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CHAPTER 1}

Environmental pollution of air, water and soil

RENATE D. KIMBROUGH

Toxicology Branch. Center for Disease Conerol,
Depariment of Heolth and Human Serv.ces,
Public Mealth Service, Atiania, GA 30333 U.S.A

3.1. Introduction

\ost of the chapters in this book touch upon envi al contamination by one
or more of the compounds discussed. Poliution may be heavy in localized areas
where indusiries have discharged materiais into waterways (Snvironmental Defense
Fund. 197°: Mowrer et al.. 1977} or have deposited them into dumps that are leak-
iag. I{ dumps. in addition 10 the PCBs and other persistent chemicals. also contain
~ohvents, their spread becomes more likely. From sucn point sources. contamination
o the surrounding areas may be extensive and far reaching. In addition. ilicit or im.
rroper disposa! of such chemicals (Dunphy and Hall, 1978a. 197h) also preathh
sontributes to the ination o7 the envir Open-ended uses (Chapter |1
a: pesticides. flame retardants. additives 1n paints. 1o give 2 few examples. are
another source. A number of reviews are available on this subject (IARC. 197a.
WHO. 19°6: NRC. 1979 for poivchlorinated biphenyls. whilst much less informa-
tion is available on the other compounds. All of these compounds are only ven
shightly soluble in water. but soluble in lipids and some organic solvents, have a low
\apor pressure, and are stable and persisient. Once they have been released into the
environment. they will reach the food chain where they are concentrated. Fish and
wildlife are the most consistent targets for such contamination, but livesiock may
slso become contaminated and people graduaily acquire body burdens of these
matetials. These chemicals are not very readily taken up by plants, and because they
dissolve very poorly in water, they are primarily found in sedimenis of polluted
iakes and rivers. They are also concentrated in municipsl sewer sludge if they enter
waste \reatment plants. If such sewer sludge is used as fertilizer, it contributes fur-
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ther 10 environmental contaniination tChapter 9A4). They mas be released into the
aimasphere trom munwapal inanesaters (Chapter 1Y Ther presence ac con-
raminantcn cammeraal products (Chaper 23 1< an addinonal cource

2. Pohchlarinated hiphenyls

R B
Manuoring daia s primarily only available for PCBs. Urhan arcas of large cities in
Japan, such a« Tohvo. comained 0.02 4g m' PCBs. winle mediume-sized cities, such
as Marsuvama, had 0.002-0.008 4g. m'. The air around elevirical applianve fac-
tories and paper recycling mills had much higher PCB leveis (up 10 12 g m'y (Tar-
suhawa, 1976; Tatsukawa and Watanabe, 1972).

In the United States. Kutz and Yang (1976) found that the average conceniranon
of PCBs in sampies of ambient air {rom suburban locations was 0.1 ¢ m'

3.2.2. MWater and sediments

A national survey conducted in the U.S. showed that the PCB levels in unfiltered
water samples during 1971-1974 ranged between 0.1 and 3.0 xg. | (Dennis. 1976).
Kieinert (1976) esumaied thai the waiers of Lake Michigan contain as much as 10
ng/} PCBs.

In Japan. in a survey of the surface water of Suruga Bay. near Fuji. where there
are a large number of paper mills which use recycled paper. the levels of PCBs
varied from 0.9 to 1.6 ug/1. Surface water in Tokyo Bay in 1972 contained as much
as 0.3 ug/1 (Fukushima, 1974).

Eichner (1976) found thai the PCB levels in the Rhine River and Lake Constance
had increased slightly during the pericd 1973=75, from 0.01 10 0.075 g 1.

The average concentration of PCBs in samples of seawater taken from 11 stations
off the northwestern Mediterranean coast in 1975 was 0.013 ug | (Elder. 1976).

Nadeau and Davis (1976) found up 10 2.8 mg '| PCBy in the water and up 10 6700
mg-kg in the sedimenis of the Hudson River in the vicinity of a factors using PCBs.
Dennis (1976) reporied that botiom sedimenis from major drainage basins
throughout the U.S. and Puerto Rico contained from 1.2 10 160 ug hg.

Sediments from 1445 sites in Japan contained less than | mg kg PCBs. whiie
sediments in the rivers entering Tokvo Bay. where many factories using PCBs are
located. coniained up to 2.7 mg/kg (Taisukawa. 1976: Taisukawa and W atanabe.
1972).

Biodegradation has been a minot factor in PCB destruiion for thase isomers of
tetra- through.decachlorobiphenyl.

3.2.3. Soil

In 1972, in the United States. only 0.1% of samples contained deteciabie lesvels of
PCBs. In urban areas, 12 of }9 soil samples from metropolitan areas 163%) showed
deteciable levels. A PCB patiern corresponding 10 4% chlorine was identified in
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0% of the posune amples, and a patlern corresponding 10 M®%s was recorded 1n
20% of the ampies (Carey and Gowen. 1976). However, the actual number of
camples apalyzed was small in comparison 1o the uze ot the Lnited States.

I1n Japan. a nanonwide survey of sonl samples from X8 sies showed that 40%s of
mples had less than 0.01 wg § PCB, 24% had 0.01-0.10 g g 2t% had (L11-3.0
ap £ 7% had 1.1-10 ug g. 39 hac 10.1-100 kg g and $% had more than 100.)
pp AN result of vontanunanion of soil and the aimosphere with PCBs, detectable
jerels have been recorded in vegetation: an analysis o8 PCB. i unhulied nice irom
13 utes in Japan in 1972 showed that 79% had less than ¢ 01 ,i¢ g, 159 had

0.01-0.10 ug g, 2% had 0.11-1.0 ug ¢ and 3% had 1.1-10.0 up ¢ (Taisuhawa,
1976).

