this method ranges from 10 to 100 ppb.

Thin-layer chromatography has also been used for the detection of TCDD’s
{Williams and Blanchfield 1971). Two-dimensional development with two
different solvents is used to increase selectivity. The spot corresponding to 2,3,7,8-
ICDD is removed from the plate, extracted with benzene, and detected by
clectron-capture gas chromatography. This method has achieved a detection fimit
m the low ppm region.

Steam distillation has also been tried (Storherr 1971), but was suitabie only for
levels of TCDD's in the range of 1 to 3 ppm and Jacked the selectivity needed to
avoid interferences.

Recently, analytical methods involving chemical ionization mass spectrometry
with negative ions have been published. An early communication by Hunt and co-
workers (Hunt, Harvey, and Russel 1975) reported a signal-to-noise ratio of 50
from a 2-pg dircci-probe insertion sample using oxygen as the reagent gas. A
scnsitivity 25 times higher than the direct-probe insertion method is reported for
clectron impact ionization. Hass et al. compare the relative sensitivities of various
chemical ionization modes, inctuding those of positive-ion versus negative-ion
modes with methane, axygen, and mixed methane/oxygen as reagent gases (Hass
1978). Positive-ion chemical ionization affords the greater sensitivity, but does not
produce ions indicative of the molecular weight.

Since 1972 the personnel of the Brehm Laboratory of Wright State University
have been performing sensitive dioxin analyses under programs supported by
scveral agencies. In these investigations Brehm Laboratory has developed and
applied analytical methodology for the determination of TCDD’sin many types of
samples, including herbicides, industrial chemicals, soils, water, air, biological
tissues and fluids (both human and other animal), and combustion products and
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related samples (Taylor et al. 1973; Taylor, Hughes, and Tiernan 1974a.b.c; Feeet
al. 1975; Hughes et al. 1975; Taylor, Tiernan, and Hughes 1974; Tiernan 1975a.b;
Tiernan. Taylor. and Hughes 1975; Taylor et al. 1975, 1976, 1977, 1979; Tiernanet
al. 1979; Erk. Taylor, and Tiernan 1979; Yelton, Taylor, and Tiernan 1977; Wright
State Universty 1976). The levels of TCDD’s in these samples have ranged from
high parts per miilion (ppm) to low parts per trillion (ppt). A significant number of
samples examined have been found to contain detectable amounts of TCDD's. On
the basis of these findings many investigators belicve that TCDD's may aiready be
widespread contaminants in the environment.

The analytical techniques applied by Brehm Laboratory in these earlier dioxin
programs have varied widely in terms of the complexity of equipment, sample
preparation, and the overall sensitivity and specificity of the procedures. It is now
apparent that a single basic technique, amenable to minor modifications, would be
desirable for the purpose of characterizing various types of chemical samples,
provided that such a technique could satisfy all the specified criteria for sensitivity,
specificity, and other analytical factors.

Sensitivity in the ppt range is required because of the potent toxicity of 2,3,7,8-
TCDD. The current detection capability is approaching ! ppt in at least some
sample matrices and must be developed in others, particularly chemical process
wastes and sludges. Accuracy is also important in these determinations, owing to
current and potential regulatory actions that hinge on the analytical data.

In 1978 the Brehm Laboratory, in a subcontractual effort with Batelle
Columbus Laboratories, supported through a prime coatract between Battelle and
the U.S. EPA, undcrtook development of new analytical techniques for use in
quantitating ppt levels of TCDD's in various chemical wastes. The goal in this work
was to develop a unified analytical approach to the handling of a variety of
chemical waste sample types and matrices.

The U.S. EPA supplicd 17 test samples representing various types of chemical
wastes or residues generated during the manufacture of chlorophenols and related
chemicals. These samples werc expected to contain TCDD's and were used in
methods development by the Brehm Laboratory analysts. Presented inthis section
are the final results of this work. This section includes a background discussion of
various analytical approaches to the detection of TCDD’s, the newly developed
and validated analytical method, a description of the procedures used in
development of the method, and the analytical data obtained in applying the
method to various industrial samples.

BASIC PRINCIPLES OF GAS CHROMATOGRAPHY, MASS
SPECTROMETRY, AND COMBINED SYSTEMS

Gas Chromatography (GC)

Gas chromatography is a special form of chromatography that is used to
separate the components of chemical mixtures. Several excelient references
describe the technique in detail (Dal Nogare and Juver {962; Littlewood 1970;
Jones 1970; Ambrose 1971). In gas chromatography the mobile phase is a gas and
the stationary phase is cither a liquid or a solid, hence the terms gas-liquid
chromatography and gas-solid chromatography. Gas-liquid chromatography
entails the use of a scparation device, which is a column containing the liquid phase
(typically a high-boiling organic silicone polymer) distributed on a highly inert
solid support. Figure 34 depicts a typical gas chromatograph.

The column is maintained in an oven, in which the temperature can be controiled
precisely; through the column is passed an inert, high-purity gas (e.g., helium).
called the carrier gas. The carrier gas is the mobile phase and the organic silicone
polymer is the liquid phase. Typically, the samples are introduced into the column
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Figure 34. Apparatus for gas chromatography.
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m 0.1 10 10 ulamounts with a microsyringe through an injection port, whichisa
heated (100° 10 250° C)inlet systemequipped with a silicone septum. The sample is
vaporized immediately upon injection, and the inert carrier gas passing through the
injection port sweeps the volatilized, injected sample out of the injection port and
nto the gas chromatographic column, The volatilized constituents of the sample
migrate through the column at varying rates because of variations in the physical
and chemical properties of cach component, such as boifing point, absorptivity,
and solubility. The components are thus separated and emerge (clute) from the
column at different times. In some samples the components are highly similar and
are not cffectively separated or may necessitate the use of extraordinary
chromatographic procedures. More commonly. however, the components of a
chemical mixture can readily be scparated by fairly simple gas chromatographic
techniques.

As each separated component elutes from the gas chromatographic column, itis
detected by one or more of several types of detectors. Among the widely used
detectors are flame ionization, thermal conductivity, and electron capture
detectors. Other, more specific, types of detcctors are also nsed in conjunction with
gas chromatography, in particular, the mass spectrometer has been used
extensively, A discussion of the principles of mass spectrometry follows.

Mass Spectrometry (MS)

Mass spectrometry is described in deail in several references (Beynon 1960;
McLafferty (ed.) 1963; Kiser 1965; Roboz 1968; McFadden 1973). Figure 35isa
schematic diagram of a typical mass spectrometer; the principal components of
such a system are (1) an inlet system, (2) an ion source, (3) an accelerating system,
{4) an analyzer system, (5) a detector, and (6) a data acquisition system. The
functions of these components are described briefly.
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Figure 35, Schematic diagram of a Nier 60° sector mass spectrometer

The inlet system is the means of imroducing the sample into the ion source of the
mass spectrometer. Inlet devices in common use include heated direct insertion
probes and heated gas inlet systems (batch inlets), which are coupled to the mass
spectrometer through a restricted fixed or variable orifice, often called a “leak.” In
recent years the gas chromatograph has been used ofien 1o introduce the sample
and is coupled 1o the mass spectrometer—hence the term “coupled GC-MS.”

Because the ion source, the accelerating lens system, the mass analyzer, and the
detector of the mass spectrometer are all maintained under vacuum by a pumping
system, the inlet system must admit the sample (and the carrier gas of a gas
chromatograph) mnto the spectrometer at such a rate that the pumping system
maintains the specified internal operating pressure of the mstrument.

The ion source (shown schematically in Figure 36) is typically maintained at
pressures of 10-' mm and lower (10* mm) and at temperatures of 100° 1o
250° C. The source is the region in which ions are generated from the volaulk
sample molecules admitted through the inlet system. The ionization of molecules i
the gas phase is effected by bombarding them with electrons emitted from a hot
metal wire or ribbon (the filament) and drawn through a set of slits for collection i
an anode or clectron trap. The energy of the electrons is controlled by the potentiad
difference between the filament and the trap. As these energetic electrons eithe
strike or pass close to the sample molecules, r0nization occurs, producing
molecular ion that usually is fragmented further to yicld otherions of smaller mass
The ion source produces both positively charged and negatively charged ions, and
many mass spectrometers in use today are designed to detect both types.

The ions produced are electrically forced out of the ion source and into the

- accelerating lens system, which generally imparts several kifovolits of energy to the

ions, which then enter the mass analyzer section.
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Figure 38. Electron-impact ion source and ion accelerating system.
Source: Merritt and Dean 1974,
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The purpose of the mass spectrometer analyzer is to separate the ions according
to their mass:charge ratios. Various types of analyzer systems are in use today,and
the type of analyzer usually provides the descriptive name for cach mass
spectrometer system. Thus there are, for example, quadrupole mass spectrometers,
single-focusing magnetic deflection mass spectrometers, time-of-flight mass
spectrometers, and double-focusing mass spectrometers. Each of these systems is
characterized by a distinct mode of ion separation, and cach provides different
capabilities.

The ability of a mass spectrometer to effect a separation of adjacent mass peaks
(that is, to resolve these peaks) depends upon the analyzer. Resolution is defined by
the equation, R = M/ AM, where M is the mass of the first peak in a doublet and

AM is the difference in the masses of the two peaks. An increase in the value of R
{denoting an increase in resolution) indicates an increase in the ability to
distinguish between very nearly identical masses. Of the scveral mass spectrometers
mentioned, the double-focusing type affords the greatest mass spectral resolution,
sometimes exceeding 100,000. At this degree of resolution, masses appearing at
m/e 99,999 and m/c 100,000 would be distinguishablc. An instrument capable of
such high resolution is of course very complex and expensive and thus would be
used only when such high resolution is mandatory for effective analysis. In
contrast, a quadrupolc mass spectrometer is much simpler to operate and less
expensive but can provide only low resolution (m/ Am = 500 to 1000 typicaily).

Detection of the ions that have been separated is accomplished most often by use
of an electron multiplier, of which, again, various types arc in use. An clectron
multiplicr produces current amplification of 102 to 10® with very low noise level
and with negligible time constant or signal broadening. The amplified analog signal
resuiting from the ion impacting on the clectron multiplier is finally routed to one
of several possible data acquisition devices; among those often used arc the
osciltographic recorder, the analog recorder, a puise counting device, or the digital
computer.

The data from a mass spectrometer consist, in the analog format, of a spectrum
of peaks (the mass spectrum). The position of each peak on the horizontalaxis of 2
graphic display indicates its m/ ¢ ratio whereas the amplitude of cach peak indicates
the number of ions (or abundance) of that m/e¢. The data may also be displayed
digitally in tabular form.

If more than onc compound enters the mass spectrometer at a given time, then
the masses detected are generally attributable to any or all of the compounds.
Because it is difficult, and sometimes impossible, to interpret the mass spectra
obtained for mixtures of organic compounds, there is great advantage in ad mitting
the compounds separately. Thus a gas chromatograph is used to introduce the
separated components of a mixture sequentially into the mass spectrometer. The
following is a simplified description of a coupled GC-MS system.

Gas Chromatography/Mass Spectrometry (GC-MS) Systems

In considering the coupling of the gas chromatograph to a mass spectrometer,
onc should recail that the source, analyzer, and detector of the spectrometer are all
typically maintained at pressures below 105 mm. Therefore, unless the mass
spectrometer is equipped with a very high-capacity pumping system, the gaseous
effluent from a gas chromatographic column cannot be admitted directly to the
mass spectrometer source because this would increase the pressure to a level that
would prevent satisfactory operation. Therefore, coupling is generally achieved by
use of an intermediate device to reduce the rate of flow of the sample and carrier gas
stream. For this purpose several types of devices (called “separators™) ate used Lo
achieve partial separation of the carrier gas (typicaily helium) from the gascous
sample molecules. Among these devices are (1) a porous barrier or effluent splitter.
(2) a jet/ orifice separator, and (3) a molecular separator that includes a permeabic

138

DEP\DA(0120187



membrane. Some gas chromatograph-mass spectrometer systems feature a direct
coupling of the gas chromatograph with the mass spectrometer by means of a very
high capacity pumping system.

A system that couples a chromatograph with a mass spectrometer is a very
powerful analytical 100}, the only sysiem that can provide definitive analysis of
complex chemical mixtures. The separation capabilities of the gas chromatograph
arc complimented by the inherent specificity and sensitivity of the mass
spectrometer, During analysis of 2a complex mixture, the components arc separated
gas chromatographically; each eluted component then passes through the interface
{separator) and into the mass spectrometer, which provides and records a mass
spectrum. Typically, the analysis of a mixture could yield several hundred mass
spectra, cach containing 100 to 200 mass peaks. Therefore, the computer is an idea)
means of acquiring the mass spectra, reducing the data (converting the acquired
data to actual mass spectra by comparison with calibrated reference files), and
displaying the data. The minicomputer is an essential component of a modern GC-
MS system because the analyses generate such sizable quantities of data. Use of a
minicomputer can afford other advantages; for example, the computer can be
programmed to controf the mass spectrometer so that it monitors only sclected
masses typical of the compounds of interest. The computer also can be
programmed to allow monitoring of different masses (corresponding to different
compounds) at different gas chromatographic retention times.

ANALYTICAL BACKGROUND

Analytical methods for detecting TCDD's in various types of samples involve
extensive sample preparation procedures foliowed by highly complex instrumental
analysis. This section discusses various approaches to the detection and
yuantitative measurement of TCDD’s, which had been used prior to the inception
of the present study in 1978,

Sample Preparation

Because TCDD's may be found in a varicty of matrices, many different sample
cxtraction/ preparation methods have been developed. Although they differ in
complexity, most of these methods may be classified into two major categories:
first, those characterized by a highly basic extraction step, and second, those
nvolving only neutral extraction. The ncutral extraction technique was developed
to preclude the possibility that treatment with a strong basc might generate
compounds that could form chiorinated dioxins in thc mass spectrometer.
Following extraction, the sample preparation steps are similar for both techniques,
differing only in the method of application and complexity. Both extraction
procedures arc described in detail below.

Basic Extraction Method—

Historically, basic extraction methods were first developed for the
determination of TCDD’s in environmental samples (Crummet and Stehl 1973;
Baughman and Mescison 1973a; Baughman and Meselson 1973b). Such sample
preparation techniques begin with digestion of a sample aliquot using alcoholand a
strong base. This is followed by a series of organic solvent extractions to scparate
the TCDD’s from the alkaline mixturc. Solvents such as ethanol, hexanc,
petroleum ether, and methylene chloride have been used, cither singly or in
vombination. The solvent extracts are combined and then subjected to a series of
washings with distilled water and strong acid. The washed extract is then treated to
semove all traces of water and passed through one or more chromatographic
columns for removal of some co-extractants, primarily polar compounds.
Instrumental analysis follows. :
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An example of a typical basic extraction/ preparation technique for nonfat tissue
consists of heating 10 g of sample with 10 ml of ethanol and 20 m} of 40 percent
potassium hydroxide solution for 30 minutes. After the solution cools, an
additional 10 ml of ethanol is added and the solution is extracted with four 10-ml
portions of hexane. The preparation procedure consists of washing the combined
hexane extracts with concentrated sulfuric acid until the acid fraction becomes
only slightly colored. The acid wash is followed by a 10-m! water wash, followed by
cvaporation to dryness at room temperature with a stiream of dry air. The sample is
then redissolved in hexane and further purified by elution chromatography using
sorbents such as alumina, silica gel, or Florisil, either singly or in combination. The
final eluate is concentrated prior to analysis.

Newtral Extraction Method—

The neutral extraction and preparation technique was originally developed by
O’Kceefe, Meselson, and Baughman (1978). Albro and Corbett (1977) describe an
alternative neutral extraction method. A typical neutral extraction technique for
analysis of TCDD’s consists of extracting the sample with 10 ml of hexane. The
hexane solution is then chromatographed with a magnesia-Celite 545 column, an
alumina column, an alumina minicolumn, and finally a Florisil minicolumn. The
Florisil column is cluted with methylene chloride, and the eluate is concentrated in
preparation for analysis. It has becn asscrted that neutral extraction methods arc
particularly effective for fish tissues and human milk (O'Keefe, Meselson, and
Baughman }978; Harless and Dupuy 1979).

Chemical Composition of Extracts—

The sample preparation techniques described above are useful for destroying the
integrity of the sample matrix and yicld a small volumc of organically
miscible/soluble residue. The net effect of these clean-up procedures is the
enrichment of the TCDD’s relative to the natural components of the sample
matrix, as well as other chlorinated environmental contaminants such as PCB’s
and DDE.® The latter compounds are often present in the sample in significantly
greater concentrations than the TCDD's (larger by a factor of 10¢) and, therefore,
may not be completely removed from the extract at this point. In addition, it is
unlikely that the forgoing procedures resuit in scparation of 2,3,7,8-TCDD from its
other 21 TCDD isomers which may have been present in the samplke.**

Consequently, detection and quantitation of TCDD's in general and 2,3,7.8-
TCDD in particular in this “enriched™ but still rather chemically complex extract
can only be accomplished by using a highly specific and sensitive instrumental
method. The mecthod of choice, and that described below. is coupled gas
chromatography-mass spectrometry.

Gas Chromatographic and Mass Spectrometric
Methods of Analysis

Because of its ready availability and relative ease of application, gas
chromatography has been extensively used for the detection and quantitation of
TCDD's(Elvidge {97}; Williamsand Blanchficld 197 I Firestoncetal. 1972; Williams
and Blanchfield 1972; Crummett and Stehl §973; Edmunds, Lee. and Nickels 1973,
Webberand Box 1973; Buser 1976; Bertonietal. 1978). Inmanyinstances,theauthors

*DDE. or 2.2-is{p~chlorophicnyl)-1.1-dichloroethylene. w ¢ 1y found in enwir t samplcs
it 1s a degradation product of the pesucide DDT
**Subscq to the piction of the work described herein. reports have appeared in the htermture
which describe methods for synthesis and nolanon of the 22 TCDD isomers (Nestrich 1979, Dow 195t)
Using such new ansiyiical procedures. it 1s now possible to isolate and quantiatively determmn
2.3,7.8-TCDD 1n environmemal sampies cven in the presence of the other 24 1somers
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cited above have found that the chromatographic methods lack the required
specificity for determining TCDD’s in complex samples. Conscquently these
researchers and others have sought more sensitive and specific methods of detection.

At present the analytical method which isalmost exclusively used for the detection
and quantitation of TCDD% is coupled gas chromatography-mass spectrometry or
(G C-MS (Crummett and Stehl 1973; Tiernanetal. 1975; Tayloretal. [975; Buserand
Hosshardt 1976; Harless 1976; Buser 1977; Gross 1978).

GC-MS is the only known method that can provide very high sensitivity as well
as the required selectivity for TCDD's. A particularly sensitive and specific GC-
MS technigue which has been used entails low-resolution sclective ion monitoring.
In the case of TCDD’s, fragment ions at nominal m/c 320 and m/¢ 322, as shown
below, are monitored.

\
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Ihe intensities of these ions arc recorded as the TCDD's clute from the gas
vhromatograph. The ratio of the intensities of m/¢ 320 to m/¢ 322 is a characteristic
wdicator of TCDD's. Unfortunately, other compounds which mayalso be presentin
the sample extract can also give riseto mass spectralionsat the same nominal masses
tmfe320and m/ e 322)as TCDD's. Two approaches can minimize this problem.

The first approach utilizeshigh resolution mass spectrometry (M/ A M > 9000)t0
increase the selectivity. The ions appearing under low-resolution MS conditions at
nominal mass 322 may be produced from TCDD's which have C;oH (C140; as
their elemental composition and thus have an “exact " mass of 321.8936. Interfering
wns such as pentachlorinated biphenyls may also appear at nominal mass 322, but
thair clemental composition is Cy,H Cls, and therefore they have an “exact” mass
o 321.8677. Thus, using high-resoiution MS these ions of slightly different mass
ae distinguishable, and so the dioxin component having the exact mass of
$21.8936 can be reliably measurcd. Conceivably, ions having the C;,H,CLO,
vomposition can be produced from other compounds, but proper selection of
vhromatographic procedures maximizes the possibility of separating such
1ompounds from TCDD'. The achievement of detection limits in the low-ppt
1ange at high MS resolution generally requires the use of data acquisition methods
winch entail signal averaging (Shadoff and Hummel 1978; Gross 1978; Tayloretal.
1976).

A second approach to the problem of separating TCDD’s from closely related
interferences makes use of low-resohntion massspectrometry butincorporatesa more
sclective separation step prior to the mass spectrometric analysis. Capillary column
ras chromatography is useful for this purpose (Buser 1977), but liquid
hromatography followed by capillary column gaschromatography hasprovedeven
morefroitful (Nestrick, Lamparski, and Stehl 1979; Dow 1980).

1n both the GC-high-resolution and the GC-low- resolution mass spectrometric
wethods, internal standards are frequently used for the quantification of TCDD's.

the analytical method developed in the present study utilizes an internal standard,
namely 7Cl14-2,3,7.8-TCDD.
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ANALYTICAL METHOD*

The analytical procedure ultimately developed and described herein for
determination of TCDD's in various industrial process waste samples utilizes two
separate GC-MS systems. A gas chromatograph coupled to a low-resolution
quadrupole mass spectrometer (GC-QMS) is used for preliminary identification of
TCDD’ in the extracts of the waste samples. A second apparatus coupling a gas
chromatograph and a high-resolution mass spectrometer (GC~-MS-30) is used to
confirm the results obtained with the GC-QMS technigue. The analysis method
entails two steps, sample preparation and instrumental analysis. as described
below. It should be emphasized that, even with the elaborate separation techniques
employed here, the 2,3,7,8-TCDD isomer is still not resolved from the other TCDD
isomers if these are present in the sample extracts. As a result, the quantitative data
obtained here for TCDD's must be considered an upper limit rather than an
absolute level for any individua! TCDD isomer.

Sample Preparation

The following procedures were developed as an approach to preparation of

industrial waste samples and have been successfully applicd in this study.

I.  Place a 2.0 g aliquot of the sample in each of the two extraction vessels. To
cach aliguot, add an appropriate quantity of ¥Cl4-2.3,78-TCDD
dissolved in “distilled-in-glass™ benzenc as an internal standard. Spike one
of the two aliquots with an additional known quantity of authentic native
2,3,7,8-TCDD at a concentration equal to the nominal amount expected in
the sample.

2. Add 30 ml “distilled-in-glass™ petroleum cther to cach sample and mix
thoroughly.

3. Extract each organic solution with S0 m! of douvble-distilled water and
discard the aqueous layer,

4. Extract each solution with 50 mi of 20 percent potassium hydroxide and
discard the aqueous basic layer.

5. Extract each solution with 50 ml of double-distilled water and discard the
agueous portion.

6. Extract each solution with 50 m! of concentrated sulfuric acid and discard
the aqueous acidic layer.

7. Repeat step 6 until the acid layer is nearly colorless.

8. Extract cach organic solution with 50 mi of double-distilled water and
discard the aqueous layer.

9. Dry cach organic solution over anhydrous sodium sulfate.

10. Quantitatively transfer each organic solution to another vessel, and
concentrate to a volume of appreximately | ml by passing a stream of
purified nitrogen over the surface of the liquid while applying gentle heat
(50° C) to the vessel.

[l. Construct a chromatography column for each sample by packing a
disposable glass pipette (1.D. = 0.8 cm) with glass wool and 2.8 g of Woelm
basic alumina (previously activated by maintaining it at 600° C for a
minimum of 24 hours, then cooled in a dessicator for 0.5 hour prior to usc).

12. Quantitatively transfer cach concentrated organic solution to the top of a
column.

13.  Elute each column with 10 mi of 3 percent “distilled-in-glass™ methylene
chloride in “distilled-in-glass™ hexane, and discard the entire column
effluent.

*This scction presents the analytical method oaty: discussion of develop of the method follows in the
next subsection
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14. Elue each column with 20 m! of 20 percent methylene chioride in hexane
and coliect the cluate in four 5-ml fractions.

3S. Elute each column with 10 m} of 50 percent methylene chioride in hexane
and retain the entire column eluate for analysis.

16. Elute cach column with 3 ml of 50 percent methylene chloride in hexane
and retain the eluate for analysis.

17.  Concentrate all six fractions in benzenc to an appropriate volume (usually
0.1 to 1.0 mi) and proceced with analysis.

Instrumenta) Analysis

The application of GC-MS instrumentation methods for analysis of TCDD's
requires knowledgeabie and experienced personnel, dedication of the equipment,
and significant capital and operating costs. The requirement for detecting low ppt
levels of TCDD's in these analyses necessitates such a sensitive and selective
analytical method. Because this is currently the only known method which meets
these criteria, the relatively high expense is unavoidable.

The following is a brief description of the instrumentation tequired for the
analytical prodedures developed herein.

GC-@MS System—

The GC-QMS system consists of a Varian Model 2740 Gas Chromatograph
coupled directly (no helium separator is required) to an Extra-nuclear Quadrupole
Mass Spectrometer. The GC was adapted to include a sophisticated system of
remotely actuated high-temperature switching valves (Valco Co.) and Granville-
Phillips molecular leak valves, so that the column effluent could be readily
regulated (Tiernan et al. 1975a; Erk, Taylor, and Tiernan 1978).

With this arrangement, the total column effiuent can be directed into the mass
spectrometer ion source, or the effluent flow can be split, one portion going to the
10n source and the other to a gas chromatographic detector, as desired. The use of a
differential high-speed pumping system on the source vacuum envelope permits
troduction of as much as 65 ml/ min of effluent from the gas chromatograph into
the mass spectrometer ion source. Admitting the total chromatograph effluent into
the mass spectrometer source enhances the seasitivity of the analysis.

For purposes of instrument control and data acquisition, the GC-QMS system is
coupled to an Autolab System 1V Computing Integrator. Additional capacity for
off-line data reduction is available with a Hewlett-Packard 21 16C Minicomputer,
which is programmed to accept data (punched paper tape) from the system when
neeessary.

GC-MS-30 System—

The GC-MS-30 system used in these studies consists of a Varian 3740 Gas
Chromatograph coupled through an AE] silicone membrane scparator to an AE]
MS-30 Double-Focusing, Double-Beam Mass Spectrometer. The mass
spectrometer is equipped with a unique electrostatic analyzer scan circuit
developed by Wright State University, which permits the monitoring of as many as
tour mass peaks, cssentially simultancously, by rapidly and sequentially stepping
and switching between the masses of interest, while maintaining picogram
sensitivity for TCDD’s. The data are recorded by usc of a Nicolet 1074 Signal
Averaging Computer,

Nample Analysis—

Analysis consists of three steps as described befow.

1. Analyze each eluate fraction (collected in the clution chromatography

scparation of the sample) on the low-resolution GC-QMS, using the
following operating parameters:
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Varian 2740 Gas Chromatograph

Column: 2m x 3 mm 1.D. glass packed with
3 percent OV-7 on Gas Chrom Q
Carrier gas: Helium at 65 ml/min (the total chromatographic

column cffluent is admitted to the mass
spectrometer ion source)
Temperatures: Injector:  255° C
Column: 275° C
Transfer line:  295° C
Quadrupole Mass Spectrometer

lonizing voltage: 23.5eV
Multiplier: 3200 v
Resolution: 1:350
Source envelope

pressure: 1.4 x 104 torr
Analyzer envelope

pressure: 8.0 x 10 torr
Masses monitored: m/e 320, 322
Source temperature: 250° C

Analyzer temperaturc:  120° C
2. Confirm any samples showing positive levels of TCDD' on the low-
resolution GC-QMS by analysis of the corresponding eluate fractions
using high-resolution GC-MS-30 and the (ollowing operating parameters:
Vanan 3740 Gas Chromatograph
Column: 1.8 m x 2 mm 1.D. coiled glass column
packed with 3 percent Dexsif 300 on
Supelcoport ( 100/ 120 mesh)
Carrier gas: | Helum at a flow rate of 30 ml/ min
Temperatures: Injector:  250° C
Column: 240° C
Transfer line: 285° C

AEl MS-30 Mass Spectrometer

Resolution: 1:12.500

lonizing voltage: 0cV

Masses monitored: m/e 319.8966, 321.8936, 325.8805. and
327.8846

Temperatures: Membrane separator: 215° C

Transfer line: 270° C
Source: 250° C
3. Dectermine the overall recovery of the anaiytical prodedure by measurning
the amount of internal standard ("7C14-2.3.7.8-TCDD) recovered.

DISCUSSION AND RESULTS

For use in developing and demonstrating the analytical methodology fot
determination of ppt levels of TCDD?’ in process wastes and related materials.
samples were provided that were representative of wastes from several different
industrial chemical processes that might be expected to generate chiorodioxins
The samples were obtained by the U.S. EPA from planis manufacturing
trichlorophenol, pentachlorophenol, and hexachlorophene, and from planty
processing wood preservatives lrunially, the nature and idenuty of each sample
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were unknown to the Wright State investigators, although information was made
available early in the program about two of the samples originating from
trichioropheno!l manufacturing processes. Subsequently, identifying data on most
of the remaining samples were obtained and are summarized in Table 22.

TABLE 22. SAMPLES USED IN DEVELOPMENT OF ANALYTICAL
METHOD FOR TCDD'S IN INDUSTRIAL WASTES

EPA No. Sample type Source and identity of ssmple
C04130 Liquid slurry Givaudan: aqueous slurry of
hexachlorophene
coatn Sold Givaudan: activated clay fitter cake from
hexachlorophene manufacturing
C04132 Liquid Givsudan: ethylene dichloride recovery solution
from hexachlorophene manufacturing
2 Liquid/ solid Transvasl still bottom from trichlorophenol (TCP)
manufacturing
3 Slurry Transvaat cooling tank bottom from TCP
manutacturing
4 Sturry Transvasl: discharge line from TCP
manutacturing
5 Liquid/ solid Transvaal: sludge from TCP manufacturing
6 Liquid Transvaal: type unknown, presumably TCP
process sample
12700 Liguid/solid Reichold Chemical. siudge from intake of
setthng pond, pentachiorophenot
(PCP} manufacturing .
12701 Liquid Reichold Chemical:  sludge from discharge of
setthng pond, PCP manufacturing
12702 Sohd Reichold Chemical: PCP facturing
11020 Liquid/ solid Baxter: reton solids residue from wood
preserving
11021 Liguid Baxter: storage tank solution from wood
preserving
11022 Liquid/ solid Baxter cooling water solids from wood
preserving
11023 Solid Baxter treated wood from wood preserving
11024 Solid Baxter: soil from neighborhood of wood
preserving plant
11025 Solid Baxter sludge from wood preserving
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Because still bottom samples collected at a trichlorophenot manufacturing plant
were considered of major interest, a sample of this type (EPA sample 2) was
selected for use in preliminary investigations.

The initial approach to analytical method development, based on the experience
of Wright State personnel in chlorodioxin analysis, is outlined below.

1. i the sample is solid, dissolve a portion in an immiscible combination of
aqueous and organic solvents, such as water and petroleum ether. If the
sample is a liquid, extract a portion of the material with a similar water-
organic solvent sysiem. ln the absence of any prior knowledge about the
content of TCDD’ in a given sample, the quantity to be extracted must be
selected on the basis of sensitivity of the overall technique (as indicated by
previous experience) and the desired limits of detection.

2. Scparate the aqucous component of the sampie-solvent mixture from the
organic phase, and discard the aqueous portion.

3. Extract the organic fraction with sequential washes of acid, water, base,
water, acid, and water (in that order), and discard the washes.

4. Concentrate the remaining organic phase to near dryness and elute through
an alumina column, using appropriate solvents to separate the TCDD's
and other sample components.

5. Concentrate the fraction containing TCDD’s and subject it 10 preliminary
screening analysis by use of the GC-QMS system, operated in the selecied-
ion monitoring mode¢ and adjusted to detect m/¢ 322 and m/¢ 320, thetwo
most abundant peaks in the isotopic molecular ton cluster of 2,3,7.8-
TCDD.

6. If the :nitial screening indicates a positive fevet of TCDDs, then the leve]
must be confirmed and quantitated by use of the GC-MS-30 system.

This approach was used in analysis of sample 2. Subsequent modifications of this
initial procedure and other observations are discussed in following subsections.

Developing Sample Preparation Technique

Four aliquots of sample 2 were extracted with a mixture of water and petroleum
ether. The aqueous portion was discarded. and cach organic fraction was washed
successively with acid, water, base, water, acid, and water. The samples were then
concentrated and transferred to a 2.8 g Woelm basic alumina column (length 12
cm, 1.D. 0.8 cm).

Large quantities of a white crystalline substance appeared in the column cluate
The column apparently was overloaded owing to the large quantity of this material
present in the sample. This substance possibly accounted for interference in the
mass chromatogram (Figure 37). Adjustments of the column chromatography
procedure were therefore made in an effort to eliminate this crystaliine
contaminant in the fraction containing the TCDD's.

A solvent screening study was done to evaluate the solubility of the contaminant
and the potential for its removal from the sample matrix. Results are as follows

Solvent tested Solubility of contaminant
100% methanol Slight solubility
3% methylene chloride Solubility slightly greater than
in hexane in 100% methanol
25% carbon tetrachleride Solubility slightly greater than
in hexane in 3% methylene chloride
in hexane
100% methylene chlonde Completely soluble
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Figure 37. Mass chromatogram of extract of sample 2, st m/e 322
obtained with GC-QMS

Next, elution characteristics of the alumina column were evafuated. Table 23
presents the solvents and the discrete fractions collected in determining the elution
characteristics of the Woelm basic alumina column.

Selection of the solvents and the efuate fractions was based on earlier experience
nl Brehm Laboratory personnel in column chromatography with similar sample
matnces.

The cluate fractions were analyzed for TCDD's by use of the GC-QMS system.
i hc results, presented in Table 24, show clearly that the best clution sequence
ravolves the use of 10 mi of 3 percent methylene chloride in hexane, followed by 18
! of 20 percent methylene chloride in hexane. This sequence yields TCDD’sina
well-defined fraction containing few other contaminants. Use of all the ather
solvent pairs yielded fractions that gencrated interferences in the dioxin mass
vhromatogram which were as great as those shown in Figure 37 or greater.
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TABLE 23. ELUTION OF TCDD'S IN EXTRACTS OF SAMPLE 2

Total volume
of column Volume of fraction (s)
Set no. Eluting solvent effluent (ml) collected
Al 3% methylene chiornide 10 total 10 m!
in hexane
A2 50% methylene chionde 13 1st 5 ml in one fraction; 6th
n hexane through 13th ml in separate
1-mi fractions
B1 3% methytene chlornde 10 total 10 mi
in hexane
B2 20% methylene chiornide 18 15t 5 ml in one fraction, 6th
n hexane through 13th ml in separate
1-mi fractions, 14th through
18th ml «n one fraction
C1  25% carbon tetrachlonde 10 total 10 ml
in hexane
C2 50% methylene chionde 13 1st 5 mt in one fraction; 6th
n hexane through 13th ml in separate
1-mi fractions
D1 25% carbon tetrachionde 10 total 10 mi
n hexane
02 20% methylene chionde 18 1st 5 ml in one fraction, 6th
in hexane through 13th ml in separate

1-mi fractions, 14th through
18th mt 1n one fraction

Application of Inmtial Procedure 10 EPA Samples—

The extraction and sample preparation procedure developed for sample 2 was
applied to ten of the other industrial samples supplied by EPA. In these analyses
some interferences were still present in the extract fraction which was thought to
contain the TCDD's; the interferences resulted in a higher minimum detection limst
{ppb) than was desired. Portions of these samples were also spiked with known
quantities of 2,3,7.8-TCDD so that recoveries for the procedure could bhe
determined. The recovery in GC-QMS analysis of sample 2 was 127 percent.

Surprisingly, in analysis of the other ten samples by the same procedure. none of
the added 2,3.7,8-TCDD was recovered. The same procedure was then applied in
analyses of spiked aliquots of these samples, but this time all the eluate fraction~
from the alumina columns were retained and analyzed for TCDD’s. Again, no
2.3,7.8-TCDD was detected. It was necessary to further investigate the samplc
preparation procedures.

Optimizning Sample Preparation Procedure—

Another sample (CO4131) was subjected to the general preparation procedurc

already described. up to the point of elution of the column. Then the sample was
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spiked with a large quantity of 2.3,7,8-TCDD by introducing it directly onto the
alumina column. The column elution characteristics were then evaluated as before
and the results are shown in Table 25. This procedure was repeated for all other
samples and their column elution profiles were determined.

TABLE 25. RECOVERY OF 2,3,7,8-TCDD SPIKE FROM ELUATES
OF SAMPLE CO4131

No. of fractions Volume of

Selvent collected each fraction Action Results

10 mi 3% 1 10 mt Discarded

methylene

chionde

n hexane

20 mi 20% 4 5 mi Analyzed by No 2.3,7,8-TCDD
methylene GC-OMS

chlonde

n hexane

10 mi 50% 1 10 mi Analyzed by 80% 2,3,7.8-TCDD
methylene GC-QMS recovered
chlorde

n hexane

This study indicated that a general extraction and preparation procedure must
include a provision for assessing the elution characteristics of the alumina column
for each type of sample matrix. Apparently, each type of sample conditions or
deactivates the column in a manner peculiar to its matrix, and this conditioning, in
turn, determines the elution characteristics of TCDD's, which may differ markedly
in different sample types.

Analytical Procedure

Research workers in several laboratorigs, including the Brechm Laboratory, have
analyzed various types of samples for dioxin content. Generally, the analytical
approach to determining a chlorinated hydrocarbon of this type in a compler
sample matrix has involved quantitation of the chlorocarbon by use of electron
capture-gas chromatography (EC ~GC) or gas chromatography-mass spectrometsy
(GC-MS). The studies at Brehm Laboratory entailed use of GC-MS and high -
performance liquid chromatography (HPLC).

GC-MS Sysiem—

As described in the subsection entitied “Analytical Method,”™ the GC-QMS
system was used for initial detection of TCDD's in the fractionated sample. Then
GC-MS-30 was used (o confirm the positive levels of TCDD’s detected in the GU
QMS.

In one procedural modification, a labelled internal siandard, 3'Cl4-2,3,7.8
TCDD. was added to all samples. Also. the MS-30 high-resolution mass
spectrometer was modificd 10 pernut essentially simultaneous step-scanning of
four ions in the high-resolution mode. The ions typically monitored were:
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m/e 319.8966, a major mofecular ion in the mass spectrum of

2,3,78-TCDD

mje 321.8936, 2 major molecular ion in the mass spectrum of
2,3,7.8-TCDD

mje 325.8805, a molecular ion indicative of interfering PCB's

m/e 327.8846, a major molccular ion in the mass spectrum of
C14-2,3.7.8TCDD.

High-Performance Ligquid Chromatography (HPLC)—

In carlier studics aimed at determining TCDD’s in environmental samples,
concern has been raised that the presence of the so called predioxins (for example,
polychlorinated phenoxyphenols) in the samples would lead to false positive
determinations of TCDD's because the latter can be formed by cyclization
reactions of the predioxins in the hot injection port of gas chromatographs. The
present investigation ruled out potential faise positive effects of predioxins by
applying an HPLC analytical technique as a quality assurance measure. HPLC
does not entail injection of the samplie into a heated port and therefore minimizes
the possibility of thermal cyclization of predioxins.

The HPLC instrument used in these studies is the Model LC 5021 Varian. This
microprocessor-controlled HPLC is both completely automatic and
programmable and incorporates a multiple solvent system. Three detectors are
available: a fixed-wavelength UV (254 nm) detector, a variablc-wavelength UV
detector, and a flourescence detector. A cathode ray tube (CRT) keyboard unit
Jisplays operating parameters while a micropressor-based computing integrator
(DCS-111L) stores the data and performs appropriate caiculations. The
parameters applicable to the instrument as it was used in this study are Jisted below:

Column: DuPont Zorbax ODS
(25 cm * 6.2 mm)

Temperature: 50° C

Starting pressure: 952 psig

Solvent: 100% methanoi

Flow rate: 2.5 ml/min

Detector: UV (235 nm)

Sensitivity: 0.02 absorbance units full

scale/ 15 mg TCDD’s

tipon injection of a 10 u) aliquot of the sample 2 extract into the HPLC, a
chromatographic peak having a retention time which was the same as that observed
with the 23.78-TCDD standard was observed. Representative HPLC
chromatagrams are shown graphically in Figures 38 and 39, and these results
wdicate a readily detectable level of TCDD’s in the sample 2extract. ltisapparent
that the TCDD's detected cannot have been formed by cyclization of predioxins.

Analyiical Results—

Attempts were made to extsact 15 of the 17 EPA samples by the procedures
described in the subsection on the analytical method. The remaining two sampiles,
11023 and 12702, were not subjecied to these methods. Sample [ 1023 was a section
of wood, which the earlier experience of Wright State had shown is not amenable to
a potassium hydroxide digestion process. Sample 12702 was not analyzed because
of sufficient time during the contract period.

151

| N

DEP\DAC120200



TCDD's

Figure 38 High prassure hquid chromatogram of sample 2
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2,3,7,8-TCDD

¢

Figure 39. High pressure liquid chromatogram of 2,3,7,8-TCDD standard,
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Twelve of the 15 samples were successfully analyzed by the Wright State
procedure, with results as shown in Table 26. These data show that the procedure is
applicable to samples exhibiting a wide range of concentrations of TCDD’s from
ppt to ppm (a factor of 10%). For those samples in which no TCDD's were
detected, the minimum detectable concentration of 1 CDD’s was in the low ppt
range (45 to 140 ppt).

TABLE 26. RESULTS OF GC-MS-30 ANALYSIS OF EPA SAMPLES

FOR TCOD'S
Quantity of Minimum detectabls
TCDD's tound concentration
EPA sampie no. Origin ng/g (ppb) py/9 (ppt)
C04130 Gvaudan ND* 140
Cc04131 Givaudan ND 70
04132 Givaudan ND 50
2 Transvaal 40,000 e
3 Transvaai 675 e
3 Transvaal 22 e
5 Transvaal 70 e
[] Transvaal NO 50
12700 Reichold ND 80
12701 Reichold ND 75
12702 Reichold b
11020 Baxter ND 140
11025 Baxter NO 45
11021 Baxter c
11022 Baxter c
11023 Baxter b
11024 Baxter d

a—ND No TCDD's derected in excess of the mimimum detectable concentration

b—Not processed

c-—~General procedure could not be successfully applied to these samples

d—Not analyzed on GC-MS-30

e—An exact minimum defectable concentration was not recorded for these analyses_however, the
reported values for queniity of TCDD's found are well above the criterion of 2 5x noise

Examples of mass fragmentograms obtained with the GC-MS-30 high
resolution mass spectrometer are shown in the following figures. Figure 40 showsa
four-ion step-scan mass fragmentogram of benzene, the solvent used for dilution of
the final sampie residue. Analysis of a solvent blank is repcated before analysis of
cach sample in order to ensure that no TCDD’s are carried over in the injection
syringe. Figure 41 illustrates similar data obtained from injection of a sample
consisting of 50 pg of native 2,3,7.8-TCDD and | ug of '"C1,-23.78-TCDD.
Note that different attenuations have been applied to the various peaks displayed in
Figure 41. Figures 42 and 43 demonstrate similar four-ion step-scan mass
fragmentograms obtained for two of the EPA samples. Although the

fragmentogram for sample 12700 shows peaks at m/e 319.8966 and m/e 321.8936,

their intensities are not greater than 2.5 umes the background; this is one of the
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m/e 327.8846

|

Attenuntion:. 512
m/e 325.8805

m/e 321.8936

m/e 319.8966 l

|

L’vf’

Figure 40. Four-ion mass fragmentogram of benzene solvent blank
obtained with GC-MS-30.

Attenuation; 256

m/e 321.8936

|

m/e 319.8966 m/e 327.8846

Attenuation: 8192

m/e 325.8805

m/e 321.8936

Wﬂ wf m/e 3}9\.8966,1\ N L

Figure 41, Four-ion mass fragmentogram of 50 pg 2.3,7,8-TCDD and
1 ng 31C1,-2.3.7.8-TCDD obtsined with GC-MS-30.
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criteria applied for establishing the presence of TCDD's in a sample. Based on the
recovery of VCl4-2.3.7.8-TCDD from sample 12700, the minimum detectable
concentration (MDC) of TCDD's is 80 pg/g.

The mass fragmentogram for sample 5 {Figure 43) shows peaks at both m/e
319.8966 and m/e 321.8936, and the intensities are well in excess of 2.5 times the
background levels. After application of a recovery correction on the basis of the
internal standard, these data indicate that sample S contains 70 pg TCDD's per
gram of sample. Data similar to those shown in Figures 40 through 43 were
obtained for the other samples analyzed in this program.

Analyses of samples 11021 and 11022 were not compicied owing to the
formation of an intractable emulsion at the petroleumfether interface. Analysis of
sample 11024 on the GC-MS-30 system was not attempted because a colored
residue was visible in the final extract. Earlier experience had shown that such
residues indicate that the sample extract contains gross quantities of compounds
other than TCDD?, which lead to serious contamination of the high-resolution
mass spectrometer.

All data in Table 26 were derived from analyses with the high resolution GC-
MS-30 system. For each of the industrial process samples, the appropriate elution
chromatogram fractions to be analyzed were determined in advance in a series of
alumina column clutions using an aliquot of the sample spiked with 2,3,7 8-TCDD
standard; these elutions were accomplished in a manner similar 10 that described
for sample 2. These clution test samples were analyzed with the low resolution
GC-QMS system. Data pestinent tothe determination of the elution characteristics
of TCDD's in the various samples are shown in Table 27. The fractions collected
for each sample in the elution experiments are as follows:

1. Fraction !—First 5-mi portion cluted with 20 percent methylene chioride in
hexane.

2. Fraction 11—Second 5-ml portion cluted with 20 percent methylene
chloride in hexane.

3. Fraction l1l1—Third 5-ml portion cluted with 20 percent methylene
chloride in hexane.

4. Fraction IV—Fourth 5-ml portion cluted with 20 percent methylene
chioride in hexane.

5. Fraction V—First 10-ml portion eluted with 50 percent methylenc chioride
in hexane.

6 Fraction VI—Last 3-mi pontion cluted with 50 percent methylene chloride
in hexane.

These fractions were analyzed with the GC-QMS in reverse order, beginning
with the last fraction and continuing backward until the quantity of TCDD"
detected in the several fractions was a reasonably large percentage of that originally
addcd as the spike, or until a fraction was reached that contained no TCDD's. The
data in Table 27 show that TCDD’s are completely eluted from ali samples priorto
Fraction VI. In most cases the bulk of the TCDD’ appeared in Fraction V.
although in samples 11020 and 11024 the TCDD’s were detected in Fraction 1V

Table 28 summarizes the total recoveries of the added 2,3.7 8-TCDD spikes
achieved by collecting the optimum column chromatography fractions of the
various industrial process samples. These recoveries range from 60 to 102 percent.
with a mean value of 85 percent.

Except for sample 2, all of the samples processed in this investigation were also
spiked with Y'C14-2.3,78-TCDD. This compound was added as an internal
standard in the analyses with the GC-MS-30 system. The mean recovery of Y'Cl,
2,3,7.8-TCDD for the samples analyzed herein was 74 percent with a standard
deviation of 16.8 percent. The recovery data are shown in Table 29.
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Confirmation of TCDD's in Sample 2—

Measurements in which m/e 320 and m/c 322 were monitored by the Jow-
resolution GC-QMS system indicated that sample 2 contained approximately 40
ug TCDD’s per gram of sample. The report of this high level of TCDD's prompted
considerable concern both at EPA and state regulatory organizations.

This finding was also controversial becausc an carlier examination of this sampie
inan EPA laboratory had yicided no indication of the presence of TCDD'. It was
obviously important, therefore, to more definitively confirm the initial Wright
State analyses of sample 2; this was done by a procedure essentially the same as that
which is described as the final method.

TABLE 27. TCDD ISOMER CONTENT OF COLUMN FRACTION SAMPLES
SPIKED WiTH 2,3,7,8-TCDD

Quentity of Quantity of
2,3,7.8-TCDD 2,3,7.8-TCOD  Minimum
sdded to detscted in detectable

EPA Eluate sample fraction® concentration Recovery
samples® fraction® (ng/g) {ng/g) {ng/9g) (%}
C04130 v 10.42 ND 050

A" 10.62 102
vi ND 0.50
3 A" 10.35 597
{11} 50.64 ND 3.00
v 46
v 625
Vi ND 3.00
12700 v 12.14 ND 0.30
v 8.4 69
Vi ND 057
12701 v 12.84 ND 0.28
v 10.12 79
11020 v 9.86 0.56 6
v 8.68 88
wi ND 0.23
11024¢ w 3 0.29 8
\% 1.09 29
wvi ND 0.08
11025 v 6.54 NO 014
v 5.63 86

8—See Table 22 for description of sample
b—Desynation of eluate fractions
i Third 5-m) shquot sluted with 20% methylene chionde 1n hexane.
v Fourth 5-m! akquot eluted with 20% methylene chionde 1n hexane
V Fust 10-mi aliquot eluted with 50% methylene chioride n hexane
VI Last 3-ml ahquot efuted with 50% methylene chlorxde in hexane.
c—~ND no 2,3.7,8-YCDD detectad in excess of the mimmum detectable concentration
d—Portion of sample was lost dunng preparation
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TABLE 28. RECOVERIES OF 2,3,7,8-TCDD-SPIKED SAMPLES
FOLLOWING ALUMINA COLUMN CHROMATOGRAPHY

Quantity of Quantity of
2,3.7.8.TCDD 2,3.7,8-TCDD
EPA added {ng/g) detected (ng/g) Recovery

samples (ppb} (ppb) (%)
C04130 104 1060 102
4 120 840 70
5 122 1100 90
6 104 970 93
12700 121 840 69
12701 128 1010 79
11020 99 924 94

11024 37 138 372
11025 65 5 60 86

a—Portion of sample lost dunng preparation

TABLE 29. RESULTS OF GC-MS-30 ANALYSES OF SAMPLES
. SPIKED WITH 37C1,-2.3,7,8-TCOD

Quantity of Quantity of.
7C|-2,3,7,.8-TCDD  37Ci-2,3,7,.8-YCDD

EPA wSsu added {ng/g) detected (ng/g) Recovery
ph pk (ppb) {ppb) (%)
CO4130 8-001C 111 078 70
C04131 B8-002A 093 091 58
C04132 B-003A 096 061 64
5 B-006A 121 048 40
6 B-007A 109 067 61
4 B8-008A 109 07% 69
12700 B-009E 123 106 86
12701 B-O10E 129 114 €8
11020 B-012F 119 093 78
11025 B8-017B 067 058 86

a—Data for samples 2 and 3 are not inciuded because the ratio technique could not be used wih
samples contaming hugh tevels of TCDD Sampie 11024 1s also omstied because the extract was
not clean enocugh tor anatysis by GC-MS-30
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The sample was cxtracted, and the exiract was subjected to liquid
chromatography preparation. As mentioned earlier. the fraction of sample 2 that
was cluted from the alumina column with 20 percent methylene chloride in hexane
was determined to contain the bulk of the TCDD%. Accordingly, this fraction was
amalyzed for TCDD's by the GC-MS-30 system operated in the dual-ion
monitoring mode (m/c 319.8966 and 321.8936 were monitored). The resolution of
the MS-3Q mass spectrometer was adjusted to 1:12,500 for this measurement.

The dual-ion step-scan mass fragmentogram obtained with this sample exaract is
shown in Figure 44 and corresponding dsta obtained with an authentic 2,3,7,8-
TCDD standard are shown in Figure 45. For EPA sample 2, the ratio of m/e
319.8966 to m/e 321.8936 in the mass fragmentogram is 0.79, while that for the
23,78-TCDD standard is 0.84. Both of these values agree well with the
theoretically predicted ratio of these two peaks, 0.77, which is calculated on the
basis of the relative abundance of »Cl and 37C} isotopes.

m/e 321.8936

l

m/e 319.8866

1
|

et M

Figure 44_. Duai-1on mass fragmentogram of sample 2 obtained with
GC-MS-30, mass resotution 1.12,500.
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et

m/e 321.8936

m/e 319.8966

Figure 45. Dual-1on mass fragmentogram of 150 pg of 2,3,7,8-TCDD standard
obtamned with GC-MS-30, mass resolution 1-12,500.

Further confirmation that the unknown component in sample 2 is indeed a
quantity of TCDD isomers is provided by the observation that the GC retention
time of the unknown component was identical to that of the 2.3.7,8-TCDD
standard. This criterion is applied in all determinations of TCDD' in Wright
State’s Brehm Laboratory.

The mass spectrometric resolution achieved in this program with the MS-30
Mass Spectrometer can be demonstrated experimentally by using the specialized
step-scan circuitry developed by Wright State. The practical method of
demonstrating the resolution is to obtain a narrow mass scan for a sample
consisting of TCDD's in a mixture of other compounds that yicld mass spectral
ions whose mass is very close to that of TCDD's. In carlier studics we utilized a
mixture of 2,3,7.8-TCDD, PCB’s such as Aroclor 1254, and DDE* for this
purpose. The latter compounds yield mass spectral peaks that are very near the
mass of the TCDD's major ion (Aroclor 1254 m/e 321.8679, DDE m/e 321.9290,
2,3,7.8-TCDD m/e¢ 321.8936).

In order to obtain ions of approximately equal intensity from all these
compounds, however, the quantities of PCB and DDE must be quitc large relative
to the quantitiy of TCDD'%. Figure 46 shows a typical mass fragmentogram
obtained during this investigation in analyses of two mixtures of 2,3.7,8-TCDD
and DDE and a mixture of Aroclor 1254,2.3.7.8-TCDD, and DDE. On the basis of
the data shown in Figure 46, the dynamic resolution of the mass spectrometer is
caiculated 1o be 14,000 with 20 percent valley definition,

The data on sample 2 which were described above were based on monitoring
only m/e 320 and m/¢ 322 in the mass spectrum of TCDD’s. OQur earlier expericnce
had shown that the low levels of TCDD's that are usually found in environmental
samples (low ppt) permit monitoring of no more than four mass peaks for a single
sample injection, even with the sophisticated step-scan techniques developed in
Brehm Laboratory. In this instance, however, the level of TCDD's (40 ppm) in

R

*As previously noted, DDE 15 2 degradation product of the pesticide DD
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sample 2 was very high and it was feasible to obtain an actual mass spectral scanas
this component of the sample eluted from the gas chromatograph.

Therefore, the MS-30 Mass Spectrometer was set up in the normal magnetic
scanning mode, and an aliquot of the extract of sample 2 was injected into the GC.
At the appropriate retention time. the mass spectrum of the eluted component was
scanned. Before this, we obtained similar mass spectra of a solution containing 10
ng of authentic 2,3,7.8-TCDD standard and of a solvent blank (benzene). The
instrumental parameters applicable 10 the scans are as follows:

Scan rate: 10 sec/decade. beginning 190 sec.
alter sample injection

Mass range of scan: m/e 130 to m/c 350

Mass resolution: 1:1000

GC retention time for TCDD: 195 sec.

Other parameters: Same as described above

The refative intensities of the more prominent mass spectral peaks recorded in
these runs are listed in Table 30. The mass spectra obtained for the 2,3.7.8-TCDD
standard and for the extract of sample 2 are shown in Figures 47 and 48. These
spectra obviously agree quite well. There is no doubt that the unknown component
n sample 2 is a TCDD isomer and that it is present in a high concentration.
Apparently some components of the extract of sample 2, other than the TCDD’s,
also contribute to m/fe 194, 257 _and 259. but these are hot of concern here.

CONCLUSIONS AND RECOMMENDATIONS

As a means of assessing the fevels of the extremely toxic TCDD’s in process
streams, wastes, and sediments from the manufacture of chemicals, 2 method was
developed that proved to be applicable to about 70 percent of the industnal waste
sample types examined in this study. These sample types are typical of those that
would be collccted in a routine chemical plant susvey.

TABLE 30. RELATIVE INTENSITIES OF MAJOR IONS OBSERVED
IN MASS SPECTRAL SCANS

10 ng 10 ul of

2.3,7.8-TCDD EPA sample 2 extract
m/e standard Solvent blank {out of 2000 ! total)
326 10 o] 12
324 60 o] 48
322 100 4] 100
320 80 o 80
318 30 4] 25
259 23 (4] 47
257 34 o 48
194 18 (o] 30
161 21 4 25
160 17 a4 20
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Figure 47. Mass spectra from scans of 2,3,7,8-TCDD standard and sample 2
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The analytical methodology implemented in this study is summarized in the
following five principal steps:

1. Preparation of a spiked and nonspiked aliquot of each sample in liquid
extraciable form (organic phase).

2. A sample clean-up procedure that includes acid and base washes to remove
the bulk of the sample matrix.

3. An additional sample separation step using liquid chromatography.

4. Screcning of samples for detectable Jevels of TCDD's with a low-resolution
GC-QMS system. This step is repeated with a spiked sample if positive
levels of TCDD's are detected.

5. Confirmation and quantification of the level of TCDD's by analysis of the
samples with a high-resolution GC-MS-30 system.

There are four major advantages with the implementation of this method:

1. The procedure offers a relatively rapid method for qualitative screening of
a wide varicty of materials for possible contamination by TCDD’s, through
the use of low-resolution mass spectrometry (GC-QMS showed a MDC of
1 ppb or less in 50 percent of the samples).

2. Only samples in which the initial screening shows TCDD's need be
confirmed by use of GC with high-resolution mass spcctromctry(mmnmum
resolution [:10,000).

3. Analysis by high-resolution mass spectrometry yields extremely high
sensitivity as well as specificity. The need for both is indicated by the
finding of minimum detectable concentrations below 100 ppt in more than
half the samples tested.

4. The method warrants a high level of confidence owing to the use of an
internal standard and application of the four-ion monitoring technique.
Recovery of '1CI;-2,3,7.8-TCDD from spiked samples indicates a
recovery range of 40 to 98 percent for the method. Further, bya procedure
in which the quantity of native-TCDD"s detected is proportionaicly related
10 the quaniity of 3'Cl-2,3,7.8-TCDD added, the data may be
automatically corrected for recovery.

Although the procedures outlined here are acceptable for analysis of many
wdustrial process samples, they are not applicable o all sample types. Among
those examined in this study, the samples that could not be suitably analyzed are of
two types. First are those of biological origin, primarily wood and woodlike
products. It is probable that for such samples an acid digestion step is needed to
cifectively destroy cellular walls and release any residue of TCDD?%. Earlier work
at Brchm Laboratory on wood and other biojogical materials confirms the
cffectiveness of such an approach. - -

The other type of sample not amenablc to the mctbod is more difficult to
characterize. Samples of this type formed emulsions in the preparation phase that
vould not be resolved. Use of several common emulsion-breaking techniques such
as addition of excess solvent did not alleviate this problem. Unfortunately, owing
to the small number of samples of this type, no further information was obtained.
Additional work on such samples would be desirable.

Work should now be conducted toward the development and implementation of
the use of capillary columus in identifying each of the individual tetrachioro
womers. This work would require that all of the 22 tetrachlorinated dibenzodioxins
he prepared in order to utilize them as standards.
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SECTION 5
ROUTES OF HUMAN EXPOSURE

The toxicity of some dioxins, especially 2,3,7,8-TCDD, has been demonstrated
in a number of incidents of human exposure. The most serious incidents, including
one man-made disaster, have affected the general public; these incidents have
resulted from industrial accidents, improper disposition of industrial wastes,and a
variety ol other exposure routes. In addition to exposures of the general public,
human contact with dioxins has occurred in chemical manufacturiag plants and in
other locations because of the occupational handling of these materials. This report
section summarizes both the reported incidents of human exposure to dioxins and
the potential exposure routes.

PUBLIC EXPOSURE
Industrial Accidents

The clearest demonstration of dioxin toxicity was a disastrous incident that
occurred on July 10, 1976, in Meda, haly, at a plant producing 2,4,5-TCP for the
manufacture of hexachlorophene. The plant was operated by the Industric
Chemiche Meda Societa, Anonima, (ICMESA), an Italian firm owned by the
Swiss company Givaudan, which in turn is owned by Hoffman-LaRoche, a Swiss
pharmaceutical manufacturer. The incident often is described inappropriately as
an explosion. A safety disc on an over-pressured 2.4,5-TCP reactor ruptured,and a
safety valve opened, releasing the reactor contents directly to the atmosphere
(Homberger et al. 1979; Peterson 1978). The quantity of TCDD’s released has been
estimated to be from 300 g to 130 kg (despite extensive study, there 15 still no
agreement as te the most likely amount) (Bonaccorsi, Fanelli. and Tognoni 1978:
Carrert 1978).

The incident occurred late on a Saturday afternoon. 1t resulted from the closing
of a valve that supplied cooling water 1o the reactor jacket. In the manufacturing
process, caustic soda had been used to hydrolyze 1,2.4,5-tetrachlorobenzene in 2
solvent of ethylenc glycol. After the mixture was heated, cooling water was turmned
onto the jacket and should have remained on until the reaction was compiete. A
decision had been made to postpone the next operation, a distillation to remove
ethylene glycol. until the following Monday. During the standby shutdown
procedures the cooling water valve apparently was closed inadvertently. Since the
reaction was incomplete, temperature and pressure continued to increase until the
limiting pressure of the safety devices was reached. When the release occurred, the
regular operators were not in the plant. Five minutes after the relcase started.
someone opened the cooling water valve and the influx of cooling water began 10
slow down the reaction. Within 15 minutes, release of chemicals to the atmosphere
had stopped.

A slight breeze carried the toxic cloud over parts of |1 towns and villages, as
condensed chemicals fell from the cloud like snow. The town most affected was
Seveso, whose corporate limits adjoin the plant grounds. No emergency action was
taken by plant personnel or local authorities, although several people reported to
haospitals with chemical burns. Not unul the next day, Sunday, was the mayor ot
Seveso notified of the accident, and officials of other affected towns were not told
until Monday. The plant resumed normal operations Menday morning. No official
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cmergency decree was issued until 5 days after the accident, and the possible
presence of 2,3,7,8-TCDD was not announced to the {ocal population until after 8
days (Carreri 1978). By then, hundreds of animals had sickened and died, and
people with chloracne, principally children, were being hospitalized. Dow
Chemical Company has asserted that these deaths probably were due to
chlorophenol exposure (Crummett 1980). The plant workers went out on strike,
finally closing the plant. Since ICMESA had no suitable labaratory, samples of the
contamination had to be sent to Switzerland for analysis; not until 10days after the
accident did Givaudan and Hoffman-LaRoche confirm that the contamination
was 2,3,7,8-TCDD. Only then were organized steps taken to assess the damage and
to safeguard the health of the people who had been exposed (Reggiani 1977;
Peterson 1978; Bonaccorsi, Fanelli, and Tognoni 1978; Carreri 1978).

It was discovered that most of the dioxin had fallen in & narrow strip extending
for about 5 km to the southeast from the plant (see Figure 49). The most heavily
contaminated area of 267 acres was designated Zone A, and was further divided
mto seven numbered subzones comresponding to the relative degrees of
contamination. The popufation of Zone A was evacuated, A less contaminated
area of 665 acres was designated Zone B; official evacuation of this zone was not
ordered. A much larger area was designated Zone R (Respect or Risk), in which
dioxin contamination was judged to be too slight to be harmful.

ICMESA

Figura 49. Map of Seveso area showing zones of contamination (A and B)
and 20ne of respect (R).
Source: Adapted from Fanelli et al. 1980.
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Chioracne began to appear about 2 days after the accident. Within 6 days, 12
chlidren were hospitalized; within 8 days, there were 14 (Parks 1978). Those first
affected were the most seriously affected, and some were still undergoing treatment
3 years after the incident (Revzin 1979). A screening of more than 32,000 children
of school age inthe Seveso region resulted in the discovery of 187 cases of chioracne
(Hay 1978b). Officially, there were 135 confirmed cases within the first year, with
“new” waves of the skin discase appearing 18 and 24 months after the accident
(Bonaccorsi, Fanclli, and Tognoni 1978). Hoffman-LaRoche reported that most
chloracne was of “mild severity and quick recovery™ and that there was no increase
in the susceptibility of the children to infectious discase (Reggiani 1979a). Only a
small percentage of those affected were adults.

Since 2,3,7.8-TCDD had been shown to cause birth defects and spontancous
abortions in laboratory animals, the incidence of birth problems in the affected
population was studied. At present, the resulting data are inconclusive and
controversial, in part because of poor statistical data from prior years (Toxic
Materials News 1979¢). Through May 1977, the spontancous abortion rate for the
entire Lombardy region of Italy, which includes the Seveso arca, was lower than
the worldwide frequency (15 percent versus 20 to 25 percent) (Reggiani 1977). A

{ private organization, however, reported that 146 malformed infants were born
P during 1978 in the Seveso area, almost 3 times the number reported officially
L (Chemical Week 1979b; Revzin 1979).

; Four years after the ICMESA incident, the peopie of Seveso are resuming an
almost pormal life. Hoffman-LaRoche has bought some of the heavily
contaminated propertics near the plant and has enclosed them and the plant within
a tall plastic fence. Contaminated debris and soil from other locations, including
the carcasses of 35,000 animals that died or were slaughtered (Parks 1978) have
been dumped in the enclosure, and this area is now believed to contain 80 percent ot
all the dioxin that was released (Chemical Week 1979h). Some nearby houses have
been decontaminated by semoving the tile roofs, vacuuming and scrubbing the
walls with detergents and solvents, and clearing the grounds around them (Parks
1978). All the former residents have been allowed to return to their homes. Having
decided the danger is over, many no longer practice any safety precautions (Revzin
1979). None of the many proposals for decontaminating the plant property has
satisfied everyone; the situation not only poses a massive technical problem, but is
clouded with legal and political difficulties.

The Seveso incident has been called an environmental calamity (Parks 1978).
and the release of dioxins has been compared to an escape of nuciear radiation in its
potential for disaster (Revzin 1979). The cffects of the 20-minute release on July 10.
1976, are still continuing and will not be known for years, perhaps not fin
generations (Bonaccorsi, Fanelli, and Tognoni 1978). Although no human deaths
have resulted from the incident thus far, in the light of present toxicological
knowledge, late effects can be expected (Peterson 1978). Operations at the
ICMESA plant have not resumed since the 1976 accident {Watkins 1979b).

Contaminated Industrial Wastes

Manufacture of organic chemicals creates wastes, some of which may contamn
dioxins. In one recorded incident a chemical plant waste known to contain a dioxmn
has been clearly responsible for iliness of a person not associated with chemical
handling operations (Beaie ¢t al. 1977). Other instances have been recorded and
continue to be discovered in which dioxins have been or are being discarded with
wastes in a manner that brings them into contact with the general public. This
report section lists the known examples of dioxin contamination of public land, au .
and water {rom disposal of industrial wastes. Alf are associated with present os
former producers of 2.4.5-TCP.
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Contained or Landfilled Wastes—

The most concentrated waste sources of dioxins are the anhydrous liquids, tars,
and slurries, which 2,4,5-TCP manufacturers may discard by burying them in the
ground or by storing them in drums. These materials are handled both by personnel
of the manufacturing company and by contractors responsible to the
manufacturer.

The most notable incident of nonoccupational exposure to dioxin-contaminated
wastes of this type involved the spraying of wasie oils containing TCDDs on horse
arenas and & private road in cast-ceniral Missouri in 1971 (Shea and Lindler 1975;
Environmental Protection Agency 1975b; Commoner and Scott 1976a; World
Health Organization 1977; Kimbrough et al, 1977). The wastes were traced to a
plant of the North Eastern Pharmaceutical Co. (NEPACCO) in Verona, Missouri,
which manufaciured 2,4,5-TCP at that time. The residues of a distillation phase of
the process were stored above ground in a 7500-galion tank. Periodically,
NEPACCO would contract with somcone to dispose of the wastes. Between
February and October of 1971, the Bliss Salvage Oil Company held this contract
and during these 8 months hauled away 16,000 gallons. Presumably, most was
incinerated. In May and June, however, waste oils mixed with these distillation
residues were sprayed to control dusts on four horse arenas and a road on a farm
owned by the operator of the oil salvage company.

Unexplained deaths of animals occurred for almost 2 years. By December 1973,
over 60 horses had died in the arenas and over 40 had become ill (Commoner and
Scott 1976; Kimbrough ¢t al. 1977). Many cats, dogs, rodents, birds, and insects
had also died. Seven peopie developed various disorders as a result of exposure. A
six-year-old girl who played regularly on an arena floor was most seriously
affected; she was treated for inflammation of the kidneys and hemorrhaging of the
bladder, along with other symptoms (Beale ct al. 1977). She lost 50 percent of her
body weight over the course of the ifiness, but has since recovered.

Finally, the most heavily contaminated soil was removed from the arenas and
replaced. This apparently solved the problem, since no further incidents have been
reported. The soil, probably still containing dioxins, is now buricd in a landfili and
under a concrete highway that was being built at the time (Commoner and Scott
1976a).

In Australia, Union Carbide of Australia Limited (UCAL), previously a
manufacturer of 2,4,5-TCP and 2,4,5-T, disposed of dioxin-contaminated wastes
by landfilling during the years between 1949 and 1971 (Chemical Week 1978b;
Dickson 1978). At the time these wastes were buricd, landfilling was the most
acceptable method of disposal. It has been estimated that 16 1o 30 kg of dioxins
may be present in the buried wastes (Chemical Week 1978b; Dickson 1978;
Chemical Weck 1978c). In 1969, when dioxin contaminants in 24,5-
trichlorophenol were being publicized, UCAL began removing the dioxins by
adsorption onto activated carbon. Thedioxin-contaminated carbon, now stored in
steel drums, presents a disposal problem (Dickson 1978).

Dioxins have been found in two chemical landfills in Niagara Falls, New York,
One of these, the Love Canal, is now the site of a residential community, includinga
school. The fandfill previously was used by the Hooker Chemical Company for
burying chemical wastes, including those from the manufacture of 2,4,5-TCP. A
rising water table has brought the chemicals to the surface (Chem. and Eng. News
1978). Approximatcly 80 different chemicals have been identified, including a
number of known carcinogens (Cincinnati Enquirer 1978a). Recently it was
reported that TCDD's were found at the site (Chemical Week 1979a; Wright State
University 1979a, 1979b). About 30tons of 2,4.5-TCP wastes are buried in the Love
Canal. Hyde Park, a larger toxic landfill used by Hooker, also has yielded positive
analyses. Environmental evaluations of three plants located near the landfill found
TCDD’s in dust from these plants and in water samples taken from sediments in a
nearby creek (Chemical Regulation Reporter 1980).
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One of the largest accumulated quantities of dioxin-contaminated anhydrous
wasics now known is a cache of approximately 3000 drums of chemicals found in
1979 at the Vertac plant in Jacksonville, Arkansas (Fadiman 1979). The proper
procedure for final disposition of this material, which may contain as much as 40
ppm or more TCDD's, has not been determined. (See Sections 4 and 8 of this
report.)

Incineraied Wastes—

A number of present and previous producers of 2,4,5-TCP and 2,4.5-T disposed
of wastes by incineration. This method is used by the Dow Chemical Company and
was once used by the ICMESA plant and by NEPACCO, which discarded its
wastes through & contract ncineration company. A recent repont has raised a
significant question as to whether past or present incineration methods destroy all
dioxins. Dow reported in 1978 that fly ash from both stationary tar and rotary kiln
incinerators contains Jow concentrations of dioxins, even that from incinerators
designed 1o burn chemical wastes (Dow Chemical Company 1978). TCDD's bound
to particulate matter are largely unaffected by even high-temperature incineration
(Rawlis 1979; Ciaccio 1979; Miller 1979).

It has been suggested that incineration of dioxin-contaminated chemical wastes
1s primarily responsible for the observed presence of TCDD's in and around the
Dow plant in Midland, Michigan {(Merenda 1979; Ciaccio 1979).* If this is shown
to be the case, poliution of the atmosphere from chemical incinerators may be an
imponant route in the exposure of the public to dioxin chemicals. Mifler (1979) has
suggested that a worldwide background of atmospheric dioxin contamination may
exist as a result of the incineration by the U.S. Ais Force of 10,400 metric tons of
Herbicide Orange contamning up to 47 ppm TCDD's (sce Ackerman et al. 1978).
This operation took place in the Pacific in 1977. Although there are no data that
confirm the presence of widespread atmospheric pollution from this source,
TCDD’s were detecied in some stack emission samples (Tiernan et al 1979).

Discharged Water Wastes—

Dioxin concentrations that exceed theoreucal solubility limits (Crummett and
Stehl 1973) may occur tn industrial wastewaters because of ) the presence of other
orgamc matenals in the wastewater that would tend to increase the solubility of the
dioxin, andjor 2) the presence of suspended solids to which the dioxins are
adsorbed. In either event, it 1s possible that low levels of dioxins may be carried
routinely into the environment by industrial effluents, especially those associated
with the production of chlorophenols. Dow has asserted that low levels of dioxins
may also be associated with particulate matter leaked to the sewer from scrubbers
on powerhouses and incinerators (Crummett 1980).

Little published information addresses the question of dioxins in such industrial
water efflucnis. A 1978 report from Dow Chemical Company contends that theis
pesticide plant effluent discharges were not respounsible for the dioxins found in a
number of Tittabawassee River fish, collected downstream from the Dow
discharge. The report states that dioxins are formed duning any combustion
process and therefore may be found everywhere in the environment. In late
communications, Dow indicates that dioxins indeed have been found above the
Dow effluem outfall by Dr. David Stallings of the U.S. Department of Interior and
the Michigan Departmem of Natural Resources (Crummett 1980).

Other data presented in the Dow report indicate that particulates in scrubber
water contained 46 ppb TCDD's. 200 ppb hexa-CDD’s, 970 ppb hepta-CDD's, and
120 ppb OCDD. The water was used to scrub the gas stream from a rotary kiln
incinerator fired with a suppiemental fuel to burn chemical wastes. Disposition of

*Dow behieves that the obser ved presence of TCDIS and other diouns 1n Midland and cther metso
politan areas ss due not onty to chemical incineratars but 10 1anous other combustion sources such i+
powerhouses. desel engines. charcoal griis. ete (Dow Chemical Company 1978, Rawls 1979)
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the overflow from the scrubber is unknown; however, it is unlikely that any water
treatment system can consistently remove 100 percent of a low-level constituent
such as TCDD's, especially if a portion of the TCDD's arc adsorbed to particulate
matter.

In 1976, analysis of effluent water from the Vertac plant in Jacksonville,
Arkansas, showed 0.2to 0.6 ppb of TCDD's (Sidwell 1976a). In contrast, analysis
of cffluent from the city stabilization ponds, to which the plant cffluent was sent,
showed no TCDD's (Sidwell 1976b). Because no detection limits were reported, the
presence of TCDD' in low concentration in the stabilization pond effluent
remained 2 possibility. There was also a question of the validity of the analytical
method used in the latter examination.

Chemists at Wright State University have recently reported on the analysis of
100 process and environmental samples taken by the U.S. EPA from the Vertacssite
and surrounding area (Tiernan et al. 1980). TCDD"s were detected in many of the
samples at ppt to ppb levels. Composite samples of soil and water from the city
sewage treatment plant lagoon contained 8 ppb TCDD's. Bottom core samples
from the Vertac cooling pond contained 2 to 102 ppb TCDD’s; however, no
TCDD's were detected in the cooling pond discharge sample (detection limit of
0.05 ppb). Similarly, liquid discharge samples (2) from the equilization basin con-
tained no detectable TCDD's (detection limit 0.010 ppb), even though a bottom
mud sample from the basin contained about 400 ppb TCDD's.

Treatment of wastes at PCP production plants and wood treatment plants is
ususlly accomplished by oxidation ponds, lagoons, or spray irrigation. The
efficiency of these treatment schemes has not yet been evaluated where dioxins are
concerned. There is evidence, however, that water-mediated evaporation is at least
partly responsible for the removal of chlorophenols (and also possibly dioxins)
from oxidation ponds (Salkinoja-Salonen 1979b). Insufficient treztment could
result in contamination of waterways and thus in potential public exposure.

Transportation Accidents

In January 1979, the derailment of a tank car of orthochlorophenol in Sturgeon,
Missouri, resulted in symptoms of chloracne in a cleanup worker. Analysis of the
iank car contents showed less than 0.1 percent trichiorophenol contamination and
aiso 37 ppb TCDD's. Subsequent analyses by the EPA confirmed that the dioxin
contamination was 2,3,7,8-TCDD (Chemical Week 1979d and 1979¢; Poole 1979).
Further details of the incident have not been released because of extensive Jegal
actions now pending involving the residents of the town and employees of the
manufacturing, transportation, and contract clean-up companies.

Although the incident at Sturgeon is the only one reported in which dioxins were
identified, it is especially significant because of the nature of the chemical involved.
The manufacture of orthochlorophenol offers no direct chemical pathway to the
side reactions that form 2,3,7,8-TCDD. Nevertheless, contamination with this
most-toxic dioxin was present. Product distillation is at least a hypothetical origin.
Continuing examinations of the source of the 2,3,7,8-TCDD are indicated and are
being conducted,

Herbicide Applications

For many years, herbicides made from dioxin-contaminated 2,4,5-TCP were
widely distributed into the environment. Since the herbicides were less toxic to
grasses, canes, and established trees than to broadleaf weeds and undergrowth
plants, they found wide application wherever the objective was to stimulate growth
of the more resisiant plants. The applications included residential lawns; right-of-
ways for power lines, railroads, and highways; forest lands intended for future
lumbering; pasturelands; and food crops such as rice and sugar cane. Regulatory
and environmental actions have now halted most of these uses of chemicals that
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may contain dioxins, but a number of public health incidents have been associated
with herbicide applications.

In Oregon, apphcation of 2,4,5-T and silvex by timber companies and the
government to forest areas has brought charges of increased incidences of
miscarriage by women living near the sprayed arcas (American Broadcasting
Company 1978; WGBH Educational Foundation 1979). It is claimed thatamong 8
of the women, 1l miscarriages occurred within 1 month after herbicide
applications. The EPA investigated these charges and found sufficient evidence of
danger of the public health in sprayed areas 1o place an emergency ban on
continued usc of 2,4.5-T and silvex in these and other areas (Blum 1979). Other
incidents in Oregon involved several people who complained of illness after
herbicide sprayings (WGBH 1979). Abortions among cows and deer, and the
deaths of fish, quail, and grouse were also reported 10 be associated with the
sprayings (WGBH 1979). An allergist specializing in environmental medicine
reported that the complamnts of diarrhea and recurrent boils among the exposed
people could have been caused by a dioxin contaminant in the herbicides
{Anderson 1978).

In northeastern Minnesota, a family reported that offspring of pigs, chickens,
and rabbits that had fed in areas sprayed by a U.S. Forest Service helicopter were
born deformed, or later developed deformities (ABC News 1978; Anderson 1978;
Cincinnati Enquirer 1978c). For over 5 months after the spraying. the family
complained of intense bellyaches, headaches, fever, nausea, diarrhea. and
convulsions. An analysis of the family's water supply by the Minnesota health
authorities revealed traces of a herbicide that contained 2.4-D, and 2,4.5-T, The
presence of dioxins was not reported. '

Another source of concern is the possible effects of the massive applications of
Herbicide Orange in Vietnam. Reports from some researchers indicate that
numerous deformities have been found in children 6 to 14 years old (Young ct al.
1978). Some reporis aiso state that spontancous abortions among women in
sprayed areas were not uncommon, and that some people died as a result of the
spraying. It has been estimated that at least 25,000 children in South Vietnam could
be assumed to have acquired hereditary defects from this cause (Young et al. 1978).
Others claim that these reports are virtually impossible to validate. The National
Academy of Sciences conciuded from their studies that there was no consistent
correlation between exposure to herbicides and birth defects (Young et al. 1978).

In 1969, citizens of Globe, Arizona, complained of human and animal illnesses
after the U.S. Forest Service had applied 3680 pounds of silvex and 120 pounds of
2.4.5-T to the nearby Kellner Canyon and Russell Gulch (Young et al. 1978). After
investigation by the Office of Science and Education and by the U.S. Department
of Agricuiture, it was concluded that there were no significant effects on birds and
wildlife, there was no indication of illnesses in livestock greater than in other
regions, and human illnesses were those that commonly occur in the normal
population, except for one individual who developed skin rash and eye irritation
from cleaning out an empty herbicide drum.

In Swedish Lapland. two infants with congenital malformations were born to
women who had been exposed 1o phenoxy herbicides (Young et al. {978). Medical
scientists could find no cvidence to substantiate any conclusion beyond a
comncidental occurrence of the birth defects and the herbicide spraying.

In New Zcaland, two women who had been exposed to 2,4.5-T during their
pregnancies gave birth to deformed babies (Young et al. 1978). In onc case 2,4,5-T
was ruled out as the cause because although the mother had been exposed to the
herbicide during pregnancy. the exposure had occurred after the time in the
pregnancy when the deformity is known to usually occur. No conclusions were
reached on the other casc.

Also in New Zealand, it was reported that deformities in infants occurredn three
areas of the country and that 2.4.5-T was suspected (Young et al. 1978). After an
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investigation, it was concluded that there was no evidence to implicate 2,4.5-T as
the cause of the deformities.

In Australia, skin rashes, respiratory problems, and higher incidences of birth
defects and infant mortality may be associated with 2,4,5-T sprayings and dioxin
contaminants (Chemical Week 1978d).

Although no published reports deal with the subject, large segments of the
suburban U.S. population are seasonally exposed to 2,4-D spray applications to
lawns for weed control. Until 1979, silvex was also a common constituent of many
of these formnlations.

There is little published information relating to the use of 2,4,5-T in rice fields.
Rice is grown in Arkansas, Louisiana, and Texas, and possibly also in Mississippi,
usually in focalized areas that include facilities for flooding of the fields (a
requirement in rice culture). Dioxins, including TCDD’s could be accumulating in
the soil of these fields or in runoff channels. This appears to be a principal area of
missing information with respect to continued use of these herbicides. Dow
reportedly has published a study of fish living in rice-field irrigation water that has
been treated with 2,4,5-T (Shadoff et al. 1977b).

Foods

A number of human food sources have been found to be contaminated with
TCDD's. Three different research teams have reported finding dioxins in the fat of
cattle that had grazed on pasture experimentally treated with 2,4,5-T(Meselson, O°
Keefe, and Baughman 1978; Kocher et al. 1978; Solch ct al. 1978, 1980). Levels
reported ranged from 4 10 5 ppt and 12 to 70 ppt, and 10t0 54 ppt, respectively. In
contrast, however, samples from cattle fed ronnel contaminated with TCDD's
showed no dioxins at a detection imit of 10 ppt(Shadoff 1977). TCDD's have been
found at levels ranging from 14 to 1020 ppt in fish and crustaceans collected in
South Victnam (Baughman and Meselson 1973). Fanelli et al. (1980b) and Cocucci
et al. (1979) found TCDD in locally grown garden vegetables, fruit, and dairy
milk supplies following the ICMESA accident in Italy in 1976. An investigator
snalyzed human milk samples collected in 1970 during the herbicide operations in
South Vietnam, and found that they were contaminated with 40 to 50 ppt TCDD's
{Baughman 1974). He rzported that the mothers could have been contaminated
cither by direct exposure or by ingestion of contaminated foods. About ! ppt
TCDD’s has been reported in breast milk from U.S. mothers living near pasture
land (Meselson, O'Keefe, and Baughman 1978); however, a subsequent study of
103 samples of breast milk from mothers living in sprayed areas revealed no
TCDD’s at adetection limit of | to 4 ppt(Chemical Regulation Reporter 1980b). In
1973, TCDD's were detected in several U.S. commercial fatty acids (Firestone
1973).

Other chlorinated dioxins have also been detected in foods. Tiernan and Taylor
(1978) found hexa-, hepta-, and/or OCDD in {9 of 189 USD A beef fat samples at
levels in excess of 0.1 ppb.

Firestone reported finding hexa~-CDD’s, hepta-CDD’s, and OCDD in gelatin
samples obtained from supermarkets and in bulk gelatin (Firestone 1977). Gelatin
is a byproduct of the leather-tanning industry, which routinely used PCPand TCP
as preservatives (U.S. Environmental Protection Agency 1978b). Total United
States comsumption of gelatin is estimated at 32 million kilograms per year, of
which 20 percent is imported. In this study, dioxins occurred in {4 of 15 commercial
gelatin  samples at levels ranging from 0.1 to 28 ppb total dioxins.
Pentachlorophenol was also identified in most samples. 2,3,7,8-TCDD was not
detected in any sample. These data arc presented in Table 31.

Analysis by Dow Chemical Company of fish from the Tittabawassee River,
which receives the effluent from their Midland complex, revealed the presence of
TCDD's, hexa-CDD’s, and OCDD in trace guantities (Dow Chemical Company

175

e et + emarepre— o

MR
DEP\DAQIZ20224



PONUNUO0Y)

{ooxop)

az'oe 810 OES09 Y 06 E08 E T00'500 090'0v 0 0E0'0E0Q £00'200 S€ V-ulleeB ying perioduy [
(ed10WY WINOS 'MIQUIN|OD)

60 80 0zo 0zZo 000 000 000 000 100 uniees nng peloduy 8
{3 G uaniBuiysepn)

g€ 20 080 080 800 or Q0 Lo olo N 268198 Jownsuo) L6t L
(2 @ ‘uoiBunisepr)

80 To 210 0zo €00 €00 oza €00 VN ebexoed Jewnsuo) (161 ]
{ D g ‘uoiBurysepn}

(44 {0 [he)e] Too 000 000 000 000 aVN eBuxoed sownguo) L1614 S
(sexo1}

ot vo 00 000 v00 000 oto 000 ve 00R¥IRd JAWNEUOD §L6L 14
‘ (sexo))

80 zZ0 oLo 000 €00 000 oto 000 8t aB8x29d JOWNSUOD §L 61 €
uieyeb

00 00 000 000 000 000 000 000 Go wixs wod disewop yng [4
uined

10 Lo 000 100 000 000 000 000 00 uixs Niod ansswop Nng L

suixojg  QADO0 5,aQ0-mdey $,0Qd-Nidey 8,GAD-FXeY $,00JXSY 8,00D-FxeYy $,0QD-8x8y (widd) Aipuep) sjdwes  ou sidwieg
(LT SLYVETE GLVVETL EBLETL LTI SLETL 8LIPYEL dDd
dadd) suxoig

+NILVI3D IVIOHIWWOOD NI SNIXOIG “LE 318Vl

176

i

¥

DEP\DA(0120225

Bt e



S —— e sttt

PRTAIRUE ION = ¥ N—2

yde:d Y2 pinbil-s8d sinid 10810 Buisn Ay dsss ‘QGO0 PUS ‘6,000 MIBY ‘5.GQD- SR 8Y) J0; QUG GLO O PV 21 0 ‘GO0 O INOQY S10m LONMUEAD JO ST ~—q
L1261 SuoIsRNg  S3inOS—8
{w-ueoepy %6 ‘unejed
unys 30d anseWop % 18)
otot i'i'rt orQ'0e0 0£'0'02°0 20'0'L0°0 60'0'r0°0 €00'200 t00°t0'0 o't PUSIQ 1RIDIBUILIOD st
(v-uRoew %ge ‘unmed
uixs 30d d[isewiop %g9)
9EBE 6162 08'0'09°0 08009 0 L0'0°T00 0z 00l 0 80'0'500 10'0'100 ‘e PuUalq [B1oIeWOD 143
{w-UsdXBN %EE 'uiieel
uiys pod Jnswuop KL9)
69°0L E£¥EBY OTI0T) 06'0'06'0 60'0'200 0£°0'0Z'0 80'0'80'0 100'10°0 zT Pus|q |e10s8wiWw0) £t
(ooixepw)
1'0'to 1'0'10 z0'0'200 200200 000000 00'0'00 0 000000 000000 €0 g-un®|eb ynq peliodw) 4
{oopxepy)
1414 8T 008’08 € 00 ¥'08°¢ 0T 0'L00 08'0'09'0 ov 0'0Z 0 T00'T00 ce v-uti81ed xinq petiodul st
(ooxep)
£T'5T L1'0T 0BT0BZ oL Z'08T 60°0'80'0 0z'0'0e'0 010°01'0 T00'z00 gL -uit#(86 ¥ng petiodw) oL
supolg  QAD0 8,0Q0-ndey 9,0QO-Mdey 3,0Q0-vrMY  £,0QJ-mrey 5,0QD-0X0 5,3QD-8Ny (wdd) AJpuep; sidweg  ‘ou Bieg
(Lo SLIVETL CLUVETL S'BLETL SLIETL 8921 8L'9PEL dOd
iqdd) supxoig
(Penupuod) L€ F18VL

177




) — .ot

1978). Catfish from the Saginaw Bay contained 0.024 ppb TCDD. Michigan health
authoritics have found TCDD’s in fish from the Flint, Cass, and Shiawassce
Rivers. Dow has pointed out that these three rivers have huge combustion sources
on their banks but no pesticide plants (Crummett 1980). The Food and Drug
Administration has recommended that Michigan set a maximum residue level for
dioxins in fish at 100 ppt (Toxic Materials News 1979¢).

TCDD’s have been recently detected in leather meat, although in unquantified
amounts (U.S. Environmental Protection Agency 1978b). Like gelatin, leather
meal is a byproduct of the leather-tanning industry. It is reported that the FDA
permits up to | percent Jeather meal in swine food diets, but this level is believed to
be too restrictive to be economically advantageous. Poultry feeding tests have
indicated that 6 percent leather meal in the diet could be economically
advantageous if the leather meal were free of dioxins. EPA recently withdrew an
application to FDA for approval of the inclusion of leather meal in poultry feed
because of the discovery of TCDD’s in the meal.

There is no published information relating to the residual level of TCDDs on
harvested rice crops that have been treated with the herbicide 2.4,5-T.

Pentachlorophenol has been found in dairy products, grains, cereals, root
vegetables, fruits, and sugars (U.S. Environmental Protection Agency 1978¢).

Water Supplies

Another apparent gap in information concerns drinking water, There are no
published reports of studies that searched specifically for dioxins in surface or well
waters used for drinking-water supplies. A report from the National Academy of
Sciences (1977) indicates that there are no reports of dioxins in drinking water, but
does not indicate clearly whether dioxins have not been detected, or whether no
research has been conducted. Dr. James Allen of the University of Wisconsin
reported in 1978 that dioxins have been detected in Great Lakes waters, but
apparently no data to this effect have been published.

In 1978, Dow Chemical Company reported that their analysts were unable to
detect 2,3,7,8-TCDD in two surface water samples taken from the Tittabawassee
River near Dow’s Midland plant. The detection limit cited was 0.001 ppb.

It is possible that even if toxic chlorodioxins are not present in surface waters.,
they might be formed at low levels during purification of public water supplies.
Early research with unsubstituted dioxins showed that chlorinated dioxins could
be formed from the unsubstituted dioxin by direct chlorination (Gilman and
Dietrich 1957). Although no tests of this possibility have been reported, any dioxin
entering 8 municipal drinking water system may become chlorinated during
routine chlorine disinfection processes, and thus its toxicity could be greatly
increased.

Combustion Residues

The presence of dioxins in fly ash from municipal incinerators is described in
Section 3. Tests by Dow Chemical Company that found dioxins in fireplace soot
and other combustion processes are also described cisewhere in the repornt. Here it
is cmphasized that these observations identify another source of exposure of the
public to dioxins. To date, the available data are insufficient to allow definition of
the relative importance of nonpesticide combustion as a contributor te dioxin
pollution of the environment.

Miscellaneous Pesticide Uses

In addition to their principal uses as a raw material and an agricultural pesticide,
2,4,5-TCP aud other chlorophenols that may contain dioxins are brought into
contact with the public in other ways. One such use is in disinfectants (U.S
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Environmenta) Protection Agency 1978i). These are used on surfaces of swimnung
pools, houschold and hospital sickroom equipment, food processing plants and
equipment, and hospital rooms, as well as on surfaces that contact food. Theyare
also used in bathrooms and restrooms, on shower stalls, urinals, loors, and toilet
bowls. Another minor use is as a constituent of metal cutting fluids. It is not known
whether any of these cutting fluids are soid commercially.

Commercial products containing pentachlorophenol are readily available to the
public. Examples of such products arc paints containing PCP as a fungicide or
preservative, and formulations for wood preserving. The latter typically contain
about 4 percent PCP. Exposure of the users of PCP products is most likely to occur
during use. In one reposted case, however, a woman became weak and lost 20
pounds over a 3-month period that followed the application of paint containing
PCP to interior paneling. Chronic inhalation of the PCP vapors from the walls was
said to be the cause (U.S. Environmental Protection Agency 1978¢).

Dermal absorption of sodium pentachlorophenate {(Na-PCP) resulted in the
illness of nine newborn infants and the subsequent death of two (U.S.
Environmental Protection Agency 1978¢c). This exposure occurred in a hospital
after clothing and linens were accidentally washed with Na-PCP. Analysis of
clothing and bed linens showed PCP residuces ranging from 2.64 to 195.0 mg/ 100 g.
Analysis for dioxins was not reported.

Since many wood products are treated with PCP, exposure could occur by
excessive handling ot contact. ltems such as telephone posts, fence posts, and
similar products, readily accessible 10 the public, could present health hazards if
subsequently handled.

Hexachlorophene Exposures

Until 1972 hexachlorophene was widely used as a bacteriostatic agent in many
commercially available products. Hexachlorophene is made from 2,4,5-TCP, a
known dioxin source. In Sepiember 1972 the FDA began requiring new drug
applications for all drugs containing 0.75 percent or more hexachiorophene and
also required that these drugs be made available only by prescription. Products
containing 0.1 percent hexachlorophene as a preservative are not subject to the
prescription requirement and are still masketed commercially.

Hexachlorophene for use in drug and cosmetic products is apparently made
from purified 2,4,5-trichlorophenol. The dioxin content of currently marketed
hexachlorophene is believed to be less than 15 . ug/kg (15 ppb) (World Health
Organization 1977). There apparently are no published references that report
positive analyses of dioxins in hexachlorophene,

Sickness and death resulting from exposure to hexachlorophene have been
reported, occurring primarily among children and infants (Kimbrough 1976; U.S.
Nationa! Institute of Environmental Health Sciences 1978). 1t is not known
whether dioxin contaminants are responsible. In one incident, four children died
tollowing exposure to a detergent containing 3 percent hexachlorophene
{Kimbrough 1976). In 1972, 4] infants and children dicd and a much larger number
became ill after being exposed to baby powder to which excessive guantities of
hexachlorophene had been added accidentally (Kimbrough 1976). The
hexachlorophene concentration in the baby powder was 6 percent.

A Swedish study concerned children born to mothers who were nurses in
hospitals and who had been exposed to hexachlorophene soap in early pregnancy;
among 65 chiidren, 11 malformations were found, 5 of which were severe (U.S.
National Institute of Environmental Health Sciences 1978). Out of 68 children
horn to unexposed mothers, only one slight malformation was observed.
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OCCUPATIONAL EXPOSURE

Except for the 1976 disaster at Seveso, most clearly recognized human injuries
associated with dioxins have been suffered by persons who came inta contact with
the chemicals as a result of their occupation. The most directly affected probably
would be workers in plants of the chemical manufacturing industry where the
diexins arc created. Other industries and activities, however, also use dioxin-
contaminated chemical products and thus represent another source of worker
exposure {for purposes of this report, the exposure of Vietnam military personnet
to dioxins is considered occupational). Still other occupational exposures result
from work in analytical or research laboratories and from handling of chemical
wastes. This report section describes the reported incidents and the potential for
human exposure due to occupational activities.

A large-scale study of occupational exposure 10 dioxins is now underway by the
National Institute for Occupational Safety and Health (NIOSH). With
cooperation from the chemical industry, major unions, and the Department of
Defense, NIOSH is compiling a registry of the population of chemical workers in
the United States who have had documented exposure to 2,3,7,8-TCDD, either in
the manufacture of herbicides or in industrial accidents. Once this registry has been
developed, NIOSH plans to evaluate trends in montality of the exposed workers
and, if the data permit, will consider conducting studies of morbidity and
reproductive cffects {(Robbins 1979).

The NIOSH program will augment simiar studies in progress in connection with
present and {ormer workers exposed to dioxins in Jacksonville, Arkansas, and
Nitro, West Virginia (Occupational Safety and Health Reporter 1979).

Chemical Manufacturing Industry

More than 200 dioxin-related industrial accidents occurred around the world
during the 30 years prior to 1979 (American Industrial Hygiene Association
Journal 1980). The following paragraphs represent only a sampling of these
incidents, most of which involve the manufacture of 2,4,5-TCP. Table 32
summarizes some of the other incidents not described in detail. Table 33 is a
sampling of the incidents involving plant accidents.

The carliest major incident was an explosion in (949 at a plant of the Monsanto
Company m Nitro, West Virginia. This plant operated from 1948 to 1969, and the
explosion was reported to have affected 228 people (Whiteside 1977 Young et al.
1978). The symptoms included melanasis, muscular aches, nervousness, and
ntolerance to cold. in addition to chloracne. A current occupational study of the
long-term cffects of dioxin exposure s being conducted of 121 people who were
working in the plant at the ime, including all of those who developed chioracneasa
result of the accident. Preliminary study reports indicate no excess deaths from
cancer or cardiovascular discase among these workers (American Industrial
Hygiene Association Journal {980).

In 1953, an explosion occurred in Germany at the factory of Badischer Anilin
and Soda-Fabrik, which was producing 24.5-TCP by hydrolysis of 1,245
tetrachlorobenzence with sodium hydroxide in a solvent of methanol (Goldmann
1972). Following the explosion the safety valves released vapors, which filled all
reactor rooms on all four floors of the plant. After a few minutes, vapors that hil
not been withdrawn with exhause fans had condensed as solids on the apparatus,
walls, windows, and doors. Chloracne developed n 42 people, 21 of whom alve
developed disorders of the central nervous system or internal organs. Inaddition,
years after the explosion a worker replacing a gasket on one of the reactors
developed several disorders a few days later; one year later the worker died.

An explosion at the TCP-producing factory of the Coalite and Chemicals
Products at Derbyshire, U K., resulted in 79 workers contracting chloracne (Ma
1973).