3.3, Other halogenated compounds

Extemive background monitoring data tor halogenated terphens iy, naphthalines,
dionins and furans are not available. The isolaied instances where environmental
monitoring has been done have been in relation 1o special environmenial contamina-
non problems and have been discussed in the other chapiers.

One open-ended use of polychiarinated terphenyls and biphem I« is in the invest-
ment casting indusiry. In the vicinity of one such factory in urban Chicago, Hlinow.
«ail levels of 0.37-0.23 mg. kg were found 10001900 m away from the plant. The
highest concentration was {3 mg. kg at a distance of 20 m from the plant. The
chlorinated terphenyls mosi closely resembled Aroclor $460. Mot likelv, cone

of the sur dings of the plant was from airborn parucles (Stratton
and Sosebee, 1976). Similarly. the polyehloriimed terphenyis were also found in
sewage sludge from a waste treatment plant which served an invesimemt casting
facility in Troy, Michigan.

Jan et a). (1978) have found 0.05-0.90 mg kg PCT in fa1 and 0.005-0.80 1 = 'kg
PCT in flesh of (ish {rom Siovenia rivers flowsng through indusinal areas.

Trace amounts of PCT in the environment have aiso been reporied from Japan
1Doguchi, 1977). in a gull egg trom the Rhone delta in Europe (Mest-es and illes.
1972) and in eggs and fa from herring gulls from the Bay ot Fundy =Gulf of \aine
area. Overall. howeser. the contaminaiion of the environment with chlorinated ter-
phenyis is not nearls as extensine at the moment 3> with chiorinatea biphenyis,
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NOTICE: This material may
be protected by copyright.
CHAPTER 9.

Occupational exposure

RENATE D. KIMBROUGH

Toxicology Branch, Cenier for Disesse Coniroi,
Department of Health and Human Services,
Public Health Service, Ailania, GA 30333, U.S.A.

9C.1. introduction

Reports of iliness iated with exp ¢ to chlori d organic i of the
type discussed in this book date back to the latter part of the 19th century
(Herxheimer, 1899) and the early par: of the 20th century (Bettmann, 1901; Wauer,
1918; Lehmann, 1908).

Extensive outbreaks following exposure tc chlorinated naphthalenes occurred
during World War I, but it was not until the middle of the 20th century that occu-
pational illness {rom exposure to the other pounds has b a probl
Review of the available literature suggests a clinical syadrome that is produed by
the halogenated biphenyl hthal dib dioxins and dib fi Itis
presently not known whethu halogenated terphenyis may cause similar problems.
Some of the signs and symptoms observed following exposure to toxic leveis of these
compounds have been noted frequently (Table 9C.1). In ail instances, the skin
lesion, chiorecne, was usually one of the first signs noted. Signs and symptoms such
as weight loss, general malaise, nausea, loss of appetite, impairment of liver
function, hepatic prophyria (porphyria cutanea tarda) {see Chapters 7, 8) and

sensory pathy were less f; ly reported. Other effects were occasionally

d with some outbreaks of jonal iliness, but their significance is not
well undersiood. Not all of the observed signs have been reported for all of the
hemicals under di: ion. Chi weight Joss and impaired liver function have

been most frequently associated with exposure 10 toxic leveis of these chemicals.
As outlined in Chapter 7, 2,4,5-trichloropheno) and all chemicals mlde lrom il

may be contaminated with 2,3,7,8-tetrachlorodib ioxin. P p
Kimbrough (ed.} Hul hiphenyis, heny phth . dib dioxing and
reloted products

€ Elsevier/North-Hotland Biamedicel Press [980
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b, Depigmemation was reporicd in blacks for chiorinated naphihalenes by Cotier (1944).

TABLE 9C.1
L and signs repmicd aficr P §
Syvem Lesion Chemical References
Qeweral bluoodshol eyes, lagsitnde, Jach Good and Peasky, 1943
sbdominsl pain, impotence, weight 1echnical pentachiorophenol Baxicr and Beuer, 195);
loss, insomnia, alopevia, disturb- Behrbohm, 1939
Aance in tasie 2,1,7,8-teirachorodibenzodiovin Jirnsek e al., 1974
chiorinated biphenyls Jones and Alden, 193§
‘Shied chloracne, 2.1,2.8TCDD Kimming and Schuiz, 1957
poritus chlorinated biphenyls Joncs and Alden, 1936
chiorinaied nuphithalenes Guood and Pemsky, 194
tech. peniachioropicnol Hetmbohen, 1939
other 1ech. chiorinated phenols Stingily, 1940;
Dugois snd Colomb, 1956
Liver woute yellaw Meaphy, b LU ikorinated naphihakenes otra-, Colticr, 194
nevronls, mild fimasis, fatty change, penta-, heva-)
abmoeinal liver fution, 2,3,75-7COD Baver e al., 1968;
poiphyria cutanca tarda Bleiberg et al., 1964;
Goldmann, 1972,
Jwasek &1 al., 1974
tech. pentachioropheno) ‘Teuhswt et 81, 1932; Gordon, 1936
polychiorinated biphenyls Ouw et 2., 1976
{abnorme) Hver function tews)
Digestive iract anocexia, vomiting, chiorinated naphthalenes Good and Pensky, 194);
hemocrhage Dwyer, 1946
1338 hk b d Hol. 1957; Gok (1271 »
Poripheral nervous vensory nenropathy, 2,3.7.84etrachlorodiby Gol 1972; Jiemseh ot oi., <]
aysem peripheral newrilis 1974 >
Respientory sysiem bronchiths, techwical pemachiorophenot Pander and Baer, 1931 3
reduced vital capacity polychiocinased biphenyts Warshaw et al., 1979 g
2. The symploms and signs lisicd were observed by a number of oihver authors. The references lisied scrve merely as cxamples, -3
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Occupational expasure 378

may be contaminated with more highly chlorinaied dibenzodioxins, dibenzofurans
and hexachlorobenzene. The polychlorinated biphenyls contain trace amounts of
chiorinated dibenzofurans and chlorinated naphthalenes. Whether chlorinated

hthal are inated with chlorinated dibenzodioxins and chlorinated
dibenzofurans has not been established. In [act, little is known about the complete
p of the technical products that have caused outbreaks of occupational

illness in the past.

The cases of chloracne which Herxheimer reported (1899) occurred in a room
where caustic potash was produced by the elecirolysis of potassium chloride. The
chlorine was d with calcium to give calcium chloride. Herxhei initially
assumed that nascent chiorine had caused the dermaiitis. Crow (1970a) pointed out
that, although many authors clung to the nascent chlorine theory, the cause was
halogenated hydrocarbons which originated from the 1ar lining in the absorption
towers, or the anodes of tar, bitumen and charcoal that were used in the eiectrolytic
manufacture of hydrochloric acid and similar substances. These tars were the
sources of the cyclic P ds which b hak d. Thus far, it has not
been unequi ily shown whether specific isomers in the mixtures of chlorinated
naphthalenes and biphenyls are the mgemc uenu and also cause some of the
systemic toxic effects. Most chlori h are i d with
2,3,7,8-tetrachlorodibenzofuran which may contribute to their toxicity. Certainly
the contaminants in 2,4,3-trichiorophenot and related products are the agents

ible for chl (Kimming and Schulz, 1957). Most likely the contaminant
hexachlorodiby dioxin in hiorophenol causes chi

9C.2. Chloracae

i vidual

Depending on the severity of the exp and the ptibility of the i
workers, some will develop an occupational disease commonly refmed 0 as chlot-

acne after having had exp ¢ to the hal d cyclic P d
above for several weeks or hs. Following exp to high ions of
2,378 hlorodib dioxins, the onset may be more rapid. Even after a single
to 2,3,7,8 hiorodib dioxins, the onset of chloracne may be
delayed for several weeks, but if the exposure is severe, it may appear in as little as
2-3 days. One, or repeated short-term, exposure to 2,3,7,8: hlorodibenzo-
dioxin usually occurs during the production of 2,4,5-trichlorophenol when uu
reaction h lting in the i d production of the d
ant 2,3,7,8 hlorodib dioxin. This exothermic reaction may give rise 10

expiosions (Milnes, 1971).

The clinical features of chloracne, regardless of the type of chemical that caused
it, have been most consistent. The most distinctive cutaneous lesion is the chloracne
cyst (Crow, 1970b). This lesion is skin-colored and measures from 1 to 10 mm in
diameter with a central ing. The other domi lesion is the comedo (Figs.
9C.1, 9C.2). Usually these lesions start over the maxillary bone, then involve the
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Fig. 9C.1. Oniy mild chloracne over maxillary bone is noted.

entire face, the neck and ears. Often the nose and nasolabisl folds are not as
extensively involved. In males, the genitalia may be invoived. Furthermore, lesions
may be present on the back, arms and legs, and other areas of the bady, particularly
where garments are in close contact with the skin. Depending on the severity, the
skin contains only a few lesions (Fig. 9C.1) or the lesions are so close together that
lhcy give the skina rough. lrlyl:h-brown Pp The and cysts can

ily infected and large pustules may form. Cysts may rupture and
cause foreign body granulomata.

The chioracne-type skin lesion may be preceded by a faint rash which. in some
cases, itches severely. In areas exposed to the light, a ph itivity-type
reaction may occur and conjunctivitis with swelling of the eyelids and the rest of the
facial skin may precede the development of chloracne. Since the workers are often

d to the chi genic agent, such as TCDD, as well as other chemicals,
such as 2,4,5-trichlorophenol, it is not entirely clear whether the early rash is pro-
duced by the TCDD or due to the isritating effect of the 2,4,5-irichiorophenol or
other substances.

Once chloracne has developed, it may remain active for many years, and particu.
larly when secondary infections occur, deep-pitted scars may remain as a residual
effect. These scars can be quite disfiguring (Fig. 9C.3). No specific treatment is
available and most palliative means have not been very effective. Treatment in the
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Fig. 9C.2. A worker with acute extensive chioracne.

past has included Vitamin A acid, UV light, x-rly. llncin; and cxpmun. of
pustules. However, the best is pr on, der has
also been effective (Crow, 1970u).
The manufacture of these chiorinated hydrocarbons and the coating of wires and
d with insulati ials and other industrial procssses should be done
in d Pr ive clothing provided by and laundered by the company
should be handed out fresh daily. Shower baths after work shouid be compulsory
and supervised. Sufficient shower facilities should be available so that workers are
not delayed. Schwartz and Peck (1943) munsted synthetic wetting agents instead of
soap as clesnser. They also hly skin and liver
function tests. In the United States, mommendaﬁons for a lowaer polychlorinated

biphenyl standard were made by the National Insti of O ional Health in
1977 (NIOSH, 1977) which suggests proper hygiene procedures to avoid dermal
and ds that p e be d so that no

worker is exposed to PCBs at a concentration greater than 1.0 ug/m?® of air deter-
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mined as a time-weighted average {NJOSH, 1977a). The existing standards for
occupational exposure to PCBs in different countries have been summarized by the
International Labour Office (1970). They range from 0.5 mg/m?*to 1.0 mg/m’ in
many countries.

it is particularly important that no potentially contaminated clothes are taken
home since chioracne has been transmitted by this vehicle 1o other members of the
family.