180

DEP\DA(0120229



PISU YT UE PBA} mm e ds

f

d Wpsum

% JON—D

BBIUAR 10N = ¥ N~
881 (e 10 Bunoj woyj peidepy—~#

¥'N 434 OWN ‘AiD sesuey/pismAsy uosdwoy)  seIIg palun 9261
9 1-9'¥'C usBujpien/ieAeg  AURWISD) 18BAA bL61
08 18'v'C WN/SOAN UeBaRIN 2ur) nsny L6t
3 . ddy 'W'N/Y'N H's's'n TL8L
14 1°§'v'T 'ddd VN/YN usder oLl
8L dls 'V N/PURIODG . @BACISOUDN2D  69-G961
09 1°8'v'2 1IN ‘pue|pin/Auedwo) jeanueyd moq saIng pajun 061
:74) 1-8'v't ‘W'N/Y'N WesN 961

‘¥'N ' ddL 2 V' N/¥O0ILIBYS puoIRI] sams paun 0961

‘v'N i) »'V'N/JoN0oH soImg poliun 9961
6z 1-8'v'Z 'a-v'T PN ‘YIBMmBN/i{eY)y puoweiq selas pelun 9664
e 1-9¥'ZdIL Sinquiey /useyietuy ‘18Butiyeoy  AUNULISE ISIAA 468
LE ddL WN/tebuleog  AuRuieD ISeM  €9-ZG61
08 d3L WNSYN AuBulie 1o [4:1:13
it ddl 'ddd UBHRNSIM "UIBUIDION /g V'N  AURULIED 1S0M &v6t

pesodxe suosied peonpoad [Eojmeyd UOHIBD0) JURIL /184D NUR N Anunod 1805

30 Jequuiny

sONIBNLIVANNYIA TYIINIHD INILNOY ONIENG
SNIXO0IA 0L 3HNSOdX3 TYNOILVYLNDIOO0 30 SINIAIONI d318O0d3H °ZTE I18VL

:-Ilnll'lll-lba

181

0230

>

1
L L

DEP\DA0



POID8)18 PALIOTSS S10M S19XIOM Ol (SHNPE ()} PUS LUBIPHYD PZ | ) SILEPISES |8D0] ING SISNIOM JOU BI0M #SBY )]
8261 '1® 10 Bunop woy pajdepy-—8

o€l ddL PO/ VEINDI Aey 9L61
YysAQieQ ‘ien0si0g
64 dil /810npoig sediwey) pus sifjeod wopBupy petiun 8961
¥4 401 #I0UID,/EUPN0g BUOYY 8ouRly 2061
03 431 wepalswy/isydng-Sdijiyd spusjieyleN to6l
] ddL Awyy T861
Lt PLY 81qous.9 /eUsIN0g SUOUY o2uBJ4 9661
1-9'v'2

14 41 1ojeusBimpn/dvSE  AUBWISD IS €864
8z¢ dolL AM ‘DAIN/OIUSSUCH  FRIRIS pALILN 861
POIINYE SIEHIOM  PEAJOAU] 1DNPald UO{1800] /I8INIORNURIN Aiunod ITIYY

$0 JequinN

+AULSNANI ONIHNLIVANNYIN TYIINIHD 3HL NI
SIN3QI00Y HONOBHL SNIXO0IQ 0L S3UNS04X3 TYNOILLVINII0 'EE 318VL

182

DEP\DAQ0120231



Six months after an explosion in the Netherlands at the Philips-Duphar plant,
which was producing 2,4,5-TCP, 9 of 18 men working on decontaminating the
plant contracted chloracne (World Health Organization 1977).

During the Seveso incident, the public was more seriously affected, but the plant
workers were also exposed to dioxins. Reports are fragmentary and sometimes
conflicting. A company-sponsored report says that of the 10 workers in the plant at
the time of the accident, none, not even those who came in direct contact with the
reactor, showed signs of exposure; further, a year later, none of the plant workers
showed any signs of discase associated with dioxin toxicity (Reggiani 1977).
Another report states that one volunteer worker, after helping to clean out the
materia) that remained in the reactor after the accident, developed severe chloracne
(Parks 1978). Another report states that among 170 workers exposed to the
contamination, |2 developed chloracne, 29 developed liver discase, 17 developed
high blood pressure, and 20 others suffered from other various disorders (Zedda,
Cirla, and Sala 1976). Finally, another report states that 64.5 percent of (41 former
workers suffer from liver problems and others suffer from a variety of other
complaints; 79 of 160 workers involved in the cleanup campaign show
chromosomal abnormalities (Chemical Week 1978a). :

Workers at the Vertac plant in Jacksonville, Arkansas may have beenalffected by
exposure to dioxins, even though no catastrophic event occurred during the many
years the plant produced 2,4,5-TCP. Graphic accounts of chlioracne attacks in
plant workers appeared in an investigative article published in a nontechnical U.S.
magazine (Fadiman 1979). In June 1979, Arkansas health officials found signs of
chloracne in I3 of the 74 current Vertac employees (Richards 1979¢). in July 1979,
a task force of medical experts began an intensive examination of about 150
present and former employees; no definitive conclusions have been reported.

Although not necessarily employees of chemical manufacturers, some workers
undergo occupational exposure to dioxins in the handling or transportation of
bulk chemicals outside of the plant. In one reported incident after the railway
derailment in Sturgeon, Missouri, low levels of 2,3,7,8-TCDD were found in the
blood of two of the cleanup workers (Chemical Week 1979d, 1979¢, and 1979i;
Poole 1979; Taylor and Ticrnan 1979). These were employees of a firm hired by the
railroad to clean up the spill. :

In a similar incident in Sweden, railroad workers were exposed to 2,4-D and
2,4,5-T. A medical study concluded that these herbicides showed a possible tumor-
inducing effect (Young et al. 1978). The presence of dioxins apparently was not
considered in this study.

Use of Chemical Products

When makers of dioxin-contaminated products scll these products to other
industries or organizations, the persannel of these secondary users are subject 1o
occupational exposure to dioxins. Table 34 lists several related industries that
process or handle chemical products with a potentia) dioxin content,

It is estimated that 80 percent of all pentachlorophenol produced is used in
wood-treating operations (Arsenault 1976; American Wood Preservers Institute
1977; U.S. Environmental Protection Agency 1978¢). Exposure in this secondary
industry may occur during the mixing of the PCP crystals and solvent {American
Wood Preservers Institute 1977). Many of the larger wood-treating operations now
use automatic closed mixing systems, which limit the chances for worker exposure.
Chloracne symptoms have developed, however, in workers in onc wood-treating
plant; the exposures resulted from manual opening and dumping of bagged PCP
(U.S. Dept. HEW 1975). Workers also may be exposed to PCP by handling of
wood after treatment,

Other uses for pentachlorophenol and its sodium salt are in cooling tower water
treatments, in pulp and paper mills, and in tanneries (U.S. Environmemal
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TABLE 34. INDUSTRIES USING DIOXIN-RELATED CHEMICALS
Industry Chemical(s) Process application
Textiles Tce Process water fungsicide
Leather tanning TCP Process water fungicides
Wood preserving PCcP Active ingredient in dip vat/
pressure treatment
Pulp and paper Tce Process water shmcide, fungicide
PCP
Pesticide formulators 245-T Active ingredient formulated
and applicators 2.4-D or sprayed
sivex
ronnel ~
erbon
hexachiorophene
Automotive TCP Metal cutting fluids, foundry core
washes
Miscellaneous industries  TCP Shmicide in coohing tower waters
Household andndustrial  TCP Active ingredient disinfectant
cieaning products nexachiorophene
Building/ construction PCP Termite control
Drug and cosmetics hexachlorophene Product preservative or achive
mgredient
Paint yCcP Preservative/ mildewcide
PCP
Farming {(cattie) 2457 Rangeland weed control
240
Raiiroad, telephone 2457 Weed control on night-of-ways
{construction and sivex
maintenance) 24-D
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DEP\DA0120233



Protection Agency 1978¢). Potential for worker exposure therefore exists in these
industrics. Cooling tower waters from one 2,4,5-TCP facility have recently been
found to contain ppb levels of TCDD's (see Section 4 of this report).

People involved in the application of herbicides manufactured from or
formulated with 24,5TCP and derivatives may be exposed to dioxin
contaminants. These include workers involved in aerial applications and those
employed by commercial lawn-care companies who apply phenoxy herbicides
manually.

Exposures 10 Herbicide Orange—

Thousands of military personnel were exposed during the Vietnam conflict to
Herbicide Orange; these cxposuresare currently the topic of considerable litigation
and are not outlined in detail in this report. The General Accounting Office (GAQ)
notes that 4800 veterans have asked for treatment for exposure to Herbicide
Orange (Toxic Materials News 1979d), and the suits arc being brought against
former manufacturers, reported to include Dow Chemical Company, Hercules,
Diamond Shamrock, Monsanto, Northwest Industrics, and North American
Philips (Chemical Week 1979¢).

Summaries of the situation were published in Science (Holden 1979) and by the
New York Times (Severo 1979).

Chemical Laboratories

In 1957, a research worker in a laboratory synthesized 2,3,7,8-tetrabromo
dioxin. That same year, another researcher first synthesized 2,3,7.8-TCDD (about
20 grams) by chlorination of unsubstituted dioxin. In both cases, on completion of
these achievements, the researcher was hospitalized (Rappe 1978). The chemical
laboratory continues to be a potential source of human exposure to dioxins.

One case is reported involving three scientists in the United Kingdom (May
1973). Although it was believed that adequate precautions had been taken, all three
were afflicted with various disorders. Two of the scientists had been working on the
synthesis of dioxin standards. They had performed the synthesis under a fume
hood and had worn overalls and disposable plastic gloves. Both persons developed
chloracne in addition to other symptoms. The third scientist, who had been
working with dilute dioxin standards, had taken similar protective measures. He
did not develop chloracne but he exhibited other symptoms, including hirsutism
and excess cholesterol in the blood.

In 1978, Dow Chemical Company reported that an employee contracted
chloracne after disposing of laboratory wastes contaminated with dioxins. He
reportedly had not followed standard safety procedures. Dow has developed a set
of claborate laboratory safety rules to be used when working with dioxins.

Similarly, stringent procedures are exercised by independent laboratorics that
analyze samples containing dioxins. The Brehm Laboratory of Wright State
University, Dayton, Ohio, includes a specially equipped laboratory with restricted
access, specially trained personncl, and tight internal quality control based on
mandatory routine wipe tests. All personnel use disposable gowns, gloves, and shoe
covers. “Cradie-to-grave™ control is excrcised for all reagents. wash water,
disposable clothing, toweis, and all other materials used or consumed in the
laboratory; nothing enters the sewer or is discarded as common trash. Everything
cnters scalable transportation barreis to be discarded in an environmentally
acceptable manner. Gas chromatographs are vented through charcoal filter
cartridges, which are routinely discarded into the barrels. Any dusty samples are
handled in a special filtered glove box with total control of all dust and unused
sample material. This laboratory has experienced no incidents of dioxin poisoning
(Taylor 1980).
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Waste Handling

Another possible route of exposure to workers is the handling of production
wastes generated {rom manufacturing and formulation processes. Not only the
employees of the company that generates dioxin-containing wastes can be alfected
by these wastes, but also those who work for contract waste disposal firms. The
incident at Verona, Missouri, indicates that the waste disposal company owner and
{ or his employees did not recognize the dangers of wastes with potential dioxin
content.

The synthesis of pentachlosrophenol and its use in wood treatment also generate
waste products. A current study sponsored by the EPA Office of Solid Wastes
includes an analysis of sludge samples from various locations within three
industrial plants that produce either trichlorophenol, pentachlorephenol, or
hexachlorophene (US. Environmental Protection Agency 1978d). Also being
sampled is a wood-preservation operation in which pentachlorophenol is used.
Initial results have shown low-ppm conceatrations of hexa-CDD's, hepta-CDD's,
and OCDD in sludges resulting from PCP production. Concentrations of the di-
oxins are not specificd, but it is stated that the levels are below those designated as
toxic in the published literature. Also, 0.06 ppm OCDD and low levels {(not quanti-
fied) of hexa-CDD’s and hepta-CDD's were found in the soil in the vicinity of the
product storage area.
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SECTION 6
HEALTH EFFECTS

INTRODUCTION

On a molecular basis 2,3,7,8-TCDD is perhaps the most poisonous synthetic
chemical, As shown in Table 35, only bacterial exotoxins are more potent poisons.
Not only is this TCDD isomer extremely poisonous but it also has extremely high
potential for producing adverse effects under conditions of chronic cxposure.
Human exposure to 2,3,7,8-TCDD has induced chloracne (an often disfiguring
and persistent dermatologic disorder), polyneuropathy (muhiple lesions of
peripheral nerves), nystagmus (involuntary rapid movement of the cycball), and
liver dysfunction as manifested by hepatomegaly (increasein liver size) and enzyme
clevations (Pocchiari, Silano, and Zampieri 1979). In animals, this compound has
been shown to be teratogenic, embryotoxic, carcinogenic, and cocarcinogenic
(Neubert and Diliman [972; Courtney 1976; Kociba et al. 1978; and Kouri ct al.
1978). It has been established that under certain conditions 2,3,7,8-TCDD can
enter the human body from a 2,4,5-T-treated food chainand can accumulate in the
fatty tissues and sccretions, including milk (Galston 1979). The available data
indicate significant risks associated with the use of dioxin-contaminated
herbicides. Based upon the work of Van Miller et al., estimates done by accepted
risk assessment procedures indicate that daity human exposuret00.01 ug (10ng)
of 2,3,7,8-TCDD is the dosage expected to result in “incipicnt carcinogenicity.™
Additionally, daily humanexposure to4 pug 2,3,78-TCDD would be expected to
result in a shortened lifespan, and daily exposure to 290 ug  would likely result in
acute toxicity (Galston 1979).

M,?,S-TCDD is considered 1o he the most toxic dioxin, others are
also cause for concern. Kende and Wade (1973) have cstablished cenain chemical
structural requirements that must be met for a dioxin to be toxic:

s Halogen substituents at positions 2, 3, and 7 arc minimum structural
requirements.

® Bromine as a substituent is more active toxicologically than chlorine, which is
more active than fluorine.

® At Jeast onc hydrogen atom must remain on the dibenzo-p-dioxin nucleus.

Another finding is that the ability for a dioxin to induce* various cnzymes
correlates with its toxicity, as illustrated in Tables 36 and 37. As these tables show,
2,3.7.8-TBDD and Hexa-CDD are the only dibenzo-p-dioxin derivatives nearly
comparable 1o 2,3,7,8-TCDD in acute toxicity or ability to produce chloracne.
These two compounds are also comparable to 2,3,7,8-TCDD in induction of ary!
hydrocarbon hydroxylase (AHH). The compounds OCDD and 2,7-DCDD are
mildly toxic, with minimal ability to induce AHH. Thus bioassays of unknown
dioxin isomers based upon enzyme induction hold promise for predicting
biological activity and toxicity.

*An induced enzyme is onc that is synth d only w resp to the p of a certain substrate
of substrates
187
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METABOLISM

In guinea pigs, 2.3,78-TCDD is moderately well absorbed from the
gastrointestinal tract and has a plasma half-life of about I month (Nolan et al.
1979). Although dibenzo-p-dioxin is rapidly converted by the microsome-NADPH
system into polar metabolites. this system has little cffect upon 2,3,7.8-TCDD
(Vinopal and Casida 1973). A large proportion of administered 2,3,7.8-TCDD
persists in unmetabolized form in the liver, partially concentrated in the
microsomal fraction in all species studied. This finding implies that the
unmetabolized compound, rather than a metabolite, is responsible for its toxic
cffects in mammals. A recent study has shown that 2.3,78-TCDD is slowly
excreted via the biliary tract in the form of glucuronide and other more polar
metabolites (Ramsey 1979). The same study indicated that enterohepatic
recirculation of the compound was not extensive. Studies have indicated that its
toxicity is not mediated by:

¢ Inhibition of mitosis (cell division) in mammasian cells
e Aleration of glucocorticoid metabolism
®  Alteration of thyroid hormone function

TABLE 35. TOXICITIES OF SELECTED POISONS®

Minjmum lethal dose
Substance Molecular weight {moles/kg)
Botulinurn toxin A 90 x 10% 33 x 107
Tetanus toxin 1.0 x 105 10 x 10
Diphthena toxin 72 = 104 42 x 102
2.3,7,.8-TCDD® 322 3.1 x 10
Saxitoxin 372 2.4 x 10
Tetrodotoxin 319 25 x 10
Bufotoxin® 757 52 x 10?
Curare 696 72 %107
Strychnine 334 15 x 106
Muscarin® 210 52 x 10°¢
Dusopropytfluorophosphate 184 16 x 10-®
Sodium cyamde 49 20 x 10+

a—Source Poland and Kende 1976 These dats were compited by Mosher et al , and the vaiues
mdicate onfy relatve toxicity It should be noted that the values deal with different species,
routes of administration, survival imes, and in one case the mean lethal dose rather than the
minimum lethal dose Except where noted, admimstration was by the intraperitoneal route i
mice

b—1 Dy, upon oral admimistration in the guinea pig

c—{ntravenous mnjection n the cat
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TABLE 36. BIOLOGICAL PROPERTIES OF DIOXINS®

LD o{rat) Chioracne Teratogenic Embryotoxic

Compounds {mg/kg)  aptitude effect eoffoct
2,3,7.8-1C0D 004 4 e LA
Unsubstituted dioxin >1000 [ o [
2,7-DCOD ~2000 [ * +
2,3-DCOO >1000 ) [ o
2.3.7-t4i-CDD >1000

2,3,7-tr1-BDD >1000

1.2,34-TCDOD >1000 ° ) °
1.3,68-TCOD > 100 © e o
2,3,7,8-T8DD = 1 4+

Hexa-CDD (mixture} ~ 100 + ++ ++
OCDD . 2000 o + +

a~Source  Saint-Rul 1978. Values for symbols were not reported.

« lIncreasing serum levels of ammonia
¢ Inhibition of the synthesis of flavin enzymes or
¢ The effect of superoxide anion via DT-diaphorase stimulation (Beatty l977)

Another aspect of 2,3.7,8-TCDD metabolism is its interaction with iron
metabolism. Rats given §.7 ug of the substance intragastricaily bave shown a 2-
fold increase in the serosal transfer of iron, whereas no effect was observed onthe
mucosal iron uptake (Manis 1977). Sweeny (1979) has shown, however, that iron
deficiency protects mice from many of the toxic effects of 2,3,7,8-TCDD. In the
latter study. animals rendered iron-deficient were protected from elevated
porphyrin levels (including the conscquent skin disease that resembles human
porphyria cutanca 1arda) and liver damage. Since mixed function oxidase enzymes
were clevated in the iron-deficient mice, the authors speculated that depleted stores
of iron in tissue were responsible for the observed amelioration of toxicity. The
resufts of these studies have significant implications for toxicity in humans.
Persons with high dictary iron intake would be expected to be more susceptibie to
2,3,7.8-TCDD toxicity than persons with marginaliron intakes. Similarly, females
might be less susceptible to its toxicity than males because they usually store jess
iron in the body.

Pharmacokinetics and Tissue Distribution

Two studics have extensively examined the pharmacokinetics of 2,3,7,8-TCDD
(Piper, Rose, and Gehring 1973; Rosc et al. 1976). Rose demonstrated that
climination of this dioxin followed first-order kinetics, and he {it the data 1o the
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onecompartment open model. Table 38 shows the body burden of 14C-2,3,7,8-
TCDD in rats given a single oral dose of 1.0 p g/ kg. the average fractiona) oral
absorption of "C-237.8-TCDD was approximately 84 percent, and the
elimination half-life averaged 31 days. Piper's eartier study also found that aftes the
first 2 days following oral dosages of rats, elimination followed first-order kinetics.
The results of this study, however, which are summarized in Figure 50, show that
only about 70 percent of ingested 2,3,7,8-TCDD was absorbed and the climination
hall-life was only about 17 days. Over a 21-day period. a total of 53 percent of the
ingested dose was excreted in the feces, while about 13 percent and 3 percent were
excreted in the urine and expired air, respectively.

Tissue distribution of ingested 2,3,7,8-TCDD has been examined in many
species, including rats, guinea pigs, and monkeys (Piper, Rose, and Gehring 1973;
Rose et al. 1976; Gasicwicz and Neal 1978; Van Miller, Marlar, and Allen 1976).
Rose ct al. established that the accumulation of 4C-2,3,7.8-TCDD in rat liver
follows apparent first-order kinetics. In this study, the accumulation of 2,3.7.8-
TCDD in rat liver could be simulated by the following equation:

Ct=C »(' 'c-h)
where C = the concentration of MC activity in the liver at time t
C , = the concentration of '*C activity in the liver at steady state
K = elimination rate constant from the liver

TABLE 37. ENZYME INDUCTION®

Zoxazolamine

ALASY AHH® hydroxylase
Compounds {chick embrya] {chick embryo) {rat)
2,3,7.8-TCDD +++ 1.00 e
Unsubstnuted dioxin 4
2,3-0CDD ] 000
2,7-DCOD o 000
28-0COD o 000
1,3-DCDD o 000
2,3,7-mn-CDD ++ 0.02
2.3,7-u-BDD ++ 060
1.2,3.4-TCDD o 0.00
1,3,6.8-TCDD + Q20
2,3,7.8-18DD 100 e
Hexa-CDD 080
oCcbD 0.00 o

a--Source Samt-Ruf 1978 Values for symbols not reported
b—Amuno-levulinie Acid Synthetase
c~-Aryl Hydrocarbon Hydroxylase
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TABLE 38. '¢C BODY BURDEN ACTIVITY IN SIX RATS GIVEN A SINGLE
ORAL DOSE OF 1.0 ug OF '4C-2,3,7,8-TCDD/kg*

Sex f k (days ) ty, (days)
Male 0.66 0.026 +0.001® 27
Male 0.77 0.018 +0.001 39
Male 0.91 0.021 +0.000 33
Female 083 0.022 +0.001 32
Female 087 0.019 +0.001 36
Female 0.91 0.033 +0.002 21

Mean *SD 084 011 0.023 +0006 3t 16

o -Source Rose et 3l 1976 Rose gives the following equation
Body burden = f (doseje™*

whaere f 1s the fraction of the dose absorbed, k, the elr 1 Fate 5 2o the body
burden hati-life

% -Confudence himts 95%

Values of C; cqual to 0.25 ug equivalent 2,3,7,8-TCDD per gram of liver per
rg dose, and k equal to 0.026 days-! were obtained by fitting experimental data.
In this study, the concentration of the dioxin in rat liver was 5 times greater than
that in fat, while concentrations in kidney, thymus, and spleen were 1/ 12th to
1 50th of those in the liver. Rose et al. (1976) also assumed that first-order
chmination kinetics applied to accumulation of 2,3,7,8-TCDD in rat fat, and they
aiculated values of Cy and k equalto 0.058 pgequivaient TCDD per gram of fat
per pg dose and 0.029 day-!, respectively. Additional clearance and
accumulation data were published by Fries and Marrow in 1975,

ina study of male guinea pigs, Gasiewicz and Neal (1978) found the highest levels
ol radioactivity (percent of original dose per gram of tissue) on day | after injection
m the adipose tissue (2.36 percent), adrenals (1.36 percent), liver (1.13 percent),
pleen (0.70 perceat), intestine (0.92 percent), and skin (0.48 percent). On day 15 of
this study, the level of C-2,3,7,8-TCDD in the liver had increased to 3.23
percent/ g: increases were also noted in the adrenals, kidneys, and lungs, and
general decreases were seen only in adipose tissues and skin.

Van Miller et al. (1975) found that 40 percent of the radioactivity of an
administered dose of labeled 2,3,7.8-TCDD was concentrated in rat liver, whereas
less than 10 percent was concentrated in monkey livers. In this study, high
«oncentrations of the radioactivity were found in the skin, muscle, and fat of
monkeys. Thus, these appear to be significant differences in the tissue distribution
wf 2,3.7,8-TCDD among various animal specics.

One study examined the tissue distribution and excretion of labeled OCDD in
the rat (Norback 1975). A radioactive analog of OCDD at a daily dosage of about
124 mg/kg was administered for 21 days. Over 90 percent of the OCDD
administered was recovered in the feces as unabsorbed material. The major route of
chmination of absorbed OCDD in the rat was the urinary system, and the rate
corresponded to a biological half-life of about 3 weeks. After 2] days of
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administration, approximately 50 percent of the body burden of OCDD was fow
in the liver; over 95 percent of the radioactivity in the liver was associated with 1)
microsomes and was cqually distributed within the rough and smooth fraction
The radioactivity in adiposc tissuc was about 25 pereent of that in the live
Significant levels of radioactivity were also found in the kidneys, breast, teste
skeletal muscle, skin, and serum.

25 T T

4
-

Note: Each Point Represents
the Mean * SE for
Three Rats

20 H

15 H

10

Percentage of Dose Excreted

Feces

Urine
e

Expired Air
/

Days

Figure 0. Excretion of *4C activity by rats following a single orat dose
of 50 pg/kg (0.14 uCiskg) 2,3,7,8-TCDD.

Source: Piper, Rose and Gehning 1973.
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¥nzyme Effects

Several investigations show that 2,3,7,8-TCDD has a dramatic influence upon
various enzyme systems in many species including man. The most notable were the
mixed-function oxygenases. For example, 2,3,7,8-TCDD is approximately 30,000
times more potent than 3-methyicholanthrene in inducing activity of the enzyme
aryl hydrocarbon hydroxylase (AHH) in rat liver (Poland and Glover 1974). This
«hoxin is also a potent inducer of § -amino-levulinic acid synthetase in the lives of
chick embryc (Poland 1973). These properties of 2,3,7,8-TCDD have a
«onsiderable influence upon its toxicity. For instance, its ability to act as a
«ocarcinogen of to produce porphyria cutanca tarda depends upon alteration of
cnzymatic systems. Before the effects on enzymatic systems are catalogued, an
cxamination of the mechanism of its effects on the cytochrome P-450-mediated
monooXygenase enzyme system may prove informative. This enzyme system
handles much of the influx of “foreign™ chemicals and appears to rival the immune
system in complexity (Fox 1979). .

A well-characterized subsct of the P-450-mediated enzymes is 2 group of
vytochromes whose induction is regulated by one of a smalil number of genes. Fox
11979) has termed this genctic system the Ah complex (for aromatic hydrocarbon
responsiveness). Work with 2,3,7.8-TCDD has demonstrated that the Ah locus
must involve a minimum of three gene products at each of two nonlinked loci, plus
a structural gene for cytochrome Py -450 (P-448) as well. Other investigators have
dcmonstrated that cytosolic binding sites for 2,3,7,8-TCDD enhance AHH activity
by de novo* proteinsynthesis of apocytochrome P-448, and that these binding sites
are not necessarily associated with AHH inducibility regulated by the Ah locus
{Guenthner and Nebert 1977; Kitchinand Woods 1978). It has been postulated that
the rate-limiting factor in AHH inductionis protein synthesis of apocytochrome P-
448 (Kitchin and Woods 1978). Fox (1979) suggests that 2,3,7,8-TCDD mayactin
+ manner similar to steroid hormones. He postulates that the dioxin may ride its
teceptor into a cell's nucleus, where it turns ou specific Ah genes. Activation of
these genes would then lead to the requisite protein synthesis for AHH induction.

Figure 51 summarizes the mechanism of AHH induction proposed for 2,3,7,8-
1CDD and possibly the mechanism by which this substance produces other toxic
cifects. As the figure shows, 2,3,7,8-TCDD moves into a cell and binds to a specific
vvtosolic receptor. The receptor-dioxin complex then moves into a cell’s pucleus,
where it “turns on™ the synthesis of specific messenger RNAs, which direct the
synthesis of cytochrome P-450. Other 2,3,7,8-TCDD molecules can then react
with newly formed cytochrome P-450, possibly to produce reactive intermediates.
I hese metabolites may be excreted as innocuous products, may afflict specific
critical target cells in other organs, or may act as carcinogens or cocarcinogens.

Several studies show that 2,3,7,8-TCDD induces many enzyme systems and
suppresses others. Studies with rats indicate that females are more susceptible than
males to enzyme alteration by the dioxin (Lucier et al. 1973). Further, 2,3,7,8-
1 CDD induces the following enzymes in addition to AHH, §-amino-levulinic
acid  synthetase, and the cytochrome P-450-containing monooxygenases,
mentioned earlier:

UDP giucurony! transferase (Lucier 1975);
Aldehyde dehydrogenase (Roper 1976);
Glutathione transferase B (Kirsch 1975);
DT-diaphorase (Beatty and Neal 1976).
Benzopyrene hydroxylase (Lucier 1979);

¢ ¢ o & o

*primary or of recent onset
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by 2.3,7.8-TCDD (adapted from Fox 1979).
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& Glumathione S-transferase (Manis 1979);
e Ethoxycoumarin decthylase (Parkki and Aitio 1978).

Marscios ¢t al. (1978) found that 2,3,7,8-TCDD decreases activity of the
following enzymes:

e UDP-glucuronic acid pyrophosphatase;
® D-glucuronolactonc dchydrogenase;
¢ L-pluconate dehydrogenase.

The following enzymes have shown no effects upon exposure to 2,3,7.8-TCDD:

NADPH cytochrome (Lucier et al. 1973);
B-glucuronidase (Lucier et al. 1973);

UDP-glucose dehydrogenase (Marselos et al. 1978);
Epoxide hydrasec (Parkki and Aitio 1978);

Glycine N-acetyl transferase (Parkki and Aitio 1978).

As these lists indicate, the effects 0f 2,3,7,8-TCDD on more than a dozenenzyme
systems have been studied extensively.

Effects on Lipids

2,3,7,8-TCDD has dramatically altered the lipid profiles in iaboratory animals
and man. One study examined the effects of both sublethal and lethal doses upon
the lipid metabolism of the Fischer rat (Albro 1978). A sublethal dose of 23,7 8-
TCDD caused a temporary increase in triglyceride and free fatty acid levels, witha
persistent decrease in levels of sterol esters. Lethal doses resulted in fatty liversand
large increases in scrum cholesterol esters and free fatty acids, with little change in
triglyceride levels. These changes appeared to be due in part 10 damage sustaincd
by lysosomes. A decrease in acid lipase activity observed in the study also supports
the bypothesis that the 2,3,7,8-TCDD-induced myeloid bodies (see Figure 52) were
derived from damaged lysosomes and probably accounted for the increased levels
of cholestero} esters in animal livers. A mechanism by which 2,3,7,.8-TCDD may
exert its toxic effects is suggested by the observed rapid, dose-dependent increase in
lipofuscin pigments.* Lipid peroxidation, which precedes the formation of
polymeric lipofuscins, is known to seriously damage membranous subcellular
organelles, including lysosomes.

Studies of workers occupationally exposed to 2,3,7,8-TCDD have shown lipid
abnormalities (Watker and Martin 1979; Poland et al. 1971). In Poland’s study, 7 of
71 persons (10 percent) occupationally exposed to the dioxin in a plant
manufacturing 2,4-D and 2,4,5-T showed elevated serum cholesterol levels (greater
than 294 mg/ 100 ml). Watker's more recent study of eight dioxin-exposed workers
with chloracne showed significant abnormalities in lipid metabolism and liver
function. In this study, the levels of triglycerides and ¥ -glutamyl transpeptidase
(GGT)** were elevated in five men and were normal in the other three. Inall of the
dioxin-cxposed workers with chloracne, however, the levels of high-density
lipoprotein (HDL) cholesterol were below the method mean, total cholesterol
levels were above the method mean, and ratios of total to HDL cholesterol were
consistent with a higher-than-average risk of ischemic (oxygen insufficiency)
vascular disease. Two of the men inthe study had experienced previous myocardial
infarction (heart attack), and one had experienced possible transient ischemic

*Bsonzecolored (wear-and-tear) pigments.
**laver enzyme
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“ attacks (T1A’s) (reversible cerebrovascular insufficiency). In any event, the lipid
abnormalities resulting from 2,3,7,8-TCDD exposure may be a significant risk
factor for ischemic vascular disease.

Figure 62. Schematic of rat liver 13 days after administration of 2,3,7,8-TCDD
{50 ug/kg) Note concentric membrane array surrounding hpid droplet. X20502

Source: Redrawn from Albwo 1878.
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GROSS AND HISTOPATHOLOGIES

The gross (macroscopic) and histopathologies (microscopic) of dioxin-exposed
chickens, rats, and monkeys have been examined extensively (Gupta et al. 1973;
Notback and Allen 1973; Allen 1967; Allen et al. 1975; Greig and Osbome 1978).
Fhe chicken develops extreme morbidity and mortality at dictary concentrations of
2,3,7,8-TCDD that are only mildly toxic o rats, whereas response in the monkey is
intermediate (Norback and Allen 1973). At postmortem examination, the most
striking finding in dioxin-exposed animals is usually substantial loss of body fat.

Two types of lesions have been reported in all species studied: (1) involution of
the thymus; and (2) testicular alterations, including atrophy, necrosis, and
abnormal spermatocyte development. One lesion, hypertrophic gastritis, has been
observed only in primates. This lesion is characterized by marked hypertrophy of
the gastric (stomach) mucosa, which occurs in the fundic and pyloric regions
combined with small gastric uicers penctrating the mucosa (Allen 1967).

In experiments with Macaca mulana monkeys exposed to dioxins (Allen 1967;
Allen et al. 1975; Norback and Allen 1973), researchers found reduced
hematopoiesis (formation of blood cells) and spermatogenesis, degeneration of the
blood vessels, focal necrosis of the liver, and gastric ulcers. Under gross
observation, experimental monkeys exhibited obvious dilatation of the heart,
especially on the right side. Under microscopic examination, the cardiac muscle
fibers were distinctly separated by fluid, and individual muscle cells were
bypertrophic, with enlarged, distorted, and hyperchromic nuclei (see Figures 53
and 54). Although the lungs of the animals were not altered appreciably, isolated
arcas of atelectasis (small arcas of collapse), congestion, edema, and fibrosis were
observed. Livers from the mankeys wese small, firm, and moderately yellow, with
many enlarged, muitinucicated parenchymal cells. Necrosis of parenchymal liver
cells occurred in the centrilobular zone, and some areas of fibrosis occurred in the
periportal area. Spleens from the animals were small; the germinal centers were
surrounded by only scattered lymphocytes, and the biood sinuses were practically
devoid of cells. The seminiferous tubules of the testes had abundant spermatogonia
and sertoli cells; only a few primary spermatocytes were present, however, and no
spermatids or mature spermatozoa were observed. Gastrointestinal changes have
been described earlier.

Mesenteric (abdominal) lymph nodes of the monkeys were light tan and
edematous, microscopically resembling the splenic disarray of cellular
architecture. Grossly, the bone marrow resembled coagulated plasma.
Microscopically, only a few hematopoictic cells were scen in the marrow; these
were equally divided between members of the myeloid (white blood cell line) and
erythroid (red blood ccll line) series. Changes in the skeletal muscle resembled
those of cardiac muscle. Skin from the experimental animals was dry and flaky;
loss of cyelashes with facial edema and petcchiac (small hemorrhages) were
commonly observed. Microscopic changes in the skin are illustrated in Figure 55.
Along with facial edema, anasarca (widespread edema of abdomen and
extremities) was commonly observed.

The rat also has been studied extensively (Gupta ct al. 1973; Norback and Allen
1973; Kociba et al. 1978; Greig and Osborne 1978). Gross pathological observation
indicated that nts died with jaundiced ears, subcutancous tissucs, and visceral
organs. Uterine size was decreased, and there was a generalized loss of
subcutancous and abdominal fa1. The liver and spleen were smalf, and the liver was
{riable and dark tan. ANl thymuses were markedly atrophied, and hemorrhages
were present in the gastrointestinal tract and meninges.

Microscopic observation showed a relative depletion of lymphoid cells in the
spleen and iymph nodes, and markedly smaller thymic iobules with no
demarcation between the cortex and medulla. Rats given large doses of 2,3,7 8-
TCDD showed marked changes in liver cellular morphology and architecture, as
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illustrated in Figures 56 through 59. Hepatocytes were round and large, and the
hepatic cords were disorganized. Increased mitoses were seem in the fiver
parenchyma (mass of cells). and some areas contained hepatocytes with seven to
ten nuclei (see Figure 56). Individual hepatocytes showed proliferation of smooth
endoplasmic reticulum and often distorted cell membranes. Also, the number of
lipid droplets are increased. Atretic (degenerative and distorted) changes were

Figure 53. Drawing of tissue from heart of monkey fed 2,3,7,8-TCDD:; tissue
hixed with formalin and stained with hernatoxylin and eosin. Muscie cells
are hypertrophic with enfarged and distorted nucier. X115,

Source. Redrawn from Norback and Allen 1973,

198

DEP\DA0120247




noted in the ovarian follicles, and mucoso} folds and glandular structures in the
utcrus were atrophied. Epithelial celis of the renal tubules were foamy and
vacuolated with numerous hyalinc droplets. Moderate to marked degencrative
changes were noted in the epithelial cefls of the thyroid follicles, and there were
papillary projections iato the lumen of the follicles. Focal hyperplasia (increased
cell number) was noted in the terminal bronchioles of the lung (Figure 60).
Congestion and clongation of the intestinal villi also were noted.

Mvofrbnls

~

Figure 64. Drawing of heart tissue from monkey fed 2,3,7,8-TCOD. Myofibrils
of dilsted cardiac fibers are separated, and the mitochondria are moderately
swollen. Tissue fixed with Veronal acetate-buffered osmium tetroxide solution
and stained with uranyl acetate. X9700.

Source: Redrawn from Norback and Allen 1973.
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Pathology of chickens exposed to dioxins is similar to that observed in other
animals {Norback and Alien 1973). Chickens succumbed very rapidly, with
hydropericardium (fluid in sac surrounding heart), hydrothorax (fluid in chest
cavity swrrounding lungs), and ascites. They also developed liver necrosis,
hypoplastic testes, altered capillary permeability, and decreased hematopoiesis,

Gupta et al. (1973) report pathologic findings in guinea pigs and mice exposed to
2,3,78-TCDD. In guinea pigs, mitotic figures and loss of Jipid vacuoles were
observed in the zona fasiculata, along with atrophy of the zona glomerulosa of the
adrenals. Guinea pigs also had widespread hemorrhages in the subserosal region of
the gastrointestinal tract, bladder, lymph nodes, and adrenals. Pathologic findings
observed in mice are similar to those noted in other animals.

. Large
- Keratin Cyst
Smalt -~

Keratin
Cyst

Figure 56. Drawing of section of skin of monkey fed 2,3,7,8-TCDD. Note the
presence of keratn cysts and the lack of a hair shaft in the hair totlicle. Tissue fixed
with formalin and stained with hematoxylin and eosin. X15

Source. Redrawn from Norback and Allen 1973
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ACUTE TOXICITY

The acute and subacute toxic potential of 2,3,7,8-TCDD in animals relative to
some other chlorodioxins and pesticides is illustrated in Tables 39 and 40. As the
rables indicate, 2,3,7,8-TCDD is a highly toxic material, several orders of
magnitude more potent than many pesticides. Some consider it 1o be the most toxic
small molecule made by man (Poland and Kende 1976).

Figure 56. Drawing of part of a multinucieated hver cell from a female rat
given 0.1 ug of 2,3,7,.8-TCOD/kg/day for 2 years. Uranyl acetate-lead citrate
stain. X1620.

Source: Redrawn from Kociba, et al. 1978,
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Comparative Lethal Doses

Table 40 lists the LDsy values for various substituted dibenzo-p-dioxins. The
2,3.7,8-TCDD isomer is 3 to 100 times more potent than the other tetrachlorinated
isomers (Dow 1978). In comparison with 2,3,7,8-TCDD, the 1,3,6,8- and 1,3,7,9-
tetrachlorinated isomers have little biological activity (Rappe {978). Both
octachlorodioxin and the unsubstituted dioxin are relatively nontoxic. Dioxin

Rough
Endoplasmic
Retjculum

Mnochondrion

R '\
Endoplasmic +. \\\W'
Reticvlum ' W\
N o

Lipyd Droplet

Figure 57. Drawing of liver issue from rat fed 2,3,7,8-TCDD. Tissue sample fixed
w Veronal acetate-buffered osmium tetroxide solution and stamned
with uranyl acetate X20400.

Source Redrawn from Norback and Allen 1973
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structure-activity relationships are discussed in a later subsection. The LD ¢ values
for 2,3,7,8-TCDD in rats, guinea pigs, and rabbits are presented in Table 41. The
male guinca pig appears to be the most sensitive, having an LD g5 00.0006 mg/kg
(0.6 ng/kg). The LDsgy values in monkeys exposed to a single oral dose range
from 50 to 70 pg/kg body weight (McConnell, Moore, and Dalgard 1978). In
mice, the LDy, is 0.2837 mg/ kg body weight (McConnell ¢t al. 1978).

Normal
Membranes

Figure 58. Drawing of normal membrane junctions from the periportal region
of a test animal 42 days after administration of 200 ug/kg 2,3,7.8-TCDD.
Urany! acetate and lead citrate stain. X16000.

Source Redrawn from Greig and Osborne 1978.
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Target organs for the acute toxic cffects of TCDD in commonly studied
laboratory animals are listed in Table 42. All species of animals studied by Moore
et al. (1976} showed scvere thymus involution and testicular degeneration.
Reduction in the white pulp of the spleen combined with bone-marrow hypoplasia
(decreased cell number) were other common effects. Mice exhibited the greatest
degree of liver toxicity, and female monkeys showed the most skin lesions and bile-

Figure 59. Drawing of distorted periportat membrane junction, showing loss
of continuity of plasma membranes between parenchymal cells (42 days after
200 pg/kg 2,3,7.8-TCDD); smalt blebs of normal membrane remain
Urany! acetate and iead citrate stain. X42500

Source. Redrawn from Greig and Osborne 1978.
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duct hyperplasia. Ascites was common in monkeys, but was more prominent in
mice. Hyperplasia of the renal pelvis and urinary bladder was common in guinea
pigs. Gastrointestinal hemorrhages were common in both mice and guinca pigs.

Aquatic Toxicity
No data arc available concerning the acute toxicity of 2,3,7,8-TCDD on
saltwater organisms, and there are only scant data relative to freshwater aquatic life

Figure 60. Focal alveolar hyperplasia near terminal bronchiole within lung of rat
given 2,3,7.8-TCDD at dosage of 0.1 ug/kg per day. H & E Stain. X100.

Source: Redrawn from Kociba et al. 1978,
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et it

(U.S. EPA 1978c). Exposures of fish and invertebrate species to the dioxin in water
and food and by intraperitoneal injection have demonstrated a variety of advesse
effects at very low concentrations. Model ecosystem studies have demonstrated
bioconcentration factors for 2,.3,7,8-TCDD of 3,600 and 26,000 over a period of 3
to 31 days (Isensec and Jones 1975). Exposure of coho salmon to an aqueous
concentration of 0.000056 ug/liter under static conditions for 96 hours resulted
in 12 percent mortality, whereas mortality of control fish was 2 percent (Miller.
Norgris, and Hawks 1973). In the same study, all coho salmon exposed to 0.056
pg/liter  for 24 hours were dead within 40 days. Isensee (1978) reports that 3 ppt
of 2,3,7.8-TCDD is acutely toxic 1o mosquito fish.

Structure-Activity Relationships

The general structure-activity relationships of dibenzo-p-dioxins are presented
earlicr in this section. Briefly, at least one hydrogen atom and a3 minimumi of three
laterally placed halogen atoms must be present in the dioxin structure for it 1o be
toxic (Kende and Wade 1973).

TABLE 39. TOXICITIES OF ORGANIC PESTICIDES AND 2,3,7,8-TCDD?

Maximum dose producing no
observed adverse sffect

Compound {mg/kg per day}
2,3,7.8-TCOD 107
Disolfoton and phorate 0.0t
Diazinon 0.02
Parathion and methyl parathion 0.043
Aldwcarb 0.1
Malathion 0.2
Stlvex (2,4,5-TP) 0.7%
Hexachlorobenzene 1.0
Hexachiorophene 1.0
Toxaphene 125
MPCA 1.25
Pentachiorophenol 30
Butachlor 10.0
Methoxychlor 10.0
245-T 10.0
Bromacil 125
24-D 125
Ortho- and paradichiorobenzene 134
Atrazine 215
Captan 50.0
Arachlor 100.0
Methyl methacralate 1000
Di-n-butyt phthalate 1100
Siwyrene 1330

"a—Source Natonal Academy of Science 1977
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TABLE 40. ACUTE TOXICITIES OF DIOXINS®

LDso (pg/kg)

Substitutions withchiorine  Guinea pigs Mice

None® >80 x 10%(1.p.)*

238 >300,000.0

23,7 29,4440 >3,000.0

2378 0.6-2.0 2837

12378 3.1 33756

124,78 1,126.0 >5,000.0

1,234.78 725 825.0

1.23,6.78 70-100 1,250.0

123,789 60-100 >1,4400

1.2.34678 >600;7180%

1,2,34,6,78.9° >4 x 108

1-NO»-3,7.8 >30,000.9

1-NH,-3,7.8 >30,0000

1-NO2-2,3.7.8 47.5 >2,000.0

1-NH.-2,3,78 194.2 >4.,800.0

a~\Uniess otherwise noted, taken from McConnell et al. 1378,
H—AK values are for oral doses unless noted, test perod 1s 30 days

c--World Health Org ion, IARC Monographs on the Eval of the C 0 Risk
of Chemecals 1o Man 15:69-70, August 1977,
#—EPA-RPAR on P hiorophenol. Federal Reg 43(202r48454, October 18, 1978

e~ imerpermoneal

TABLE 41. ACUTE TOXICITIES OF 2,3,7.8-TCOD
FOR VARIOUS SPECIES*

Dosage

Species Sex Route of exposure {LDso mg/kg)
Rat Male Oral 0.0220
Female Oral 0.0450
Guinea pig Male Orat 0.0006
Male Oral 0.0021
Rabbit Femsle and male Oral 0.1150
Female and male Dermal 0.2720
Female and male interperitonea! >0.2520

a—5ource  Schwetz et s 1973
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TABLE 42. SUMMARY OF ACUTE TOXICITY EFFECTS
OF 2,3.7,8-TCDOD?

. Monkeys
Mice Guinea pigs {(female)
Thymus involution e+ 44 4
Spleen reduction (white pulp) + + +
; Bone-marrow hypoplasia * ++ +
. Liver, megalocytosis/degeneration e - -
Bile-duct hyperplasia + + ++4
Testicutas degeneration + e N/7A
Renai-pelvis hyperplasia - ++ +
Urinary-bladder hyperplasia R - 4+ -
Adrenal-corucal atrophy - ++ -
{Zona Glomerulus)
Hemmorhage Intestinal + + -
Adrenal - ++ -
Ascites ++ - +
Cutaneous lesions - - 44
a—Source  Moore el at 1976 Key as follows - no effects

+ miidly affected
++ moderately atfected
+++ severely affected

Studies have shown that a dioxin's ability for enzymatic induction correlates welt
with 1ts toxic potential and thus its structure. In one study, age- and sex-related
differences in hepatic mixed-function oxidase activity in rats apparently were
inverscly correlated with the 20-day LDy, of 2,3,7,8-TCDD (Beatty et al. 1978)
The study also examined the effects of administering inducers and inhibitors of the
hepatic mixed-function oxidase enzyme systems of the 20-day LDg; of 2,3,7.4-
TCDD in rats. In all cases. there was an inverse relationship.

CHRONIC TOXICITY

Although chloracne is a common indicator of 2,3,7.8-TCDD expasure in
humans and some animals, chronic exposure to this dioxin can affect many organ
systems. In addition to chloracne, another dermatologic manifestation of exposuic
is porphyria cutanea tarda (PCT), a photosensitive dermatosis caused by altercd
porphyrin metabolism. Hepatic (liver) toxicity resulting from prolonged exposuie
to 2,3.78-TCDD is common in animal models and has been observed in human
workers after industrial exposures. 1n animal models, the dioxin has causc!
damage to renal (kidney) tubular epithelium and caused alteration in levels ot
serum gonadotropin {pituitary hormones influencing reproductive organs). A
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mofound deficit in cell-mediated immunity is produced in experimental animals
exposed to 2,3,7,8-TCDD in the perinatal period. Along with thymic atrophy,
eyposure to 2,3,7,8-TCDD Jeads 1o a depletion of cells in the spieen, lymph nodes,
and bone marrow. Hypertrophic gastritis has been observed frequently in exposed
monkeys. Altcrations in lipid metabolism produced by 2,3,7,8-TCDD exposure
may greatly increase the risk of atherogenesis in occupationally exposed workers.
\europsychiatric symptoms including neurasthenia (depressive syndrome with
\cgetative symptoms) and peripheral ncuropathics have been attributed to0 2,3,7.8-
1CDD exposure. These various aspects of chronic toxicity are discussed in the
tollowing subsections.

Dermatologic Effects

Dermatologic discases are perhaps the most sensitive indicators of 2,3,7.8-
ICDD exposure and toxicity in humans. Although chloracne is the most
ticquently observed dermatosis, PCT has been observed inas many as 10 percent of
a group of occupationally exposed workers (Purkyne et al. 1974).