A skin lesion exactly like chloracne can be produced on rabbdit ears or hairless
mice and the muzzle of rhesus monkeys. In cattle and horses, 8 microscopically
slightly different skin lesion which is also called hyper is or X-di
develops following exposure to0 pounds that prod hl inh in
cattle and horses, the skin lesion is usually accompanied by hair loss in the affected
areas and the epidermis is covered by a thick layer of keratin (Kimbrough, 1974;
Kimbrough et al., 1977). Prior 10 the ability to detect chloracnegenic compounds by
chemical analysis, the rabbit ear test was utilized to screen technical products for
their presence (Adams et al.. 1941) (see also Chapter 5).

In rabbits, monkeys and men, the microscopic appearance of the skin lesion
varies, depending on the interval between last exposure and the time the biopsy was
obtained. Microscopic ination of h skin biopsies from chi cases or
tissue sections from rabbit ears with hyperkeratosis show markedly dilated hair
follicles that are filled with keraiin. Eventually the entire follicular appendage
becomes transformed into a sac of keratin (Figs. 9C.4 and 9C.5). The sebaceous
glands involute partially or completely. The epithelial cells lining the follicles and
adjacent to them proliferate. A hosis is p and the individual prickle cells
become enlarged. Polymorphonuclear ieukocytes aggregate around hair follicles.
This is followed by intrafollicular collections of leukocytes, microvescicles and
abeesses within the follicular wall. Subseguently the follicular wail is destroyed and
an abcess may develop. According to Shelley and Kligman (1957}, who induced
chioracne experimentally in 31 male adults with chlorinated naphthalenes, the
sebaceous glands returned gradually months after the last application. Eventually,
the epithelium lining the kenun filled follicles nrcphles

Although on casual i hl r juvenile acne, the distri-
bution of chloracne is quite different as is frequently the age of onset. Juvenile acne
is characterized by papular eruptions due to inf} ion with the lation of

secretion of the sebaceous glands. Hyperkeratosis and atrophy of sebaceous glands
does not occur in juvenile acne.

In a few instances in which workers developed chloracne following exposure to
2,3,7,8-tetrachiorodib dioxin, hypertrichosis and hyperpigmentation was pro-
nounced {Jirasek et al., 1976; Bleiberg et al., 1964).

For many years, it vnu believed that chioracne was due to external contact and
not the resuit of s P e 10 the ic agents. However, this belie( is

futed by two episodes of accid | poisoning following ingestion of the acnegenic
compounds. in one episode, ‘Yusho rice bnn 0il became contaminated with a
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Fig. 9C.S. Follicular appendage (rom a rabbit ear affected by a chloracnegenic agent.

mixture of chlorinated biphenyls, quarterphenyls and dibenzofurans (Rappe et al.,
1977; Miyata et al., 1978), and resulted in illness which included chloracne (Chapter
9B.1).

1n 1945, six people fried vegetables in a fat-like substance thought to have been
hexachioronaphthalene which they found in the bomb ruins of Berlin in Germany
(Hertzberg, 1947) and subsequently deveioped chl Similar skin lesions can
also be produced in primates by oral exposure to chlorinated biphenyls or chlorin-
ated dibenzodioxins (Barsotti and Allen, 1975; Allen et al., 1977). In rabbits,
depending on the dose, application of acnegenic agents on the ear may either only
result in local hyperkeratosis or at higher doses slso produce a toxic effect on the
liver (Kimbrough, 1977). Thus, local dermal application of these compounds,
particularly the 2,3 7.l-|elmhlomdnbentodnoxm may also lead to systemic disease.

More ly, | exp 0 Michlo:umlme and some herbicides
made from it, mch as propanil (N-(3.4-dichlorophenyhp ide) have also
produced chl In these i the toxic contaminant is tetrachloro-

or tetrachlor (Morse et al., 1979). These compounds are

not as stable as the chemicals dnscussed in this book, and hence may be tess of a
problem.
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9C.3). Presence of halogenated sromatics in human tissues and body fluids

Of all the chemicsls discussed, only the chiorinated biphenyls have been d
with any (requency in human tissues. Chlorinated dibenzofurans were found in
patients suffering from Yusho (Chapter 9BI) and in one instance, tissue was
analyzed for 2,3,7,8-tetrachlorodibenzodioxin from a resident living in the Seveso
area in ltaly (Chapter 9B2), Brominated biphenyls are not as prevalent in human
tissues as chlorinated biphenyls and are primarily found in the population of the
state of Michigan, U.S.A. (Chapter 9A). Since the chlorinated biphenyls are lipo-
philic, the highest ion is found in adipose tissue, although proportionally
lower concentrations are present in other organs as well as blood. The different
chlorinated biphenyl isomers are metabolized at different rates (Chapter 4) resulting
in shifts in the gas-chromatographic pattern. The ratio of polychlorinated biphenyls
between adipose tissue, other organs and blood varies somewhat, depending on
whether exposure is current or took place in the past and whether the blood
specimen was fasting. Pregnancy, weight loss and kidney disease may also affect
this ratio. In order to determine the body burden of these compounds, adipose
tissue would be the most suitabie specimen for most of the halogenated aromatic
compounds. Although appropriate for individual cases, it is usually not feasible to
obtain adipose tissue samples in large population studies. In spite of the limied
value of blood levels as an indicator of body burden, they can give some ides of the
levels of exposure. A person with a polychiorinated biphenyl blood levet of 10 ppb
(ug/1) might at the most have adipose tissue levels of a few ppm (mg/kg) or less,
while those with blood levels of 100 ppb (ug/1) might have adipoase levels mywheu
from 20 to 50 ppm (mg/kg). Since the chlori d dib dioxins and chl

dibenzofurans, particularly the 2,3,7,8-tetra- isomer, are so extremely toxic, illness
would be expected to be present at lower concentrations than for chlorinated bi-

TABLE 9C.2
Partial list of chemieal jes where ions or sudden ecci relense of large quantities of
TCDD has occurved during the ion of 2,4,5 and relased products.®
Name of company Place Year Reference
Mossanto Nitro, W.Va., U.S.A. 1949 1ARC, 1978
Badische Anilin und Sods  Ludwigshafen, Rhein, 1953 Hofmann, 1957
Fabrik G.F.R
Philips Duphar Lid. Amserdam district, Harlem, 1963 Dalderup, 1974a, 19740
The Netherlands
Greaobls, France 1966 Dugois and Colomb, 1956
Coallie sad Chemical Bolsover, UK. 1968 May, 1973
Products Lid,
Hamburg, G.F.R. 1954 Schulz, 1957: Kimming snd
Schuiz, 1957
JCMESA Seveso, lualy 1976 Hay, 1979

8. Additional companias are listed by Hay (1979).
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phenyls. These chemicals are also more polar and it is possidle that their concen-
tration in the liver may be different relative to the concentration in adipose tissue.
However, this was not the case for the one resident from Seveso, [taly, who was
studied in this respect (Chapter 982).

Low background levels of PCBs can be found in blood and other tissues of the
general population of industrialized nanons (Chapter 9A). Such background levels
need to be idered when occupati P is eval d

Since PCB; are mixtures of chemicals, quantitation is quite difficult and a
number of different ways of quantitating them have been proposed, such as adding
the PCB peak heights of the gas ch and ing it 10 & known
amount of standard (see Chapter 2). Because of these differences in quantitation,
the differences in isomeric cornposmon of the different PCB mixtures, and

diff in individual ptibility, it can presently not be predicted with
certainty what a toxic blood or adipose tissue level constitutes in each case. How-
ever, in some individuals, PCB ations of 50 ppb (ng/g) in blood were

d with ab 1 liver f ion tests (MMWR, 1978), while in other studies

(Karppanen and Kolho, 1973), this was not the case. In capacitor plants where PCBs
are heated and, therefore, volitalized, considerable respiratory exposure occurs
(Table 9C.4). If PCBs are handled at room temp ¢ as in the pr and
repair of (msformcrs, dermnl p ¢ may predomi

Very little infe ilable linking PCB air levels to PCB blood leveis,
PCB adipose tissue levds or symptoms (Table 9C.3). Since PCB air levels may
fluctuate a great deal, air jitoring may not q y refiect exp:

No published information is ilable on the presence of halogenated naph-
thalenes and terphenyls in workers. Neither have the chlorinated dibenzodioxins or
dibenzofurans been extensively measured in the occupational setting.

TABLE 9C.3
rcs ions in the and n blood of workers exposed (0 PCBs.
Duration of PCY levels Effects reporied Reference
PCBexposure  govironmemal  Blovd (ppb)
(mg/m’)
Net known 10 - unbearabie irritation Elking, 1989
4-§ mo. -7 - chioracne Puccinelli, 1954
<1-20 yr. 0.2-1.6 370, ave. y Hasegaws ¢t al., (9
tation, liver injury
2.5 yr. ave. not reporied 820. ave. chioracne Kitamura et al., 1973
2.5-10 yr, 0.013-0.27 16286 irritation, liver injury Levy a1 al., 1977
14 mo. 0.1 - chloracne, liver injury Meigs et al., 1954
2-23 yr. " 0.32-1.44 >200 chloraene, liver injury Ouw ¢ al., 1976
Up o 13 yr. not reported 7-300 chloracne, elevated Hara ¢ al., 1974
1riglycerides Hars et al.. 1978
<l T4-1,900 no effect Karppanen and

Koiho, 1973
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9C.4. Polychlorinated biphenyis

Chiorinated biphenyls {PCBs) were introduced into industry around 1929 and in the
carly 1930s. They were primarily used as dielectric fluids in capacitors and trans-
formers. In capacitor plants, the ch of being exposed to PCB vapors were
greater than in transformer plants. Later, the use of polychlorinated biphenyls
expanded to other areas (Chapter 1). One of the first reports on health effects of
polychlorinated biphenyls was made by Jona and Alden (1936). Thm aumm
examined |7 of 23 workers that were d in the production of polychlori
biphenyls. All of the workers had chloracne. The chloracne mvolved the face,
genitalia, trunk and extremities in many of the workers. Prior (o the outbreak of
chloracne in the plant, the electrical property of the chlorinated biphenyis had fallen
below specifications and the color of the product had decpencd. It was not deter-
mined whether this was caused by a change in the chemical composition of the
material. The symptoms of illness in the report were more extensively described in
the first worker that presented himself with chloracne. This worker complained of
lassitude, loss of appetite and loss of libido. Unfortunately, it is not clear from the
report whether a more than cursory attempt was made 1o determine systemic heaith
effects. In 1937, Drinker et al. reported their efforts to determine whether chlosin-
ated biphenyls had systemic health effects. Their studies were prompted by three
(atal cases of jaundice in workers who had been exposed 1o chiorinated naphtha-
l:na and ehlarinawd biphenyis. In only one of these three cases is the presence of
¢ P in all three i was 10 tetra- and pentachloro-
naphthalene and 10% chiorinated biphenyls. Drinker et al. (1937) mention and
warn against the use of carbon tetrachloride as a solvent since it may have additive
10xic effects on the liver, Following these studies, a tabulation of 14 chion
hydrocarbons with permissible safe concentrations in the air of work-rooms was
made (Drinker, 1939). Over the years, other cases of chloracne following exposure
to chiorinated biphenyls were reported in the literature. Most of lhue involved
exposure to vapors which developed when polychlori d biphenyls or of
chlorinated terphenyls were heated (NIOSH 1977)