¢ hloracne—

Chloracne, which is characterized by comedones, keratin cysts, pustules,
papules, and abscesses, is a classical sign of 2,3,7,8-TCDD exposure in humans
{1.S. NIEHS IARC 1978). Chioracne can be caused by ingestion, inhalation, or
skin contact with chlorodibenzodioxins, and the discase may clear in a few months
wr persist for as long as 15 years (Crow 1978). All chlorodibenzodioxins that are
acnegenic are also systemic toxins, but the external dose nceded to produce
chloracne is far Jower than that needed to cause systemic toxicity (Crow 1978).
¢hioracne, which can be an extremely refractory form of occupational acne, was
tirst described by Von Bettman in 1897 (Taylor 1974). The symptoms may appear
weeks or months after the initial exposure to chlorodibenzodioxins. Rabbits can be
used to test the acnegenicity of a chlorodibenzodioxin, because these compounds
mduce acneform lesions when applied 10 the skin of rabbit cars (Kimmig and
Schulz 1957).

Kimmig and Schulz (1957) provided a detailed description of the clinical
manifestations of chloracne that developed in 3t workers in a German plant
producing 2,4,5-T in 1954. In heavily exposed workers, dermatitis of the face
accompanied by erythma and swelling was first observed. As these symptoms
taded, acneform lesions appeared on the face and later on other parts of the body.
in most workers, the initial manifestations of chloracne were patches of open

_vomedhines (blackheads) followed by pustules in the zygomatic region (cheeks) of

the fapé. Upon initial examination, the observed skin changes included many
blackNeads, pinhead- to pea-sized closed comedones (whitcheads), associated
tollicular hyperkeratosis, inflamed pimples, pustules, and large boils. The face,
cags, throat, and neck were affected in all cases; in severe cases, lesions were
cnéauntered on the breast, back, epigastrium (skin of upper abdomen), genitals,
and extensor surfaces of the arms and thighs.

Porphyria Cutanea Tarda (PCT)—

Porphyria cuanea tarda (PCT) is a skin condition that usually occurs as a
photosensitive dermatosis and is characterized by development of vesiculobullous
thlistering) lesions over exposed arcas (Benedetto and Taylor 1978). The
dermatosis is precipitated by minor trauma, and may result in arcas of healed
hullae, crusts, scars, and milia. Hyperpigmentation, hypertrichosis (excessive
nrowth of hair), and schlerodermoid (tightening of skin over the fingers) changes
van also occur, along with dark red urine (Benedetio and Taylor 1978). Animal
studics have shown that 2,3,7.8-TCDD is the porphyrinogenic compound formed
during the manufacture of 24,5-T. Jones and Sweeney (1977) have shown that
uroporphyrinogen decarboxylase (UD) levels can be depressed in rats given
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2,3,7,8-TCDD. Their results indicate that the dioxin depresses UD levels
sufficiently to produce the biochemical disturbance of PCT. Sweeney (1979) notes
that iron-deficient mice are protected from porphyria produced by 2,3,7 8-TCDD
exposure.

Hepatic Effects

The hepatotoxicity of 2,3,7,8-TCDD appears io be dose-dependent, and the
severity of any changes produced varics among species (Gupta 1973). In rats and
rabbits, hepatic necrosis produced by this compound is probably a contributing
cause of death, whereas hepatic necrosis and liver insufficiency are less extensive in
mice and are minimal relative to these disorders observed in guinea pigs and
monkeys (U.S. NIEHS IARC 1978). Van Mitler et al. (1977) noted liver necrosis
and bile duct hyperplasia in a group of rats fed 1.0, 0.6, and 0.05 ppm 2,3,7,8-
TCDD for 65 weeks. In a 13-week toxicity study in which the dioxin was
administered orally to rats, doses of 1.0 ug/kg per day increased the levels of
serum bilirubin and alkafine phosphatase and caused pathologic changes in the
liver; doses of 0.1 ug/kg per day caused a slight degree of liver degencration
(Kociba et al. 1976). The histopathologic changes in rat liver resulting from 2,3,7,8-
TCDD exposure were described earlier.

Renal Effects

Several recent studies have examined the cffects of 2,3,7,8-TCDD upon rena!
function in the rat (Anaizi et al. 1978; Hook et al. 1978). Anaizi et al. studied the
steady-state secretion rate of phenosulfonphthalein (PSP) in rats pretreated with
10 pg/kg of 2,3,7,8-TCDD 5 to 7 days prior to in vivo measurements. The results
were as follows:

® A significant increase in the tubular secretion rate of PSP occurred at low
plasma levels of PCP.

® There was no increase in the maximum secretory capacity for PSP (Tm-
PSP).

® A significant change in the glomerular filtration rate from 1.17 10 0.90
ml/ min per gram of wet kidney weight was observed in treated rats without a
change in the mean arterial pressure.

Anaizj ct al. inferred from this study that glomerular structures in rats are highly
sensitive to 2,3,7,8-TCDD.

Hook et al. (1978) examined renal accumulation of p-aminohippurate (PAH)
and N-methyl-nicotinamide (NMN) in rats given 10, 25, or 50 pug/kg 2,3,7.8-
TCDD. In the 10 ung/kg dose group, only NMN accumulation was slightly
decreased at 7 days. At25 pug/kg, the capacity of renal tissue to transport both
PAH and NMN was reduced 7 days after exposure. The GFR and effective renal
plasma flow were decreased in rats after doses of 25 or 50 pg/kg. Volumc
expansion did not alter this relationship in the study. Thus these two independent
studies confirmed the ability of 2,3,7,8-TCDD to decrease renal function in the rat

Endocrine Effects

it has been known for some time that 2,3,7,8-TCDD exposure in man
associated with hormona) imbalances that lead to acne, hirsutism, and loss ot
libido. Recently it has been shown that 2,3,7.8-TCDD can aiso have a dramatn
effect upon hormones involved in reproduction. A recent study has indicated «
suppressive effect upon testicular microsomal cytochrome P-450 content in guinca
pigs (Piper 1979). Another study has shown that 2,3,7,8-TCDD increases serum
thyroid stimulating hormone in humans 4- to 5-fold, and preliminary observations

210

DEP\DA0120259



indicate that serum levels of prolactin and follicle stimulating hormone are affected
m rats following treatment with the dioxin (Gustafsson and Ingelman-Sundberg
1979). Testosterone hydroxylation inthe 2 8-and 16 a -positions has been reduced
hy 50 percent in rats receivinglessthan | ng/kgof2,3,7,8-TCDD orally (Hook et
al 1975). Similarly, exposures of female rats have shown 3- to 5-fold increases in
the following enzyme activities (Gustafsson and Ingelman-Sundberg 1979):

§. 7 a- and 6 B-hydroxylases active on 4-androstene-3,17-dione;
2. 7a-and 2 B-hydroxylases active on 5 a-androstane-3a , 17 g-diol; and
3. 16a-and 6 B-hydroxylases sctive on 4-pregnene-3, {0-dione.

One recent study examined hormonal alterations in female rhesus monkeys feda
dict containing 500 ppt of 2,3,7,8-TCDD per day for 9 months (Barsotti,
Abrahamson, and Allen 1979). Steroid analysis at 6 months showed alterations in
tive of seven animals treated. Progesterone levelsin threc animals decreased to 72.4
percent, 51.9 percent, and 47.3 percent of their pretreatment values. During the
same interval, estradiol levels in two of these animals also decreased to 50.4 percent
and 432 percent of the control values. The remaining two animals with
abnormalities showed anovulatory patterns for both steroids. Estradiol never rose
ahave 30 pg/ml of serum and progesterone remained below 400 pg/m!i of serum
throughout the menstrual cycles. After these analyses, allanimals were bred. All of
the control animals conceived and gave birth to healthy infants. The two dioxin-
ticated animals in which estradiol and progesterone levels had remained normal
dud conceive, but one animal aborted the conceptus. Several other treated monkeys
canceived, but ail subsequently aborted. The one dioxin-treated animal that
varried a fetus to term delivered a2 normal, healthy infant. After nine months, the
unly monkey that had showed hormonal alterations and survived was placed back
un the control diet and subsequently delivered a normal, healthy infant.

Immunologic Effects

Exposure t02,3,7.8-TCDD has caused thymus atrophy in all mammalian species
studied. As illustrated in Table 43, impairment of celular immunity has been a
«onstant finding in studies of the cffects of this dioxin on the immune system of
animals. Thymus (T-)-dependent lymphocytes are most affected by the exposure;
however, T-helper-cells are less compromised than other types of T-cells (Faithand
t uster 1977).

Suppression of celi-mediated immunity appears to be age-related in the mouse
and rat; perinatal exposure causes the greatest effect (Luster et al. 1978). It is
important to recognize that TCDD can produce immunosuppressive effects at
cxposure levels too low to produce clinical or pathological changes (Thigpen et al.
1975).

Many studics have examined the effects of exposure 10 2,3,7,8-TCDD on
impairment of cell-mediated immunity. Several studies have examined the effects
of either postnatal or both pre- and postnatal exposure of rat pups by maternal
dosing (Faith and Luster 1977; Luster et al. 1978). Results indicated that celi-
mediated immune functions were depressed up to 133 days of age in both groups
but less severely in animals exposed only postnatally. In addition, the ratio of
thymus 1o body weight was depressed up to 145 days of age in prenatally exposed
1ats, but the ratio was suppressed only up to 39 days of age in the postnatally
cxposed group. These studies established that depression of T-cell function is
sclective in that helper T-cell function was spared. Vos and Moore (1974)
demonstrated that celi-mediated immunity in I-month old rats was depressed only
when toxic doses of 2,3,2.8-TCDD werc administered. In vitro testing has
demonstrated that DNA, RNA, and protein synthesis in splenic lymphocytes 1s
severely inhibited when mouse spleens are only briefly exposed to 107 millimolar
solutions of 2,3,7,8-TCDD (Luster 1979a).
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Multiple studies have examined the effects of 2,3,7,8-TCDD exposure upon in
vvo susceptibility to pathogenic organisms. Thigpen et al. (1975) administered
whlethal Jevels of the dioxin 10 mice and then subjected them to challenges with
sulmonella bern and Herpesvirus suis. At dose schedulesof 1 ug/kg weeklyfor4
weeks, salmonella infection Jed to significant increases in mortality and reduction
ol time from infection to death. The dioxin exposure had no apparent effect upon
the outcome of infection with Herpesvirus suis. Other researchers found that
mouse pups from mothers fed up to 5 ppb of 2,3.7.8-TCDD withstood a live
I 1sieria challenge as well as did the controls; however, maternal feeding 212,3,7,8-
1CDD levels as low as | ppb rendered offspring more sensitive to challenge with
endotoxin (cell walls of gram negative bacteria) (Thomas and Hinsdill 1979).
Nonspecific killing and phagocytosis® of Listeria monocytogenes i mice were not
mfluenced by administration of 2,3,7,8-TCDD (Vos et al. 1978). In the same study,
ircatment with the dioxin did not affect macrophage reduction of nitro-blue-
tetrazolium, and the authors speculated that endotoxin sensitivity in treated
animals is not the result of altered phagocytic function of macrophages. Similarly,
vhalienge with pathogenic streptococcus in acrosol form led to similar mortatity
rates among treated mice and controls (Campbell 1979).

Humoral immunity and B-lymphocyte function are resistant to the toxic effects
©f 2,3,78-TCDD. Faith and Luster (1977) found that humoral immune responses
10 bovine gamma globulin were not suppressed in rats treated with the dioxin.
Luster (1979b) then demonstrated that T-lymphocytes are much more susceptible
v dioxin-induced immuno-suppression than B-lymphocytes with mitogens
specific for lymphocyte subpopulations. By measuring the antibody response
against tctanus toxoid in guinea pigs, Vos et al. (1973} showed only a slight decrease
m humoral immunity in 2,3,78-TCDD-treated animals. Thomas and Hindsill
{1979) demonstrated normal primary and secondary antibody responses intreated
mice,

Hematologic Effects

One of the major target organs for TCDD toxicity is the hematopoietic system.
Although many species ha ve been studied, anemia has been observed only in rhesus
monkeys (Allen 1967). This ancmia was of an aplastictype(characterized by lack of
cells in bone marrow) and was accompanied by atrophic bone marrow. The only
abnormalitics of the hematopoietic system noted in 2,3,7,8-TCDD-treated rats
have been thrombocytopenia (increased numbers of platelets) and terminal
clevated packed red cell volumes secondary to hemoconcentration (Weissberg and
Zinkl 1973). In this study, the platelet counts of trcated rats were significantly
reduced 2nd their bone marrows contained normal numbers of megakaryocytes.
Zinkl et al. (1973) studied the hematologic effects of exposing guinea pigs and mice
1o TCDD. The leukocyte and lymphocyte counts in mice given a single oral dose of
as little as 1.0 pg/kg TCDD were significantly lower after | week. A similar
relationship was observed in guinca pigs treated with tetanus toxoid or
Mycobacterium tuberculosis. In mice, the lymphopenia {(decreased numbers of
lymphocytes) was reversed § weeks after exposure to the dioxin.

Gastrointestinal Effects

Two studies have explored the effect of dibenzo-p-dioxins upon intestinal
absorption of nutrients. Ball and Chhabra (1977) used in vitro cverted sac and in
situ closed loop techniques to study the effect of a toxic dose of 2,3,7,8-TCDD (100
1 g/kg po)onadult male rats. Glucose uptake declined during the first few hours
following dosage, ros¢ above controls between one and two weeks, and declined

*The process by which cells enguif and destroy foretgn matenal
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again after three weeks. Leucine uptake was depressed throughout the study.

Madge (1977) studied the effects of 2,3,7,8-TCDD and OCDD on function of the
small intestine in mice. Hefound that absorption of D-glucese decreased following
a single oral dose of each of the compounds. No effect was noted on the absorption
of D-galactose, L-arginine, or L-histidine. Total fluid transfer was generaily
unaffected by treatment with either compound, and D-mannose, an exogenous
energy source, abolished the apparent malabsorptive effects of D-glucosein treated
ammals.

Neuropsychiatric Effects

Two studies have examined the neuropsychological function of rats exposed to
2.3,78-TCDD. Creso et al. (1978) found that exposure induced irritability,
aggressiveness, and restlessness in rats, without acquisition or loss of a conditioned
avoidance reflex. In this study, the dioxin stimulated the activity of adenyl cyclase
in the rat brain striatum and hypothaimus in vitro. It also enhanced the stimulatory
cffect of dopamine on striatal adenyl cyclase; however, this action was blacked by
haloperidol. The study also showed that 2,3,7,8-TCDD acted synergistically with
histamine in stimulating the hypothalmic adenyl cyclase.

Elovaara et al. (1977) showed that treatment with 2,3,7,8-TCDD caused: 1) an
increase in acid proteinase activity in the brains of normal Wistar rats, 2) reduction
of RNA and protein contents in heterozygous Gunn rats, and 3) no changes in
homozygous Gunn rats.

Purkyne et al. (1974) found various psychiatric and neurological complaintsina
cohort of 55 workers occupationally exposed to 2,3,7 8-TCDD. Seventeen subjects
showed neurological abnrormalitics. The most common disorder was
polyneuropathy of the lower extremities (confirmed by electromyography). Most
of these patients suffered from psychiatric disorders such as severe neurasthenia
syndromes with vegetative symptoms. These workers complained of weakness and
pain in the lower extremities, somnolence, insomnia, excessive perspiration,
headache, and various sexual disorders.

DEVELOPMENTAL EFFECTS

A brief review of the pertinent nomenclature is given here to characterize the
several developmental effects discussed in this section. The terms embryotoxicity
and fetotoxicity denote all transient or permanent toxic effects induced in an
embryo or fetus, regardiess of the mechaniam of action. These are the most
comprehensive terms. A special fetotoxic effect is teratogenicity, which is defined
as an abnormality originating from impairment of an event that is typical in
embryonic or fetal development. For example, fetal growth retardation is a
fetotoxic but not a teratogenic effect of 2,3,7,8-TCDD (Neubert ¢t al. 1973).

The first clue to the teratogenic and fetotoxic potential of 2,3,7,8-TCDD resulied
from a National Cancer Institute study begun in 1964 to evaluate the carcinogenic
and teratogenic potential of a number of herbicides (Collins and Williams 1971). In
this study, 24,5-T and 2,4-D were shown to induce increased proportions of
abnormal fetuses in hamsters. Courtney (1970) demonstrated the teratogenicity of
2,4,5-T containing approximately 30 ppm of 2,3,7.8-TCDD in two strains of mice.
Subsequent investigations studied the fetotoxicity and teratogenicity of both 2,4.5-
T and 2,3,7,8-TCDD in a number of species.

Teratogenicity

Courtney (1970) showed that 2,4,5-T containing 2,3,7,8-TCDD increased the
incidence of cleft palate in both CS7BC/6 and AKR mice. Neubert et al. (1972),
-using the purest available sample of 2.4,5-T, showed that at doses higher than 20
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g/kg given orally during days 6 to 15 of gestation, the frequency of cleft palate
was significantly increased in NMRI mice. The maximal teratogenic effect was
produced when the drug was administered on days 12 or 13 of gestation. In the
same study, doses exceeding | pg/kg of 2,3,7,8-TCDD produced an increased
1ae of cleft palate; maximal teratogenicity occurred with administration on days 8
and 11 of gestation. Although Courtney and Moore (1971) found no potentiation
of teratogenicity with combinations of 2,4.5-T and 2,3,7,8-TCDD, Neubertand co-
workers found that 1.5 ppm of 2,3,7,8-TCDD administered with 30 to 60 mg/ kg
2,4,5-T potentiated the increase in cleft palate frequency. Moore and co-workers
(1973) found that the mcan average incidence of cleft palate was 55.4 percent in
mice exposed to 3 ug/kg 2,3,7,8-TCDD ondays 10to 13 of gestation. In 1976, the
threshold teratogenic dose of 2,3,7,8-TCDD in CF-1 mice was estimated to be 0.1
pg/kg per day (Smith, Schwetz, and Nitchke 1976). In golden hamsters, oral
administration of 2,4,5-T containing dioxin on days 6 to 10 of gestation increased
the incidence of absence of the cyelid (Collins and Williams 1971). Although
2.3.78-TCDD is fetotoxic in primates at doses as low as 50 ppt, it has not been
shown to be teratogenic in this species (Schantz et al. 1979).

Fetotoxicity and Embryotoxicity

In general, 2.4,5-T and 2,3,7,8-TCDD produce fetotoxicity at doses that do not
produce teratogenic effects in a wide variety of specics. Fetotoxic effects of 2,4,5-T
containing 2,3,7,8-TCDD were first noted in Courtney's original work (1970). Both
species of mice studied showed increased incidences of cystic kidneys, whilein rats,
fetal gastrointestinal hemorrhages and increased ratios of liver to body weight were
also noted. Highman and Schumacher (1977) later demonstrated that cystic
kidneys in mice exposed to 2.4,5-T containing 2,3,7.8-TCDD were duc to
retardation in fetal renal development and downgrowth of the renal papilla into the
pelvis. The results of this study demonstrated a retarded development of fetal renal
alkaline phosphatase, and thus support the hypothesis that cystic kidneys in. mice
are a fetotoxic and not truly a teratogenic effect. Moore et al. (1973) proved that
prenatal and postnatal kidncy anomalies had a common ctiology, and the
incidence and degree of hydronephrosis* was a function of dose and of the length of
cxposure of a target organ. Other fetotoxic effects of 24,5-T and 2,3,7,8-TCDD
include thymic atrophy, fatty infiltration of the liver, gencral edema, delayed head
ossification, low birthweight, fetal resorptions, and embryolethality.

Many studies have examined the fetotoxic effects of 2,4,5-T and 2,3,7,8-TCDD
on various species. In a study of the effects of 2,3,7,8-TCDD on the rat, no adverse
effects were noted at the 0.03 pg/kg level; but fetal mortality, early and late
resorptions, and fetal intestinal hemorrhage were observed in groups given 0.125 to
2.0 pg/kg.. the incidence increasing as the dose increased (Sparschu, Dunn, and
Rowe 1971). In the CD rat, 2,4,5-T was neither teratogenic nor fetotoxic;
however, 2,3,7,8-TCDD produced kidney anomalies (Courtney and Moore 1971).
in golden hamsters, 2,4,5-T containing 2,3,7.8-TCDD caused delayed head
ossification in a2 dose~dependent fashion (Collins and Williams 1971). Cystic
kidneys occurred unilaterally in 58.9 percent and bilaterally in 36.3 percent of mice
pups exposed to | pg/kg 2,3,7,8-TCDD (Moore et 2l. 1973). Murray (1978)
reports a three-generation study of rats exposed to 0.001, 0.0}, or 0.1 pug/kg of
2.3,7,8-TCDD. Through theee successive generatians the reproductive capacity of
rats ingesting the dioxin was clearly affected at dose levels of 0.01 and 0.1 pg/kg
per day, but not at 0.00] ug/kg per day.

In the most recent primate study, cight adult fernale rhesus monkeys were fed a
diet containing 50 ppt 2,3,7,8-TCDD for 20 months (Schaniz et al. 1979). After 7
months attempts were made 10 breed the females. In this group there were four

*Dilavon of renal paivis usually associated with an obstructed urcter.
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abortions and one stillbirth AN eight control animals reproduced successfuily. In
the dioxin-exposed group. two animals were not able to conceive and two were able
to carry their infants to term.

One study examined the fetotoxic potentials in mice of other members of the
dibenzo-p-dioxin class of compounds (Couriney 1976). None of the dibenzo-p-
dioxins studied were as toxic as 2,3,7,8-TCDD, and some of the compounds could
be considered relatively nostoxic. Although the mixture of di-CDD and tri-CDD
produced a slight increase in the number of abnormal fetuses, it is doubtful that the
matformations were produced by the mixture. Most of the malformations (a mild
form of hydronephrosis) were in mouse pups from one litter, and no malformations
were observed at a higher dose level. The 1.23.4-TCDD compound did not
increase the incidence of malformation at any dose Jevel. Oral administration of 5
or 20 mg/kg per day of OCDD to pregnant mice did not alter fetal development. In
summary, related dibenzo-p-dioxins were relatively nontoxic and were not
teratogenic at the doses studied.

CARCINOGENICITY

Several studies of rats and one study of Swiss mice demonstrated an increased
incidence of neoplasms in animais exposed to 2.3,7.8-TCDD (Van Miller, Lalich,
and Allen 1977; Kociba ct al. 1978; Toth et al. 1979). Van Miller and co-workers
exposed rats to dicts containing the dioxin at concentrations of 1, 5, 50, or 500 ppt,
or 1.5, 50, 500, or 1000 ppb. In this study. the overall incidence of tumors in the
experimental groups was 38 percent, with no neoplasms observed in the | ppt
group. As indicated in Table 44, among the 23 animals with tumors, 5 had two
primary ncoplastic (cancerous) lesions. Ingestion by rats of 0.1 ug/kg per day
2.3,78-TCDD for two years caused an incrcased incidence of hepatoceliular
carcinomas and squamous cell carcinomas of the lung, hard palate/nasal
turbinates, or tongue, and a reduced incidence of tumors of the pitustary, uterus,
mammary glands, pancreas. and adrenal glands (Kociba et al. 1978). Figures 61
and 62 illustrate the morphology of some of these lesions. In a recent study with
Swiss mice, Toth et al. (1979) showed that 2.4.5-trichlorophenoxyethanol and
2,3,7.8-TCDD enhanced liver tumors in male mice in a dose-dependent fashion. In
this study. the increase in liver tumors was statistically significant only at 2,3.7.8-
TCDD doses greater than 0 112 ug/ke.

Muhiple studies have examined the effects of 2,3.7.8-TCDD admimstered in
combination with other known carcinogens 1n experimental ammal test systems
Two studies used the iwo-stage tumorigenesis assay of mouse skin {Digiovanm et
al. 1977; Berry et al. 1978). Berry and co-workers noted that a dose of 0.1 wg
2.3,7.8-TCDD twice weckly was not sufficient to promote skin tumors in mice
treated with 7,12-dimethylbenz(a) anthracene (DMBA). Digiovanni found that at
doses of 2 pg per mouse given concurrently with DM BA, the aumber of tumors
observed increased slightly. These data suggest that 2.3.7.8-TCDD is a weak tumos
mitiator in the two-stage system of mouse skin tumorigenesis. In a more recent
study. Digiovanni et al. (1979) found that 2,3.7 8-TC DD could strongly inhibit the
initiation of skin tumors by DMBA in female CD-1 mice. Ina study with mice that
were genetically nonresponsive 1o the known carcinogen, 3-methylcholanthrene
(MCA), exposure to 2,3,7.8-TCD D markedly increased the carcinogenic index ot
MCA when the compounds were administered ssmultaneously (Kouri et al. 197K)
These data imply that the dioxin could act as a potent cocarcinogen.

GENOTOXICITY

Only four of the dibenzo-p-dioxins have been subjecied to genotoxicity testmg
These are unsubstituted dibenzo-p-dioxin, the 2.7-dichloro-isomer, 2,3.7.%
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ICDD, and OCDD (Wassom, Huff, and Loprieno 1978). As expected, 2,3,7.8-
CDD has been the most extensively tested, but results of these studies are
mnconclusive. Information implicating 2,3,7,8-TCDD as a mutagen is scarce and
conflicting. Mammalian studies with dibenzo-p-dioxin derivatives have been
infrequent. To date, 2,3,78-TCDD has shown negative results when tested for
dominant letha) effects in rats and weakly positive results when tested for the ability
to produce chromosomal abberations in bone marrow cells of rats (Khera and
Ruddick 1973; Green, Moreland, and Sheu 1977).

TABLE 44, SUMMARY OF NEOPLASTIC ALTERATIONS OBSERVED
IN RATS FED SUBACUTE LEVELS OF 2,3,7,8-TCOD FOR 78 WEEKS®

Level of No. of snimats

2.3,7,8-TCDD with neoplasms® No. of neoplasms Disgnosis
0 [¢]
1 ppt® [¢]
5 ppt 5 6 1 ear duct carcinoma

1 lymphocytic leukemia

1 adenocarcinoma (kidney)

1 malignant histiocytoma
{peritoneal)?

1 angiosarcoma (skin)

1 Leydig cell adenoma
{testes)

50 ppt 3 3 1 fibrosarcoma (muscle}
1 squamous cell tumor {skin)
1 astrocytoma {brain)

500 ppt 4 4 1 fibroma {striated muscle)
1 carcinoms {skin)
1 adenocarcinoma (kidney)
1 sclerosing seminoma
(testes)

1 pptt* 4 5 1 cholangiocarcinoma (liver)
1 angiosarcoma (skin)
{ glioblastoma (brain)
2 malignant histiocytomas
(peritoneal)®

5 ppb 7 10 4 squamous cell tumors
flung} .
4 neoplastic nodules {liver)
2 cholangiocarcinomas (liver]

a—Source Van Mifter, Lahch, and Allen 1977.
b—10 antmals per group.

o1 ppt = 10712¢ 2,.3.7,8-TCDD/ g food
d—Metastases observed

e—1 ppb = 107%9 2.3,7.8-TCDD/qg food
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Mutagenicity

Table 45 summarizes the results of studies of the mutagenic effects of dioxins.
None of the Safmonella strains capable of detecting base-pair substitutions were
positive when tested with 2.3,7.8-TCDD. Some investigations have obtained
positive responses in Strain TA 1532, which detects frameshift mutations.

Fibrosis

Figure 61. Lesion classified morphologically as hepatocellular carcinoma in hver
of rat given 0.1 ug of 2,3,7.8-TCDD/kg per day. Note adjacent fibrosis,
inflammation, and fatty infiltration on left H & E stain X200.

Source: Redrawn from Kociba et al 1978
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Keratinized
Material

of 2.3.7,8-TCDD/kg per day.
oma. Note accumulation
£ stain. X100.

fwn tung of rat given 0.1 ug
cally as squamous cell carcin
d material within lesion. H&

Figure 62. Lesion it
Classified morphologi
of keratinize:

Source. Redrawn from Kociba et at. 1978
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Hussain et al. (1972) report the following results of mutagenicity studies with
2.3.2,8-TCDD (99 percent) on threc bacterial systems:

1. 2,3,7.8-TCDD significantly increased the incidence of reverse mutations
from streptomycin-dependence to streptomycin-independence in the
bacteria Escherichia coli SD-4 treated with2  ug/mi 23,7,8-TCDD. This
was the only concentration at which mutations were clearly observed.

2. Evaluation of reverse mutation from histidine-dependence to histidine-
independence in Salmonella typhimurium strains TA 1532 and TA 1530
indicated that 2,3,7,8-TCDD was positive in TA 1532 but negative in TA
1530. This finding indicates that the dioxin may act as a frameshift
mutagen. 1CR-170 was used as a positive control in the test with 1532, but
no positive or negative controls were tested with TA 1530

3. Slight prophage inductions in Escherichia coli K-39 were observed,
although data were difficult to evaluate because the DMSO solvent used in
this test caused cellular cffects on its own.

Seiler (1973) studied the cffects 0f 2,3,7 8- TCDD and OCDD in several strains of
Salmonetla typhimurium. The 2,3, 78-TCDD was strongly mutagenic only in
strain TA 1532, whereas the OCDD was questionably mutagenic in strains TA
1532 and TA 1534. McCann {1976) obtained no positive mutagenic responses in
wveral Salmonella strains exposed to 2.3,7.8-TCDD, including TA 1532
Commoner (1976) demonstrated that unsubstituted dibenzo-p-dioxin was
nonmutagenic in four strains of Salmonella 1vphimurium.

Khera and Ruddick (1973) performed dominant Jethal studies with 2,3,7.8-
1CDD. Groups of malk Wistar rats were dosed orally with4, 8, 0r 12 pg/kg per
day for 7 days before they mated. Although the incidence of pregnancies from all
matings was reduced, there was no evidence of induction of dominant lethal
muations during postmeiotic phases of spermatogenesis.

Cytotoxicity

Highly purified samples of 2,4,5-T and 2,3,78-TCDD were cvaluated for
cytological effects in the African Blood Lily plant (Jackson 1972). The tests
mcluded treatments involving both compounds in varying proportions. In contrast
to a no-effect result with a highly purified sample of 2,4,5-T, dramatic inhibition of
mitosis was observed in cells exposed cither 10 a 10+ molar solution of 2.4,5-T
containing 0.2to 1.0 4 g2.3.7.8-TCDD per liter or to a 10~ molar solution of 2,4,5-
T containing an unknown level of 2,3,7.8-TCDD. Similar results were obtained
when treatments were limited to 2,3,7,8-TCDD alone. These treatments also
induced formation of dicentric bridges and chromatin fusion, with formation of
multinuclei or a single targe nucleus. Becsuse these effects were not cvident in the
pure 24 5-T sample, Jackson concluded that the cytological cffects were due to the
2,3,7.8-TCDD contaminant.

Tests {or cytological cffects in a wild type Drosophila fly were conducted with
2,4.5-T containing less than 0.1 ppm 2,3,7.8-TCDD (Davring and Summer 1971).
Twenty-four hours after eclosion the aduh flies were exposed 10 250 ppm 2,4,5-T in
their {food. Results indicated that this formulation affected early oogenesis and
caused sterility. It is not stated unequivocally that the observed sterility was of
genetic origin.

in an animal study (Greig et al. 1973), malc Portion rats were treated with single
oral doses (50 to 400 ug/kg) of 2.3,7.8-TCDD dissolved in cither dimethyl
sulfoxide or arachis (peanut) oil. In the rat livers, parenchymat cell structures were
altered and many cells were multinucieated. No mitoses were observed, and there
were occasional pyknotic nuclei. The investigators postulate that 2,3,7,8-TCDD
interfered with the capacity of the liver cells to maintain their correct morphology
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and thus led to death or structural disorganization. Similar results have been
obtained by others (Buu-Hoi et al. 1971; Kimbrough et al. 1977). Vos ct al. (1974)
suggest that 2,3,7,8-TCDD could be a hepatocarcinogen because of its specific
cytological effects on the proliferating cells of the liver.

Chromosomal abberations in bone marrow cells of 2,1.7.8-TCDD-treated
Osborne-Mendel rats have also been reported (Green, Moreland, and Sheu 1977).
No chromosomal abberations or cytogenetic damage was found, however, in bone
marrow of male Osborne-Mendel rats treated with 2,7-di-CD D or unsubstituted
dibenzo-p-dioxin (Green and Moreland 1975).

2.3,7.8-TCDD may be mutagenic to humans. Chromosomal abnormalities have
been reported in in vitro cytogenetic studies of human lymphocytes exposed to 10 7
to 10~#m-molar solutions of 2,4.5-T that contained 0.09 ppm 2,3,7.8-TCDD (U.S.
EPA 1978h). Breaks, deletions, and rings were observed. Chromatid breaks
increased with increasing concentrations of 24.5-T. It was not possible to
distinguish whether this was a toxic effect or a potential genetic effect.

Pathophysiology

Many investigators have tested apparently logical mechanisms of action for
2.3,7,8-TCDD toxicity. For the most part, these investigations have served only to
disprove proposed mechanisms of action (Beatty et al. 1978; Neal 1979). The
following proposed mechanisms for toxicity induced by 2,3,7,8-TCDD have been
disproved:

Inhibition of protein synthesis

Inhibition of DN A synthesis

Inhibition of mitosis

Inhibition of oxidative phosphorylation
Interference with the action of thyroxine
Interference with glucocerticoid metabolism
Increased serum ammonia levels

Depletion of reduced pyridine nucleotides
Production of superoxide anion

Decreased hepatic ATP content

Impairment of hepatic mitochondrial respiration

@ 9 & ¢ 6 0 0 0 0 0o

The most promising explanations for at least the first step in the mechanism of
2,3,7,8-TCDD toxicity result from studies of hepatic ATPase activities (Jones
1975; Madhukar et al. 1979b). Jones administered 200 ug/kg of the dioxin to
male albino rats, then sacrificed groups of animals at 24 hours and at 3,5, 6, 8, 34,
and 42 days. Hematoxylin and cosin stains of lhver sections showed no
abnormalities in the groups sacrificed in the 24-hour to 8-day intervals; however, in
the remaining two groups (34 and 42 days) the liver sections showed centrilobulas
zone necrosis. As early as 3 days after exposure, a significant change in the patiern
of the ATPase reaction was seen in all animals studied. In an area five to six celis
deep around the central vein, there was no reaction along the canalicular borders ol
the parenchymal cells. Similar results were obtained by Madhukar, who studicd
Na-, K-, and Mg-ATPascactivities in hepatocyte surface membranes isolated from
male rats given 10 or 25 mg/kg 2,3,7.8-TCDD. As early as 2 days aftcr
administration of the dioxin, ail of the ATPase activities were depressed in treated
animals. A dosec-response relationship was observed only for depression of Mg-
ATPase activity. In further studies, Madhukar demonstrated that ATPasc
‘depression was not produced by in vitro exposures to 2,3,7,8-TCDD.
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EPIDEMIOLOGICAL STUDIES AND CASE REPORTS

The most notable human exposuresto2,3,7,8 tetrachlorodibenzo-p-dioxin have
occurred through accidental releases in chemical factories, or by exposure to
contaminated materials or areas. Most of the studies reported in the literature, such
a5 those cited below, are investigations of the effects of such exposures.

General Acute Toxicity

The immediate results of dioxin exposure are burning sensations in eyes, nose,
and throat; headache; dizziness; and nausea and vomiting (U.5. NIEHS 1ARC
1978). iching, swelling, and redness of the face may occur just prior to chioracne.
Chloracne, similar to acne vulgaris, is one of the most consistent and prominent
features of dioxin exposure, occurring within weeks of initial exposure (May 1973,
Oliver 1975; Poland et al. 1971). Mclaty (1976) showed thai as little as 20 ug of
21.78-TCDD on the skin can lcad to chloracne development. Chloracne may
appear fist on the face and then spread to the arms, neck, and trunk (U.S. NIEHS
IARC 1978; May 1973). Other symptoms of exposure include arthralgias (painsin
the joints without associated arthritic changes), extreme fatigue, insomnia, Joss of
hbido, irritability, and nervousness (Ensign and Uhi 1978; U.S. NIEHS JARC
1978). High levels of blood cholesterol and hyperlipoproteinacmia may also
develop (Oliver 1975).

Other effects, which may be defayed or immediate, are porphyria cutanea tarda,
hepatic dysfunction, hyperpigmentation, and hirsutism (U.S. NIEHSIARC 1978).
Disorders of the cardiovascular, urinary, respiratory, and pancreatic systems
tGioldman 1973), along with disorders of fat and carbohydrate metabolism 2iso
have been found (U.S. NIEHS IARC 1978). Emotional disarders, difficulties with
muscular and mental coordination, blurred vision, and loss of taste and smell also
may occur (Oliver 1975).

Several deaths related to 2,3,7.8-TCDD have been recorded, some due to liver
damage and others to chronic exposure to the chemical. Additionally, symptoms
such as chloracne can be passed by an exposed person to close associates such as
tamily members through clothing, hands, or other close contact (Mcinty 1976).

General Chronic Toxicity

Poland et al. (1971} studied possidle toxic effects on 73 male workersin a factory
producing the 2,3.7,8-TCDD-contaminated pesticide 2,4,5-T. The workers were
classified according to job location. The medical or toxicological symptoms were
prouped into three categories: 1) chloracne and mucous membrane irritation, 2)
hepatotoxicity, ncuromuscular symptoms, psychological alterations, and other
systemic symptoms, and 3) porphyria cutanca tarda (PCT). Of the 73 subjects, 66
percent experienced some degree of chloracne, 18 percent of which was classed as
moderate to severe. The presence of hyperpigmentation and hirsutism correlated
with the severity of the acne. Among maintenance men, who were subject to the
preatest cxposure, the acne was more severe than that of administrative personnel,
whose exposure was minimal. Urinary porphyrin values, although within normal
hmits, were clevated in the maintenance men as compared with the other
workers. Although 2,3,78-TCDD and other chemicals produced in 2,4,5-7
wwnthesis may be hepatotoxic in humans, demonstrabie chemical liver dysfunction
among workers in this plant was minimal.

The toxic effect of 2,3,7.8-TCDD on three young laboratory scientists was
ieviewed in a case study by Oliver (1975). Two of the subjects worked with the
¢hoxin for approximaiely 6 to 8 weeks, and the third for approximately 3 years
before onset of symptoms. The latter scientist worked only with a diluted sample of
the material, whereas the other two worked on the synthesis of dioxins. Chloracne
was the first symptom experienced by two of the scientists. Two of them also
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suffered from delayed reachions. experiencing abdominal pain, headache, excessive
fatigue. uncharacicnistic episodes of anger, diminished concentration, other
neurological disturbances, and hirsutism approximately 2.5 years after ¢xposure.
None of the scientists showed liver damage or porphyrinuria: all three showed
clevated serum cholesterol levels. evidence of hypocholesteroiemia, and
hyperlipoproteinaemia. No other biochemical abnormaliies were noted Over a
period ol 6 months (alter the onset of the delayed symptoms). the symptoms
subsided. AWl three scientists were aware of the danger involved in the substance
with which they were worbng; they wore protective clothing. gloves, and masks.
and worked under a vented hood The author speculated that the exposures must
have been extremely fow.

Accidental release of 2,3,7.8-TCDD occurred in anexplosion at a chemical plant
in Derbyshire, England. This exposure of workers resulted in 79 cases of chioracne
recorded approximately 3 weeks after the explosion (May 1973). Young men with
fair complexions were affected first, but the symptoms persisted longer in sallow-
skinned men ages 25 to 40. Chloracne was present, n order of prevalence, on the
face, extensor aspects of arms, lateral aspects of thighs and calves. back. and
sternum. Most workers recovered in 4 to 6 months. Of 14 employees who were
present during the explosion, 13 showed abnormal fiver function and 9 developed
chloracne. Those with chloracne had handled pipes, joints, and cables with bare
hands and thus may have absorbed the dioxin through the skin: this finding
suggests that excretion of absorbed dioxin or its products may occur through
facial pores.

Jirasek e al. (1973, 1974, 1976) cite many studies done on 80 industeial workers
in Crechoslovakia who showed signs of intaxication from dioxin formed as a
byproduct in production of the sodium salts of 2.4.5-T and pentachlorophenol.
Symptoms included 76 cases of chloracne, ranging from miid to so severe that it
covered the entire body and left scars. Twelve workers had hepatic lesions with
symptoms of porphyria cutanea tarda. Symptoms in 17 of the workers included
polyncuropathy. psychic disorders, weakness and pain in the lower extremities,
somnolence or insomnia, excessive perspiration, headache, and disorders of the
mental and sexual functions. One worker suffered and died from severe
atherosclerosis, hypertension. and diabetes: two workers died from bronchogenic
carcinoma {lung cancer) {ages 47 and 59). Periods of latency differed: in some
mnstances severe dermatological and internal damage developed after briefl
exposure, whereas in others apparently long-term and massive exposure caused
only mild symptems.

Another study (Poland and Kende 1976) deals with 29 workers who were
accidentally exposed 1o 2.3.78-TCDD. Of the 29, all contracted chloracne, 11
developed porphyrinuria, and several developed porphyria cutanea tarda. The
workers also showed signs of mechanical fragility, hyperpigmentation, hirsutism.
and photosensitivity of the skin, in which sunlight exposure caused blistering.
Measures were taken at this plant to decrease 2,3.7.8-TCDD production and
worker exposure. Within 5 years there was no evidence of porphyria orsevere acne,
and severity of the other symptoms was also reduced. In all cases reviewed, an acute
exposure to dioxins resulting in chloracne and other acute symptoms and followed
by a period of nonexposure to the substance resulted in the disappearance or
diminution of the symptoms

In early May of 1971, an accidental poisoning incident killed or intoxicated
many horses and other animals that came n contact with the soif of an arena
sprayed with contaminated oil. lnvestigators identified 2.3.7.8-TCDD and
polychiorinated biphenyls as the causative agents(Carter et al. 1975; Kimbrough et
al 1977). A six-year old girl who played in the arena soil developed symptoms of
headache. epistaxis (noscblecd). diarrthea, and lethargy. In August [971. she
developed hemorcrhagic cystitis (inflammation of the urinary bladder). The
patient’s symptoms resolved in 3 to 4 days and did not recur. Proteinuria and
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hematuria (protein and blood in the urine) disappeared within 1 week of onset. A
voiding cystogram obtained 3 months later appeared normial; however, cystoscopy
demonstrated numerous punctate hemorrhagic arcas, especially in the trigone
region of the bladder. The patient was reexamined 5.3 years after dioxin exposure.
Physical examination was performed, as well as urinalysis, a voiding cystogram, an
ntravenous pyclogram, renal function chemistries, an clectrocardiogram, stress
test, liver-function tests, uroporphyrin excretion, and thyroid-function studies.
Results of all tests were essentially within norma)l limits (Beale et al. 1977). Three
other individuals exposed to the arena developed recurrent headaches, skin lesions,
and polysrthralgiz (Kimbrough et al. 1977).

In another spraycd arena, two threc-year-old boys developed small, pale,
nonpruritic, firm papules covered by blackheads on the exposed skin surfaces.
These symptoms arose 1.5 months after the spraying. They increased in severity
and lasted more than a year before gradually subsiding (Carter et al, 1975).

Perhaps the most publicized incident of dioxin poisoning was that in Seveso,
haly. On July 10, 1976, at a plant where trichlorophenol was manufactured, an
accident created temperature conditions ideal for formation of 2,3,7.8-TCDD
{Zedda, Circla, and Sala 1976). Trichlorophenol crystals and 2,3,7,8-TCDD in the
form of dust were spread over the area (Hay 1976a). In addition to 170 plant
employees, approximately 5000 persons were exposed (Zedda, Circla, and Sala
1976). )

Shortly after the accident, cases of chloracne were reported. Over the ensuing
years more than {34 confirmed cases of chloracne have occurred in children, some
of whom had not been in the area during July and August 1976. These latier cases
indicate that enough dioxin persisted in the environment several months after the
accident to cause the chloracne (Zedda, Circla, and Sala 1976). Reports of
disorders among the 170 workers exposed include 12 cases of chloracne in directly
contaminated workers, 29 cases of hepatic insufficiency, 28 cases of chronic
bronchitis, 17 cases of arterial hypertension, 9 cases of coronary insufficiency, 8
cases of muscular asthenia (weakness), and 3 cases of reduced libido (Zedda,
Circla, and Sala 1976). Reported symptoms occurring among the cxposed
residents include chloracne, nervousness, changes of character and mood,
irritability, and loss of appetite. Legal and illegal abortions were estimated at 90,
and there were 5! spontaneous abortions (U.S. EPA 1978h).

Several additional followup studies of the initially identified cohort have been
reported recently (Reggiani 1978, 1979a,b; Pocchiari, Silano, and Zampieri 1979).
In 1978, Reggiani reported that chloracne had appeared almost only in children
and young pcople. These cases tended to be mild, and spontaneous healing
occurred in most. Transient lymphocytopenia and liver function abnormalities
were detected. Reports at that time indicated no overt pathology of the liver,
kidney, blood, reproductive organs, central and peripheral nervous systems, or
metabolism of carbohydrate, fat or porphyrin. In (979, Reggiani reported that the
incidence of chloracne remained between 0.6 and 1.5 percent in the surveyed
popuiation and other toxic manifestations initially observed remained at
subclinical levels.

Pocchiari, Silano, and Zampieri (1979) reported a somewhat more detailed
followup of the cohort. In the cohort with highest exposure, chloracne was
identified in approximately 13 percent of the screened population. About 4 percent
of the workers from the plant (Pocchiari sets the number at 200) showed signs and
symptoms of polyncuropathy. Subclinical peripheral nerve damage, confirmed by
nerve conduction studies, was aiso observed fairly frequently in nonoccupationatly
exposed groups, and the incidence ranged from 1.2 to 4.9 percent in the screened
population. Of note, there were no documented immunologic alterations in the
exposed population. Eight percent of the screened population showed
hepatomegaly of undetermined ctiology, and some of the screencd population
showed clevated levels of liver transaminases.
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The long-term effects of exposure t0 2,3,7,8-TCDD in Seveso are not clear at this
time. An epidemiologic survey now in progress includes general and specialized
medical examinations, laboratory tests, and data on the outcome of pregnancies.
Data will be collected over a period of § years. Cancer registries, hospital discharge
forms, notifications of infectious diseases, and birth and death certificates will be
used to detect any abnormalities of the health of the community (Fara 1977).

Fetotoxicity and Teratogenicity

Hexachiorophene (HCP) is a derivative of 2,4,5-TCP that has been used as an
antibacterial agent for the past 20 years. Although there are no reports of 2,3,7,8-
TCDD contamination in HCP, this drug has been shown to cause fetal
malformations, some of which are severe (U.S. NIEHS 1ARC 1978). A study of
mothers who were nurses exposed to hexachlorophene soap during carly
pregnancy showed that of 65 children born, 5 had severe and 6 had slight
malformations. Onc slight malformation was observed in 68 children of an
unexposed control group. Five babies died who had been washed more than three
times with 3 percent hexachlorophene in a hospital. Autopsies revealed
considerable brain damage in cach case. In 1972, many infant fatalities were
reported in France. The cause was cited as a new talc powder called “Bebe,” which
contained 6 percent HCP (dioxin content, if any, is unknown) (Mclnty 1976).

it is reported that the local spontancous abortion rate has increased to twice the
national level in Italy since the chemical contamination of Seveso in 1976, and that
similar resuits have occurred in Vietnam since the spraying of Herbicide Orange
(Nature 1970). Unfortunately, doctors in Vietnam are unable to document
increased abortion and birth defects because of inadeguate medical records (U.S.
EPA 1978a).

In the sprayed areas of Vietnam, doctors have cited increased incidences of
babies being born with extra fingers or without fingers, hands, or feet (Lawrence
Eagle Tribunc 1978). Recently, a group of U.S. military veterans who were in
South Vietnam at the time of the spraying have rcported bisth defects in their
offspring similar to those reported in South Vietnam (Ensign and Uhi 1978;
Lawrence Eagle Tribune 1978; Peracchio 1979).

An EPA study has been done on the relationship of dioxin-containing herbicides
to miscarriages; specifically the study concerns the relationship between spraying
2.4.5-T on forested areas of Oregon and miscarriages among women living in
Alsea, a town near a sprayed arca. Scientists from Colorado State University and
the University of Miami medical school compared miscarriages in the Alsca basin
with those in a control arca in rural eastern Oregon. The miscarriage rate in the
Alsea area was significantly higher than in the control area, where 2.4,5-T was not
sprayed. Miscarriage rates peaked dramatically in June of cach of the 6 years
studied, occurring 2 or 3 months after the yearly spring applications. From 1972
through 1977 the spontancous abortion indexes in Junc were 130 per 1000 birthsin
Alsea and 46 per 1000 in the control area. Although these data do not prove a cause
and effect relationship, they are highly sugpestive (Cookson 1979).