Al times, the skin rashes that kers deveioped were ied by puritus.
Some of these workers had other complaints, such as burning of the eyes, nose and
throat, dry throat, nauses and dizziness. Many of the workers were also exposed to
trichlorobenzene. Meigs et al. (1954) reported chloracne in workers who had had
exposure to polychiorinased biphenyl vapors for 5-14 months. The concentration
of polychlorinated biphenyls in the workers’ breathing zone was determined to be
0.1 mg/m’. Evidence of slight liver injury was also present in these workers. Air
level determinations in the earlier outbreaks of chl were not reported. Only
recently have better and mote accurate methods of PCB quantitation been
developed. Thus, Quw et al. (1976) found air levels in a capacitor plant which
ranged from 0.32 mg/m’ Aroclor 1242 (PCBs) 1o 1.44 mg/m’. Workers in this
environment complained of burning of the eyes, face and skin, and persistent body
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odor. Nineteen of the 34 workers were empioyed in an impregnating room and had
heavy exposure while the remainder of the workers assembled Aroclor dipped
capacitor components and had less exposure. One worker suffered from chioracse
and five complained of eczematous rashes. A few of the workers had abnormal liver
function 1ests, elevated serum protein levels and others showed low levels of serum
as-globulin. These workers had a mean PCB blood level of about 400 ppb (g/kg).
The control group in this study had no detectable PCB biood levels. This lack of
PCB background levels in the general population of New South Wales was
explained by the fact that environmental pollusion with PCBs in that part of the
world is much lower.

In most studies of workers with chloracne, evidence of liver injury was also found
and in one study, abnormal liver funciion tesis were present in workers who did not
have chioracne (NJOSH, 1977). Elevated serum triglycerides have been found in
exposed workers in the United States (Fishbein et al., 1979) and in Japanese studies.
Similarly, Smith et al. (1978) found slightly elevated triglyceride levels and lower
high and low density lipoproteins in workers slightly and moderately exposed 10
PCBs when fasting plasma levels were compared to controls. Similarily, Sak and
Ahlers (1977) observed significantly d serum ations of triglycerid
total chal i and phospholipids in workers occupationally exposed 10 poly-
chiorinated biphenyls. Many factors can influence serum lipoprotein levels
(Beaumont et al., 1970), such as diet, excessive alcohol consumption, pregnancy,

4 J stress, king, estrogens, other hormones and medications,
such as salicylates. In addition, hyperupoprommemu also accurs in a number of

common diseases, such as hypothyroidi nsulin-d d olled
dhbetu nephrotic syndrome. biliary obstruction, plncreluus dysglobutinemia, or
t hypetlipoproteinemia. It would be of great imporiance 1o determine

whether halogenated biphenyls and related compounds do generally also have such
an effect as a few studies suggest, and at what exposure levels this effect occurs.
Animal studies suggest that lipid metabolism in the liver may be affected by halo-
genated biphenyls (Kimbrough et al., 1972).
Another effect of PCBs on the liver is the induction of mixed-function oxidases.

This has been studied ively in animals. Alvares et al. (1977) determined that in
S workers occupationally exposed to Aroclor 1016, a PCB mixture primarily com-
posed of di-, tri-, tetra- and p hlorobiphenyls, pl antipyrine half-life was

significantly lower than in matched comrou Tbee workers had been exposed to
Aroclor 1016 for at least 2 years and had no obvious signs or symptoms of PCB
poisoning, such as chioracne or abnormal clinical liver function test resuits. Other
health effects that have been reported more recently are eye and upper respiratory
irritation. Thus, Warshaw et al. (1979) studied & group of 326 workers in a capacitor
plant with 8 mean empioyment of more than |3 years and a mean age of 41.1 years
for males and 47.3 years for females. Work-related eye or upper respiratory
irritation was reported by 43%s of the workers, and 10" had experienced tightness
in the chest. Spirometric studies were conducted on 309 workers; 66 of them were
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dropped from the study because of exposure to talc, textile dust or asbestos, leaving
243 for analysis. {n maies, there were about twice as many smokers and exsmokers
as nonsmokers. In females, the proportion of nonsmokers was higher. Thirty-four
of the workers (14%) had a reduced vital capacity and 27 of these demonstrated a
resteictive pattern of impairment (FEV/FVC >0.7). According to Warshaw et al.
(1979), the prevalence of restrictive impairment in the capacitor workers is
comparable only to that found in asbestos workers. The vital capacity in PCB
workers that had no opportunity 10 be d (0 asb should be studied to
confirm these (indings.

No conclusive evidence has thus far been reported which demonstrates that occu-
pational exposure 10 PCBs has caused an increased incidence of cancer.

Babn ¢t al. (1976) reported results of a preliminary investigation. This study
consisted of a seasch of chart records of a group of 51 research and development
employees and 41 refinery plant employees at 8 New Jersey petrochemical facility.
Buwecn 1949 and 1957, these workers had been exposed to Aroclor 1254, a PCB

of chiorinated biphenyl b 33 (sOm mono- 10 heplachioro-
biphenyi. Thm melanomas and two carcinomas of the pancreas were found. This
incidence was significantly higher than the expected rates. Since exposure 0 other
chemicals also occurred and since the cohort was small, further studles are necessary
10 determine whether PCBs have caused cancer in humans. A retrospective
mortality study conducted by the U.S. National Institute of Occupational Health
{CDC) may provide additional information in the near future.

9C.S. Chlorinated naphthaienes

Following the carly reports of chloracne which were caused by chiorinated tar
products (Herxheimer, 1899; Bettman, 1901), the second episode of outbresks of
occupational chloracne occurred during the first World War following exposure to
the chiorinated naphthalenes. Chiorinated naphthalenes (halowaxes) were used in
the production of gas masks. Wuucr (1918) referred 10 chioracne as pmulnnk
heit'. The term ‘perns’ origi d from ‘perchi hthalin’. The chiori

naphthaienes were also uud 10 impregnate fabric und to makc soles for shoes
{Teleky, 1927). After Worid War 1, this use of chlorinated naphthal d. A
few years later, the chlodnnd uphthllmu were used in uu mining mdnnry [
water and fire resi I ial for d . This resulted in
outbreaks of chloracne in 1926 and 1927 among workers mn‘ produced such
detonators (Teleky, 1927). Subsequently, around 1930, chiorinated naphthalenss
(Mayers and Silverberg, 1938) and chiorinated diphenyls were used as insulating
materisl for cables and condensers. In lhe United States, several hundred cases of
iliness following exp 10 chiori hthal were reported. Among them
were several deaths due 10 acute yeliow au-nphy of the liver uones. 1941; Sulzberges
et al., 1934, Flinn and Jarvik, 1936). However, such cases were isolated and it is
possible that such additional factors as infectious viral hepatitis may have comtri-
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buted to the disease. Since workers in many instances were exposed to mixtures of
chlorinated naphthal and biphenyls, it was not clear what actually caused the
systemic illness. The industries concerned then initiated a study of the toxicity of
these products (Drinker et al., 1937). This resulted in improved occupational
hygiene and the establishment of exposure limits at the work place and the use of
lower chiorinated substances which seemed to cause less health effects. During
World War 11 chlorinated naphthalenes and chiorinated biphenyls were extensively
used in the ship-building industry. Painting the surface of the ships with these
chemicals neutralized them against magnetic contact mines. Furthermore, the
chlorinated naphthalenes were also used as insulating material for cables. In this
industry, iliness was observed not only in the workers who insulated the cables, but
also in the workers who handled the cables after they had been manufactured.
Although the use of chlorinated naphthal has declined, they are still used
occasionally because of their low cost. Weber (1969) reported chloracne in the cable
industry where chlorinated naphthalenes were used. Kleinfeld et al. (1972) described
an episode in 1972 where 92 workers were exposed to a mixture of tetra- and penta-
chlor hthak in the {f e of insulated electrical coils. in many of the
mdus(nul processes, the chiorinated naphthalenes were heated, producing vapors 1o
which the workers were exposed. Although the fact that these compounds caused
chioracne had been known for years, the serious systemic effects were not generally
recognized until the 1930s and 1940s. The first complaints of the workers were
digestive disturbances, burning of the conjunctivae, and in some instances sexual
impotence und haematuria (\ on Wedel et al , 1943). Other complaints were blood-
shot eyes, | de, head bd | pain, weight loss, insomnia, alopecia.
and disturbances in taste (Good and Pensky, 1943). A number of case reports
appeared in the literature in the “30s and '40s describing patients who worked with
chlorinated naphthalenes, developed acute yellow atrophy of the liver and died
(Greenburg et al., 1939). Cotter (1944) described a number of such cases. Most of
these patients were exposed (0 chlorinated naphthalenes for several weeks to several
months before they became ill. In many instances, chioracne was not recorded in the
case reports, and in some instances it was poinsted out that it was not present. The
following account by McLetchie and Roberison (1942) gives a description of the
typical clinical course of these warkers:

*“This 41-year-old femaie was admitted with a history of nausea, vomiting, and
jaundice of four weeks duration. She had been employed for the past six months at
& process which exposed her t0 fumes of chlorinated naphthalenes. A number of her

coworkers had developed an i dermatitis, but there was no other case of
jaundice. About 8 weeks before admission, the patient began not to feei well and
d that in the ing, her f{eet and ankles b swollen. Per puffi-

ness developed around the eyes. Two weeks later, she became breathless on slight
excrtion jaundice developed four weeks prior to admission. Shortly after onset of
bl loped. However, she did not lose any weight.