A recent study deals with the relationship of neural-tube defects in New South
Wales and annual usage rates of 2,4,5-T in the whole of Australia (Ficld and Kerr
1979). Table 46 gives data showing the annual New South Wales combined birth
rates of anencephaly (congenital absence of the cranial vault), and meningo-
myelocele (defect through which part of the spinal cord communicates with the
environment), together with data on the usage of 2,4.5-T in Australia in the
previous year. The plot in Figure 63 indicates lincar correlation. Highest rates on
neural-tube defects occurred for conceptions during the summer months, and
maximum spraying of 2,4,5-T in New South Wales occurs during the summer
months. Again, although these data are suggestive, they do not prove a cause and
effect relationship. The linear correlation disappeared in 1975 and 1976:
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TABLE 46. COMBINED RATE OF NEURAL-TUBE DEFECTS
IN NEW SOUTH WALES AND PREVIOUS-YEAR USAGE OF 2,4,5-T

IN AUSTRALIA®
Neural-tube defects Usage of 2,4,5-T in Australia
in New South Wales in previous year
Year {cases per 1000 births) {metric tons)®
1965 1.72 20
1966 .77 105
1967 193 188
1968 1.83 213
1969 2.13 201
1970 2.37 282
1971 1.88 170
1972 215 256
1973 219 241
1974 2.27 287
1975 2.03 466
1976 2.30 482

a—Source: Feld and Kesr 1978
b—2,4,5-T acud in equivalent metric tons

monitoring of 2,4,5-T herbicide was established in Australia to ensure that
concentrations of 2,3,7,8-TCDD remain below 0.1 ppm.

Nelson et al. (1979) report a retrospective study of the relationship between use
of 2,4,5-T in Arkansas and the concurrent incidence of facial clefts in children.
Occurrences of facial cieft generally increascd with time; however, no significant
differences were found in any of the study groups. The authors conclude that the
general increase in facial cleft incidence in the high- and low-exposure groups
resulted from better case finding rather than from maternal exposure to 2,4,5-T.
3 Among |82 babies delivered in Seveso in the 2 months after the accident, only 16
’ birth anomalies were found. This level is not significantly higher than the national
level. Women in early stages of pregnancy when the accident happened were not
studied in this survey (U.S. EPA 1978a).

.

Carcinogenicity

Ton That et al. (1973) report an increase in the proportion of primary liver cancer
among all cancer patients admiticd to Hanoi hospitals during the period 1962 to
1968; this increase is relative to the period 1955 to 1961, just before the spraying of
Herbicide Orange began.

Theiss and Galdmann (1977) trace 4 cancer deaths out of 15 deaths occurring in
53 workers exposed to 2,3,7,8-TCDD after a manufacturing accident in a TCP
plant in Lodwigshafer, Germany, in 1953. A followup study is in progress.

Two studies show an increased incidence of malignant mesenchymal soft-tissue
tumors in persons exposed to phenoxy acids or chlorophenols (Hardell and
Sandstrom 1978; Hardell 1979). In the 1978 study, 52 patients with soft-tissue
sarcomas and 205 matched controls were investigated in 2 cohort study. The
incidence of exposure was 19/52 among the tumor patients and 19/206 in the
tumor-frec controls (p < 0.001). Relative risks were determined to be 5.3 for
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Figure 63. Linear correlation of New South Wales rate for neural-tube defects
with previous year's usage of 2.4,5-T in Australia

Source: Freld and Kerr 1979,
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cxposure to phenoxy acid and 6.6 for exposure o chlorophenols. In the 1979 study,
Hardell prospectively studied patients with histocytic, malignant lymphoma. In the
first phase of the study, 14 of 17 patients reporied occupations consistent with the
possibility of exposure to the chemicals under study, and 1} patients reported
definite exposure to phenoxyacetic acids or chlorophenols. The median latent
period between exposure and tumor detection in this group was 15 years.

Rappe (1979) has reported an increased incidence of primary liver cancer in
members of the Vietnamese population exposed to Herbicide Orange.

Mutagenicity

Chromosomal analyses in Seveso have shown an increase in chromosomal
lsions in males and females aged 2 to 28 years. These lesions consist of
vhromosomal gaps, and chromatid and chromosomal breaks and rearrangements.
CUytogenetic studies indicate chromosomal damage to cells in maternal peripheral
hlood and in placental and fetal tissues studied following therapeutic abortions
11.S. EPA 1978h).

In similar analyses, Tenchini et al. (1977) found a higher number of structural
aberrations in the fetal tissues than in the maternal blood samples of fibroblast celis
from adult tissues, but the frequency of these aberrations did not appear to be
greater than expected to occur spontancously in cultures of comparable cell types.
tenchini et al. point out that these preliminary findings do not indicate whether the
tgher frequencies of chromosome aberrations in fetal tissues were due to
chromosome damage caused by 2,3,7.8-TCDD exposure.

in contrast, the chromosomes of peripheral blood cells from 90 workers at the
chemical plant at Seveso showed no abnormalitics; the same results were obtained
n a sampling of the most severely exposed residents of the area (Wassom 1978).

Czeizel and Kiraly (1976) compared the frequency of chromosome aberrations in
the peripheral lymphocytes of 76 workers employed at a herbicide-producing
factory in Budapest with those of 33 controls. Among these workers, 36 were
cxposed to 2,4, 5-trichlorophenoxyethanol (TCPE) or Klorinot and 26 to Buvinol.
Ihe remaining {4 workers had never been engaged in the production or use of
cither herbicide. The 2,3,7,8-TCDD concentration in the herbicide products is
reported to be either less than 0.1 mg/kg or not more than 0.05 mg/kg. The
ticquency of chromatid-type and unstable chromosome aberrations was higher (p

0.01) in the factory workers than in the controls, regardiess of involvement in
production of the herbicide. Aberrations were more frequent in workers preparing
{CPE and Buvinol than in other factory workers, but the difference was significant
only for the chromatid-type effect.

229

DEF\DAQ120278



’..—_.—_-‘_A

SECTION 7
ENVIRONMENTAL DEGRADATION
AND TRANSPORT

This section addresses the fate of dioxins once they are relcased to the
environment. Subsections on biodegradation and photodegradation deal with
recent literature relating to biochemical and physical actions of the environment as
they affect the integrity of the dioxin structure. Subsections on physical and
biological transport deal with the movement of dioxins in soil, water, and air and
with the uptake of dioxins by plants and their fate in animals at various trophic
levels.

BIODEGRADATION

In assessment of the persistence of a substance in the environment, the
susceptibility of that substance to biodegradation* is a primary concern. Several
studies on the biodegradability** of dioxins are described in the literature. The
investigations show that dioxins exhibit relatively strong resistance to
biodegradation, though they may not necessarily be totally recalcitrant. Most of
the work has focused on 2,3,7.8-TCDD because of its extreme toxicity. This dioxin
has been studied in both aqueous and soil environments, and results have been
somewhat equivocal. Only one study (Kearney et al. 1973) has examined the
biodegradability of anather dioxin. 2,7-DCDD. Data from this study indicate that
this dioxin cam be at least pantially degraded in soils. Several dioxin
biodegradation studies are described in the following paragraphs, but duc to recent
information concerning problems of extracting dioxins from the test soils, it must
now be concluded that the biodegradability of dioxins has not been demonstrated.

Approximately 100 strains of microbes that had previously shown the ability to
degrade persistent pesticides were tested for their ability to degrade 2,3,7,8-TCDD.
After incubation, extracts from microorganisms were prepared and analyzed for
metabolites by thin-layer chromatography. Of the strains tested, five showed some
ability to degrade the dioxin.

Some studies, as described in the next three paragraphs and other places within
this compilation, have been conducted with 14C-labeled 2,3.7,8-TCDD. Dow
Chemical Company points out that 4C-labeled experiments are limit-producing
only and are not quantitative in spite of some data being reportd to two significant
figures {(Crummett 1980).

Ward and Matsumura studied the biodegradation of 4C-labeled 2,3,7 8-TCDD
in Wisconsin lake waters and sediments and reported in 1977 that the dioxin may
be genuinely metabolized in aqueous systems, but that the rate is very low. They
concluded that there is an optimum time for microbial degradation, probably 1
month, and that during this period, available 2,3,7 8-TCDD is degraded while the
nonavailable fraction is bound to the water sediments. The limited degradation of

*Biodegrad the molecular d d of an orgamic substance rtsuhmg from the complex actions
of hving orgamsms. A substance is saod 10 be biodegraded toan Hy acceptable extent when
By undesirable properties are lost. Loss of some charactensti function or property of 4
mhnam:: by biodcgradaiion may be referred to as biologicat transformation (CEFIC 1978)
**Brodegradabity the abiity of an organx substance to underge biodegradation
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2.3,7,8-TCDD is favored by the presence of sediment, microbial activity, and/or
organic matter in the aqueous phase. The observed half-ife of 2,3,7,8-TCDD in
sediment-~containing lake waters was 550 to 590 days; the half life in waters without
sediment was longer.

Kearney and co-workers studied two types of soil, which were incubated with
2.1.7,8-TCDD at concentrations of 1, 10, and {00 ppm and with “C-labeled
2.3,7,8-TCDD at concentrations of 1.78,3.56,and 7.8 ppm(Keamey et al. 1973a).
U he two soils were also inoculated with HC-labeled 2,7-DCDD at concentrations
of 0.7, 1.4, and 7.0 ppm. The soil types were Hagerstown silt clay loam, which is
rclatively high in organic matter and microbial activity, and Lakeland sandy loam,
which is low in organic matter and microbial activity. Over a 9- to 10-month period,
the soil samples were monitored weekly for evolution of gascous “CO, asan
mndication of microbial degradation of the labeled dioxins.

Very little CO; was liberated from soils containing either labeled or unlabeled
2.3,7,8-TCDD. In most cases 75 to 85 percent of the dioxin was recovered from
both so0i) types up to 160 days after addition. No metabolites were found in TCDD-
treated soil after | year. About 5 percent of the 4C-2,7-DCDD had degraded to
liberate 4CO, after §0 weeks. Concentrations of 14C-2,7-DCDD in the soil had a
slight effect on '“CO; evolution. It was postulated that the decrease in CO,
hberation at the highest level may have resulted from the toxicity of the DCDD
womer to the microbes at this concentration. Evolution of 14CO, was significantly
tugher in the Lakeland soil than in the Hagerstown soil. Analysis of DCDD-treated
voil extracts also revealed the presence of metabolites, but the major metabolite
could not be identified.

In the same study, incubation of a clay loam (with relatively low organic matter)
to which %C-2,3,78-TCDD had been applied led to liberation of a “very small
amount of “CQO," after 2 weeks.

The U.S. Air Force studied test plots in Utah, Kansas, and Florida to determine
the soil degradation rate of 2,3,7,8-TCDD under field conditions (Young et al.
1976). The three test plots were considered representative of various climatic
conditions and soil types. Herbicide Orange containing 3700 ppb 2,3,7,8-TCDD
was applied to all three plots at a rate of 4480 kg/ hectare. Initial soil concentrations
of the dioxin were not reported for any of the sites. Composite samples from the
upper 15 cm of each soil were taken from time to time after the initial herbicide
application, and analyzed for both the herbicide and 2,3,7,8-TCDD. Results are
presented in Table 47.

From these data and other leaching data, the Air Force concluded that the
disappearance of 2,3,7,8-TCDD was most likely due to degradation by soil
microbes, because dioxin concentrations in the 15- to 30-cm layer indicated that
leaching was insignificant. The Air Force report further stated that dioxin
degradation was most rapid in the Kansas soil (Ulysses silt loam), followed by the
lorida soil (Lakeland sandy loam), and finally the Utah soil (Lacustine clay loam),
but that variations in soil and climaie had little overall influence on dioxin
persistence. It was also reported that the initial breakdown rate was rapid, but
decreased substantially over the test period. On the basis of this observation the
investigatoss speculated that . microbial enzymes responsible for herbicide
metabolism and possibly dioxin metabolism are inducible.

in an evaluation of the Air Force studies, Commoner and Scott (1976) came to
different conclusions. After constructing semilogarithmic plots of dioxin
concentrations in soil against days after incorporation of the dioxin, they
concluded: (1) that there was no evidence that the rate of degradation changed with
time; and (2) that degradation appeared to be more rapid in the Florida soil thanin
the Kansas soil (opposite of the Air Force conclusion).

In another Air Force study with dioxin-contaminated soil the effects of nutrients
and mixing on 2,3,7,8-TCDD degradation were assessed ( Bartleson, Harrison, and
Morgan 1975). Pots containing cither test soils or control soils were placed
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TABLE 47. CONCENTRATIONS OF HERBICIDE ORANGE AND
2,3,7,8-TCDD IN THREE TREATED TEST PLOTS?®

Total hetbicide®  2.3,7,8-TCDD

Test plot Days after spplication (ppm) {ppb)
Utah 282 8490 150
637 4000 73
780 2260 58
1000 2370 32
1160 960 15
Kansas 8 1950 c
n 1070 D 2565
189 490 c
362 . 210 c
600 40 c
659 <1 0042
Florida 5 4897 0375
414 1868 0250
513 824 0075
707 508 0046
834 438 c
1293 - <10 c

a—Plots treated with 4480 kg herbyade per hectare
b—Composite sample from upper 0 to 15 cm layer of sod
c—Not analyzed

outdoors and in a greenhouse. The soils were analyzed after 9 and 23 weeks. Soils
tested in the greenhouse were moistened with a nutrient solution. The results are
presented in Table 48.

The investigators concluded that the accelerated rate of degredation ebserved in
soil from the pots in the greenhouse during the first 9-week period was probably
due to increased microbial populations resulting from smitial soil acration and
increased soil temperatures in the pots. Reduction in the rate of breakdown after9
weeks may have been caused by leaching or entrapment of dioxin in the bottom sos!
layer, which had not been mixed. It was also proposed, however, that the nutrient
solution together with light or acration caused cither a direct chemical breakdown
of 2.3,7.8-TCDD in the soil or an increasc in microbial populations that
accelerated breakdown. Because green algae were observed on the surface of the
greenhouse pots between tillings, it was also postulated that the algae were panly
responsible for the degradation.

This study was also evalvated by Commoner and Scott (1976), who concluded
that mixing. nutrients, and increased exposure to sunlight did not significantly
enhance degradation of 2,3,78-TCDD in soit.

Pocchiari (1978) attempted to stimulate the microbial degradation of 2,3,7 8-
TCDD in samples of Seveso soil contaminated with the dioxin from the 1976
ICMESA accident. The dioxin-contaminated soil samples were cither inoculated
with promising microorganisms (according to the previously described results ol
Matsumura and Benezet in 1973) or enriched by the addition of organic nutrients
No positive degradation cffects have been found.
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TABLE 48. DEGRADATION OF 2,3,7,8-TCDD IN SOIL®
{parts per trillion 2,3,7.8-TCDD)

Length of exposure (weeks)
0 8 23

Controls 1100-1300
Qutdoor exposure

Tilled {top layer} 1100 520

Untilled 1000 530
Gresnhouse

Tilled (top layer) 640 460

Untilled 810 530 -

a—Source. Bartleson, Harrison, and Morgan 1975,

Investigators from the Microbiological Institute in Zurich, Switzerland, have
found that microbes cannot contribute quickly or efficiently to the
decontamination of soil-bound 2,3,7,8-TCDD, although thcy might contribute
slowly (Huetter 1980). The latter point is supported by the observation of two polar
bands in thin-layer chromatographs of some microbial incubstions. Huetter and
co-workers also have observed that when 2,3,7,8-TCDD is incubated with soil fora
prolonged period of time, it is not as extractable as when it is freshly added to the
soil, indicating that recoverability of the dioxin becomes increasingly more difficult
with time. This information raises questions about the accuracy of work done by
others in the past to measure the soil half-life of 2,3,7,8-TCDD.

Preliminary findings of studies under way in Finland indicate that 2,3,7,8-
TCDD may be slowly biodegraded by anaerobic microorganisms in an organic
matrix used for secondary treatment of chlorophenolic wastewaters from paper-
pulping operations (Salkinoya-Salonen 1979).

Klecka and Gibson (1979) have recently reported that unsubstituted dibenzo-p-
dioxin can be readily metabolized by a mutant strain of Pseudomonas(sp. N.C.1.B.
9816 strain 11) when an alternative source of carbon such as salicylate is available.
The dioxin molecule was metabolized first to cis-1,2-dihydroxy-
{,2-dihydrodibenzof 1 4 }dioxan (I}, which was subsequently dehydrated 10 yicld 2-
hydroxydibenzo[1.4]dioxan (II) as the major metabolite. The authors reported
finding no organisms capable of utilizing dibenzo-p-dioxin as a sole carbon source.

] ) H H
H o OH o o
o o H
H H H H
I it

PHOTODEGRADATION

Photodegradation is the process of breaking chemical bonds with light. The
process, also known as photolysis, involves the breakdown of a chemical by light
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energy, usually in a specific wavelength range. In photodegradation of dioxins, the
uitraviolet wavelengths of light have been shown to be the most effective.
In most photolysis studies, scicntists are interested in determining one or more of

the following parameters: . :

. Photolysis reaction rates

2. Photolysis reaction products

3. Wavelength(s) required for photolysis

4. Other specific conditions required for photolysis

The photolysis of chlorinated aromatic compounds usually involves loss of a
chlorine molecule 10 a free radical, or loss through nucleophilic displacement if a
solvent or substrate molecule is present. These mechanisms may be influenced by
the presence of other reagents or the nature of the reaction medium,

Photolysis studics have clearly shown that dioxins may be photolytically
degraded in the environment by natural sunlight. The extent to which this
mechanism actually removes or degrades dioxins in the “real-world™ environment
is difficult to assess, but of all the possible natural removal mechanisms, photolysis
appears to be the most significant. It should be noted that photolysis apparently
results in the removal of one or more chlorine atoms from the dioxin molecule.
Removal of chlorine from 2,3,7.8-TCDD may make it less toxic, but it has been
speculated that the basic dioxin structure remains. When penta-CDD is
photodegraded, it may goto a TCDD isomer. (For further discussion see pp. 263-
264 of Section 8.)

Several dioxin photodegradation studies are discussed in the paragraphs that
fellow. Major findings from these studies are summarized in Tables 49 and 50.

Crosby et al. (1971) studied photolysis rates of 2,3,7.8-TCDD, 2,7-DCDD, and
OCDD dissolved in methanol. Samples were irradiated with natural sunlight or
artificial sunfight with a light intensity of (00 MW/cm? at the absorption
maximum of 2,3,7.8-TCDD (307 nm). Irradiation of a single solution of 2,3,7,8-
TCDD in methanol for 24 hours in natural sunlight resulted in complete photolysis
to less-chlorinated dioxin isomers, The degradation of 2,7-DCDD was at least
initially more rapid than that of 2,3,7,8-TCDD. After 6 hours of irradiation in
artificial uitraviolet light, about 30 percent of the 2,7-DCDD remained unreacted
whereas almost 50 percent of the 2,3,7,8-TCDD remained unreacted. The amount
of 27-DCDD remaining after 24 hours was not reported. The OCDD was
photolyzed much more slowly than the TCDD or DCDD isomers; after 24 hours.
over 80 percent of the initial OCDD (2.2 mg/liter) remained unreacted. Analysis of
reaction products indicated chlorinated dioxins of reduced chlorine content.

1o another study the degradation of OCDD on filter paper was reported as being
more rapid in natural suntight than in antificial ultraviolet light (Arscnault 1976).
Degradation of OCDD also proceeded more rapidly in the presence of mineral oil
or a petroleum oil solvent than in the absence of oil. When OCDD in oil was
cxposed to natural sunlight, 66 percent was decomposd in as little as 16 hours.
When exposed in the absence of oil, only 20 percent was decomposed within 16
hours. No TCDD's were found in the decomposition products.

The same report describes a study of the rate of OCDD degradation on the
surfaces of wooden poles treated with PCP-petroleum and Cellon. Preliminary
results show that the OCDD is rapidly degraded. Breakdown products are not
reported.

In tests involving exposure of a crystalline water suspension of 2.3,7.8-TCDD 1o
a sunlamp. the insolubility of the dioxin caused difficultics. Irradiation apparently
bad no cffect on the water suspension. A crystallinc state may prohibit the loss of
chlorine or obstraction of hydrogen atoms from each other (Plimmer 1978a).

When a benzene solution of 2,3,7,8-TCDD was added to water stabilized with a
surfactant and irradiated with a sunlamp, the dioxin content was reduced (Plimmer
et al. 1973).
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tn another study when 2,3,7,8-TCDD was applied to dry or moist soil,
wradiation caused no change after 96 hours. Similar results wese obtained by
applying this substance to a glass plate and irradiating up to 14 days (Crosby et al,
1971).

Buser (1976) irradiated samples of a solution of OCDD in benzenc-hexane for |
10 24 hours with a mercusy ultraviolet lamp. After 4 hours of exposure, 30 percent
of the OCDD remained unchanged; the major reaction products were hexa- and
hepta-CDDs and tracc amounts of penta-CDDs. After 24 hours of irradiation, the
hexa- and hepta-CDD's still constituted the major reaction products, with
ugnificant amounts of penta-CDD's and trace amounts of TCDD. Only (0
pereent of the initial OCDD remained uachanged. 1t was concluded that since
some commercial products contain up to several hundred ppm of the octa- and
hepta-CDD’s, photolytic formation of more toxic polychlorinated dioxins could
have environmental significance.

Exposure of TCDD'’s and DCDD? in isooctanc and l-octanol to artificia)
sunlight (General Electric RS sunlamp) showed that both substances had half-lives
of about 40 minutes in cach solvent (Stehl et al. 1973). Analysis of the mixtures
after 24 hours of irradiation showed no 2,3,7.8-TCDD at a detection limit of 0.5
ppm. A bioassay of rabbit ear skin tissue to which the photolysis products had been
applied revealed no chloracnegenic activity.

When a solution of OCDD and isooctane was exposed to artificial sunlight,
about 80 percent of the OCDD remained unrecacted after 8 hours. With a solution
of OCDD and I-octanol, about 94 percent of the OCDD remained unreacied after
20 hours (Steh! et al. 1973).

In a series of tests, thin layers of Herbicide Orange containing 15 ppm 2,3,7,8-
FCDD were exposed to summer sunlight in glass petri dishes (Crosby and Wong
1977). After 6 hours, just over 40 percent of the dioxin remained. A commercial
herbicide composed of butyl esters of 2. 4-D and 2,4,5-T and containing 10 ppm
23,7.8-TCDD was exposed in the same manner; after 6 hours only about 30
pereent of the initial dioxin remained. A commercial mixture containing no
herbicides, but with 10 ppm 2,3,7,8-TCDD was also exposed to sunlight on glass
petri dishes. The original dioxin concentration was reduced by about 90 percent
after 2 hours. Herbicide Orange was applied in droplets to excised rubber plant
lcaves and to the surface of Sacramento loam soil; the samples were then exposed
to sunlight. At an application rate of 6.7mg/cm? of leaf surface, no TCDD's were
detected on the lcaves after 6 hours. At a lower application rate of 1.3 mg/cm?,
however, about 30 percent of the TCDD's remained after 6 hours. It was also
reported that upon application to the soil (10 mg/cm?) approximately 90 percent of
the dioxin remained after 6 hours. The authors attributed the lesser degree of
photolysis of 2,3,7,8-TCDD on the soil partly to shading of lower layers by soil
particles.

Investigators in this study concluded that there are three requirements for dioxin
photolysis:

1. Dissolution in a light-transmitting {ilm
2. Presence of an organic hydrogen donor
3. Ultraviolet light

In another study, 2,3,7,8-TCDD deposited on silica gel was irradiated with light
having a wavelength greater than 290 nm. The original concentration of the dioxin
was reduced by 92 percent after 7 days. When irradiation was done with light of
shorter wavelength (>230 nm), the dioxin concentration was reduced by 98
percent after 7 days. it was concluded that cleavage of 2,3,7,8-TCDD was possible
without a proton donor if the intensity of the sun at ground level was great enough
to supply the required irradiation (Gebefuigi, Baumann, and Korte 1977).
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In a study reported by Bertoni et al. (1978) about 150 ml/m2 of an ethylolecate-
xylene muxture was sprayed on a I-cm-deep sample of Seveso soil contaminated
with 2,3,7,8-TCDD. More than 90 percent of the 2,3,7,8-TCDD was destroyed
after 7 days of sunhght exposure, When a dioxin sample was placed in a2 room
sprayed with ethyloleate-xylene mixture, disappearance of the dioxin was almost
complete after 3 days exposure under a Phillips MLU 300 W lamp. The xylene was
used 1o reduce viscosity, although ethyloleate was just as effeciive when used alone.
The more rapid photolysis in the room was attributed mainly to the smooth walls of
the room receiving the full intensity of the radiation, including the wavelength of
light that was absorbed most readily by dioxins.

The smooth gradual decrease of dioxin concentration in the I-cm-deep soil
samples was unexpected because ultraviolet hght does not penctrate soil. It was
hypothesized that dioxin decomposition below the soil surface could result either
from a diffusion mechanism in the oleate medium or from photolytic reactions
occurnng through long-lived free radicals.

The solubility and photodecomposition of 2,3.7,8,-TCDD in cationic, anionic,
and nonionic surfactants was studied by use of both pure dioxin samples and
contaminated materials obtained from the Seveso area (Botre, Memoh, and
Alhaigue 1979). To test the etfectiveness of the solubilizing agents, homogeneous
soil samples were treated twice with surfactant and then three times with the same
volume of water 1o remove the surfactant. Extracts from the residual soil wese then
obtamed with benzene and methanol, and the extracts were analyzed for 2,3,7,8-
TCDD. Untreated contaminated soil samples were used for standards. In the pure
dioxin solubilization study. 4 ml of surfactant was used to treat the residues.
Methano! was used as the reference solvent. The surfactants used were sodium
dodecyl sulfate (SDS), and anionic surfactant. 1-hexadecylpyridinium sorbitan
monooleate (Tween B80). hexadecyltrimethylammonium bromide, and |-
hexadecylpyridinium chloride (CPC).

Results showed that CPC was the best solubilizing agent for contaminated soil
taken from the Seveso area, whereas in the pure dioxin expeniment the differences
were slight. Photodecomposition experiments performed using 2.3.7.8-TCDD
dissolved in surfactants and n methanol also revealed CPC as the superior
medium. lrradiation with an ultraviolet amp for 4 hours destroyed about 90
percent of the dioxin in the CPC solution. Only 50 percent of the dioxin in the SDS
solution was destroyed after 4 hours of irradiation, although almest 100 percent
disappeared after 8 hours. Over 25 percent of the dioxin in methanol remained afte:
8 hours.

In a small-scale study in Seveso, olive od was used in cither a 40 percent aqueous
emuision or an 80 percent cyclohexanone solution and applied on a heavily
contaminated area of grassland. These solutions supplied 2 hydrogen donor in an
cffort to facilitate photodegradation of the dioxin present. it was reported that
after 9 days 80 1o 90 percent of the 2.3,78-TCDD was destroyed, whereas
concentrations in controls remained virtually unchanged (Wipf et al. 1978; Crosby
1978).

In 2 study of the fate of 2.3,7.8-TCDD in an aquatic environment. samples ol
: ‘ lake sediment and water containing “C-labeled 2,3.7.8-TCDD were incubated in

glass vials under hight and dark conditions for 39 days (Matsumura and Ward
1976). Results indicated no significant photolytic destruction of the dioxin
Whether artificial or natural light was used is not mentioned.

The fate of 2,3.7.8-TCDD n emulsifiable and granular silvex formulations was
l studied after application to microagroeccosystems and outdoor ficld plots (Nash
r . and Beall 1978). (Experimental conditions of this study are described more

completcly in the subsection on physical transport.) It was observed that upon
volatilization, the dioxin 1n both the emulsifiable and granular formulations was
- photolyzed not only in direct sunlight but also in shaded areas outdoors and
filtered sunlight passing through the glass of the microagroecosystem chambers
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1 he mean half-life of the dioxin in the emulsifiable concentrate was approximately
7.65 days; the balf-life in the granular formulation was 13.5 days. The hali-life of
the dioxin in the emulsifiable formulation on grass in a microagroecosystem
1anged from 5 to 7.5 days.

Crosby and Wong reported in 1973 that the major photodecomposition

products of 2,4.5-T are 2,4,5-TCP, 2-hydroxy-4, 5-dichlorophenoxyacetic acid, .

4.6-dichlororesorcinol, 4-chlororesorcinol, and 2,5,-dichlorophenol; 2,3,7.8-
1CDD was not detected as a photolysis product.

PHYSICAL TRANSPORT

This section descrides studies of the movement of dioxins in or into soil, water,
and air. Because of episodes involving actual contamination, such movement has
hecome a critical issue. The transport of a chemical in the environment depends
greatly upon the properties of the chemical: Is it soluble in water? Is it volatile?
Does it cling to soils readily? With the answers to these questions, it is possibie to at
least postulate reasonably where these chemicals might be found following release
mto the environment and by what means human or animal receptors are most
likely to be affected.

Teansport in Soil

Many studies have addressed the mobility of dioxins, especially 2,3,7,8-TCDD,
 soils. Generally it has been found that dioxins are more tightly bound to soils
having relatively higher organic content. Dioxins applied to the surface of such
suils generally remain in the upper 6 to 12 inches. They migrate more deeply into
more sandy soils, to depths of 3 feet or more. In arcas of heavy rainfall, not only is
vertical migration enhanced but lateral displacement also occurs by soil erosion
with runoff and/or flooding. Dioxins may appear in normal watcr leachate from
woils that have received several dioxin applications.

Keamney et al. (1973b) studied the mobility of 2,7-DCDD and 2,3,7.8-TCDD in
tive different types of soil. They observed that the mobility of both dioxins
decreased with increasing organic content of the soil. Based on this observation and
the finding that these dioxins were relatively immobile in the soils tested, the
vonclusion was that these dioxins would pose no threat to groundwater supplies
hecause they would not be mobilized decp into soils by rainfall or irrigation.

Similar conclusions were reached by Matsumura and Benezet {1973), who
showed that mobility of 2,3,7,8-TCDD is relatively slow, much siower than that of
DDT. It was concluded that any movement of 2,3,7,8-TCDD in the soil
cnvironment would be by horizontal transfer of soil and dust particles or by
hiological transfer (other than by plants).

During the 8-year period from 1962 to 1970, the U.S. Air Force sprayed 170,000
pounds of 2,4-D, and 161,000 pounds of 2,4,5-T, in two herbicide formulations
{Herbicide Orange and Herbicide Purple) over a test area | mile square atthe Eglin
Air Force Base in Florida (Commeoner and Scott 1976). A map of this area is shown
m Figure 64, Originally, the applications were done for the purpose of testing spray
cquipment to be used in Vietnam (Young 1974). The exact concentration of
2,3,7,8-TCDD in the herbicides used for the spraying tests is not known but is
cstimated to have ranged from 1 1047 ppm. The test site has since been analyzed for
dioxin residues. In 1970 a 36-in.-deep soil core was taken from a portion of the test
area that had received approximately 947 pounds per acre of the 2,4-D, 2,4,5-T
Herbicide Orange mixtuse (Woolson and Ensor 1973). At the limits of detection
(0.1 10 0.4 ppb), no 2,3,7,8-TCDD was found at any depth. Several explanations
were presented for the absence of dioxin: 1) the 2,4,5-T applied contained less than
2 ppm 0f 2,3,7,8-TCDD, a concentration undetectable in the soil by the analytical
method used; 2) the dioxin had migrated to a depth below 36 inches because of the
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Figure 64. Map of Test Area C-52A, Eglin Air Force Base Reservation, Florida

Source: Young, Thalken, and Ward 1975.
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sandy nature of the soil and the high incidence of rainfall in the arca; 3) wind
crosion had displaced the dioxin: and 4) biological and/or photochemical
decomposition had occured.

In 1973, four soil samples were taken from the same test area and analyzed at low
levels for 2,3,7,8-TCDD (Young [974). The samples contsined the dioxin in
approximate concentrations of 10, 11, 30, and 710 ppt, and these concentrations
were confined to the upper 6 in. of the soil layer.

From March, 1974, to February, 1975, the Air Force performed another study at
the Eglin Air Force Base (Bartleson, Harrison, and Morgan [975). Two test areas
were studied, and also an area where the herbicides had been stored and Joaded
onto planes. The original 1-mile-squarc arca sampled in 1971 and 1973 contained
dioxin in concentrations up to 470 ppt. A sccond test area, designated Grid |,
contained concentrations of 2,3,7,8-TCDD as high as 1500 ppt. The highest dioxin
cancentrations were generally found in low-lying areas, and the lowest
cancentrations usually were in areas of loose sand; these findings indicate that the
horizontal translocation had probably occurred through water runoff and wind
and water erosion.

The storage and loading arca contained up to 170,000 ppt of 2,3,7,8-TCDD. This
arca was clevated refative to a ncarby pond. Limited sampling of the pond silt
revealed a maximum concentration of 85 ppt, and 11 ppt was found in the pond
drainage stream. These findings also indicated horizontal translocation of the
dioxin, probably as a result of soil erosion.

A core sample of soil taken from Grid [ in 1974 showed the following
concentrations of 2,3,7,8-TCDD:

Samglc deﬂh, in. Concentration, ppt
0-1 150
1-2 160
24 700
4-6 44

I'hese data indicate some vertical movement of 2,3,7,8-TCDD, probably as a result
of water percolation through the soil.

In another test, application of 0.448 kg/ m? of Herbicide Orange to a test site in
Itah resuited in the following concentrations of 2,3,7,8-TCDD 282 days after
application:

Sample depth, in. Concentration, ppt
Controf 0-6 <10
0-6 15,000
6-12 3,000
i2-18 90
18-24 120

In 1978, additional measurements at the Urah test site were reported (Young et al.
1978). Table 51 presents analytical results of plot sampling 4 years after application
of Herbicide Orange at various rates. Table 52 gives results of a similar test
performed at Eglin Air Force Basc in Florida.

In the tests reported in Tables 51 and 52, samples were taken by means of a soil
auger. Subsequent tests revealed that dioxin-containing soil was being carried
downward as a result of the auger sampling technique and that the concentrations
of 2,3,7,8-TCDD below 6 in. were not detectable.

Followup studies of the residuallevels 0f 2,3,7,8-TCDD in three loading areas of
Eglin Air Force Base were conducted during the period from January 1976 to
December 1978 (Harrison, Miller, and Crews 1979). Two of the loading areas were
relatively free of conmtamination. The third (described above) had surface
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TABLE 51. CONCENTRATIONS OF 2,3,7,8-TCDD AT UTAHTEST RANGE
4 YEARS AFTER HERBICIDE ORANGE APPLICATIONS®
{parts per trillion)

Rate of Herbicide Orange spplication (lb/acre)

Soil depth (inches) 1000 2000 4000
0-6 650 1600 6600
6-12 1 90 200
12-18 NA® NA 14

a—Source Young 1 al 1978,
b—NA = Not analyzed

TABLE 52. CONCENTRATIONS OF 2,3,7.8-TCDD AT EGLIN
AIR FORCE BASE 414 DAYS AFTER HERBICIDE ORANGE

APPLICATION®
2,3,7,8-TCDD
Soil depth {inches) Herbicide Orange (ppm) concentration in soil (ppt}
0-6 1866 250
6-12 263 50
12-18 290 <2s®
18-24 95 <5®
24-30 160 <25°
30-36 20 <25®

a—Source Young et 8l 1976
b—Detection hmut

soil concentrations of TCDD’s as high as 275 ppb. TCDD's were found at | metcr
depths at concentrations one-third the surface amount.

The accident a1 Seveso in July 1976 refeased quantities of 2,3,7,8-TCDI)
estimated 10 range from 300 g to 130 kg over an area of approximately 250 acres
(Carreri 1978). Because the Seveso soil is drained by an underlying gravel layes.
much concern has ansen over the possibility of groundwater contamination. Early
soil migration studies in some of the most contaminated areas at Seveso showed
that the dioxin penctrated 10 a depth of 10to [21n. Later studies reported by Bolton
(1978) found 2.3,7,8-TCDD at soil depths greater than 30 in. An observed 70
pereent decrease in 2.3,7,8-TCDD soil concentration over a period of several
months may support the suggestion that the dioxin can be mobilized laterally as
well as vertically from soils duning heavy rainfall or flooding (Commoner 1977}

Following the incident at Verona, Missouri. when oil contaminated with 2.t
7.8-TCDD was sprayed on a horse arena to control dust, the top 12 in. of s}
was removed and replaced with fresh soil. After removal and replacement of the
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sail, no further episodes occurred involving sickness or death of human beings or
animals. Investigators concluded that this supported the notion that the vertical
mobility of TCDD’s is limited (Commoner and Scott 1976).

Nash and Beall (1978) report studies of the fate of 2,3,7,8-TCDD by use of
microagroecosystems and outdoor field plots. A diagram of the
microagroecosystem is shown in Figure 65. Two commercially available silvex
tormulations, one granular and one emulsifiable, were tested. The test and control
tmmulations were applied three times ¢o turf in five microagroecosystems and once
w turf on the outdoor plots. Throughout the test period a sprinkler system applied
witer to the soils 10 simulate rainfall.

@ 30 ~

Outlet Filter
Hotder

Figure 65. Diagram of microagroecosystem chamber.

The 2,3,7,8-TCDD used in the study was labeled with radioactive hydrogen or
. Throughout the study the labeled dioxin {or breakdown product) was tracked
by extremely sensitive radiochemical assay methods. The presence of the dioxin
molecule in samples was confirmed by gas-liquid chromatography.

In the first two applications (on days 0 and 35) the concentration of 2,3,
78-TCDD in the silvex was 44 ppb. In the third application (on day 77) the
silvex formulations contained 7500 ppb (7.5 ppm) 2,3,7,8-TCDD. Soil, water, air,
grass, and earthworms were analyzed for 2,3,7,8-TCDD at various times following
each of the herbicide applications.

Soil analyses showed that most (~80 percent) of the applied 2,3,7,8-TCDD
remained in the top 2 cm of the soil. Trace levels at depihs of 8 10 15 cm indicated
some vertical movement of the dioxin in the soil.

Analysis of water leachate samples from the silvex-treated microagroecosystems
following the first two herbicide applications showed no detectable 2,3,7,8-TCDD
(limits of detection were 10-1¢ g/g*). The dioxin was detected later, however,
following the third herbicide application, and maximum concentrations of 0.05 to
0.06 ppb were calculated to possibly be found in the leachate samples taken 7 weeks
after that third application.

*10°'* g/g may also be expressed as 0 | fgrg (0.1 femtogram per gram). It 15 equivalent to 0.0001 ppt
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In an ongoing study at Rutgers University, 54 soil-core samples (6 in. in depth)
have been taken from samples of wurf and sod from areas in the United States
having histories of silvex and/or 2,4-D applications. The EPA will analyze the
samples for dioxins or herbicide residues. Results are not yet available (Hanna and
Goldberg, n.d.).

Transport in Water

Contamination of streams and lakes by 2,3.7,8-TCDD has also been of concern,
especially because of the spraying of 2,4,5-T on forests to conirol underbrush.
Possible routes of water contamination from spraying are direct
application, drift of the spray, and overland transport after heavy rains. The
latier, however, scidom occurs on forest lands because the infiltration capacity of
forest floors is usually much greater than precipitation rates (Miller, Norris, and
Hawkes 1973).

The transport of dioxin-contaminated soil into lakes or streams by crosion
constitutes another possible route of contamination. This is evidenced by the
detection of 2,3,7.8-TCDD in water samples from a Florida pond adjacent to a
highly contaminated land area (Bartléson, Harrison, and Morgan 1975).
Additionally, several laboratory studies have shown that lakes or rivers could
become contaminated with minute quantitics (ppt) of 2.3,7,8-TCDD and possibly
other dioxins through leaching from contaminated sediments. In a study reported
by Isensec and Jones (1975). 2.3,7,8-TCDD was adsorbed to soils, which were then
placed in aquariums filled with water and various aquatic organisms.
Concentrations of the dioxin in the water ranged from 0.05 to 1330 ppt. These
values corresponded to initial concentrations of 2,3,7,8-TCDD in the soil ranging
from 0.001 10 7.45 ppm. The investigators concluded that dioxin adsorbed tosoil as
a result of normat application of 2,4,5-T would lead to significant concentrations of
2.3,7.8-TCDD in water only if the dioxin-laden soil was washed into a small pond
or other small body of water.

Other investigations have shown similar results. Using radiolabeled 2,3,7.8-
TCDD. Matsumura and Ward (1976) showed that, after scparation from lake-
bottom scdiment, water contained 0.3 to 9 percent of the ariginal dioxin
concentration added to the scdiment. Results of another test indicated that a total
of about 0.3 percent of the applicd dioxin concentration passed through sand with
water eluaie (Matsumura and Benezet 1973). In some cases, the observed
concentration of TCDD’s in the water was greater than its water solubility (0.2
ppb). The 1976 repont suggests that some of the radioactivity apparent in the
aqueous phase was probably due 10 2 combination of lack of dioxin degradation,
presence of 2,3,7 8-TCDD mciabolites, and binding or adsorption of TCDD's onto
organic matter or sediment particles suspended in the water.

In another study, application of “C-TCDD to a silt loam soil at concentrations
of 0.1 ppm led to “C-TCDD concentrations in the water ranging from 2.4104.2 ppt
over a period of 32 days (Yockim, Isensee, and Jones 1978).

The findings of such investigations are consistent with recent seports that
TCDD’s are migrating to nearby water bodies from industrial chlorophenol wastes
buned or stored in various landfills. At Niagara Falls, New York, for example, 1.5
ppb TCDD's have been detected at an onsite lagoon at the Hyde Park dump where
3300 tons of 2,4.5-TCP wastcs are buried (Chemical Week 1979a; Wright State
University 19792a.b). Sediment from a creck adjacent to the Hyde Park fill (also in
the Niagara Falls arca) is also contaminated with ppb levels of the dioxin
(Chemical Weck 1979a, 1979d). In Jacksonville, Arkansas, there is growing
evidence that TCDD’s may have migrated from process waste contatners in the
landfill of a former 2,4,5-T production site. The dioxins have been found both ina
large pool of surface water on the site (at 500 ppb) and downstream of the facility in
the local sewage treatment plant, in bayou-bottom sediments, and in the fiesh of
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mussels and fish (Richards 1979; Fadiman 1979; Cincinnati Enquirer 1979;
fiernan et al. 1980). TCDD's apparently are also being leached into surface and
groundwaters from an 880-acre dump site of the Hooker Chemical Company at
Montague, Michigan (Chemical Week 1979c; Chemical Regulation Reporter
1979b). Dioxins were found at the site at levels approaching 800 ppt.

Transport in Air

One study has been identified in which levels of 2,3,7,8-TCDD in air have been
mcasured (Nash and Beall 1978). Femtogram (10-'3 g) quantities of the dioxin were
detected in the air afier granular and emulsifiable silvex formulations containing
tadiolabeled 2,3,7,8-TCDD had been applied to microagroccosystems. Air
voncentrations of the dioxin decreased appreciably with time following
application. The data appear to confirm that TCDD has a very low vapor pressure
and that loss due to volatilization is extremely low, especially when low levels of
2.3,7.8-TCDD are involved and granular formulations containing the dioxin are
used.

Results of other investigations indicate that water-mediated evaporation of
I'CDD’s may take place (Matsumura and Ward 1976).

Transport of dioxins by way of airbarne particulates has recently received much
attention. Several studies have shown the presence of dioxins in fly ash from
municipal incinerators (Nilsson et al. 1974; Olic, Vermuelen, and Hutzinger 1977;
Buser and Rappe 1978; Dow Chemical Company 1978; Tiernan and Taylor 1980).
A recent report of Dow Chemical Company (1978) contends that particulates from
various combustion sources may contain dioxins and that these dioxin-laden
particulates are a significant source of dioxins in the environment. More details on
these studies are presented in Section 3.

It has also been recently reported that dioxins from buried chlorophenol wastes
are being mobilized by means of airborne dust particles (Chemical Regulation
Reporter 1980a).

BIOLOGICAL TRANSPORT

This section discusses the potential for dioxins to accumulate and 10 become
concentrated and magnified in biological tissues. In the past, pesticides (most
notably DDT) have been found to accumulate in organisms at almost every trophic
level. In some organisms, these chemicals have been concentrated in the tissues.
When an animal in a higher trophic level feeds on organisms that accumulate these
chemicals, the animal receives several “doses™ of the chemical, resvlting in what is
termed biomagnification. If this process proceeds to higher levels in the food chain,
the chemicals may become concentrated hundreds or thousands of times, with
possibly disastrous consequences.

The ability for a chemical to accumulate and to become concentrated or
participate in biomagnification depends primarily on its availability to organisms,
its affinity for bioligical tissues, and its resistance to breakdown and degradation in
the organism.

Bioaccumulation, Bioconcentration, and Biomagnification in Animals

The biological activity of dioxins with respect to accumulation, concentration,
and magnification has been addressed by scveral researchers. Briefly,
bioaccumulation is the uptake and retention of a pollutant by an organism. The
pollutant is said to be bioconcentrated when it has accumulated in biological
segments of the environment. The increase of pollutant concentrations in the
tissues of organisms at successively higher trophic levels is biomagnification.
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Several investigators (Fanelli et al. 1979, 1980; Frigenio 1978) have studied the
levels of TCDD' in animals captured in the dioxin-contaminated arca near -
Seveso, ltaly. Data shown in Table 53 indicate that TCDDs accumulate in
eavironmentally exposcd wildlife. All ficld mice were found to contain TCDDs at
whole-body concentrations ranging from 0.07 to 49 ppb (mean value 4.5 ppb). The
mice were collected from an area where the soil contamination (upper 7 cm) varied
from 0.01 10 12 ppb {mean value 3.5 ppb). These data are in agreement with Air
Force studies by Young et al. (described below), which indicate that rodents living
on dioxin-contaminated land concentrate TCDD’s in their bodics only tothesame
order of magnitude as the soil itself; biomagnification does not occur. Several
rabbits and onc snake have been found to concentrate TCDD’s in the liver. The
snake also had accumulated a very high level of TCDD's in the adipose (fat) tissue.
Liver samples {rom domestic birds were analyzed for TCDD's with negative
results,

TABLE 53. TCDD LEVELS IN WILDLIFE®

TCDD level (ng/g)
No. of samples {ppb)
Animat ansiyzed Tissue Positive Aversge Range
Field mouse 14 Whole body 14/14 45 007-49
Hare 5 Liver 3/5 77 270-13
Toad 1 Whole body 11 0.2
Snake i Laver 1/1 27
Adipose tissue - 160
Earthworm 2 Whole body 1/2 120

a—Source Faneil et al 1980,
b—Each sample represents a 5-g pool of earthworms

Earlier studies by the Air Force evaluated alternative methods for disposal of an
excess of 2.3 million gallons of Herbicide Orange left from the defoliation program
in Southeast Asia. The studies took place at the test site at Eglin Air Force Base in
Florida (Figure 64) and at test arcas in Utah and Kansas.

In June and October of 1971, samples of liver and fat tissue of rats and mice
collected from grids on a 3-mile-square test area (TA C-52A) at Eghn Air Force
Base were analyzed {or the presence of TCDDs (Young 1974). The samples
contained concentrations of TCDD's ranging from 210 to 542 ppt Tissue o
control animals contained less than 20 ppt TCDD's. Because most of the
concentrations of TCDD's in the group of animals tested were higher than those
found in the soil, it was suggested that biomagnification might have occurred.
however, because the animals studied failed to show teratogenic or pathologs
abnormalitics, the presence of a substance similar to TCDD's but with a lowes
biologic activity was postulated.

Another Air Force repart gives resuits of additional studies conducted at Eglin
Air Force TA C-52A (Young, Thalken, and Ward 1975). In an effort to test the
possible correlation between levels of TCDD's in the livers of beach mice and in
soil, expeniments were conducied to determine the possible exposure routes
Because contamination by TCDD’s could be detected only in the top 6in. of soil. st
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was thought that a food source might be responsible for the preseace of the dioxin
n animal tissue. Analysis of seeds (a food source for beach mice) collected in the
wica revealed no TCDD's (at | ppt detection level); therefore, another route of
vontamination was suggested. Since the beach mouse spends as much as 50 percent
of its time grooming, investigators postolated that the soil adhering to the fur of the
mice as they move to and from their burrows was being ingested. As a test of this
hypothesis, a dozen beach mice were dusted 10 times over a 28-day period with
slumina gel containing TCDD's. Analysis of pooled samples of liver tissve from
controls indicated concentrations of TCDD"s of fess than 8 ppt (detection limit),
whereas concentrations in samples of tissue from the dusted mice reached 125 ppt.

Further analysis was done on samples of liver tissue from beach mice collected
tfrom Grid | of TA C-52A. A compositc sample of malc and female liver tissue
contained TCDD's at levels of 520 ppt, and a composite sampie of male tissue
contained 1300 ppt. In contrast, the liver tissue of mice collected from control field
sites contained TCDD's in concentrations ranging from 20 ppt (male and female
composite) 1o 83 ppt (female composite). Air Force researchers concluded that
although bioaccumulation was cvident, there were no data to support
biomagnification because the levels of TCDD' in the liver tissue of beach mice
were in general no greater than levels found in the soil on Grid | (ranging from <10
10 1500 ppt).

In evaluation of this Air Force study Commoner and Scott (1976) again reached
a different conclusion. Because dioxin concentrations in the pooled liver samples
represented an average value for the mice, they believed that this value should be
compared with average value for TCDD's in the soil of Grid I, which was 339 ppt.
They concluded that biomagnification was evidenced by the significantly higher
levels of TCDD's in mouse liver than in soil.

Analysis for TCDD’s in the six-lined racerunner, a lizard found in the area,
showed concentrations of 360 ppt in a pooled sample of viscera tissuc and 370 ppt
in a pooled sample of tissuc from the trunks of specimens captured in TA C-52A.
Specimens captured at a control site showed concentrations of TCDD’s less than
50 ppt (detection limit). .

Early studies of aquatic specimens obtained from ponds and streams associated
with TA C-52A showed no TCDD's at a detection limit of less than 10 ppt (Young
1974). In further studies, however, three fish species showed detectable (ppt) levels
of TCDD’s (Young, Thalken, and Ward 1975). Pooled samples of skin, gonads,
muscle, and gut from a species of bluegill, Lepomis puntatus, contained 4, 18, 4,
and 85 ppt TCDD’s, respectively. All of these specimens were obtained from the
Grid 1 pond on TA C-52A, where blucgill was at the top of the food chain. Two
other fish species, Notropis lypselopterus (sailfin shiner) and Gambusia affinis
(mosquito fish), also showed 12 ppt of TCDD's. These specimens were collected
from Trout Creek, a stream draining Grid 1. (Mosquito fish samples consisted of
bodies minus heads, tails, and viscera, whereas shincr samples consisted of gut.)
Inspection of gut contents of Lepomis specimens from Trout Creck showed that
the food source of this fish consisted mostly of terrestrial insects. The source of the
TCDD' was not identified, however.

In another Air Force study, tests were done on 22 biological samples from
TA C52A and 6 samples (all fish) from the pond at the hardstand-7 loading area
designaied as HS-7 (Bartleson, Harrison, and Morgan 1975). A composite of
whole bodics of 20 mosquito fish Gambusia collected from the HS-7 pond and 600
feet downstream showed a concentration of 150 ppt TCDDs. Liver samples from
six small sunfish from the HS-7 pond also showed 150 ppt TCDD’s, whereas
samples of the livers and fat of 12 medium-sized sunfish from the HS-7 pond
showed concentrations of 0.74 ppb. Because the solubility of 2,3,7,8-TCDD in
water is far below these levels (0.2 ppb), the data scem to indicate biomagnification
in addition to bicaccumuiation. The stream that drains the HS-7 pond flows north
into a larger pond known as Beaver Pond. Composite samples of four whole large

249

DEPADAG 120298



fish from Beaver Pond showed a concentration of 14 ppt TCDD's. The livers of 25
large fish and fitlets of 8 large fish from Beaver Pond showed no TCDD’s at a
detection himit of 5 ppt A followup study conducted from 1976 to 1978 showed that
TCDD's were present in turtle fat and beach mouse liver and skin (Harrison,
Milier, and Crews 1979},

In the same study, samples obtained from deer, meadowlark. dove, opposum.
rabbit, grasshopper, six-hned racerunner, sparrow, and miscellaneous tnsects from
TA C-52A were analyzed for TCDD’s. TCDD's were detected in the livers and
stomach contents of all of the birds. One composite sample of meadowlark livers
contained 1020 ppt TCDD", the highest level found i all samples No TCDD
were detected in samples from deer, oppossum, or grasshopper. The sample from
musceliancous nsects contamed 40 ppt TCDD’s, and the composite sample from
racerunness, 430 ppt TCDD. The authors concluded that this study demonstrated
bioaccumutation. The data alsoindicate that biomagmfication may have occurred
Commoner and Scott (1976b) point out that the average concentration of TCDD™
insoil from TA C-52A was 46 ppt.1t should also be noted that the composite insect
sample most hkely included insects that are eaten by the birds. In all cases the
concentration of TCDD’sin animal liver samples was greater than that in the insect
sample, an indication of the possibihty of bitomagnification. Because none of the
Air  Force studies analyzed for TCDD’s n a series of trophic levels.
biomagnification was not clearly demonstrated

Woolson and Ensor (1972) analyzed tissues from 19 bald eagles collected in
various regions of the country in an cffort to determine whether dioxins were
present at the top of a food chain. At a detection limit of 50 ppb. no dioxins were
found

Another study failed to show dioxin contamination in tissues of Maine fish and
birds {Zitco, Hutzinger, and Chos 1972)

In a similar study 45 herring gull eggs and pooied sampies of sea hon blubber and
tver were analyzed for dioxins and various other substances (Bowes et al. 1973)
Analysis by gas chromatography with electron capture and high-resolution mass
spectrophotometry revealed no dioxins.

Fish and crustaceans collected 1r 1970 from South Vietnam were analyzed for
TCDD' wn an effort to determune whether the spraying of Heebicide Orange had
led so accumulation of TCDD's in the environment (Baughman and Meselson
1973). Samples of carp, catlish. river prawn, croaker, and prawn were collecied
from intenior rivers and along the scacoast of South Vietnam and were immediatets
frosen in solid CO.. Bunterfish collected at Cape Cod. Massachusetts, werc
analysed as controls. Samples o {ish from the Dong Nas River (catfish and carp)
showed the highest levels of TCDD's. ranging f[rom 320 o 1020 ppt. Samples ot
catfish and river prawn from the Saigon River showed levels ranging from 34to K9
ppt. Samples of croaker and prawn collected along the seacoast showed levels of 14
and 110 ppm of TCDD’s, whereas m samples of butierfish {rom Cape Cod the
mean concentration of TCDD™ was under 3 ppt (detection Jimit). The authors
concluded that TCDD's had possibly accumulated to significant envitonmentat
levels in some food chains in South Vietnam.

Other mvestigators have studied the accumulation of TCDD's in mountamn
beavers after normal application of a buty lester of 2.4-D and 2,4,5-T to brushfields
in western Oregon (Newton and Snyder 1978). They reported that the home range
of the mountain beavers was small and that among all animals collected inside the
treatment arcas the home ranges centered at least 300 feet from the edge of the
treatment area. Thus their food supphes. consisting primarily of sword fern, vim
maple. and salmonberry, had definitch been exposed to the herbicide. Analysis ot
11 livers from the beavers showed no TCDD's 1n 10 of the samples at detection
himits of 3 1o 17 ppt. Onc sample was questionable; the concentration was
calculated at 3 ppt TCDD's.

investigators in another study analyzed milk irom cows that grazed on pastusc
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and drank from ponds that had received applications of 2,4,5-T (Getzendaner,
Mahle, and Higgins 1977). Sample collection ranged from 5 days to 48 months
atter application; 14 samples were collected within 1 year after application.
Application rates ranged from 1 te 3 pounds per acre. Milk purchased from a
supermarket was used as the control. The control samples contained levels of
1¢'DD’ ranging from nondetectable to 1 ppt. No milk samples from cows grazing
on treated pasture contained levels of TCDD's above ! ppt.

1n a similar study, milk samplcs were collected throughout the Seveso area just
alter the ICMESA accident occurred (Fanelli et al. 1980). The samples were
analyzed for TCDD's by GC-MS methods. Results are given in Table 54. Figure 66
shows the sites where the milk samples were collected. Dioxin levels were highest in
samples from farms close to the ICMESA plant. The high levels of TCDD's found
1 the milk samples strongly suggest that human exposure via oral intake must have
sccurred after the accident through consumption of dairy products. A milk
monitoring program that has been sampling mitk from outside Zoune R since 1978
no longer detects TCDD’s in any of the samples.

Three research teams have analyzed fat from cattle that had grazed on land
where 2,4,5-T herbicides were applied. In one study, five of eight samples collected
trom the Texas A & M University Range Science Department in Mertzon, Texas,
showed the possible presence of TCDD's at low ppt levels when analyzed by gas
chromatography/low-resolution mass spectrometry (Kocher et al. 1978).

TABLE54. TCDD LEVELS IN MILK SAMPLES COLLECTED NEAR SEVESO
IN JULY-AUGUST 1976°

TCDD concentration (ng/ liter)

Map number® Date of collection {ppt})
1 7/28 76
2 7/28 7919

B/2 5128

8/10 2483

3 7728 489
8/2 1593

8/10 4386

4 8/10 1000
5 7/29 116
6 7/29 69
7 8/3 80
8 8/3 94
] /27 180
8/3 75

10 8/5 <40

a—Source Fanelii et sl 1980.
b—t ocstions shown in Figure 66
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ICMESA

Figure 66. Location of farms near Seveso at which cow’s milk samples
were collected for TCDD analysis in 1976 (July-August).

Source. Fanelh et al 1980.

Apparent TCDD concentrations ranged from 4 to 15 ppt at detection limits
ranging from 3 to 6 ppt. In the second study, I} of 14 samples analyzed contained
TCDD’s (Meselson, O'Keefe, and Baughman 1978). The four highest levels
reported were 12, 20, 24, and 70 ppt TCDD. In the third study, Solch et al. (1974,
1980) detected TCDD's in 13 of §02 samples of beef fat at levels ranging from 1010
54 ppt.

Shadoff and co-workers could find no evidence that TCDD's aic
biocancentrated in the fat of cattle (Shadoff et al. 1977). The animals were fod
ronnel insecticide contaminated with trace amounts of TCDD's for 147 days
Sample cleanup was extensive to permit low-level detection of the dioxin. Analysis
was by combined gas chromatography/mass spectrometry (both high and fow
resofution). No TCDD’s were detected at a lower detection limit of S 10 10 ppt

Samples of human milk obtained {rom women living in arcas where 2,4.5-T 1~
used have also been analyzed for dioxins. In one study, four of eight samples weie
reporied to contain about | ppt TCDD's (Meselson, O'Keefe, and Baughman
1978). In a subscquent study, no evidence of 2,3,7.8-TCDD contamination wits
found in 103 samples of human milk collected in western states (Chemicul
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Regulation Reporter 1980). The lower level of detection in the lstter study ranged
tiom | 10 4 ppt.

Model ccosystems have been developed in aquariums to study the
hoaccumulation and concentration of several pesticides including TCDDs
{Matsumura and Benezet 1973). Concentration factors for TCDD’s calculated
ttom these studies were:

Daphnia: 2198 Mosquito larvac: 2846
Ostracoda; 107 Northernbrook silverside fish: 54

The authors concluded that the biological and physical characteristics of
nrganisms played an important role in the bioaccumulation and concentration of
1CDD’s and the other pesticides studied. They also indicated that because of the
low solubility of TCDD's in water and liguids and their low partition coefficient in
liyuids, TCDD’s are not likely to accumulate in biological systems as readily as
DDT.

Another aquatic study involved a recirculating static model ecosystem in which
tish were separated from all the other organisms (aigae, snails, daphnia) by a
screened partition (Y ockim, Isensee, and Jones 1978). In this study YC-TCDD was
added to 400 g of Metapeake silt loam clay to yield TCDD's at a concentration of
0.1 ppm. Treated soils were placed in the large chambers of the ecosystem tanks and
flooded with 161 of water. One day after the water addition, all organisms except
the catfish wereadded. Samples of organisms and water were collected ondays 1, 3,
7.15,and 32. Onday 15 a second group of 15 mosquito fish was added. On day 32
all organisms remaining were collected and counted. Also on day 32, nine channel
catfish were added to the large chambers of the tanks containing the soil. Catfish
were collected 1, 3, 7, and 15 days later. Of the two collected on each day, one was
sacrificed for analysis and one was placed in untreated water.

Bioaccumulation ratios (lissue concentration of TCDD's divided by water
concentration) for the algae ranged from 6 to 2083, the maximum exhibited after 7
days. Bioaccumulation ratios for the snails ranged from 735 to 3731, with the
maximum at !5 days. The ratios in daphnia ranged from 1762 to 7125, with the
maximum at 7 days. The accumulation ratios in the mosquito fish ranged from 676
at day ! to 4875 after 7 days. All mosquito fish were dead after 15 days, and their
tissues showed an average of 72 ppb TCDDs. No bicaccumulation ratios were
calculated for the catfish, bui levels of TCDD' in the tissues ranged from 0.9 ppt
after day [ to 5.9 ppt after day 15. By day 32 of exposure, all catfish bad died. The
average concentration of TCDD’s in the tissue at this time was 4.4 ppb.

It was concluded that under normal use of 2.4,5-T, concentration of TCDD’s in
sediments of natural water bodics would probably be 104 to 10¢ times lower than
the concentration uscd in this experiment, and although the TCDD’s could be a
potential environmental hazard, the magnitude of the hazard would depend on
biological availability and persistence in the aquatic ecosystem under conditions of
normal use.

In previously mentioned studies with microagroecosystems, carthworms
contained 0.2 and 0.3 ppt 2,3,7.8-TCD D and/ or breakdown products of TCDD’s
following two silvex applications to soil {(Nash and Beall 1978). The silvex
contained 44 ppb TCDD's.

Another study not yet completed econcerns the possible accumulation of dioxins
in vegetation and carthworms in turf{ and sod of arcas having a history of silvex
and/or 2,4-D applications (Hanna and Goldberg, n.d.).

Isensce and Jones (1975) performed three experiments using aigae, duckweed,
snails, mosquito fish, daphnia, chaanel catfish and other organisms. Radiolabeled
dioxin (**C-TCDD) was adsorbed to two types of soil, which were then placed in
glass aquariums and covered with water. One day later, daphnia, algae, snails, and
various diatoms, protozoa, and rotifers were added. In one experiment duckweed
plants were also added on the second day. After 30 days, some daphnia were
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analyzed and two mosquito fish were added to each tank. Three days later, all
organisms were harvested; in Experiments {1 and 11, 1wo fingerling channel catfish
were added to cach tank and exposed for 6 days. At the conclusion of each
expenment the concentrations of H#C-TCDD in the water and in the organisms
were determined and the concentration factors calculated, Table 55 summarizes
soil application rates in cach experiment and type of soil used.

TABLE 55. SOIL APPLICATION RATES AND REPLICATIONS®

Total *C-TCDD  Type of soil® and Final stions
sdded per tank of *C-TCDD added of “C-TCOD No. of
{ng) (g} {ppm)© replicates
[
Experiment §
149 L-20 745 3
(4] L-20 0.00 1
Experniment i}
63 L-20 3.17 2
63 L-20 + M-100 053 2
63 L-20 + M-200 0.29 2
63 L-20 + M-400 0.15 2
0 L-20 0.00 2
Expennment il
10 M-100 010 2
1 M-100 0.01 2
0.1 M-100 0.001 2
001 M-100 0 0001 2
4] M-100 000 2

a—isensee and Jones 1975
b—L = Uskeland sandy loam, M = Metapesake siit loam in Expeniment it L was birst treated with

HC-TCOD, then dry-mixed with M in treatment tanks,
c—So0i! concentrations based on total quantity of soif 1 tanks

At soil concentrations as fow as 0.1 ppb, “C-TCDD was lcached into the watcr
and accumulated in the organisms. Bioaccumulation factors at this soil
concentration and a water concentration of 0.05 ppt were 2,000 for algae, 4,000 fos
duck weed, 24,000 for snails, 48.000 for daphnia, 24,000 for mosquito fish, and
2,000 for catfish, corresponding to concentrations of 0.1,0.2, 1.2, 2.4, and 0.1 ppb
of “C-TCDD in the tissues. Although some biomagnification was evident, results
were highly variable. The differences in bioaccumulation factors found in this
study relative to those of Yockim et al. (1978) were attributed to system design.
differences in the organisms, and the fact that bioaccumulation factors in the athet
study were based on fresh weight whereas those in this study were based on diny
weight.

The authors conclude that since some bioaccumulation ratios were relativeh
high (as compared with those observed with other pesticides), especially in daphnz:
and mosquito fish, the potential of TCDD’s to accumulate in the environmeni
considerable. They further project, however, that at suggested application rates ol
2.4.5-T, concentrations of TCDD’s in the soil would probably not result
accumulation in biological systems unless erosion or runoff from recently sprayuwd
arcas is discharged to a small body of water (e.g.. a pond).
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Dow Chemical Company reported in 1978 on 2 series of studies to determine
whether dioxins are present in the Tittabawassee River, into which Dow discharges
ueated wastes. In onc study, rainbow trout were placed in cages at various
tocations above and below the Dow Midland plant, in 2 tertiary effluent stream,
and in clear well water. Five of six fish placed in the tertiary effiuent stream showed
levels of TCD D's ranging from 0.2 to 0.05 ppb. Analysis of whole fish exposed for
0 days at a point 6 miles downstream of the cffluent discharge showed
concentrations of 0.01 and 0.02 ppb TCDD's. Analysis of whole fish from the
tertiary effluent showed levels ranging from 0.05 to 0.07 ppb.

In a laboratory experiment with '4C-2,3,7,8-TCDD, Dow (1978) determined
that the bioconcentration factor in rainbow trout was about 6600. Dow also
analyzed mative catfish taken randomly from various Jocations in the
littabawassec River and tributarics. The analyses showed fevels of TCDD's
1anging from 0.07 to 0.23 ppb, levels of OCDD from 0.04 to 0.15 ppb, and one
sample with 0.09 ppb of hexa-CDD. Highest levels of TCDD's and OCDD were
tound in fish collected from the Tittabawassee at points approximately | to 2 miles
downstream from Dow. Dow noted that caustic digestion used in sample
preparation may have degraded octa-, and hexachlorodioxins. No other fish
analyzed contained detectable levels of TCDD's (Dow Chemical Company 1978).

Subsequent to the Dow studies, the U.S. EPA colleted and analyzed fish samples
trom the Tittabawassee, Grand, and Saginaw Rivers in Michigan (Harless 1980).
FCDD's were found in 26 of 35 samples (74 percent) at levels ranging from 4 10 690
ppt. Catfish and carp contained the highest concentrations, while perch and bass
had the Jowest. Additional information concerning dioxin in fish from different
sources can be found on pages 175 and 178.

Accumulstion in Plants

Because dioxins are sometimes used in herbicides applied on and near areas
where food plants may be growing. it is important 10 determine whether the dioxins
may be incorporated into the plants. Thus far, few studies have been done to
determine whether dioxins might accumuiate in plants. In the few studies that have
considered this question, results scem to indicate that very small amounts
are accurnulated in plants.

Kearncy ct al. (1973a) studicd the uptake of DCDD’s and TCDD's fromsoil by

soybeans and oats. Soil applications of *C-DCDD (0.10 ppm) and “C-TCDD
{0.06 ppm) were made, and 2 maximum of 0.15 percent of the dioxins was detected
in theabove-ground portion of the oats and soybeans. No dioxins were found in the
grains harvested at maturity. Application of a solution of Tween 80 (2 surfactant)
and TCDD's or DCDD's to the feaves of young oat and soybean plants showed no
translocation to other plant parts after 21 days.

Studies of the absorption and transporiation of TCDD's by plants in the
contaminated area near Seveso have been reported (Cocucci et al. 1979). Samples
of fruits, new lcaves, and, in some cases. twigs and cork were taken from various
types of fruit trees a year after the dioxin contamination occurred. TCDD's were
found in all samples at ug/kg fevels. Concentrations in the Jeaves were 3 to 5 times
higher than in the fruits, which had the Jowest concentrtions. Levels in the cork
samples were generally higher than in the leaves, but not as high asin the twigs. The
findings show that the dioxin is translocated from the soil by plants in newly
formed organs and suggest that the Jower concentrations in fruits and leaves may
be due to some form of elimination such as transpiration or ultraviolet
photodegradation. The latier possibility would agree with the photolysis results
reporied by Crosby and Wong in 1977,

Cocucci and co-workers also examined specimens of garden plants such as the
carrot, potato, onion, and narcissus. Again ug/ kg levels of TCDD’s were found. In
all plants, the new acrial portions appeared to contain less dioxin than the
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underground portions. Concentrations of TCDD"s differed in the inner and outer
portions of potato tubers and carrot taproots; the variation was attributed to the
prevaience of conductive tissues in these plant parts. The authors again suggested
that the relatively low concentrations in the aerial parts of these garden plants were
due to an climination process such as transpiration or photodegradation, or
possibly to metabolism of the dioxin by the plants. The elimination hypothesis was
supported by the further obscrvation that when contaminated plants were
transplanted in unpoliuted soil, the dioxin content disappeared.

Young et al. (1976) used specially designed growth boxes to study the uptake of
“C-TCOD by Sorghum vulgave plants. After placing Herbicide Orange
containing {4 ppm “C-TCDD under the soii in the growth boxes, 100 plants were
grown for 64 days. After 64 days the plants were harvested, extracted with hexane,
and analyzed for “C-TCDD. Some plant samples were also analyzed for
HC-TCDD before hexane extraction by combustion and collection of the COa.
Anaylsis before extraction showed a concentration of about 430 ppt “C-TCDD in
the plant tissue. After hexane extraction, the concentration of 4C-TCDD in the
plant tissue was reported as being not significantly reduced. Younget al. concluded
that the relatively high '4C activity in the plant tissue could have been due to the
presence of [) nonhexane-sotuble TCDD. 2) a soil biodegradation product of
TCDD's that was taken up. 3) a metabolic breakdown product of TCDD's found
after plant uptake of the TCDD’s, or 4) a comaminant in the originat “C-TCDD
stock solution that was taken up by the plant.

As mentioned clsewhere, concentration of “C-TCDD 1a algae and duckweed
has been observed. Bioaccumulation factors were 2000 and 4000. respectively
(Isensee and Jlones 1975).

256

DEP\DA0120305



SECTION 8

DISPOSAL AND DECONTAMINATION
GENERAL CONSIDERATIONS

Onc of the principal unsolved problems that has followed the discovery of
dioxins is development of methods for dessroying them once they are produced.
Many investigators have studied various methods for disposing of commercial
chemicals and production wastes that contain these compounds, and further
. research is needed. Even more important is the need for methods of destroying
dioxins after they are released into the environment.

Simple out-of-sight storage has been used on several occasions to dispose of
dioxin-contaminated soils and cquipment following industrial accidents from the
manufacture of 2,4,5-TCP. Soil contaminated by the application of dioxin-
containing wastes at Verona, Missouri, was used as {ill under a new concrete
highway and was aiso placed in a sanitary landfill. Some was also used as fill at two
residential sites, but was later removed and placed elsewhere (Commoner 1976a).
The soil contaminated by the accident at Seveso, ltaly, was partially removed from
moderately contaminated areas and added to the more heavily contaminated areas,
which will remain uninhabitable for an indefinite period of time (Reggiana 1977).
Following an cxplosion at Coalite and Chemical Products, Ltd., in England,
portions of the plant equipment were buried in an abandoned coal mine (May
1973). Portions of the Phillips Duphar plant in the Netherlands, following its
explosion, were encased in concrete and dumped into the ocean (Hay 1976a).

The quantities of TCDD-containing wastes from the normal manufacture of
2,4.5-TCP that have been buried at various sites in the United States are not wel)
documented, although some published figures are available. Onc company at
Verona, Missouri, reportedly disposed of 16,000 gallons of 2,4,5-TCP distillation
residues over an 8-month period (Shea and Lindler 1975). A New York company
reportedly disposed of 3700 tons of 2,4,5-TCP production wastes at three dumps in
the Niagara Falls ares avera 45-year period (Chemical Week 1979a). It is estimated
that the 3700 tons of waste produced by this company could contain 100 pounds of
TCDD (Chemical Week 1979a). An Arkansas facility has been producing 2,4,5-
TCP and related products since 1957 and possibly earlier (Sidwell 1976a). Reports
indicate that 3000 barrels of TCP wastes are buricd or stored on the manufacturing
site (Fadiman 1979; Cincinnati Enquirer 1979). Many of these barrels were feaking
and contaminating nearby water bodies (Richards 1979a; Tiernan et al. 1980).
There are, at this writing, 3000 barrels now stored inan EPA-approved shelter, and
none are presently leaking. The correction of the drum problem was completed by
Vertac at a cost of about $500,000 (Howard 1980).

Continuation of land disposal is still being proposed as at least a temporary
measure, however. Other propasals include chemical fixation, deep well disposal,
burial in salt mines, and inclusion of these chemicals with nuclear fission by-
products in sccured cavities.

Although these practices postpone the need for solving the probiems of disposa)
and decontamination, they offer no permanent solutions. Techniques that may be
used to decompose dioxins and thereby remove them permanently from the
environment are discussed in this section. The most extensively tested method is
incineration, which entails a high-temperature oxidation of the dioxin molecules.
Physical methods have also been proposed for some applications; these include the
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use of solvents or adsorbents to concentrate dioxins into smaller volumes for final
disposal by incineration or other methods, and also physical methods of
detoxification including exposure to ultraviolet light or gamma radiation.
Proposed chemical techniques include the use of ozone or special chloroiodide
compounds. Biological degradation techniques are also being considered.

INCINERATION DISPOSAL METHODS

Conventiona! Incineration

Conventional incincration has reached s high level of development for disposal
of pesticides and other highly toxic, hazardous materials { Wilkinson, Kelso, and
Hopkins 1978; Ferguson ct al. 1975; Ottinger 1973; Scurlock et al. 1975; U.S. EPA
1977a; U.S. EPA 1975a; Duvall and Rubey 1976). It is often preferred over other
disposal alternatives (Lawless, Ferguson, and Mciners 1975; Kennedy, Stajanovic,
and Shuman 1969), and has been used extensively (Ackerman et al. 1978).
Incineration as defined here does not include open, uncontrolled burning, but
denotes the use of special furnaces equipped with means for accurate regulation of
furnace temperature, supplemental fuel usage, and excess air ratios. Industrial
incinerators are also equipped with some form of emission control, often a water
serubber. Incinerator off-gas usually contains only low concentrations of carbon
particulates, but does contain chlorine and hydrogen chloride if chlorinated
organic chemicals are being burned.

Incincrator operating conditions currently considered adequate for complete
destruction of 2,3,7,8-TCDD and most other chiorinated organics are a
temperature of at jeast 1000° C (1932° F) with a dwell time of at least 2 scconds
(Tenzer et al.; Wilkinson et al. 1978). Laboratory tests have demonstrated that
with a dwell time of 21 scconds, only half of the 2,3,7,8-TCDD in a sample
decomposes at 700° C, whereas 99.5 percent decomposes at 800° C (Ton That et at.
1973). This information was apparently generated originally by Dow Chemical
Campany and quoted by Dr. Ton That and other authors (Crummett 1980). These
data were obtained with a quartz tube apparutus. Using differential thermal
analysis, two other experimenters have observed that complete destruction occun
between 800° and 1000° C (Kearney et al. 1973b), which agrees with the work of
Langer ct al. (1973). All of these studies have been conducted with relatively pure
samples of dioxins. For incinesation of isnpure mixtures, temperatures above 800°
C are especially important because at lower temperatures (300° to 500°C) more
TCDD may be formed from precursor matcrial (Rappe 1978).

Incincration is now used to dispose of wastes from pesticide manufacture at the
Midland, Michigan, facility of Dow Chemical Company. Stationary and rotary
kiln incinerators used at this location can handle almost any solid, semisolid, at
liquid waste. Dow has emphasized in a 1978 report to the EPA that complete
destruction of dioxins is difficult, in that reducing the concentration of a substance
from ! ppm to the equivalent of | ppb necessitates an overall efficiency of 99.9
percent, which in not possible with conventional high-capacity incinerators.

The most extensive incineration of a waste chemical containing dioxins was the
destruction of 10,400 metric tons (more than 2 million gallons) of Herbicide
Orange left over from military defoliation operations in Southeast Asia (Ackerman
ct al. 1978). This substance was decomposed in two large incinerators mounted on
the Vulcanus, a chemical tanker ship operated by a company from the Netherlands
Burning took place in the mid-Pacific ocean. In three scparate trips, the herbicide
was empticd from steel storage drums to railroad tank cars to the cargo holds of the
tanker (the drums were rinsed with diescl fuel, which was added to the herbicsde)
The ship was then moved to the burn location, and the mixture was incinerated at
an average flame temperature of §500° C with an incinerator residence time ol |
second. Flow of combustion air was regulated to maintain a minimum of 3 percemt
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oxygen in the stack gases. Combustion efficicncy was about 99.9 percent. Stack
cffluents were sampled and anatyzed routinely, with a minimum detection limit of
0.047 ng/ml (ppb). Only one set of samples contained measurable amounts of
2.3,7,8-TCDD (Ticrnan et al. 1979). No analyscs were performed for any other
chemical constituents or decomposition products.

This operation also resulted in more than 40,000 steel drums that were still
slightly contaminated with Herbicide Orange. These drums were to have been
crushed mechanically, then shipped to a steel mill to be melted as steel scrapat a
remperature of about 2900° C (Whiteside 1977). No available reports confirm the
completion of this procedure. Portions of the ship used in the incineration
operation were also contaminsted with 86 pg/m? of Herbicide Orange.
Subsequent decontamination reduced the concentration by as much as 96 percent
(Erk, Taylor, and Ticrnan 1979). The decontamination procedure and the fate of
the residue are not known (Chemical Week 1978d).

A high-temperature liquid and solid incinerator is being constructed asa mobile
unit under an EPA contract (Brugger 1978). lts purpose is to decompose hazardous
chemicals such as dioxins, and it is expected to be used to incinerate the dioxin-
contaminated sludge now being stored in Verona, Missouri. It may also be used to
bum some dioxin-contaminated activated carbon remaining from initial efforts by
the U.S. Air Force to remove dioxins from Herbicide Orange by adsorption. This
mobile incineration unit is to be equipped with an afierburner and & scrubber for
the exhaust gases. 1t will be able to handle the combustion equivalent of 75 gallons
per hour of fuel oils and a solids cquivalent of 3.5 tons per hour of dry sand.

in another project, a private partnership plans to convert a tanker for ocean
incineration of toxic wastes including 2,4,5-TCP wastes. The ship will beequipped
with three 25-ton-per-hour incinerators capabic of burning a 10,000-ton load of
waste on a week's cruise. The EPA will monitor the test burns during initial
operations {Chemical Week 1979g).

Incineration has been suggested for decontamination of the soif and other
materials at Seveso, ltaly (Commoner 1977; Pocchiari 1978), but local political
pressure has killed the idea (Revzin 1979; Chemical Week 1979h). A giant
incinerator was to have been built that would have held each furnace charge at 800°
to 1000° C for 30 to 40 minutes. Estimates of the amounts of soil to be processed
range from 150,000 to 300,000 mcgagrams. In addition therc are huge quantities of
contaminated furniture and decaying plants and small animals (about 87,000 in
number), which arc presently quarantined, awaiting final disposal. Authorities
have refused to allow the incincrator to be built because the burning of such
massive amounts of dioxin-contaminated debris would take years. Futhermore,
the residents and authorities fear that the presence of such an incinerator would
result in Seveso becoming the industrial waste dumping ground for alt of Jtaly.

Advanced Incineration Techniques

Two advanced incineration techniques have been studied for the decomposition
of toxic substances. Molten-salt combustion consists of burning a contaminated
chemical with air below the surface of a liquified inorganic material.
Microwave-plasma destruction, although not a true combustion process, converts
2 mixture of contaminated chemical and oxygen into clemental oxides through the
action of microwave radiation.

Molien-Salt Combustion—

The technology of molten-salt combustion has been developed over the past 20
years by Atomics International Division of Rockwell International Corporation
(Wilkinson, Kelso, and Hopkins 1978). It has potential application to the
destruction of pesticides and hazardous wastes. A schematic of the process s given
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in Figure 67. A difficulty with developing this system for full-scale practice may be
in locating suitable materials of construction.

The molten salt is sodium or potassium carbonate containing 10 percent by
weight of sodium sulfate. It is maintained at 800° to 1000°C by application of
heating or cooling as nceded. When the molien salt is applied to chlorinated
hydrocarbon wastes, the carbon and hydrogen in the waste are oxidized to C0; and
steam, while the chiorine content is changed inte sodium chloride. Tests have
demonstrated that this bench-scale combustor can achicve virtually complete
decomposition (more than 99 percent) of chlorinated hydrocarbons, 2,4-D,
chlordane, chloroform, and trichloroethane. The 2,4-D tested was part of an actual
waste that contained 30 to 50 percent 2,4-D and 50 10 70 percent bis-ester and
dichlorophenol tars. The waste was dituted with ethanol and burned at 830°C. This
combustion test destroyed 99.98 percent of the organic materials.

Microwave- Plasma Destruction—

Microwave plasma refers to a partially ionized gas produced by
microwave-induced electron reactions with neutral gas molecules (Bailen and
Hertzler 1976; Bailen 1978). The ionized gas or plasma is derived (rom the carrier
gas which transports the molecules into the plasma zone (Oberacker and Lees
1977). When oxygen is used as the reactant gas in the plasma, highly reactive
atomic oxygen is produced which then rapidly oxidizes organic compounds
introduced into the system discharge (Bailen 1978).

A laboratory-scale microwave-plasma reactor with capacity of 1 to 5 g/h, and
pilot-scale reactor with capacity of 430 to 3,200 g/h have been tested by the
Lockheed Palo Alto Rescarch Laboratory under a contract from the EPA (Bailen
and Hertzler 1976). A schematic diagram of these units is shown in Figure 68. Tests
have been conducted with a variety of toxic materials, including two commercial
PCB’s, Aroclor 1242, and Aroclor 1254, The laboratory-scale reactor converted
99.9 percent of the PCB's into carbon monoxide, carbon dioxide, water, phosgene,
and chlorine oxides. The pilot-scale reactor converted at least 99 percent of most
materials tested into smaller molecules. One test, however, did not achieve
complete destruction and left a black. tarry substance that still contained PCB's.

The pilot reactor was also used in tests with a commercial clay-supported
formulation of kepone charged to the reactor as compressed solid material, a 10
percent slurry in water, and a 20 percent slurry in methanol. Conversion of at least
99 percent of each charge material to basic oxides and hydrogen chlorine was
achieved in all tests.

Microwave-plasma decomposition has also been used to detoxify U.S. Navy red
dye (Bailen 1978). Specific application of this technique to dioxins is not reported,
although it has been considered for detoxification of dioxin-contaminated wastes
stored in Missouri (Bailen 1977).

PHYSICAL METHODS
Concentration

One approach to disposal or decontamination of toxic substances is by use of
techniques that selectively remove toxic constituents from mixtures. Such
techniques would reduce the volume of material that must be treated and would
offer potential for salvage of useful materials. To date, however. such techniques
have presenicd serious problems because they have been used to concentrate
dioxins even with no available means or facilities for disposal of the concentraile.

In at least two instances. quantitics of activated carbon heavily contaminated
with dioxins are being stored because disposal methods are not available. In this
country, exiensive pilot-plant studies of carbon adsorption were conducted before
the Air Force decided to incinerate Herbicide Orange (Whiteside 1977; Younget al.
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Figwe 67. Schematic of molten-salt combustion process.

Source: Witkkinson, Kelso, and Hopkins 1978, as adapted from

Atomics international 1975,
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1978). Although the reprocessing method was technically and environmentally
irasible, it was not possible to demonstrate an acceptable method for safely
duposing of the dioxin-laden carbon. The contaminated carbon is now stored on
an island in the Pacific. Similarly, Union Carbide of Australia created quantities of
dwxin-contaminated carbon in efforts to detoxify 2,4,5-TCP after they became
aware of the 2,3,7,8-TCDD problem in 1969 (Chemical Week 1978b; Dickson
1978). This carbon is still stored in steel drums in that country.

Although data are unavailable, activated carbon apparently can adsorb dioxins
selectively from chemical mixtures, but the carbon cannot be regenerated. Even
atter long periods of contact, solvent extraction will not desosb & major portion of
the adsorbate, One study evaluated the desorption of phenol from activated carbon
with 10 different solvenits (Modell, deFilippi, and Krukonis 1978). After 2 hours of
continuous extraction, the most effective solvent desorbed only 28 percent of the
phenol. A newly proposed technology for regeneration of activated carbon is the
usc of supercritical fluids (fluids in the region of their critical temperatures and
prossures), and in particular supercritical carbon dioxide (Modell, deFilippi, and
K rukonis 1978). With onc type of activated carbon (Filtrasorb 300, Caigon Corp.),
100 percent desorption was obtained within 3 hours. After the first regeneration,
however, adsorption capacity of the carbon is only 50 to 85 percent. It is believed
that the initial treatment causes formation of carboxyl, hydroxyl, and carbonyl
groups on the surface of the carbon and that their chemical interation with the
carbon may lead to irreversible adsorption.

In pencral, carbon adsorption techniques have not been proven effective for
toxics disposal, even if the carbon is to be destroyed by incineration or other
methods. After being contaminated with heavy organic chemicals, activated
carbon must usually be dried and pulverized prior to incineration to ensure
complete destruction. These additional handling steps provide the possibility of
fugitive Josses.

Bailen and Littauer (1978) are presently investigating the possibility of using
microwaves to regenerate spent activated carbon. It is not known whether
activated carbon containing dioxins wil! be evaluated in the study.

Solvent extractions of soil have been shown to be effective in analytical
determinations of TCDD's (Tiernan et al. 1980). It has been suggested that sojvents
such as hexane could be used to extract dioxins from soil by use of cquipment
similar to that used to extract oil from olive seeds (Commonet 1977). It is not
known whether this concentration process has been tested. The use of steam
distillation has also been suggested as a means of concentrating dioxins, but no
details are available.

Photolysis

The use of light to degrade halogenated aromatic compounds is well established
in published literature (Mitchell 1961; Plimmer 1972, 1978a; Rosen 1971; Watkins
1974; Wilkinson, Kelso, and Hopkins 1978). Regarding degradation of dioxins,
most studies have been concerned with the effect of sunlight on dioxins released
into the environment, as outlined in Section 7. Application of the same principleto
dewoxify dioxins with artificial light could lead to a means of decontaminating
chemical mixtures.

The Velsicol Chemical Corporation has proposed such a photolyticsystemasan
alternative method for disposal of Herbicide Orange (Crosby 19782, 1978b; Lira
1978). The herbicide mixture wouid first be hydrolyzed with caustic and converted
into butyl alcohol, water, and salts of 2,4-D and 2,4,5-T. Additional butyl alcohol
would then be used to extract the dioxins. The butyl alcohol and dioxins would be
separated from the phenolic salts and water by decantation, and the organic layer
would be irradiated with ultraviolet light. Irradiation would be accomplished in 2
special reaction apparatus, in which thin films of the liquid are exposed to Jight
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from quartz tubes. Although preliminary tests did succeed in destroying
2.3,7.8-TCDD, the process had not been pursued because the toxicity of the
resulting decomposition products was unknown and the butyl alcohol would have
to be disposed of by incineration or other methods. Further tests of this principk
were discontinued.

No other studies of large-scale decomposition of dioxins by use of artificial light
have been reported. Some laboratory studies have shown that light does not
destroy the structure of dioxins. Under appropriate conditions, light converts the
more toxic dioxins to less toxic forms by removing halogen substituents (Crosby
1971). However, Dow Chemical Company has evidence from ultravioiet spectra of
irradiated solutions containing dioxins of four or tess chiorine atoms that the rings
are indeed destroyed (Crumimett 1980).

Radiolysis

Radiolysis, an cxtension of the photolytic method. has been studied
experimentally. Gamma rays having properties similar to light have beenshown to
parstially degrade dioxins. As with uhraviolet light, these rays may not totally
destroy the dioxin structure, but only remove substituent halogens.

In the most recent series of tests, investigators dissolved 2,3,7,8-TCDD in cither
cthanol, acetone, or dioxane at a concentration of 100 ng/ mit (ppb) and irradiated
the solutioas at 108 rads/h {(Chemical Week 1977; Fanelli ct al. 1978). They found
that 97 percent of the dioxin was degraded after 30 hours, when ethanol was the
solvent. Degradation was somewhat slower in the other solvents. Al irradiated
samples showed the presence of tri-CDD and DCCD.

In 1976, Buser dissolved OCDD in benzence and hexane at a concentration of 25
g/liter and exposed it 10 gamma radiation. After 4 hours, 80 percent of the OCDD
was converted into dioxins with five, six, or seven chlorine substituents. Further
degradation did not occur.

Other researchers completed an extended series of tests using gamma radiation
of the jonizing type to destroy pesticides {(Craft, Kimbrough, and Brown [975)
Significant destruction of single representative compounds such as
pentachlorophenol, 2.4,5-T, and 2,4-D was obtained, but no change in PCB’s or
mixtures of compounds such as Herbicide Orange could be detected. This test
series Jed to the conclusion that because of the inefficiency of radiation in
destroying mixtures of pesticides and dioxins, cost would be prohibitive for routine
use of this method in waste treatment.

CHEMICAL METHODS

Several chemical techniques have been proposed for the destruction of toxic
dioxins. Vertac, Inc., reportedly developed a process for safely destroying its
dioxin-containing wastes, but no details are available (Environmenmt Reporter
1979b). Of the five methods outhned in the following paragraphs, only the first two
have been tested specifically with dioxins.

Ozone Treatment (Ozonolysis)

The usc of ozone is common in chemical waste treatment applications, espeaally
i decomposition of cyanides. It has been used most often in laboratory
applications for decomposiion of large organic molecules { Wilkinson, Kelso, and
Hopkins 1978).

in a recent test, ozone was bubbled through a suspension of 2,3,7.8-TCDD in
water and carbon tetrachloride. It was reported that after 50 hours, 97 percent of
the 2.3.78-TCDD had degraded. In this process, the dioxin apparently is
suspended as an acrosol combined with carbon tetrachloride, which facilutates
ozone attack (Cavolloni and Zecca 1977).
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Another modification of ozone treatment has been developed by Houston
Research, Inc. (Wilkinson, Kelso, and Hopkins 1978; Mauk, Prengle, and Payne
1976). Tests with dioxins, however, have not been reported. In this technique,
treatment with ozone is combined with ultraviolet irradiation. The light activates
wrganic molecules to a highly encrgetic state, thereby rendering them more
wsceptible to  ozone attack. When this technique was applied to
pentachlorophenol and DDT, these compounds were decomposed into carbon
hoxide, water, and hydrochloric acid. A schematic diagram of the apparatus is
shown in Figure 69. Two bench-scale reactors of 10-and 21-liter capacity have been
vonstructed (Mauk, Prengie, and Payne 1976).

Although these examples indicate that ozone treatment may be effective for use
n dioxin disposal or decontamination, the use of ozone must be combined with
wome other mechanism that will activate the dioxin and promote the attack of
wrone.

Chloroiodide Degradation

In a recently described method, 2,3,7,8-TCDD in contaminated soil is degraded
by use of a class of compounds derived from guaternary ammonium salt
surfactants and referred to as chloroiodides (Botre, Memoli, and Alhaique 1979).
e compounds are formulated in micellar solutions with surfactants that increase
the water solubility of the substances. The two derivatives showing the most
degradation potential are alkyldimethylbenzyl-ammonium (benzalkonium)
chloroiadide and 1-hexadecylpyridinium (cetylpyridinium).

When 2,3,7.8-TCDD in benzene was vacuum evaporated and the residue treated
with a cationic surfactant aqueous solution containing benzalkonium
chloroiodide, 71 percent of the 2,3,7 8-TCDD decomposed. When cetylpyridinium
chloroiodide in cetylpyridinium chloride was used, 92 percent of the 2,3,7,.8-TCDD
was decomposed. These experiments were performed in absence of light to prevent
photolytic degradation.

In a test with soil from Seveso contaminated with 2,3,7,8-TCDD, only about 14
percent was degraded within 24 hours following treatment with benzalkonium
chioride. When benzalkonium chloroiodide was added, an additional 38 percent of
the 2,3,7,8-TCDD was degraded. Total degradation during this test was 52 percent.

Wet-Air Oxidation

Wet-air oxidation is an accelerated oxidation process performed at high pressure
and temperature. Oxidation takes place in an autoclave in which a charge of water
and organic material is heated to 150° to 350°C while being pressurized withair to
40 to 140 atmospheres. Three commercial processes of this type are known as the
Zimpro, Wetox, and Lockheed processes. They are used for rapid decomposition
of sewage sludge, munitions waste, and sulfite liquor from pulp and paper mills. It
has been proposed to evaluate the Wetox system for disposal of priority poliutants
and other hazardous chemicals (Wertzman n.d.). This might also be an alternative
method for disposal of dioxin and dioxin-contaminated materials, but no tests
have yet been reported.

Chlorinolysis and Chlorolysis

Although chlorinolysis and chlorolysis were developed primarily to produce
chlorinated products from nonchlorinated or fess-chlorinated organics, some
attention has been focused on their use in waste treatment (Shiver 1976).
Chlorinolysis is used primarily to convert hydrocarbons containing one to three
carbon atoms into perchloroethylene, trichloroethylene, and carbon tetrachloride
(Diamond Alkali Company 1950; U.S. Patent Office 1972). As most often
practiced, the process continuously reacts chlorine with ethylene or ethylenc
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dichloride in a fluid bed catalyst reactor. The process usuaily creates smali amounts
ot hexachlorobenzene, hexachlorocthane, hexachlorobutadiene,
srirachlorocthane, and pentachlorocthane as side-reaction products.

Chlorolysis, an associated process, is sometimes used 1o convert the side-
reaction products from chiorinolysis into carbon tetrachloride; it can also be used
with benzene or its derivatives or with mixtures of chlorinated aromatic or
ahphatic compounds. Chlorolysis is a two-stage process in which gascous feed
materials are reacted with chlorine at pressures of 200 to 700 atmospheres and
temperatures up to 800°C. No catalyst is used.

in cooperation with the U.S. Department of Agriculture, the Diamond
shamrock Corporation conducted pilot-plant studies to test the stability of 2,3,7,8-
1CDD under the severe reaction conditions of chiorolysis (Kearney et al. 1973).
Although the results of these studies are not known, the techniques may be
applicable to disposal of certain dioxin-contaminated chemicals and might yield
marketable products from otherwise waste chemicals.

Catalytic Dechlorination

Catalytic dechlorination is a simple chemical process in which the action of a
catalyst reductively dechlorinates an organic compound. The usual catalyst is
nickel borohydride, which is prepared in a reaction vessel by mixing sodium
borohydride and nickel chioride in a solvent of alcohol. When this solution is
mixed with a chlorinated organic chemical, the chlorine atoms are removed from
the molecuies and hydrogen atoms are substituted (Cooper and Dennis 1978;
Dennis 1972; Dennis and Cooper 1975, 1976, 1977; Wilkinson, Kelso, and Hopkins
1978).

Laboratory tests have been conducted with this process to detoxify several
commercial pesticides, including DDT's, heptachior, chlordane, and lindane. Tests
with chlorinated dioxins have not been reported. The process doces not compietely
dechiorinate most organic chemicals and would not break down the basic dioxin
structure. The reaction occurs rapidly, however, and at room temperature; for
these reasons, the process may be of value in decontamination aperations or in
detoxifying small volumes of toxic dioxins. ’

Other processes have been used to dechlorinate aromatic compounds, including
conventional catalytic hydrogenation with metallic catalysts and hydrogen gas
(Dennis and Cooper 1975). in a small-scale laboratory experiment with a catalyst
of palladium on charcoal, about 60 percent of a charge of 1,6-DCDD was reduced
to unsubstituted dioxin in ! hour at room temperature and less than ) atmosphere
pressure.

BIOLOGICAL TREATMENT

One of the least expensive techniques for breaking down large organic
molecules, and often one of the most cffective, is to subject the molecules to the
action of microorganisms. Aithough toxic chemicals are usually degraded slowly in
uncontrolled exposure to the environment, more complete and more rapid
breakdown can be achieved by controlling the microorganism species and
providing specialized environments.

Numerous studies have examined the susceptibility of dioxins, particularly
2,3.7,8-TCDD, to microbial decomposition. Most of the studies have concerned
decomposition in the uncontrolled environment, as described in Section 6. Much
less attention has been directed to the controlled use of microorganisms. The
following paragraphs describe available data on two aspects of the microbial
decomposition of dioxins: soil conditioning and biochemical wastewater
treatment. A specialized treatment system for toxic wastes is also discussed.
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Soil Conditioning

The large area of dioxin-contaminated soil surrounding Seveso, Haly, has
stimulated studies of degradation of dioxins by soil microorganisms. Available
data indicate that 2,3,7.8-TCDD is resistant to this method of decontamination.
although under optimum conditions some siow degradation occurs.

Rates of uncontrolled degradation have been variously measured in two studies
The U.S. Air Force reported the half-life of 2,3,7.8-TCDD at 225 and 275 day
(Young et al. 1976). In a separate analysis of the same test data, Commoner(1976b)
obtained a half-lifc of 190 to 330 days. In Seveso, however, Bolton (1978) reported
finding no reduction in dioxin levels in the most heavily contaminated zone, and in
the less contaminated zone reduction after 400 days was only 25 percent.

Researchers 1n Zurich, Switzerland, have found that soil-bound 2,3,7.8-TCDD>
becomes increasingly difficult to recover quantitatively with time (Huetier 1980).
This observation may explain the decreasing recoveries of 2,3.7.8-TCDD n sosl
degradation studies by the U.S. Air Force and others in which the “disappearance™
of 2.3,78-TCDD with ume was interpreted as evidence of biodegradation
Half-hves for 2.3,78-TCDD cakulated from these studies may not accurately
reflect the true persistance of this dioxin in the soil environment.

One proposal for modifying the Seveso soil environment is (o use charcoal o1
activated carban to hold the dioxins in the soil. then to spread manure on the
treated soil 10 wincrease the rate of bacterial growth (Young 1976). U.S. Air Force
studies have shown, however, that although treatment of this sort increases the
number and activity of soil microorganisms, the rate of dioxin degradation 1
reduced. Apparently, adsorption on charcoal causes the dioxin to be less available
to the bactena. No other proposals to modify the open soil environment have been
advanced

Attempts have been made to moculate Seveso soil with selected bactena that
might faciltate the breakdown of dioxins. Although imual results appeared
promising. subsequent data indicated that the method had not been effective
(Commoner 1977) The inoculated species either died out or mutated to a strain
that rejected dioxins. In a similar laboratory study of 100 microbialstrains thathad
shown ability to degrade pesticides, only 5 showed any ability to degrade 2,3,7.8-
TCDD (Matsumura and Beneset 1973)

Wastewater Treatment Systems

Very hittle is known concerming the ability of biological or biologicalf chermical
wasiewater treatment to remove dioxms.

Dow Chemical Company operates a iertiary treatment system to treai
wastewater from s Midland. Michigan, pestucide manufacturing plant (Dow
Chemical Company 1978). A two-year program of analysis of grab and compositc
samples taken from the tertiary effluent stream revealed only one with a detectable
amount (0.008 ppb) of TCDD In further investigations, six caged fish were
placed in the teruary pond effluent, subsequent analyses showed. in five of the sia
fish, concentrations of TCD D' ranging from 0.02 to 0.05 ppbin the edible portions
and from 0.05 t0 0.07 ppb 1n the whole bodies These findings, when compared with
data on control fish containing no detectable levels of TCDD's, clearly indicate the
presence of TCDD's 1n the teruary pond effluent

Data obtained in 1976 from Transvaal. Inc., showed no TCDD’s in effiuent from
the aity stabilization ponds. to which Transvaal sends all or part of its plant
wastewater effluent (Sidwell 1976b). A sample from the Transvaal plant effluent.
however, showed 0 210 0.6 ppb of this dioxin. Other than pH adjustment with lime,
the effluent apparently undergoes no pretrecatment. As previously discussed (p.173)
more recent studies of this site have been reported (Tiernan et al. 1980)

In a third study. sludge was sampled at the outlet of a lagoon holding effluent
from a pentachlorophenol manufacturing plant The sludge was analyzed for
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('DD’s, but none was found (U.S. Environmental Protection Agency 1978d).
snce this dioxin has pever been found as a decomposition product of
catachiorophenol, the negative analysis would be expected. The sludge was not
nafyzed for hexa-CDDs, hepta-CDD', or OCDD, the dioxins normally
waciated with PCP manufacture.

Rescarchers in Finiand have patented a process for purifying wastewaters
ontaining chlorinated aromatics in a biofilter (Satkinoja-Salonen 1979a). The
Wter consists of a layer of wood bark that contains a strain of bacteria able to
frgrade the organic compounds (Salkinoja-Salonen 1979 a,b). These bacterial
steains were isolated by taking samples of bacteriferous water, mud, or bark residue
hom water bodies polluted by chlorinated and unchlorinated phenols and
aromatic carboxylic acids, then feeding pollutants to the bacterial populations
vuflected. Work is under way to prove the cffectiveness of the filter in treating
doxins; its efficacy in Ireating aromatics such as tri- and tetrachlorophenols has

heen demonstrated.

Micropit Disposal

A detailed study of biological degradation of pesticides is being conducted by
towa State University (Rogers and Alien 1978). The apparatus used in the study,
shown in Figure 70, consists of a partially buried polyethylene garbage can filled
with layers of rock and soif, and flooded with water. The study, sponsored by the
11.S. EPA, deals with a variety of pesticides at various concentrations, and with the
cifects of nutrient additives and aeration. Two organochioride compounds are
ncloded among the pesticides being examined, but it is not clear whether the test
sncludes dioxins. Test data are not available.
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APPENDIX A

The tables that follow list organic chemicals and pesticides selected for study on
the basis of potential dioxin contamination, with known producers and production
locations, present and past. The primary source of producer information is the
Stanford Research Institute Directory of Chemical Producers. The tabulations are
by chemical, with producers and locations; and by producer and )ocation, with
chemicals. The tabulations by chemical (Tables AL, A2, A3, and A6)arcsegregated
according to the classifications based on dioxin concern as defined in Section 3.
T'he classification information is also noted in the producer focation tables by
means of Roman numerals following the chemical names.

The tabulations by producer and location (Tables A4 and A7) group all of the
critical chemicals involved st each manufacturer location. These lists do not
nceessarily define the site subject to exposure, because many dumps are remote
{rom the plants; they do provide a starting point for such definition. Abandoned
production of a chemical or abandoned facilitics may present special problems.
Therefore, the production facilities noted since 1968 but no longer active in 1978
are footnoted and are also extracted inseparate tables (Tables AS and A8). Some of
these sites remain active in other production, and some may retain production
capability and/ or minor production of the subject chemical. Other plant sites may
be totally deactivated or abandoned. The producer listed is the last known
operator.

Some of the company names of producers designate subsidiary or divisional
names, with notation of the parent company. Company addresses, from the
Stanford Research Institute Directory and from the Thomas Register, are for the
last known producer at a given location and are subject to the uncertaintics
mtroduced by acquisitions and name changes.
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TABLE A1. PRODUCERS OF CLASS | ORGANIC CHEMICALS

Chemicatl

Producer

Location

4-Bromo-2,5-dichlorophenol
2-Chlors-4-fluorophenct
Decabromophenoxybenzene

2.4-Dibromophenoi

2,3-Dichiorophenol

2.4-Dichlorophenol

2,5-Dichlorophenot

2.6-Dichliorophenct

Veisicol
Obin
Great Lakes Chem

Dow
White Chem

Specialty Organics
Aldrich
Diamond Shamrock

Dow
Monsanto
Rhodia
Transvaal

Velsicot

Aldrich
Specialty Organics

Beaumont, TX
Rochester, NY
€l Dorado, AR

Midland, MI
Bayonne, NJ

Irwindale, CA
Milwaukee, Wi*
Newark, NJ*

Mdland, MI
Sauget, It
Freeport, TX
Jacksonviile, AR

Beaumont, TX

Milwaukee, Wi
Irwindale, CA

3.4-Dichlorophenot Aldrich Miulwaukee, Wi

Pentabromophenaol Michigan Chem St Lows, MI*
RSA Ardsley, NY*
White Chem Bayonne, NJ

2.4,6-Trnibromophenol Dow Midiand, MI*
Eastern Chem Pequannock, NJ*
Guardian Hauppauge, NJ

Pequannock, NJ*

Velsicol St Louws, MI*
RSA Ardsley, NY*
White Chem Bayonne, NJ

“No longer produced a1 this location

308

DEP\DAQ12Q0357



TABLE A2. PRODUCERS OF CLASS Il ORGANIC CHEMICALS

Chemical Producer- Locastion
Bromophenetole R.S.A. Ardsley, NY
0-Bromopheno! E£astman Kodak Rochester, NY
R.S.A Ardsley, NY
2-Chioro-1,4-drethyoxy-5- Fairmount Chem Newark, NJ
nitrobenzene GAF Rensselaor, NY
Pfister Newark, NJ*
5-Chloro-2,4-dimethoxyaniline GAF Rensselaer, NY
Pfister Ridgefield, NJ
Newark, NJ*

Chlorohydroquinone

o-Chlorophenol

2-Chioro-4-phenylphenol

4.Chlororesorcinol

2,6-Dibromo-4-nitrophenol

Eastman Kodak
Eastern Chem.
Guardian

Dow
Monsanto

Dow

Am. Color & Chem.

GAF

Martin Marietta
Maumee
Sherwin Williams

Rochaester, NY

Pequannock, NJ*
Hauppauge, NY*
Pequannock, NJ*

Midiand, MI
Sauget, IL

Midland, Mi

Lock Haven, PA
Rensselser, NY

Sodyeco, NC*
St. Bernard, OH"*
St. Bernard, OH*

3,6-Dichiorosalicylic acid Aceto Carlstadt, NJ
tnmont Corp. Caristadt, NJ*
2,6-Duodo-4-nitrophenot R.S.A. Ardsley, NY
3.5-Diiodosalicylic acid Morton Chem. Ringwood, iL*
RS.A. Ardsley, NY*
o-Fluoroanisole Ohn Rochester, NY
o-Fluorophenot Ohn Rochester, NY
Tetrabromobisphenol-A Dow Midland. Mi
Great Lakes El Dorado, AR
Velsicol St. Louis. MI
Tetrachiorobisphenol-A Dover Doves, OH*
*No langer produced at thes location
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TABLE A3. PRODUCERS OF CLASS Il ORGARIC CHEMICALS

Chemical Producer Location
3-Amuno-5-chloro-2- Allied Buftalo, NY*
hydroxybenzenesulfonic acid Nyanza Ashland, MA
Toms River Chem. Toms River, NJ
2-Amino-4-chloro-6-mitrophenol Nysnza Ashland, MA
o-Anisidine Am. Color and Chem. Lock Haven, PA
Am. Aniline Lock Haven, PA*
du Pont Deepwater, NJ
Monsanto St. Louis, MO*
Benzaldehyde Crompton and Knowles Fair Lawn, NJ
Dow Kalama, WA®
Frizsche Clifton, NJ*
Kalama Chem. Kalama, WA
Monroe Chem. Eddystone, PA
F Ritter Los Angeles. CA*
Stauffer Edison, NJ*
Nixon, NJ*
Tenneco Fords, NJ*
Garfield, NJ
uore €ast Rutherford, NJ
Veisicol Chattanooga, TN*
Bromobenzene Dow Midland, MI
Velsicol St. Louis, Mi*
o-Bromofluorobenzene Olin Rochester, NY
o-Chlorofluorobenzene Oflin Rochester, NY
3-Chloro-4-tlucronitrobenzene Olin Rochester, NY
3-Chioro-4-fluorophenol Olin Rochester, NY
4-Chloro-2-nitrophenot du Pont Deepwatsr, NJ*
Maumee St. Bernard, OH*

Chioropentatiuorobenzene

2.4-Dibromofluorobenzene

3.4-Drchioroaniine

{continued)

Sherwin Williams
Whittaker

Ohn

Blue Spruce
Chem Insecticide
du Pont

Martin Marietta
Monsanto
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St Bernard, OH*
San Diego, CA*

Rochester, NY

Bound 8rook, NJ
Edison, NJ*
Metuchen, NJ*
Deepwater, NJ
Sodyeco, NC*
Luling, LA
Sauget, IL*
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TABLE A3. (continued)

Chemical Producer Location
o-Dichlorobenzene Allied Syracuse, NY*
Chem. Products Cartersvilie. GA*
Dover Dover, OH*
Dow Midiand, M|
du Pont Deepwater, NJ*
Hooker Niagars Falls, NY*
Monsanto Sauget, 1L
Montrose Chem. Henderson, NV
Neville Chem. Sama Fe Springs, CA*
Olin Mcintosh, AL*
PPG Natrium, WV
Solvent Chem, Niagara Falls, NY
Maiden, MA*
Specialty Organics Irwindale, CA
Standard Chiorine Delaware City, DE
Kearny, NJ
3.4-Dichiorobenzaldehyde Tenneco Fords, NJ
3.4-Dichlorobenzotrichloride Tenneco Fords, NJ
3.4-Dichiorobenzotrifiuornde Tenneco Fords, NJ*
1.2-Dichloro-4-nitrobenzene Blue Spruce Bound Brook, NJ
Edison, NJ*
Chem. Insecticide Metuchen, NJ*
Martin Marietta Sodyeco, NC*
Monsante Sauget, iL*
Plastifax Gutlport, MS
3.4-Dichlorophenylisocyanate Mohay Chem. New Martinsville, SC
Ott Chem. Muskegon, MI*
3,4-Difluoroanitine Oflin Rochester, NY
o-Difluorobenzene Ofin Rochester, NY
1,2-Dihydroxybenzene-3,5- Sterling Drug New York, NY*

disulfonic acid, disodium salt

2,5-Dihydroxybenzenesultfonic
aod

2.5-Dihydroxybenzenesuifonic,

acid, potasstum salt
2.4-Dinitrophenol

2.4-Dinntrophenoxyethanol

{continued)

Eastman Kodak
Nease Chem.

Nease Chem.

Martin Marietta
Mobay

Hummel Chemn

Rochester, NY*
State College, PA"

State Collage, PA*

Sodyeco, NC
Bushy Park, SC

Newark, NJ*
South Plainfield, NJ
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TABLE A3. (continued)

Chemical

Producer

Location

3,5-Dinitrosahcylic acid

Fumanc acid

Hexabromobenzene

Hexachlorobenzene

Hexafluorobenzene

Maleic acvd

Maleic anhydnde

o-Nitroantsole

{continued)

Eastman Kodak
Hummel Chem

Saisbury Labs

Allved

Alberta Gas
Hooker
Monsanto**
Petro-Tex
Plizer
Reichold
Stepan Chem.
Tenneco

US Steel

Velsicol
Dover

Hummel Chem.

Stautfer

PCR
Whittaker

Altied

Eastman Kodak
Pfanstiehl Labs

Allied
Amoco
Astand
Chevron
Koppers

Petro-Tex
Monsanto
Reichhold

Standard O of Indiana
{see Amoco above)

Tenneco

U.S. Steel

du Pont
Moansanto
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Rochester, NY
Newark, NJ*

South Plainfield, NJ*
Charles City, IA

Buftalo, NY*
Moundswilie, WV*
Dujuth, MN
Arecibo, PR

St. Lows, MO
Houston, TX®
Terre Haute, IN
Morris, 1IL*
Fieidsboro, NJ*
Garfield, NJ
Neville Island, PA

St. Lowss, MI
Dover, OH*

Newark, NJ*
South Plainfield, NJ*
Lousviile, KY*

Gainesville, FL
San Diego, CA*
Lowswvtite. KY*

Buffalo, NY*
Marcus Hook, PA
Moundsville, WV*
Rochester, NY*
Waukegan, iL

Moundsville, WV*
Joliet, IL

Neal, Wv
Richmond, CA*
Bridgeville. PA
Cicero, I
Houston, TX*

St Ltows, MO
Ehzabeth, NJ
Morris, 1L

Fords, NJ
Nevilte Istand, PA

Deepwater, NJ

Sauger, IL*
St touis, MO
L4
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TABLE A3. (continued)

Chemicsl Producer Location
2-Nitro-p-cresol Sherwin Williams Chicago, 1.
du Pont Deespwater, NJ*
o-Nitrophenat Monsanto Sauget, IL
du Pont Deepwater, NJ
Pentabromochiorocyciohexane Dow Midland, M)
Pemtabromoethylebenzene Hexcel Sayreville, NJ
Pentabromotolvene White Chem. Bayonne, NJ
Pentachioroaniline Olin Rochester, NY
Pentafivoroaniline Whittaker San Diego, CA"
o-Phenetidine Am. Aniline Lock Haven, PA®
Monsanto St. Louis, MO*
Phenot [from chiorobenzene) Dow Midiand, Mt*
Hooker North Tonawanda, NY*
South Shore, KY*
Union Carbide Marietta, OH*
1-Phenol-2-sulfuric acid, Altied Buffalo, NY
formaldehyd ¢ Diamond Shamrock Ceadartown, GA®
fohm and Haas Philadelphia, PA
Phenyl ether Dow Midiand, M1
Fritzsche Clifton, NJ*
Monsanto Chocolate Bayou, TX
Phthalic anhydride Allied Buffalo, NY*
Chicago, IL*
El Segundo, CA
Frankford, PA®
tronton, OH*
BASF Wyandotte Kearny, NJ
Chevron Perth Amboy, NJ*
Richmond, CA
Commonwealth Oil Penueiss, PR*
Conoco Hebronville, MA*
Exxon Baton Rouge, LA
W. R. Grace Fords, NJ*
Hooker Arecibo, PR
Koppers Bridgevitie, PA
Chicago, IL*
Cicero, L
Monsanto Bridgeport, NJ
Chocolate Bayou, TX*
St. Lauis, MO*
Texas City, TX
{continved)
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TABLE A3. (continued)

Choemicsl Producer Location
Reichhold Azusa, CA*
Elizabeth, NJ*
Morris, IL*
Sherwin Williams Chicago, IL*
Phihalic anhydnde Stand. Oil Co Cal
{continued) {see Chevron}
Stepan Chem Elwood, L
Miiisdale, IL*
Union Carbide Institute, WV*
South Charleston, SC*
U.S. Steel Neville isiand, PA
Witco Chem. Chicago, IL.*
Perth Amboy, NJ*
Picrsc acrd Allied Buffalo, NY*
du Pont Deepwater, NJ*

Humme! Chem.

South Plaintieid, NJ*

Martin Marietta Sodvyeco, NC
Sodwum picrate Hummet Chem. South Plamfield, NJ
Martin Marietta Sodyeco, NC*
Northrop Asheville, NC
Tetrabromophthalic anhydride Velsicol St. Lowis, MI
1.2,4,5-Tetrachiorobenzene Dover Dover, OR*
Dow Midland, Mi
Hooker Niwagara Falls, NY*
Solvent Chem. Maiden, MA*
Standard Chlotine Delaware City, DE
Tetrachlorophthalic anhydride Hooker Niagara Falls, NY
Monsanto** Bridgeport, NJ
Tetrafiuvoro-m-phenylenediamine Whataker San Diego, CA”
Tribromobenzene Velsicol St. Lows, MI*
Northrop Asheville, NC
1.2.4-Tnchlorobenzene Chris Craft Newark, NJ*
Dover Dover, OH"®
Dow Midiand, M!
Hooker Niagara Falls, NY*
Neville Chem. Santa Fe Springs, CA*
Sobin Chems. Newark, NJ*
Solvent Chem. Malden, MA*
Standard Chiorine Delaware City, DE
Kearny, NJ*
Sun Chem. Chester, SC*
2,4.6-Tninitroresorcinol Nosthrop Ashewviite, NC
Olin East Alton, IL
*No longer produced at thes |
**Possibly two plants
314
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TABLE A4. ALPHABETICAL LIST OF ORGANIC CHEMICAL PRODUCERS

Producer Location

Chemical {class)

Aceto Chem. Co., Inc. Carlstadt, N.J
126-02 Northern Bivd,
Flushing. NY 11368
Arsynco, Inc. Subsid.

Alberta Gas Chems., Inc. Duluth, MN
Address not available

Aldrich Chem. Co., Inc. Milwaukee, W1
940 West St. Paul Av.
Milwaukee, WI 53233

Alfied Chem. Corp. Buffalo, NY
Columbian Rd. and Park Av.
Morristown, N.J 07960

Chicago, I

El Segundo, CA
Frankford, PA
fronton, OH
Marcus Hook, PA
Moundsville, WV

Syracuse, NY
American Aniline Lock Haven, PA
Products, Inc.
25 Mclean Bivd.
P.O. Box 3063

Paterson, NJ 07509
Owned by Pepsi, inc. §2%
and Kopper Co.. Inc., 48%

American Color and Chem. Lock Haven, PA
Corp.
11400 Westinghouse Bivd.
P.O. Box 1688
Charlotte, NC 28201

Amoco Chems. Corp. Johet, IL
200 E. Randolph Dr.
Chicago, IL 60601
Affiliate of Standard Oil Co.,
indiana

(continued)
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3,6-Dichiorosalicytic acid (i)

Fumaric acid (W)

2.4-Dichlorophenol {1)*
2 6-Dichlorophenol {1}
3,4-Dichlorophenol

3-Amino-5-chloro-2-
hydroxybenzenesuifonic
acid (H)*

Fumaric acid (#))*

Maleic acid (ili)*

1-Phenol-2-sulfonic acid,
formaldehyde condensate
[

Phthalic anhydride {I)*

Picnic acid (it)*

Phthalic anhydride (it)*

Phihalic anhydride (i})

Phthalic anhydride (I1l)*

Phthalic anhydride (I)*

Maleic acid (It}

Fumaric acid {ilh)*

Maleic acid (IH)*

Maleic anhydride {Ill)*

o-Dichlorobenzene (I1))”

o-Anisidine (M)*

o-Anisidine (lif)
4-Chiororesorcinol (1)

Maleic anhydride (1)

-—-——-*-—_—

Sunei o an s
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TABLE A4. (contnued)
Producer Loeation Chemical {class)
Arsynco See Aceto
Ashiand Oil, inc. Neal, WV Maleic anhydnide (1)
1409 Winchester Av
P O Box 391
Ashiand, KY 41101
BASF Wyandotte Corp. Kearny, NJ Phthalic anhydrnide (i)

100 Cherry Hili Road
Parisppany, NJ 07054

Biue Spruce Co
1390 Vailey Road
Stirhng, NJ 07980

Chemucal insecticide Corp.
30 Whitman Av.
Metuchen, NJ 08840
No current address

Chemical Products Corp.
48 Atlanta Road
Carterswille, GA 30120

Chevron Chem Co
575 Market Street
San Francisco, CA 94105
Subsid Standard Oil Co
of California

Chris Craft Industry, Inc
600 Madison Av
New York, NY
See Montrose Chem

Commonweaith Oil Refining
Co.Inc
425 Park Av
New York, NY 10017

Continental Oil Co (Conoco}
Petrochemicals Dept.
Saddle Brook, NJ 07662

Crompton and Knowles
Corp
345 Park Av
New York, NY 10022

{continued)

Bound Brook, NJ

Edison, NJ

Metuchen, NJ

Cartersville, GA

Richmond. CA

Perth Amboy, NJ

Newark, NJ

Penuelas, PR

Hebronwvitle, MA

Fair Lawn, NJ
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3.4-Dichloroandine (i)

1,2-Dichioro-4-
nitrobenzene ()

3.4-Dichloroaniline {RH)*

1,2-Dichloro-4-nitrophenot
oy

3.4-Dichioroamhne (H1)*
1.2-Dichloro-4-
nitrobenzene (Ii)*

o-Dichiorobenzene (iH)*

Maleic anhydnide (i1)*
Phthahc anhydride (i)
Phthalic anhydnide (IH)*

1.2.4-Trichlorobenzene (11)*

Phthalic anhydnide {IH)*

Phthahic anhydnde (I}

8enzaldehyde (W1}

DEP\DAO120365



TABLE A4. (continued)

Producer Location Chemical (class)

Diamond Shamrock Corp.  Cedartown, GA 1-Phenoi-2-sulfonic acid,
1100 Superior Av. formaldehyde condensate
Cieveland, OH 44114 ny*

Newark, NJ 2.4-Dichlorophenol {()*

Dover Chem. Corp. Dover, OH o-Dichlorobenzene (Il)*
West 15th St Hexachlorobenzene (IH)*
Dover, OH 44622 1.2,4 5-Tetrachlorobanzene
Affiliate of ICC Industries, ("

Inc. Tetrachlorobisphenol-A {11)*
1.2.4-Trichiorobenzene (H1)*

Dow Chem. U S.A Kalama, WA Benzaldehyde {I)*

2020 Dow Center Midiand, Mi o-Chlorophenot (i)
Midiand, Mi 2-Chloro-4-phenyiphenol (i)

E.l. du Pont de Nemours
and Co., Inc.
1007 Market St.
Wilmington, DE 19898

Eastern Chem Corp.
Now Eastern Chem. Div.
of Guardian Chem Corp

Eastman Kodak Co
343 State St
Rochester, NY 14650

Exxon Corp.
1251 Av of the Amencas
New York, NY 10020

{continued)

Deepwater, NJ

Pequannock, NJ

Rochester, NY

Baton Rouge, LA

37

2,4-Dibromophenot (1)

o-Dichiorobenzene (II)

2,4-Dichlorophenol {1)

Pentabromochlorocyclo-
hexane (1}

Phenol {li*, **

Phenyl ether (M)

Tetrabromobisphenol-A ()

1.2,4,5-Tetrachlorobenzene
(L))

2,4,6-Tribromophenol (1)*

1,2, 4-Trichlorobenzene (I}

o-Anisidine {iIh)
4-Chioro-2-nitrophenol (il)*
3.4-Dichloroaniline (1)
o-Dichlorobenzene (lil)*
2-Nitro-p-cresol (IH)*
o-Nitrophenol (I1)*
o-Nitroamsole (i)

Chiorohydroquinone (il)*
2,4,6-Tribromophenol (1)*

o-Bromophenol (1}
Chiorohydroquinone (i}
2,5-Dihydroxybenzene-

sulfonic acid (IH}*
2.5-Dinitrosalicytic acid (tif)
Maleic acd (W)*

Phthalic anhydride ()

TR
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TABLE A4. {continued)

Producer Location Chemical (class)

Fairmount Chem Co., inc Newark, NJ 2-Chloro-1,4-diethoxy-5-
117 Blanchard St. nitrobenzene (It)
Newark  NJ 07106

Fritzsche Dodge and Olcott, Chfton, NJ Benzaldehyde (iN)*

nc.
76 Ninth Av.
New York, NY 10011

GAF Corp.
140 West 51st St
New York, NY 10020

W. R. Grace and Co.
7 Hanover Square
New York, NY 10005

Great Lakes Chem. Corp.
Hwy. 52, Northwest
West Lafayette, IN 47906

Guardian Chem. Corp.
230 Marcus Bivd.
Hauppauge, NY 11787

Hexcel Corp
11711 Dublin Bivd.
Dublin, CA 94566

Hooker Chem. Corp
1900 St. James Place
Houston, TX 77027
Subsid. Occidental
Petroluem Cormp.

Hummel Chem. Co., Inc.
P.0. Box 250
South Plainfield, NJ 07080

{continued)

Rensselaer, NY

Fords, NJ

E! Dorado, AR

Hauppauge, NY

Sayerville, NJ

Arecibo, PR

Niagara Falls, NY

North Tonawanda, NY
South Shore, KY

Newark, NJ

South Plainfieid, NJ
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Phenyl ether {I)*

2-Chioro-1,4-diethoxy-5-
ntrobenzene (i)

5-Chioro-2,4-dimethoxy-
anmline (it)

4.Chlororesorcinol (i)

Phthaiic anhydride (lI1)*

Decabromophenoxy-
benzene ()
Tetrabromobisphenol-A {il}

Chiorohydroguinone {i1)*
2,4,6-Tribromophenol {1)

Pentabromoethylbenzene
(1)

Fumaric acid (1)

Phthalic anhydnide {1}

a-Dichlorobenzene (HI)*

Tetrachlorophthalic
anhydride (l1)*

1.2,4 5-Tetrachlorobenzene
({1}
1.2,4-Trichlorobenzene {IH)*

Phenol (Iily*, **

Phenol (lil)*, **

2 4-Dinitrophenoxyethanol
iy

3.5-Dinitrosalicylic acid {Il)*

Hexachiorobenzene {W1)*

Picric acid (M1)*

2,4-Dintrophenoxyethanol
[{1))

3.5-Dinitrosalicylic acid{ith)*

Hexachlorobenzene {iil)*

Picric acid (H)*

Sodium picrate (1}
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TABLE A4. (continued)

Producer Location Chemicsl {class)
1ICC Industries
See Solvent Chem.
inmont Corp. Caristadt, NJ 3,6-Dichlorosaticylic actd

1133 Av of the Americas
New York, NY 10036
Subsid. of Carrier Corp

international Minerat
and Chem. Corp.
IMC Plaza
Libertywiile, iL 60048

Kalama Chemc, Inc.
The Bank of California
Center
Surte 1110
Kalama, WA

Kopper Co., inc.
Koppers Bldg
Pittsburgh, PA 15219

Martin Manetta Corp.
6801 Rockledge Dr.
Bethesda, MD 20034

Maumee Chem. Co.
Presumed to be acquired
by Sherwm Williams
Address not available

Mobay Chem. Co.
Penn Lincoln Pkwy. West
Pittsburgh, PA 15205

Nontoe Chem. Co.
Saville Av. at 4th S1.
Eddystone, PA
Subsid. of Kaiama Chem,
fnc {see Katama)
{continued)

NOTE: Caristadt Plant
listed under Interchem-
ical Corp. which was

acqured by
Inmont Corp.

Newark, NJ

Kalama, WA

Bridgeville, PA

Chicago, IL
Cicero, IL

Sodvecs. NC

St. Bernaid, OH

New Martinsville, WV

€ddystone, PA

319

(L0

1,2,4-Trichlorobenzene (1))*

Benzaldehyde (iif)

Maleic anhydride (llf)
Phthalic anhydride (i)
Phthahic anhydride (H1)*
Maleic anhydride (il)*
Phthalic anhydride (I}

2,6-Dibromo-4-nitropheno!
(il
3.4-Dichioroaniline ({tt)*
1,2-Dichlorosniline (#1)*
1,2-Dichloro-4-pitro-
benzene {IH)*
2.4-Dinitrophenol (}i}
Picric acid (M) ’
Sodium picrate (ii))*

2,6-Dibromo-4-nitrophenol
m*
4-Chloro-2-nitrophenol (I11)*

3.4-Dichlorophenyliso-
cyanate {iH)
2,4-Dinitrophenol (i)

Benzaldehyde (Ith)

st O st

e e

RN
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TABLE A4.

{continued)

Producer Location Chemical {class)
Monsanto Co. Bridgeport, NJ Phthalic anhydride (I)
800 North Lindbergh Bivd, Tetrachlorophthalic
St. Louis, MO 83166 anhydride (i)
Chocolate Bayou, TX Phenvyl ether (I}

Mensanto {contnued)

Montrose Chem. Corp.
of California
2401 Morris Av
PO Box E
Union, NJ 07083
Jointly owned by
Chris Craft Industries, Inc.
and Stautfer Chem Co.

Morton Chem. Co., Div.
Morton-Norwich Products,
inc.

110 North Wacker Dr
Chicago, . 60606

Nease Chem Co, Inc.
P.O. Box 221
State College, PA 16801

Neville Chem Co.
Nevilie Istand
Pittsburgh, PA 15225

Northrop Corp.
1800 Century Park, East
Los Angeles, CA 80067

{continued)

Luling LA

Sauget, IL

St. Louss, MO

Texas City, TX
Henderson, NV

Ringwood, IL

State College, PA

Santa Fe Springs, CA

Asheville, NC

320

Phthalic anhydride {Ill)*
3.4-Dichloroaniine (i)

o-Chlorophenot (i}
3.4-Dichloroaniline (Hi)*
o-Dichlorobenzene (il
1.2-Dichlor-4-nitrobenzene
()
2,4-Dichiorophenot (1}
o-Nitroamsole (lll)*
o-Nitrophenol (i)
o-Anisidine (I)*
Fumanic acid (Il)
Maleic anhydride {ii)
o-Nitroanisole {I1)
o-Phenetidine (Il)*
Phthalic anhydnde {ii1)*
Phthahc anhydnide ()i1)*

o-Oichlorobenzene (M)

3.5-Duodosalicyhc acid {it)*

2.5-Dihydroxybenzene-
sulforic acid (Ilf)*

2.5-Dihydroxybenzene-
sulfonic acid, potassium
sait ()"

o-Dichlorobenzene (IIt}*
1.2,4-Trichiorobenzene {ilf)*

Sodium prcrate (1H)
Tribromobenzene (IH)
2,4,6-Trinitroresorcinol (M)

DEP\DA01203€9



TABLE A4. (continued)

Producer Location Chemical (class)
Northwest Industnes
{See Velsicol)
G 300 Sears Tower
Chicago, IL 60606
Nyanza, Inc. Ashiand, MA 3-Amino-5-chloro-2-
200 Sutton St. hydroxybenzenesulfonic
North Andover, MA 01721 (4]
2-Amino-4-chloro-6-
nstrophenol (i1}

Occidental Petroleum Corp.
{See Hooker)
10889 Wiishire Bivd.
Suite 1500
Los Angeles, CA 90024

Olin Corp. East Alton, IL
120 tong Ridge Rd. Mcintosh, AL
Stamford, CT 06904 Rochester, NY

Ou Chem. Co.
See Stary Chem.

PCR, Inc. Gamnesville, FL
P.0. Box 1466
Gainesviile, FL 32602

Petro-Tex Chem. Corp Houston, TX
8600 Park Place
Houston, TX 77017
Jointly owned by
FMC Corp. and Tenneco.
Inc.

Pfister Chem, inc. Newark, NJ
Linden Av
Ridgefield. NJ 07657
Ridgefeld, NJ

{continued)

321

2.4.8-Trinitroresorcinol {il)*
o-Dichlorobenzene {iif)*
o-Bromofiuorobenzene (1)
o-Chlorofluorobenzene (itl)
3-Chloro-4-fluoronitro-
benzene (111}
2-Chloro-4-fluorophenol {I)
3-Chioro-4-fluorophenot (I}
2,4-Dibromofluorobenzene
()
3.4-Difluoroaniline ()it}
o-Diffuorobenzene (lif)
o-Fluoroanisole {H}
Pentachloroanitine (1)

Hexafluorobenzene (1Il)

Fumaric acid {(1H)*
Malesc anhydride {ili)*

2-Chiloro-1,4-diethoxy-5-
nrobenzene {l1)*

5-Chioro-2.4-dimethoxy-
aniline (lt)*

&-Chioro-2,4-dimethoxy-
aniline {if)

o RIS Sy
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TABLE A4.

{continued)

Producer

Locstion

Chemical {class)

Pfizer, inc.
235 East 42nd St.
New York, NY 10017

Plastifax, nc.
indust. Seaway Bivd.
P.O. Box 1056
Guliport, MS 39501

PPG industries, Inc.
One Gatewsy Center
Pittsburgh, PA 16222

Reichhold Chems.. Inc.
RCI Bldg.
White Ptains, NY 10603

Rhodia, inc.
600 Madison Av.
New York, NY 10022

F. Ritter and Co.
4001 Goodwin Av.
Los Angetes, CA 30039

Rohm and Haas Co.
independence Mall West
Phitadeliphia, PA 19105

R.S.A. Corp.
690 Saw Ml River Road
Ardsiey, NY 10502

Salsbury Labs
2000 Rockford Road
Charles City, 1A

Sherwin Williams Co.
101 Prospect Av.
Cieveland, OH 44101

Sabin Chems. Inc.
See International Minerals
and Chemicals Corp.
{continued)

Terre Haute, IN

Gulf Port, MS

Natrium, WV

Azusa, CA
Elizabeth, NJ

Morris, 1L

Freeport, TX

Los Angeles, CA

Phifadelphia, PA

Ardsley, NY

Charles City, IA

Chicago, L

St. Bernard, OH

322

Fumaric acid (Ilh)

1.2-Dichloro-4-nitro-
benzene (li1)

o-Dichlorobenzene (W)

Phthalic anhydride {lli}*
Maleic anhydride ()
Phthalic anhydride {1ll)*
Fumaric acid (th)*
Maleic anhydride (lil}
Phthatlic anhydride (IM)*

2,4-Dichiorophenol (I}

Banzaldehyde (iif)*

1-Phenol-2-sulfomc acid,
formaidehyde condensate
)

Bromophenetole {ll)
o-Bromopheno (1}
2,6-Diiodo-4-nitropheno! {11}
3,5-Diiodosalicylic acid (Il)*
Pentabromophenol {)*
2,4,6-Tribromophenof ()"

3.5-Dinitrosalicychic acid (Hl)

2-Nitro-p-cresol (Ill)
Phthalic anhydride {i#I)*
2.6-Dibromo-4-mtrophenot
(L
4-Chloro-2-nitrophenol (I11)*
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TABLE A4. (continued)

Chemicat {class)

Producer Location
Solvent Chem. Co., Inc. Malden, MA
720 Fitth Av.

New York, NY 10011
Affihate of ICC Industries
Niagara Falls, NY

Specialty Organics, Inc. Irwindale, CA
5263 North Fourth St
lrwindaie, CA 91706

Standard Chiorine Chem. Delaware City, DE

Co., Inc.
1035 Betleville Turnpike
Kearny, NJ 07032
Kearny, N.J

Standard Oit Co. (California)
{See Chevron)
575 Market St
San Francisco, CA 94105

Standard O1l Co (indiana)
{See Amoco)
910 South Michigan Av
Chicago, IL 60605

Standard Oi) Co. {New Jersey)

{See Exxon)
Stauffer Chem. Co. Edison, NJ
Westport, CT 06880 Nixon, NJ
Louiswville, KY
Stepan Chem Co Eiwood, 1L
Edens and Winnetka Rd.  Fieldsboro, NJ
Northfield, IL 60093 Millsdale, IL
Stering Drug, Inc. New York, NY
80 Park Av.
New York, NY 10016
Story Chem Corp Muskegan, MI
500 Agard Rd

Muskegan, Mt 49445
Ott Chem Co., Dw.

Sun Chem Corp Chester, SC
Box 70
Chester. SC 29706

{continued)

323

o-Dichlorobenzene (H1)*
1,2,4.5-Tetrachiorobenzene
[y
1.2.4-Trichlorobenzene (IN)*
o-Dichlorobenzene (li})

2,3-Dichtorophenol (I}
2,6-Dichiorophenol (1)
o-Dichiorobenzene (i)

o-Dichlorobenzene (i)
1.2,4,5-Tetrachlorobenzene
{Ht)
1.2,4-Trichlorobenzene (i)
o-Dichiorobenzene (H})
1.2,4-Trichlorobenzene (itl)*

Benzaidehyde (#1)*
Benzaldehyde (11))*
Hexachlorobenzene (Ni)*

Phthalic anhydride (i)
Fumaric acd (1ll)*
Phthalic anhydnde (lil)*

1.2-Dihydroxy-3,5-
disulfonic acid, disodium
sah ()"

3.4-Dichlorophenyliso-
cyanate (HI)*

1,2,4-Tnchiorobenzene {iit)*

PRSI
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270 Park Av
New York, NY 10017

UOP, Inc.
Ten UOP Plaza
Algonquin and
Mt. Prospect Roads
Des Plaines, IL 60016

U.S. Steel Corp
Sixth and Grant
Pinsburgh, PA 15230

Velsicol Chemn Corp.
341 East Ohio St
Chicago, . 60611
Subsid. of Northwest
industries, Inc.

{continued)

East Rutherford. NJ

Naville island, PA

Beaumont, TX

Chattanooga, TN
St Louis, Mi

324

TABLE A4. (continued)
Producer Location Chemical (ciass)
Tenneco Chems. Co. Fords, NJ Benzaldehyde (iti)”
Park 80 Plaza, West 3.4-Dichlorobenzaidehyde
Saddie Brook, NJ 07662 ()
Part of Tenneco, inc. 3.4-Dichlorobenzotri-
chloride (II})
3.4-Dichlorobenzotri-
fluoride (IH)*
Maleic anhydride {ill)
Garfield, NJ Fumaric acid (ii1)
Benzaidehyde (1)
Yoms River Chem. Corp. Toms River, NJ 3-Amino-5-chloro-2-
P.0O. Box 71 hydroxybenzenesulfonic
Toms River, NJ) 08753 acid ()
Owned by Ciba-Geigy 80%
and Sandoz AZ 20%
Transvasl, inc. Jacksonville, AR 2,4-Dichioropheno! (1)
Marshall Road
P.O. Box 69
Jacksonville, AR 72076
{Subsid. of Vertac}
Union Carbide Corp. Marietta, OH Phenol (W)*, **

Benzaldehyde (it}

Fumaric acid (i1}
Mateic anhydnde (i)
Phthalic anhydride (i1}

4-Bromo-2,5-dichioro-
phenol (1)
2,5-Dichiorophenol (1)
Benzaldehyde (I1)*
Hexabromobenzene {ill)*
Pentabromophenol (1)*
Tetrabromobisphenol—A (i1}
Tetrabromophthalic
anhydnde ()
Tribromobenzene (M)*
2,4,6-Tribromophenol {1)*
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TABLE A4. (continued)

Producer Location Chemicasl (class)
Vertac, Inc.
{See Transvaal)
2414 Clark Tower
Memphus, TN 38137
White Chem. Corp Bayonne, NJ 2,4-Dibr6mophonol (§)]
P.0. Box 278 Pentabromophenol {1)
Bayonne, NJ 07002 Pentabromatoluene (ilf)
2,4,6-Tnibromophenol {1}
Whittaker Corp San Diego, CA Hexafluorobenzene (IH1)*
10880 Wilshure Bivd. Pentativoroaniline (IH)*
Los Angeles, CA 90024 Chiloropentafluorocbenzene
({11}
Tetrafluoro-m-phenylene-
diamine (iI)*
Witco Chem. Corp. Chicago, L Phthalic anhydride (B1)*

277 Park Av
New York, NY 10017

Perth Amboy, NJ

Phthalic anhydride (I#1)*

*No longer produced at this location

**From chiorobenzene

325
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TABLE AS. FORMERLOCATIONS OF ORGANIC CHEMICAL PRODUCTION

Producer

Location

Chamical (class)

Aldnch

Allred

Frankford, PA

Am Aniline

Blue Spruce

Chem. Insecticide

Chem Products

Chevron

Chris Craft
Commonwealth Oit
Conoco

Dover

Diamond Shamrock

Dow

{continved)

Milwaukee, Wi

Buffalo. NY

Chicago, IL

Ironton, OH
Moundsville, WV

Syracuse, NY
Lock Haven, PA

Edison, NJ

Metuchen, NJ

Cantersvitie, GA

Richmond, CA
Perth Amboy, NJ

Newark, NJ
Penuelas, PR
Hebronville, MA

Dover, OH

Cedartown, GA

Midland, M

Katama, WA
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2,4-Dichiorophenol (I}

3-Amino-5-chloro-2 -hydroxy-
benzenesulfonsc acid (i)

Fumaric acid (1)

Malerc acid (M)

1-Phenol-2-sulfonic acid,
formaldehyde condensate (i}

Phthalic anhydride (1)1}

Phthalic anhydride (1)

Phthalic anhydnde (i)

Phthalic anhydride {Il})

Fumaric acid (11}

Maleic acid ()

Mateic anhydride (1i)

o-Dichlorobenzene ()

o-Anisidine (ill)

3.4-Dichioroanitine (It}
1.2-Dichloro-4-nitrobenzene {IM)

3.4-Dichioroaniline (1)
1,2-Dichloro-4-nitrobenzene (i)

o-Dichlorobenzene (It}

Maleic anhydride (ill)
Phithalic anhydride {IN)

1.2,4-Trichlorobenzene (i1}
Phthalic anhydride (M)}
Phthalic anhydride (Jil}

o-Dichlorobenzene (Hl}
Hexachlorobenzene (il})
1,2,4,5-Tetrachlorobenzene (li1)
Tetrachlorobispheno!-A {it)
Tetrachlorobisphenol-A (1)
1.2,4-Trichlorobenzene {IH)

1-Phenol-2-sulfonic acid,
formaldehyde condensate (Iil)

Phenol (ilij*
2.4,6-Tnibromophenol ()
Benzaldehyde {Iit)

DEP\DA0120375



-,

TABLE AB. (continued)

Producer

Location

Chemical (class

du Pont

Eastern Chem

{Currently Eastern

Deepwater, NJ

Pequannock, NJ

Chem. Div of Guardian}

Eastman Kodak

Frazsche

W.R Grace

. Guardian

Hooker

Hummel Chem

inmont
{formeriy

Interchesmical Corp }

Koppers

Martin Marietta

fcontinued)

Rochester, NY

Clifton, NJ
Fords, NJ
Hauppauge, NY

Pequannock, NJ

Niagara Falls, NY

North Tonawanda, NY
South Shore, KY

Newark, NJ

South Plainfield, NJ

Caristadt, NJ

Chicago, IL
Cicero, L

Sodyeco, NC

4-Chioro-2-rutrophenot (1)
o-Dichlorobenzene {IH)
2-Nitro-p-cresol (i}
o-Nitrophenol {tH)

Chiorohydroquinone (i)
2,4,6-Tnbromophenol ()

2.5-Dihydroxybenzenesulfonic
acid (I}
Maleic acid (1il)

Benzaldehyde {IN)
Phenyi ether (Iit}

Phthalic anhydride (3i1)

Chiorohydroguinone {il}
Chiorohydroquinone (il)
2.4,6-Tribromophenol {1}

o-Dichlorobenzene (i)

Tetrachlorophthalic anhydnde
{m

1,2.4,5-Tetrachiorobenzene (lii)

1,2,4-Trichlorobenzene (lif)

Phenol (hi)*

Pheno (til)*

2.4-Dinitrophenoxyethanol (i}
3.5-Drnitrosalicyhic acd (i)
Hexachlorobenzene (i)

. Picric acid (I)

3.5-Dinitrosalicylic acid {IN)
Hexachiorobanzene {lif}
Picric acyd {(IH)

3.5-Dichlorosahcylic acid (1)

Phthahc anhydnde (i)
Maleic anhydride {II)

2.,6-Dibromo-4-mtrophenol (i)
3.4-Dichloroaniline {ill}
1,2-Dichioro-4 -nitrebenzene {1}
Sodium picrate {Hl)

-

p

U

BP

\DAD 120

(3]
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TABLE AS5. (continued)
Producer Location Chemicasl {class)
Monsanto Chocolate Bayou, TX Phthalic anhydride {IH}
Sauget, iL 3.4-Dichloroanitine {It)
1.2-Dichioro-4-nitrobenzene {Hit)
o-Nitroanisole (i)
S1. Louis, MO o-Anisidine (lit}
o-Phenetidine (11l
Phthalic anhydride {IHI)
Morton Chem. Ringwood, IL 3,5-Diiodosaticylic acid {ll}
Nease Chem. State College. PA 2.5-Dihydroxybenzenesutfonic
acid (Hi)
2.5-Dihydroxybenzenesulfonic
acid and potassium salt (1)
Newilte Chem, Santa Fe Springs, CA o-Dichiorobenzena (Hl)}
1,2.4-Trichlorobenzene ()1}
Olin East Alton, IL 2.4,6-Trinitroresorcinol {1}
Mcintosh, AL o-Dichlorobenzene (I}
Petro-Tex Houston, TX Fumaric acid {IH)
Maieic anhydride ($iI)
Phister Newark, NJ 2-Chiorg-1,4-diethoxy-5-
nitrobenzene {I1)
5-Chloro-2.4-dimethoxyamline
(L))
Reixchhold Azusa, CA Phthahic anhydride (1))
Ehzabeth, NJ Phthahic anhydnde (#I)
Morrs, L Fumaric acid (1)
Phthalic anhydride (1)
£ Ratter Los Angeles, CA Benzaldehyde (Iil)
RSA Ardsley, NY 3.5-Driodosalicylic acid (M)
Pentabromopheno {1)
2.4,6-Tribromophenol (1}
Sherwin Williams St. Bernard, OH 2,6-Dibromo-4-nitrophenol (It}
4-Chloro-2-nitrophenot
nn
Phthahc anhydride (lil}
Sobin Chems Newark, NJ 1.2.4-Trichlorobenzene (iit)

{currently International
Minerals and Chems
Corp)

Solvent Chem Maiden, MA

{continyed)

328

o-Dichiorobenzene (Iif)
1,2,4,5-Tetrachlorobenzene (Iif)
1,2,4-Trichlorobenzene (i}

DEP\DA0120377



TABLE A5. (continued)

Producer Location Chemicsl (class)
Standard Chlorine Kearny, NJ 1.2,4-Trichlorobenzene (il
Stauffer Edison, NJ Benzaldehyde ()
Louisville, KY Hexachiorobenzene (1)
Nixon, NJ Benzaldehyde (lil)
Stepan Chem. Fieldsboro, NJ Fumaric acid {{ll)
Milisdale, 1L Phthalic anhydnde {iil)
Sterling Drug New York, NY 1.2-Dihydroxy-3,5-disuifonic
acid, disodium salt ()
Story Chem Muskegan, Ml 3.4-Dichlorophenylisocyanate
{t)
Sun Chem. Chester, SC 1.2.4-Trichtorobenzene (lit)
Tenneco Fords, NJ 3,4-Dichiorobenzotriftuoride (1i1)
Umon Carbide Marietta, OH Pheno! (iINy*
Velsicol Chattanooga, TN Benzaldehyde (W)
St Lous, Mt Hexabromobenzene {1}
Pentabromophenoi {l)
Tribromobenzens (i)
2.4,6-Tribromophenol {I)
Whittaker San Diego. CA Hexafluorobenzene (i)
Pentafluoroanifine (I}
Chioropentafiuorobenzene (i)
Tetrafluoro-m-phenylenedia-
mine (1)
Witco Chicago. IL Phthalic anhydnde {311}

Perth Amboy, NJ

Phthatic anhydrrde (i)

*rFrom chiorobenzene

329

R T AT RS AR

s SIS e ST
DEP\DANL20378



TABLE A6,

CLASSES | AND i

c
)
e

PRODUCERS OF PESTICIDE CHEMICALS,

Chemical Producer Location
Class |
Bifenox Mobil Mt. Pleasant, TN
Chlocanit Arapahoe Boulder, CO*
Uniroyal Naugatuck, CT*
2,4-D and esters and salts Amchem Ambier, PA
Fremont, CA
St. Joseph, MO
Chemical Insecticide Metuchen, NJ*
Corp.
Chempar Portland, OR"*
Diamond Shamrock Newark, NJ*
Dow Midiand, Mi
Fallek-Lankro Tuscaloosa, AL
Guth Chem. Hillside, IL*
impenial Shenandoah, 1A
Miller Chem. Whiteford. MD*
Monsanto Sauget, L*
PBI-Gordon Kansas City, KS
Rhodia N. Kansas City, MO*
Portiand, OR
St. Joseph, MO
St Paul, MN*
Riverdaie Chicago Hgts., iL

2,4-D8B and salts

Dicamba

Dicapthon

Dichlofenthion

Dimethylamine sait of dicamba

Disul sodium (sesone)

{continued)

Thompson Chem.
Thompson-Hayward
Transvaal
Woodbury

Amchem
Rhodia -

Velsicol

American Cyanamid

Mobile

PBi-Gordon

Amchem

330

St. Lowis, MO*
Kansas City, KS
Jacksonville, AR
Orlando, FL*

Ambler, PA

N. Kansas City, MO*
Portiand, OR

St. Joseph, MO

St. Paul, MN*

Beaumont, TX
Chattanaoga, TN*

Warners, NJ*

Charleston, SC*
Mt. Pleasant, TN®

Kansas City, KS

Ambter, PA*
Fremont, CA*
Linden, NJ*

St. Joseph, MO*

DEP\DA0120379
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TABLE A6. (continued)

Chemical Producer Location

GAF Linden, NJ*

Union Carbide Insutute and South

Charleston, WV*

24.0P Rhodia Portland, OR

Transvaal Jacksonwville, AR
Erbon Dow Mudland, Mi*®
Hexachlorophene Givaudan Clifton, NJ
isobac 20 Givaudan Clifton, NJ
Ritrofen Rohm and Haas Philadelptua, PA

Pentachlorophenol {PCP) and

and salts

Ronnel

Silvex and esters and salts

2.4,5-T and esters and salts

2.4,5-T and esters and salis

{continued}

2,3.4,6-Tetrachiosophenol

{continued)

Dow

Merck

Monsanto
Reichhold
Sonford Chemical
Vulcan Matenals

Dow

Dow

Guth Chemical
Milimaster Onyx
Riverdale
Thompson-Hayward
Transvaal

Amchem

Chemical Insecticide
Corp.
Chempar

Diamond Shamrock
Dow

Guth Chemical
Hercules

Mitimaster Onyx
PBI-Gordon
Riverdale
Thompson Chemical
Thompson-Hayward
Transvaal

Dow
Sonford

331

Midland, Ml
Hawthorne, NJ*
Sauget, IL
Tacoma, WA
Port Neches, TX*
Wichita, KS

Midland, M!

Midland, MI
Hillside, 1L*
Berkeley Hgts., NJ*
Chicago Hgts., iL
Kansas City, KS
Jacksonwiile, AR

Ambler, PA
Fremont, CA
St. Joseph, MO
Metuchen, NJ*

Portiand, OR*

Newark, NJ*
Midiand, Ml
Hillside, 1L*
Brunswick, GA*
Berkeley Hgts . NJ*
Kansas City, KS
Chicago Hgts., IL
St. Louis, MO*
Kansas City, KS
Jacksonwille, AR

Midiand, MI
Port Neches, TX®

[
 —————— R Y SRR
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TABLE A6. (continued)
Chemical Producer Location
2.4.5-Trichlorophenot Chemical insecticide Metuchen, NJ*
and salts Corp.
Diamond Shamrock Newark, NJ*
Dow Midland, Mi
GAF Linden, NJ*
Hercules Brunswick, GA®
Hooker Niagara Falls, NY*

2,4,6-Trichlorophenol

Class H

o0-Benzyl-p-chiorophenol

Bromoxynil and esters

Carbophenothion

Chiorothalonil
DCPA

Dichione

Dinitrobutylphenot,
ammonium salt

4,6-Dinntro-o-cresol and
sodium salt

foxymil

Lindane

MCPA ang derivatives

{continued}

N. Eastern Pharmacy
Transvaal

Dow

Monsanto
Reichhold

Amchem
Rhodia

Stauffer

Diamond Shamrock
Diamond Shamrock

Aceto
FMC
Uniroyal

Dow

Blue Spruce

Amchem
Rhodia

Hooker
Prentiss

Oiamond Shamrock
Dow

Fallek-Lankso

Guth Chemical
Monsanto

Rhodia

332

Verona, MO*
Jacksonville, AR

Midiand, MI

Sauget, IL
Tacoma, WA

Ambler, PA
Portland, OR
St. Joseph, MO

Coid Creek, AL*
Henderson, NV

Greens Bayou, TX
Greens Bayou, TX

Flushing, NY*
Middieport, NY
Naugatuck, CT*

Midiand, Mt
Bound Brook, NJ

Fremont, CA*
Portland, OR*

Niagara Falts, NY
Newark, NJ

Newark, NJ*
Midland, M!
Tuscaloosa, AL
Hiliside, IL*
Nitro, Wv*
Portiand, OR

DEP\DA(0120381



TABLE A6. (continued)

Chemical Producer Location
MCPB Amchem Ambler, PA
Fremont, CA
St. Joseph, MO
Dow Midiand, Mi*
Monsanto Sauget, IL*
Rhodia Portiand, OR
St Joseph, MO
Macoprop Cleary Somerset, NJ
Faltek-Lankro Tuscaloosa, AL
Morton Chem. Ringwood, IL*
PBI-Gordon Kansas City, KS
Rhodia Portiand, OR
St. Joseph, MO
Parathion Amencan Cyanamid Warners, NJ*
American Potash Hamilton, MS*
Los Angeles, CA*
Monsanto Anniston, AL
Stauffer M. Pleasant, TN®
Velsicol Bayport. TX*
PCNB Monsanto Sauget, IL*
Ohn Leland, MS
Mcintosh, AL
Rochester, NY*
Pipecohnopropy!-3.4- Eh Lilly Lafayette, IN
dichlorobenzoate
Piperahn Eii Ly Indianapols, IN*®
1afayette, IN
Propanil Blue Spruce Bound Brook, NJ
Eagle River Helena, AR
Monsanto Luting, LA*
Sobin Chemucal Newark, NJ
Tetradifon FMC Baltimore, MD"*
2,3.6-Trichiorobenzotc acid Amchem Ambler, PA
Fremont, CA
St. Joseph, MO
du Pont Deepwater, NJ*
Tenneco Fords, NJ*
2,3,.6-Trichlorophenyl acetic Amchem Ambler, PA
actd and sodium salf Fremont, CA
St Joseph, MO
Tenneco Fords, NJ*
Truodobenzoic acd Amchem Ambler, PA
Matlinckrodt Raleigh, NC*

*No longer produced at this location

333

[ o ]
]
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TABLE A7. ALPHABETICAL LIST OF PESTICIDE CHEMICAL PRODUCERS

Producer Location Chemical (class)
Aceto Chem, Co., Inc.  Flushing, NY Dichione (I}*
Alco Standard Corp.
{see Milier Chem.}
Amchem Products, Inc. Ambler, PA 2,4-D and esters and salts (1)
Brookside Av 2,4-DB and salts {)
P.O. Box 33 Disul sodium {})*
Ambler, PA 195002 2.4,5-T and esters and salts {{)
{Subsid. of Union Bromoxynil and esters (i)
Carbide) MCPS8 (i)
2,3,6-Trichiorobenzoic acid and
salt (I}
Triiodobenzoic acid (i)
Fremont, CA 2,4-D and esters and salts ()}
Disul sodium (1)*
2,4,5-T and esters and salts (1)
foxynil (11}*
MCPB (ll}*
2,3,6-Trichiorophenyl acetic
acid, sodium sait (i)
Linden, NJ Disul sodium (1)*
St. Joseph, MO 2,4-D and esters and salts {1)
Disul! sodium (i)*
2,4.5-T and esters and salts 1)
MCPB (i)
2.3,6-Trnichlorobenzoic acwd (i}
2,3,6-Trichlorophenyl acetic
acid, sodium sait {l)
Amerncan Cyanamid Co. Warners, NJ Drcapthon (H*
Berdan Av. Parathion {Hl)*
Wayne, NJ 07470
American Potash and  Hamilton, MS Parathion (1)*

Chem. Corp.

Kerr-McGee Chem.

Corp.
Kerr-McGee Center
Okiahoma City, OK

73125

Arapahoe Chem. Div.

Syntex Corp.

3401 Hillview Av,
Palo Alto, CA 94304

Biue Spruce Co.

Stirling, NJ 07980

{continued)

Los Angeles, CA

Boulder, CO

Bound Brook, NJ

334

Parattuon {(l1)*

Chiorans! (1)*

4,6-Dinitro-o-cresot and sodium
sait (I})
Propanil (11)

DEP\DA(C120383
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TABLE A7. (continued)

Producer Location

Chemical (class)

Chemical Insecticide Metuchen, NJ
Corp.
30 Whitman Av
Metuchen, NJ 08840
(1971 address)

Chempar Chem. Co.,- Portland, OR
inc
(address not available)

W. A. Cleary Somerset, NJ
1049 Somerset St.

Somerset, NJ 08873

Diamond Shamrock Greens Bayou, TX
Corp
1100 Superior Av.
Cleveland, OH 44114

Newark, NJ

Dow Chemucail U.S.A Mudland, Ml

E | du Pontde
Nemours and Co., Inc
1007 Market St
Wilmington, DE 19898

Deepwater, NJ

Eagle River Chemicals Helena, AR
Co

Helena, AR 72342

{Subsid of Vertac, inc)

Eh Lidly and Co. indianapohs, IN
740 S. Alabama St Lafayette, IN
Indianapolss, IN 96206 .

{conunued}

335

2,4-D and esters and salts ({}*
2,4.5-T and esters and salis {I)*
2.4.5-Trichlorophenol (1)*

2.4-D and esters and salts {i)*
2,4,5-T and esters and sakhs {1)*

Mecoprop {Ii)

Chlorothalonit (1)
DCPA (11}
2.4-D and esters and salts ()*
2,4,5-T and esters and
salts (I)*
2.4,5-Tnchiorophenol and salts
m*
MCPA y*

2,4-D and esters and salts (1}

Dinitrobutylphenol ammonium
salkt (W)

Erbon (I)*

MCPA and derivatives (I}

MCPB (i)* T

Pentachliorophenol and saits (1}

Ronnet (1) '

Silvex and esters and sals {l)

2,4.5-T and esters and salts ()

2.4,5-Trichlorophenol {1}

2,4,6-Tnchlorophenol (1)

2,3,6-Trichlorobenzoic acid and
salts (M)*

Propanit (It}

Piperatin (I1}*

Pipecolinopropyl-3.4-dichloro-
benzoate (1)

Piperahn (i)

. —————
R
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TABLE A7. (continued)
Producer - Location Chemical {class)
FMC Corp. Baltimore, MD Tetradifon {1)*
One IHinois Center Middleport, NY Dichione (l)
200 East Randoiph Dr.
Chicago, IL 60601
Falek-Lankro Corp. Tuscaioosa, AL 2,4-D and esters and salts (1)

P.O. Box H
Tuscaloosa, AL 35401
(Joint venture of Fallek
Chem. Corp. and
Lankro Chem. Group
Lid [UK])

GAF Corp Linden
140 West 51st St.
New York, NY 10020

Gwaudan Corp Citton, NJ
100 Delawanna Av.

Chfton, NJ 07014

(Aflihate of

t_ Givaudan and

Cee {Swatz.]}

Guth Chemical Co. Hiliside, IL
P.0 Box 302

Naperville, 1L

Gutf Oul Corp.

{see Milimaster Onyx)
Hercules, Inc Brunswick, GA
910 Market St.

Wilmington, DE 19899

Hooker Chemicat Corp. Niagara Falls, NY
1900 St James Pl.

Houston, TX 77027

{Subsid of Occidental

Petroleum Corp }

tmpenial, Inc Shenandoah, 1A
West 6th and Grass
Streets

Shenandoah, 1A

Malhinckrodt, Inc.
675 Brown Rd.
P 0. Box 5840
St. Louis, MO 63134

Raleigh, NC

{continued)

MCPA and derivatives (il)
Mecoprop {1}

Disul sodium (1)*
2,4,5-Trichlorophenol and saits
e

Hexachiorophene (I}
isobac 20 {})

2,4-D and esters and salts (I)*
Silvex and esters and salts {1)*
2,4.5-T and esters and salts ({I}*
MCPA au®

2,4,5-T and esters and salts (1)*
2,4,5-Trichlorophenot and salts
LU

2,4,5-Trichlorophenol and salts
m*
Lindane {ii}

2,4-D and esters and salts (1)

Trunodobenzoic acid (U)*

DEP\DAD120385



TABLE A7. (continued)

Producer Location

Chemicsl (class)

Merck and Co., Inc Hawthorne, NJ
126 East Lincoin Av.
Rahway, NJ 07065

Mitler Chem. and Fenz. Whiteford, MD
Corp.
Subsid. of Alco
Standard Corp.
Valley Forge, PA 19481

Milimaster Onyx Group Berkeley Hgts., NJ

99 Park Av.
New York, NY 10016
{Part of Guif Ou Corp }

Mobil Chem Co. Charleston, SC
Phosphorus Div Mt Pleasant, TN
P O. Box 26638

Richmond, VA 23261
{Dw of Mobil Corp.}

Monsanto Co Annsston, AL
800 North Lindbergh  Luhing, LA
Blvd Nitro, WV
St Lows, MO 63166 Sauget, IL
Monsanto Co.
{continued)
Morton Chem Co Ringwood, 1L
Dw of
Morton-Norwich
Products, Inc.
100 North Wacker Dr.

Chicago, iL 80608

Nosth Eastern Pharma- Verona, MO
ceutical and Chem. Co.
P.O. Box 270
Stamford, CT 06804

Gecdental Petroleum
Corp. (see Hooker)

Olin Corp Leland, MS

120 Long Ridge Rd. Mcintosh, AL
Stanford, CT 06904  Rochester. NY

{continued)

33

Pentachiorophenot and salts (*

2,4-D and esters and salts {I)*

Silvex and esters and salts (I)*
2.4,5-T and esters and sahs {)}*

Dichlofenthuon (h*
Bifenox {l)
Dichlofenthion (1)*

Parathion (i)

Propart {i1)*

MCPA (i1)*

2,4-D and esters and salts {i)*

Pentachiorophendt and salts (1)
o0-Benzyl-p-chiorophenot {Ii}
Mmces ()

PCNB ()"

Mecoprop (1)

2.4 5-Trichlorophenol and salts
(U

PCNB (1)
PCNB (11)
PCNB iy

gL "N
DEP\DA0120386



TABLE A7. (continued)

Producer Location Chemical {class)

PBI-Gordon Corp Kansas City, KS Dimetf;vlamine salt of dicamba (1}
300 South Third St 2,4,5-T and esters and salts {1)
Kensas City, KS 66118 Mecoprop (i1}

Prentiss Drug and Newark, NJ Lindone (it}

Chem Co. inc
363 Seventh Av.
New York, NY 10001

Reichhold Chem., Inc  Tacoma, WA
RC! Bidg.
White Plains, NY 10603

Rhoda, inc.
600 Madison Av.
New York, NY 10022
(Subsid. of Rhone-
Poulenc SA [France])

N Kansas City, MO

Portland, OR

Rhodia, Inc {continued)

St Joseph, MO

St. Paul, MN

Riverdale Chem., inc.
220 East 17th St.
Chicago Hgts., IL 60411

Chicago Hgts, 1L

Sobin Chem,, Inc Newark, NJ
International Minerals

and Chem. Corp
IMC Plaza

Libertyvilte, IL 60048

Sonford Chem, Co
Pure-Atlastic Hwy
Port Neches, TX 77651

Port Neches, TX

Stauffer Chem Co
Westport, CT 06880

Cold Creek, AL
Henderson, NV
Mt Pieasant, TN

(continued)

338

Pentachlorophenol and salts (I)
o-Benzyl-p-chiorophenol (i)

24-D 1)
2,4-D8B {1y
loxyrut (11)*
24-D ()
24-DB ()

2,A-DP {1}

Bromoxynil and esters (i)
MCPA and dervatives (it}
MCPB (M)

Mecoprop (i}

2.4-D and esters and salts {}
2,4-DB and salts (l)
Bromoxyn:!l and esters {it)
MCPA and derivatives (i}
MCPB (i)

Mecoprop (i)

2,4-D and esters and salts {I)*
2,4-DB {i)*

2,4-D and esters and salts (I}
Silvex and esters and salts (I}
2,4.5-T and esters and salts {l)

Propanil {1)*

Pentachlorophenol and saits (1)*
2,3.4,6-Tetrachlorophenol {})®

Carbophenothion {il}*
Carboghenaothion {if}
Parathion {l1)°

DEP\DA0120387
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TABLE A?7. [continued)

Producer Location Chemical (class)

Syntex Corp.
{see Arapahoe)

Tenneco Chems Co. Fords, NJ 2,3,6-Trichiorobenzoic acid and
Park BO Plaza West salts (H)*
Saddie Brook, NJ 07662 {2,3.6-Trichlorophenyt)

{Part of Tenneco, Inc)

Thompson Chems. Corp. St. Lows, MO
3028 Locust St
St. Lowss, MO 63103

Thompson-Hayward Kansas City, KS
Chem Co -
5200 Speaker Rd.
P O. Box 2383
Kansas Crty, KS 66110
{Subsid. of North
Amencan Philips Corp.)

Transvasal, Inc Jacksonville, AR
Marshall Rd

P.O Box 69

Jacksonvilie, AR 72076

{Subsid. of Vertac, inc )

Union Carbide Corp. institute and South
270 Park Av Charleston, WV
New York, NY 10017
{see also Aichem)

Uniroyat, inc Naugatuck, CT
1230 Av of the
Americas

New York, NY 10020

Velsicol Chem. Corp Bayport, TX
341 East Ohio St Beaumont, TX
Chicago. L 60611
{Subsid. of Northwest
ndustnes, inc )

Vertac, Inc
(see Transvaal and
Eagle River)

Vuican Matenals Co Wichita, KS
P.O. Box
Birmingham, AL 35223

{continued)

339

acetic acid and sodium salt (11}

2A4-D and esters and salhs {)*
2.4,5-T and esters and salts {I}*

2.4-D and esters and saits {l)
Silvex and esters and salts (1)
2,4,5-T and esters and satts (f)

2.4-D and esters and satts {I)
2,4-DP (1)

Silvex and esters and saits {1}
2.4,5-T and esters and sakts {i)

.2,3,4,6-Tetrachlorophenot {1}

2.4,5-Trichlorophenol and
saits (1)

Disul sodium (iy*

Chioranil {i}*
Dichione (1)*

Parathion (})*
Dicamba (I}

Pentachiorophenol and salis {1)

DEP\DA0120388



TABLE A7. (continued)

Producer Location Chemical (clsss)
Woodbury Chems Orlando, FL 2.4-D and esters and salts {l}
Subsid of

Comutrix Corp.
8373 N E 2nd Av
Miam:, FL 33138

*No longer produced at this )

340
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TABLE A8. FORMER PESTICIDE PRODUCTION LOCATIONS

Producer Location Chemical {class)
Aceto Flushing, NY Dichlone (It}
Amchem Ambler, PA Disul sodium {1)
2,3,8-Trichlorobenzoic acid and
salts (1)
Fremont, CA Disul sodium {1}
loxynil (i1}
- MCPB (i) :
Linden, NJ Disul sodium (1)
St Joseph, MO Disul sodium ()
Amernican Cyanamid Warners, NJ Dicapthon (1)
Parathion (li}
American Potash Hamiiton, MS Parathion (i}
Arapahoe Boulder, CO Chiorani (l)

Chem {nsectic:de Corp.

Chempar

Diamond Shamrock

Dow

du Pont

Eh Lilly
FMC

GAF

Guth Chem

Hercules

{continued)

Metuchen, NJ

Portland, OR

Newasrk, NJ

Midiand, M!

Deepwater, NJ

Indianapoits, IN
Baltimore, MD

Linden, NJ

Hitlside, iL

Brunswick, GA

341

2.4-D and esters and salts {i}

2,4,5-T and esters and salts {1}

2.4.5-Trichlorophenol and salts
(]

2.4-D and esters and salts (i)
2.4,5-T and esters and salts {1}

2,4,5-T and esters and saits (I)

2,4,5-Trichloropheno! and salts
(U}

MCPA ()

Erbon {f)
MCPB {ll)

2.3.6-Trichlorobenzoic acid and
saits {it)

Piperalin (i)
Tetradifon ()

Disul sodium (1)
2,4,5-Trichlorophenol and salts
{n

2.4-D and esters and salts (1)
Silvex and esters and salts {})
2,4,5-T and esters and salts (1)
MCPA {it)

24.5-T and esters and salts ()
2,4.5-Tnchlorophenol and salts
0]

e T
R —————
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TABLE AB. (continued)
Producer Location Chemical {class}
Hooker Niagara Falls, NY 2,4 ,5-Trichiorophenol! and saits
n
Masllinckrodt Raleigh, NC Trniodoben2oic acid (1)
Merck Hawthorne, NJ Pentachiorophenol and salts {l)
Miller Chem. Whiteford, MD 2,4-D and esters and salts {})
Milimaster Onyx Berkeley Hgts., NJ Silvex and esters and salts (l)
2,4,5-T and esters and saits (I)
Mobil Charleston, SC Dichlorofenthion (1}
Monsanto Luling, LA Propanit (i}
Nitro, WV MCPA (It}
Sauget, IL 2.4-D and esters and salts (I}
MCPB {il)
PCNB ()
Morton Ringwood, I Mecoprop {I)
N Eastern Pharm. Verona, MO 2.4.5-Trichioropheno! and saits
m
Ohn Rochester, NY PCNB {1}
Rbodia N. Kansas City, MO 2,4-D and esters and saits (1)
2,4-DB and salts ()
Portiand, OR foxyni {il}
St. Paul, MN 2,4-D and esters and salts (1)
2,4-DB and sals ()
Sobin Chem Newark, NJ Propami {ll}
Sontord Port Neches, TX Pentachloropheno! and salts {l)
2,3.4,6-Tetrachlorophenot (1)
Siaufier Cold Creek, AL Carbophenothion (i1}
Tenneco Fords, NJ 2,3,6-Trichlorobenzoic acid and
salts (1)
{2.3.8-Trichlorophenyl) acetic
acid (It}
Thompson Chem. St. Louis, MO 2.4-D and esters and salts (I)
2,4.5-T and esters and saits {}}
Union Carbide Institute and Disut sodium ()
South Charleston, WV
Uniroyal Naugatuck, CT Chioranit (1)
Dichtone (i)
{continued)
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TABLE AB8. ({(continued)

Producer Location Chemicat (class)
Velsicol Bayport, TX Parathion (i)
Chattanooga, TN Dicamba (1}
Woeodbury Orlando, FL 2.4-D and esters and salts {l}
343

L ——
Y
DEP\DAD120392



ST

APPENDIX B
LITERATURE REVIEW

This appendix is a compilation of references on dioxin analysis categorized by
sample matrix. The categories are given below: .

Air Hexachlorobenzene
Biological tissue Insecticides

Blood Milk or cream '
Commercial chlorophenols Plant material

Fats or oils : Soil

Fish and crustaceans Urine

Flue gas Water

Fly ash Wipe samples
Grain Wood

Herbicide formulations

Air—

Oswald, E. 1979. Toxicology Research Projects Directory, Vol. 4, Iss. 7.
Biological Tissue—

Baughman, R., and M. Meselson. 1973. Environmental Health Perspectives, 5:27.

Bradlaw, J.A | et al. 1975. Proccedings of Society of Toxicology Meeting, Wil-
liamsburg, VA, March,

Freudenthal, J. 1978. In: Dioxin—Toxicological and Chemical Aspects, F. Cat-
tabeni, A. Cavallaro, and G. Galli, eds., SP Medical and Scientific Books, NY,
pp. 43-50.

Hass, J.R., et al. 1978. Anal. Chem. Vol. 50.

McKinney, J.D. 1978, In: Chlorinated Phenoxy Acids and Their Dioxins. Ecol.
Bull., 27:53-66.

O’Keefe, P.W. 1978. In: Dioxin—Toxicological and Chemical Aspects. F. Cat-
tabeni, A. Cavallaro, and G. Galli, eds., SP Medical and Scientific Books, NY,
pp. 59-78.

Oswald, E. 1979. Toxicology Research Projects Dircctory, Vol. 4, Iss. 7.

Rose, 3.Q., et al. 1976. Toxicol. Appl. Pharmacol., 36:209.

Shadoff, L.A., and R.A. Hummel. 1978, Biomed Mass Spectrom, 5(1):7-13, Jan-
uary.

Tiernan, T.0. 1976. EPA Coantract No. 68-01-1959. December.

Woolson, E.A.. R.F. Thomas, and P.D.J. Ensor. 1972. J. Agric. Food Chem.,
20:351.

Woolson, E_A_, et al. 1973. Advanced Chemistry Series.

Young, A.L. 1974. Report No. AFATL-TR-74-12, Air Force Armament Labor-
atory, Eglin Air Force Base, FL.
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Blood—

Hummel, R.A. 1977. J. Agnc. Food Chem., 25:1049-1053.

Oswald, E. 1979. Toxicology Research Projects Directory, Vol. 4, Iss. 7.

Commercial Chlorophenols—

Blaser, W.W_, et al. 1976. Anal. Chem., 48:984.

Buser, J.R. 1975. J. Chromatography, 107:295.

Buser, J.R., and H.P. Bosshardi. 1976. Journal of the AOAC, 59:562.

Crummett, W.B_, and R.H. Stehl. 1973. Environmental Health Perspectives, 5:15.

Firestone, D., et al. 1972, Journal of AGAC, 55:85.

Higginbotham, G.R., et al. 1968. Nature (London), 220:702.

Lamberton, J., et al. 1979. J. Amer. Ind. Hyg. Assoc., 40:816-822.

Langer, H.G.. ct al. 1971. 162d Meeting, ACS. Washington, DC, Pest. Sec., No. 83.

Micure, J.P., et al. 1977. J. Chromatogr. Sci.. 7:275.

Pfeiffer, C. 1976. J. Chromatogr. Sci., 14:386.

Pfeiffer, C.D.. T.J. Nestrick, and C.W. Kocher. 1978. Anal. Chem., 6:800.

Fais or Oils—

Campbell, T.C.. and L. Friedman. 1966. Journal of the AOAC, 49:824.

Firestone, D. 1976. Journal of the AOAC, 59:323-325.

Firestone, D. 1977, Journal of the AGAC, 60:354-356.

Higginbotham, G.R.. et al. 1967. Journal of the AOAC, 50:874.

Horwitz, W_, ed. 1975. Official Methods of Analysis of the Association of Official
Analytical Chemists, Association of Official Analytical Chemists, Washington,
DC, 12th ed.. Sect. 28118, pp. 511-512.

Hummel, R.A. 1977, J. Agric. Food Chem., 25:1049-1053.

Kocher, C.W_, et al. 1978. Bulletin of Environmental Contamination and Toxi-
cology. 19:229.

OKeefe, P.W., M.S. Mesclson,and R.W. Baughman. 1978. Journal of the AOAC,
61:621-626.

Ress, J.R.. G.R. Higginbotham, and D. Firestone. 1970. Journa!l of the AOAC,
53:628-634.

Shadoff, L.A., et al. 1977. Annali di Chimica, 67:583.

Shadoff, L.A., and R.A. Hummel. 1978. Bio. Mass Spec., 5:7.

Williams, D.T., and B.J. Blanchfield. 197). Journal of the AOAC, 54:1429-1431.

Williams, D.T., and B.J. Blanchfield. 1972. Journal of the AOAC, 55:93-95.

Williams. D.T.. and B.J. Blanchfield. 1972. Journal of the AOAC, 55:1358--1359.

Fish and Crustaceans —

Baughman, R.W., and M. Meselson. 1973. 166th Nat. Meeting, ACS, Chicago.
Abstract Pest., 55

Baughman. R.W., and M. Meselson. 1973. Environmental Health Perspectives,
Expt. 5:27-35.

Baughman, R.W. 1974. Ph.D Thesis, Harvard University, Cambridge, MA.

Fukuhara. K., et al. 1975. J of Hyg. Chem.. 21:318.

Gross, M.L. 1978 Personal communication. November,

Lamparskr. L L., T.J. Nestrick, and R.H. Stehl. Anal. Chem., 51¢9):1453-1458.

Shadoff. L.A., and R.A Hummel. 1975. 170th Nat. Am. Chem. Soc. Meeting,
Chicago. Ab Anal.. Vol. 80.

Shadoff, L.A , et al Bull Environ. Contam. Toxicol. ln press.
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Flue Gas—

Frigerio, A.,and M.C. Tagliabue. lmpianti Incenerimento Rifuite Solidi: Prelievo,
Anal. Controllo Effluenti, [conv.}; 59-71.

Fly Ash—

Buser, H.R., H.P. Bosshardt, and C. Rappe. 1978. Chemosphere, 2:165.

Grain—

Hummel, R.A. 1977. J. Agric. Food Chem., 25:1053-1099.

Isensce, A.R., and G.E. Jones. 1971. J. Agric. Food Chem., 19:1210.

Shadoff, L.A., and R.A. Humme!. 1978, Biomed Mass Spectrom, 5(1):7-13, Jan-
uary.

Herbicide Formulations—

Brenner, K.S.. K. Muller, and P. Sattel. 1972, J. Chromatography, 64:39.

Brenner, K.S., K. Muiler, and P. Sattel. 1974. J. Chromatography, 90:382-387.

Buser, H.R.. and H.P. Bosshardt. 1974. J. Chromatography, 90:71.

Crummett, W.B., and R.H. Stehl. 1973. Environmental Health Perspectives, 5:15.

Edmunds, J.W_, D.F. Lee, and C.M.L. Nickels. 1973. Pestic. Sci., 4:101.

Elvidge, D.A. 1971. Analyst (London), 96:721.

Hackins, J.N_, D.L. Stalling, and W.A. Smith. 1978. Journal of the AOAC, 61:32.

Hohmstedt, B. 1978. In: Dioxin—Toxicological and Chemical Aspects. F. Catta-
beni, A. Cavallare, and G. Galli, eds., SP Medical and Science Books, NY, pp.
13-25.

Hughes, B.M., et al. 1975. Natl. Tech. Inform. Serv., AD-A0I1, 597:Vol. I.

Polyhofer, K. 1979. Levensm Unters Forsch. 168(1):21-24, January.

Ranstad, T., N.H. Mahic, and R. Matalon. 1977. Anal. Chem., 49:386.

Rappe, C., H.R. Buser, and H.P. Bosshardt. 1978. Chemosphere, 5:431.

Shadoff, L.A., ct al. 1978. Anal. Chem., 50(11):1586-1588.

Tiernan, T.O. 1976. EPA Contract No. 68-01-1959, December.

Tiernan, T.0., M.L. Taylor, and B.M. Hughes. 1975. Proceedings 1975 Interna-
tional Controlled Release Pesticide Symposium.

Vogel, H., and R.D. Weeren. 1976. Anal. Chem., 280:9.

Woolson, E.A., R.F. Thomas, and P.D. Ensor. 1972. J. Agric. Food Chem.,
20:351.

Hexachlorohenzene—

Villanueva, E.C., et al. 1974. J. Agric. Food Chem., 22:916.

Insecticides—

Elvidge, D.A. 1971. Analyst, 96:721.

Storherr, R.W_, et al. 1971, Journal of the AOAC, 54:218.

Webber, T.J.N., and D.J. Box. 1973. Analyst (London), 98:;181.

Woolson, E.A., R.F. Thomas, and P.D.J. Ensor. 1972. J. Agric. Food Chem.,
20:351.

ShadofT, L.A., et al. Bull. Environ. Contam. Toxicol. In press.

Shadoff. L.A., and R.A. Hummel. 1978. Biomed Mass Spectrom, 5(1):7-13 Jan-
uary.

Milk or Cream—

Baughman, R.. and M. Meselson. 1973. Environmental Health Perspectives, Exp.
Issue S, 27-35.

Baughman, R.W. 1974. Ph.D. Thesis, Harvard University, Cambridge, MA.

Hummel, R.A. 1977. J. Agric. Food Chem , 25:1049-1053.
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Plant Materials—

Buser, H.R. 1977. Anal. Chem., 49:918.

Buser, H.R. 1978. Monogr. Giovanni Lorenzini Found_; Vol I, In: Dioxin—Toxi-
cologica) and Chemical Aspects. F. Cattabeni, A. Cavallaro, and G. Galili, eds.
SP Medical and Science Books, NY, pp. 2741,

Di Domenico, A., et al. 1979. Anal Chem; 51(6):735-740.

Hummel, R.A. 1977. J. Agric. Food Chem., 25:1049-1053.

Shadoff, L.A., and R.A. Hummel. Biomed Mass Spectrom, 5(1): 7-13, January.

Soil—

Bertoni, G., ct al. 1978. Anal. Chem., 6:732.

Buser, H.R. 1977. Anal. Chem., 49:918.

Buser, H.R. 1978. Monogr. Giovanni Lorenzini Found.; Vol 1. In: Dioxin—Toxi-
cological and Chemical Aspects. F. Cattabeni, A. Cavallaro, and G. Galli, eds.,
SP Medicat and Science Books, NY, pp. 27-4).

Camoni, 1. 1978. 3. of Chromatography, 153:233-238.

Di Domenico, A., ct al. 1979. Anal Chem., 51{6):735-740.

Gross, M.L. 1978. Personal communication. November.

Hummel, R.A. 1977. J. Agric. Food Chem., 25:1049-1053.

Kearney, P.C., E.A. Woolson, and C.P. Ellington. 1972. Environ. Sci. Technol.,
1017.

Nash, R.G. 1973. Journal of the AOAC, 56:728.

. Shadoff, L.A., and R.A. Hummel. 1975. 170th National American Chemical So-
ciety Meeting, Chicago, IL, Abst. Anal., B0.

Shadoff, L.A., et al. Bull. Environ. Contam. Toxicol. In press.

Shadoff, L.A., and R.A. Hummel. 1978, Biomed Mass Spectrom, 5(1).7-13,
January.

Widmark, G. 1971 Tracer Cosmos, a Realistic Concept in Pollution Analysis. In:
International Symposium on lIdentification and Measurement of Environ-
mental Pollutants, B. Westley. ed. National Research Council of Canada,
Ottawa, p. 396. )

Woolson, E.A_, et al. 1973. Advances in Chemistry Series, 120:112,

Urme—

Oswald, E. 1979. Toxicology Research Projects Directory, Vol. 4, Iss. 7.

Waiter—

Junk, G.A_, et al. 1976. J. Am. Water Works Assoc., 68:218.

Shadoff, L.A., and R.A. Hummel. 1978. Biomed Mass Spectrom, 5(1).7-13,
January.

Wong, A. 1978. EPA Contract No. 68-03-2678, Suly.

Wipe Samples—

Di Domenico, A_, et al. 1979. Anal. Chem., 51(6):735-740.

Erk. S.D., M.L. Taylor, and T.O. Ticrnan. 1979. Chemosphere, 8(1):7-14.

Wood—

Hass, J.R., et al. 1978. Anal Chem., 50:1474.

Levin, J.D., and C.A. Nilsson. 1977. Chemosphere, 7:443,
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adrenaline, as natural dioxin precursor, 122 crustaceans, dsoxin analysis of, 345

air, dioxin analysis of, 344
aminophenols, dioxins formed from, 121

bifenox, 63

reaction mechanism, 68
bioaccumulation of dioxins, 247-255
bioconcentration of dioxins, 247-255
biodegradation of dioxins, 230-233
biological methods of dioxin disposal

micropit disposal, 269-270

soil conditioning, 268

wastewater treatment systems, 268-269
ological properties of dioxins, 189
biological tissuc, droxin analysis of, 344
biological transport of dioxins, 247-256
biomagnification of dioxns, 247-255
bithionol:

dioxins in, 108

manufacture. 108
blood, dioxins analysis of, 345
brominated phenols, L18-119

dioxins in, 119

manufacture, []8-119
4-bromo-2.5-dichlorophenol, reaction

mechanism, 44

capsaicin, as natural dioxin precursor, 122
carcinogenicity of dioxins, 227-229
of 2,37 8-TCDD, 216
catechol, as natural dioxmn precursor, 122
chemical methods of dioxin disposal:
catalytic dechlorination, 267
chiorinolysis and chlorolysis, 266-267
chloroiodide degradaton, 266
ozonolysis, 264-266
wet air oxidation, 266
chioracne, defined, 209
chloranil, reaction mechamsm, 73
2-chloro-4-fluorophenol, reaction mechanism,
45
chlorophenols and derivatives:
combustion of, and dioxin formation, 124,
130
commercial, dioxin analysis of, 345
manufacture, 81-86
producers, 86-88
production wastes, droxias in, 112
as sources of dioxins, 78-112
colchine, as natural dioxin precursar, 123
combustion. formation of dioxtns during,
121-128

combustion residues, dioxins in, 124-128, 130,

178
cream, dioxin analysis of, 346

cytotoxicity of 2,3,7,8-TCDD, 221-222

24-D, 63
chemical formula, 92
as component of Herbicide Orange, 92
dioxins in, 55, 58, 94
human exposure, 174
manufacture, 93
producers, 94
reaction mechanism, 64
See also Herbicide Orange
24-DB, 63
dioxins in, 94
manufacture, 93-94
producers, 94
reaction mechanism, 65
decabromophenoxybenzene, reaction
mechanism, 46
24-DEP, 92, 94
dermatologic effects 0f 2,3,7,8-TCDD, 209-
210
detection of dioxins. See TCDD, detection
developmental effects of 2,3,7,8-TCDD,
214-216
2.4-dibromophenol, reaction mechanism, 47
dicamba, 63
dioxmns in, 110-111
manufacture, 110-111
reaction mechanism, 70
dicapthon. reaction mechanism, 67
dichiofenthion, 63
reaction mechamism, 67
2.3-dichlorophenol, reaction mechanism, 48
2.4-dichlorophenol, reaction mechanism, 49
2,5-dichlorophenol, reaction mechanism, 50
2.6-dichlorophenol, reaction mechanism. 51
3.4-dichiorophenol, reaction mechanism, 52
2.4-dichlorophenoxyacetic acid Ser 2.4-D
442 4-dichlorophenoxy)butyric acid.
See 2,4-DB
tris {2-(2.4-dichlorophenoxy)ethyl] phosphite.
See 2.4-DEP
242.4-dichlorophenoxy) propionic acid.
See 24-DP
0-2.4-dichlorophenyl) O-methy! isopropyl-
phosphoramidothioate. See DMPA
dioxin analysis in specific samples
ar, 344
biological ussue, 344
blood. 345
commercial chlorophenols, 345
fats or oils, 345
fish and crustaceans, 345
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flue gas, 346
grain, 346
herbicide formulations, 346
hexachlorobenzene, 346
insechicides, 346
milk or cream, 346
plant material, 347
soil, 347
unine, 347
water, 347
wipe samples, 347
wood, 347

dioxm reaction, basic, 6

dioxins
accumulation in plants, 255-256
bioaccumulation, 247-255
bioconcentration, 247-255
brodegradation, 230-233
biological properties, 189
biological transpor, 247-256
biomagnification, 247-255
1n bithionol, 108
1 brominated phenols, 119
carcinogenicity, 227-229
in chlorophenols and denvatives, 78-112
in chloropheno) production wastes, $12
n combustion residues, 124-128, 130, 178
comparative lethal doses, 202-205
in 24-D, 55, 58, 93
n 24-DB, %4
detection. See TCDD, detection

in plastc, 128
precursors, 5-6
natural, 122-123

production for research purposes, 128-130
in ronnel, 55, 61, 104

in sesin, §09

in sesone, 55, 58, 62, 101-102

n silvex, 55, 58, 60, 101-102
structure, 3

in 2,4,5-T, 55, 58, 97
“in 24,5-TCP, 89-91

in tetradifon, 55

n tnclofenol piperazine, 110
toxicity, 187, 207

in wastewater, §72-173

See also TCDD; 2,3,78-TCDD

disposal or destruction of dioxins, 112

catalytic dechlorination, 267
chlonnolysis and chiorolysis, 266-267
chlorotodide degradation, 266
concentration, 260-263

by incineration, 258-260

micropit disposal, 269-270
microwave plasma, 260

molten-salt combustion, 259 260
ozonolysis, 264-266

phototysis, 263-264

radiolysis, 264

soif conditioning, 268

wastewater treatment systems, 268-269
wet air oxidation, 266

d 1. See biological methods of dioxin DMPA

14

disposal; chemical methods of dioxin

dioxuas in, 55, 96

disposal, disposal or destruction of producers, 96-97

dioxins; physical methods of dioxin

disposal
n DMPA, 55, 96
w erbon, 5§, 58, 62, 102-103
exposure. See exposure to dioxins
formation, 3-36
from aminophenols, 121
n chiorophenol manufacture, 84
from combustion, 121-128
from combustion of chlorophenols, 124,
130
from frgasan DP 300, 111
{rom O-nurophenol, 120
from predioxins, 10, 35
genotoxicnty, 216-222
gross and histopathologies caused by,
197-200
tn hexachlorobenzene, 112, 116-118
in hexachlorophene, 105-106
laboratory preparation, 12-36
mulagenrcity, 218-221, 229
organic chermcals as sources, 37-54
n pentachlorophenol, 84, 86
in pesticides. $5-77
photodegradation, 233-241
physical transport
in ar. 247
in sod, 241-246
n water, 246-247

structure, 96

DMSO, 27

2.4-DP, 63, 92
reaction mechanism, 66

drosophyllin A, as natural dioxin precursor,
123

embryotoxicuty of 2.3,7,8-TCDD, 215-216
endocnine effects of 2,3,7,8-TCDD, 210-211
enzyme cffects of 2,3,7.8-TCDD, 193-195
epidemiology of dioxin exposure, 223-229
erbon, 63

dioxins in, 55, 58, 62, 102-103

manufacture, 102-103

reaction mechamism, 62
cugenol, as natural dioxin precursor, 122
exposure to dioxins:

wn chemical laboratonies. 185-186, 223-224

from combustion residues. {78

epidemology. 223-229

from foods, 175-178

from herbicide applications, 173-175

human, 223-229

from mndustrial accidents. 168-170, 224-226

occupational, 180-186

from pesticides, 178-179

public, 168-179

m related chemical industnies, 183-185

from transportation accidents, 173
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from wastc handling, 170-173, 224-225
in water supplies, 178

fats, dioxin analysis of, 345

fetotoxxcity of 2,3.7.8-TCDD, 215-216,
226-227

fish, dioxin analysis of, 345

flue gas, dioxin analysis of, 346

foods, dioxms in, 175-178

fomecins, as natural dioxin precursors, 123

gas chromatography, principles of, 134-135

gas chromatography-mass spectrometry, used
in detection of dioxins, 140-167

gastrointestinal effects of 2,3,7,8-TCDD,
213-214

genotoxicity of dioxins, 216-222

glaucine, as natural dioxin precursor, 123

grain, dioxin analysis of, 346

gross and histopathologies caused by dioxins,
197-200

guaiacol, as natural dioxin precursor, 122

hematologic effects of 2.3,7.8-TCDD, 213

hepatic effects of 2,3.7,8-TCDD, 210

herbicide applications, exposure to dioxins
from, 173-175

herbicide formulations, dioxin analysis of, 346

Herbicide Orange (Agent Orange):
composition of, 92, 98
concentration in soil, 241-243
disposal, 248, 258-260, 263
exposure of military personnel, 185
health effects, 174, 226

hexachlorobenzene, 112-118
dioxin analysis of, 346
dioxins in, 112, 116-118
manufacture, 117-118
uses, 116-117

hexachlorophene:
dioxins in, 105-106
human exposures, 179, 226
manufacture, 105-106
reaction mechanism, 74
uses, 105

4-hydroxy-3-methoxymandelic acid, as
natural dioxin precursor, 123

ICMESA industrial accident. See Seveso
industrial accident
immunologic effects of 2,3,78-TCDD,
2i1-213
ation, as disposal method for
hazardous wastes, 258-260
industrial accidents, exposure to dioxins
from, 168-170, 224-226
insecticides, dioxin analysss of, 346
Irgasan (TCS). 11
B5200, 111
DP-300, formation of dioxins from, 11!
isopredioxin, defined, 8

lethal doses, comparative, for various
dibenzo-p-dioxins, 202-205
lipids, effects of 2,3.7.8-TCDD on, 195-196

mass specirometry, principles, 135-138

metabolism of 2,3,7.8-TCDD, 188-196

microwave-plasma destruction of hazardous
wastes, 260

milk, dioxin analysis of, 346

molten-salt combustion, 259-260

mutagenicity of dioxins, 218-221, 229

naturally occurring dioxin precursors,
combustion of. 122-123. 131
neuropsychiatric effects of 2,3,7.8-TCDD, 214
NIOSH, 180
nitrofen, 63
reaction mechamism, 69
O-nitrophenol, dioxin formation from, 120

oils, dioxin analysis of, 345
organic chemicals:

Class 1, 37

Class 1}, 37

Class 11, 37

as sources of dioxins, 37-54

pathophystology of 2,3,7.8-TCDD toxicity,

2
pentabromophenof, reaction mechanism, 53
pentachlorophenol, 9-11, 63

dioxins in, 84, 86

human exposure, 179, 183, 224

reaction mechamism (via hexachloroben-

zene), 72

reaction mechamism (via phenol), 71

uses, 78, 81
pesticides:

Class 1, 55-56

Class 11, 55-57

dioxin exposures from, 178-179

as sources of dioxins, 55-77, 87, 97-111
pharmacokinetics and tissue distribution of

2.3,7.8-TCDD, 189-192
photodegradation of dioxins, 233-241
physical methods of dioxin disposal:

concentration, 260-263

photolysis, 263-264

radolysis, 264
physical transport of dioxins:

in air, 247

in soil, 241-246

in water, 246-247
plant material, dioxin analysis of, 347
plants, accumulation of dioxins in, 255-256
porphyria cutanca tarda (PCT), defined, 209
predioxin, 6, 35-36

defined, 6

renal effects of 2,3,7,8-TCDD, 210
reserpine, as natural dioxin precursor, 123
ronael, 103

dioxins in, 55, 61, 104

manufacture, 104-105

reaction mechanism, 61

safrole, as natural dioxin precursor, 122
salicylic acid, 120-)21

dioxins in, 120

manufacture, 120

producers, 121
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sesin
dioxins m. 109
manufacture, 109
sesone, 63
dsoxms n, 55, 58, 62. 94-95
manulacture, 94 95
reaction mechamsm, 62
Seveso industrial acaident
concentration of dioxins wn mulk following.
251
concentration of dioxms 1n sosl following, 244
concentration of dioxins 1n wildhfe followsng,
248
decontamsnation, 259
degradauion of dioxins in soil, 232
description of events, 168-170
health effects following. 225-226, 229
silvex.
diwoxins in. 55, 8. 60, 101-102
human and antmal cxposure, 174
manufacture, 101102
producers, 101
reaction mechanism, 60
Smiles rearrangement, 10, 35
defined, 10
soil, dioxin analysss of, 347

24.5-T

as component of Herbicide Orange, 97

dwoxins . 55, 58, 97

h and a I exp

223 -224. 226- 227

manufacture. 97- 100

producers, 100

reachon mechanism, 59
TCDD. deteciion:

analytical methods, 139-141

by disultation, 133

by gas chromatography-mass spectrometry,

140-167

by mass spectrometry, 133-167

by PX21 powdered charcoal. 133

by resin sorption, 133

by thin-layer chromatography. 133
23.7.8-TCDD

acute toxienty, 201-208

agqualic toxicity, 205-206

carcinogenicity, 216

chromic toxscity, 208-214

cytotoxicity. 22{-222

dermatologic effects, 209-210

developmental cffects, 214-216

e, 174-175,
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effects on hipwds, 195-196
embryotoxicity, 215-216
endocrine effects, 2§0-24 1
enzyme effects, 193-195
fetotoxioty, 215-216
gastromntestipal effects, 213-214
hematologic effects, 213
hepatsc effects, 210
human exposure, 195-196
immunologic effects, 211-213
neuropsychiatric effects. 214
pathophysiology of toxicny, 222
renal effects, 210
structure, 4
teratogenicity, 214-215
See aho dioxins; TCDD
24.5-TCP:
dioxsns in, 89, 91
human exposure, 170-173. 180~183, 185,
226-227
manufacture, $8-91
production, 91-92
reaction mechanism, 59
uses, 88
teratogenicity of dioxins, 214-215, 226-227
2.3.4,6-tetrachlorophenol. 63
reaction mechamsm. 75
1etradifon. dioxins n, 55
transportation accidents, exposure to dioxins
from, |73
transport of dioxins, See physical transport of
dioxins
2.4.6-tibromophenol, reaction mechanism, 54
24 S-trichiorophenol. See 2.4.5-TCP
2.4 5-trichlorophenoxyacetic acid. See 2.4.5-T
triclofenol piperazine:
dioxms in, 110
manufacture, 110

urine, dioxin analvsis of, 347
urushiol, as natural dioxin precursor, 122

vandlin, as natural dioxin precursor, 122
Viet Nam, exposure to dioxins of military
personnel Jee Herbicide Orange

waste handhing, exposure to dioxins through,
170-173, 224-225

wastewater, dioxms in, 172-173

water, dioxmn analysis of, 347

water supplies, dioxins 1n, 178

wipe samples, dioxin analysis of, 347

wood, dioxin analysis of, 347
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