tr nausea d
Vomiting also occasionally occurred. The patient noticed that her urine was
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becomm; darker while her slools were grayish in color, Physical examination on
r led 3 well d patient which showed no signs of any grest
fort and was Hly alert. A definite but not deep icteric tinge of the skin
and conjunctivae was present and a faint purpuric rash was noted on the legs and
lower abdomen, There was llto slight edema sround the nnkles and puffiness of the
tissues around the eyes. The physical findings were ) ive except for a
slight increase in the ares of urdmc dullneu and aslightly dlmimshed liver dullness.
The urine was dark brown and contained bile. On the tlnrd dly Ifl!r |dmimon, un
patient became drowsy and the jaund din i i
of all limbs developed. A ulchy-brwn discoloration of the :km over the arms lnd
the chest was noted. The patient continued in coma, the puise rapidly increased in
rate, and she died on the fifth day after admission. On post-mortem examination,
two pints of straw-colored fluid were found in the peritoneal cavity and there was
marked edems of the loose retroperitoneal tissues. The liver was very smail, shape-
fess, eolllpud under a wrinkled capsule, soft in consistency with few firm nodules
The nodules varied in size from a few millimeters 10 2.5 cm in
di The livu ighed 650 grams (normal 1,500 grams). On section, the
nodules were of a dull-yellow color. The intervening soft tissue was mainly red. The
galibladder was normal; the stomach contsined much dark-brown mucus. The
kidneys were sigined deep green, and the heart revealed mod:me hypenrcphy lnd
slight dilitation of the right icie. The cardiae valves sh
endocarditis. On histologic examination, the liver showed a varying pmm of acute
damage, fibrous proliferation and regeneration. Large areas of autolyzed, necrotc,
hepatic parenchyma were noted. Islets of surviving epithetial tissue in areas with
collspsed sinusoids where dead hepatocytes had been resorbed were noted. In these
aress, congestion, hemorrhage, and round cell infiltration was also presemt.
Furthermore, small areas of liver parenchyma were surrounded by bands of young
connective tissue which contained many poorly formed bile ducts. The pancreas
showed minute ares of necrosis in the pancreatic fat. No other findings of note were
made."’
The livers of the fatal cases reporied by Cotter (1944) showed in many areas
I b of hepatic cells, bile duct proliferation, hemorrhage, and an
mmmm(ory reaction. None of his cases typical ch hough one
patient hac a papular rash of the forearms. Cotter points out that in blacks, depig-
mentation of the skin may be one of the early manifestations of iliness. Another
interesting observation among the seven cases reported by Cotter was the fact that
one worker became jaundiced after a year of working with chloronaphthalenes. He
was transferred to a department where he did not come in contact with thess
chemicals and his jaundice subsided, but recurred when he was put back on his
original job. Although in most of these instances, the workers were exposed 10
vapors of chlorinated naphthalenes, Peck (1944) noted an increasing incidence of
acne-like lesions in electricians who were installing cabies on ships during the second
world war. These cables hag been coated with chiorinated naphthaienes and chloro-
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diphenyls. The chioracne was usually found in electricians engaged in stripping (the
coated cables). The halowax which was stripped off was impregnated in asbestos
which was wrapped around the wires as insulation.

Experimentai studies were carried out with the chlorinated naphthalenes which
caused outbreaks in different working situations. These mixtures were composed of
chlorinated naphthalenes with various percentages of chlorination. Teleky (1927)
pointed out that in factories where the sub used ined only 14%
chiorine, the incidence of chioracne was much reduced. In one of the companies, the
health siatus of the workers was greatly improved when naphthalenes with only
7-8% of chlorine were substituted for those with higher percentages of chiorine. A

b i studies lated by the hulth problems observed in
workers exposed to these chlorinated hthal ated that the penta-
and hexachloronaphthalenes seemed 10 be the most toxic. This experimental work
also indicated that mixtures of chiorinated naphthal with chiori d dipheny)
increased the toxicity of these materials (Von Wedel et al., 1943). During that time,
the most extensive studies were done by Bennett et al. (1938). In these studies, the
trichlornaphthalenes were less hepatotoxic than the higher chlorinated compounds
and the chlorinated diphenyls were considered to be the most toxic of all. However,
no chemical analyses for any of these compounds were performed at the time to
determine whether any toxic impurities might be present. Smnl-rly, sneuey and
Kligman (1957) tested a ber of hal for | in b
The following mixtures of chlorinated naphthalenes were tesud

Mono- and dichloronaphthalenes (Halowax 1000), tri- and tetrachlor-
naphthalenes (Halowax 1001), penta- and hexachlornaphthaiene (Halowax 1014),
heptachiornaphthalene (Halowax 1052) and octachiornaphthalene (Halowax 1051).
Of these, only the mixture of penta- and hexachiornaphthalene produced chioracne.
The other four chiorinated naphchalene mixtures were without effect. However,
Mayers and Silverberg (1938) reported a series of patients who had developed
chioracne after being exposed to a mixture of tri- and tetrachiornaphthalenes.
Agasin, no chemical analysis of this particular mixture was done. On the other hand,
studies in rabbits injected with mixtures of tri- and tetrachlornaphthalene. or tetra-
and pentachlornaphthalene or penta- and hexachlornaphthalene only showed liver
damage when they were given the penta- and hexschiornaphthaienes, but not when
they were given the mixtures of the other chiorinated naphthalenes. Thus, most of
the clinical observations as well as the available experimental data seem (o indicate
that the penta- and hexachloronaphthalenes are the most toxic components of the
mixtures of chlorinated naphthalenes.

of experi

9C.6. C i (chlori d did dioxins and chlorinated dibenzofurans)

Chiorinated dibenzodioxins snd chlorinated dibenzofurans are contaminants of a
number of commercial products (Chapters 1, 2). The only documented episode of
ial exp of h to chl d dibenzofurans occurred in Japan,
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and these subjects were aiso exposed (o polychlotinawd biphenyls (Chapm 9B1). it

is known that products such as hi henol are ! d with chlorin-
ated dibenzodioxins and chiorinated dlhenxofuuns. bu( in the pubhshed reports
dealing with ional exp e (0 technical phenol no efforis have

been made 0 distinguish the effects of these lnce contaminants from those of
pentachlorophenal per se. Through the efforts of Kimming and Schulz (1957), it is
known, however, that to & large extent, iliness caused by technical 2,4,5-trichloro-
phenol and sll products made [rom 2,4,5-trichlorophenol is actually caused by
TCDD. TCDD is the most toxic isamer of the group of chiorinated dibenzodioxins
(Chapter $).

Occupstional exposure to TCDD may occur in the production of 2,4,5-trichl
pheno! and ail products for which 2,4,5-irichlorophenol is used as starting material.
In addition, exposure to commercial products contaminated with TCDD may also
result in illness.

Two types of exposures have occurred in these occupational settings. Workers
may be expased daily to TCDD during normal ptodncmm of 2, ‘ S-mchlorophuol
and its end products. In this type of setting, chl: duslly in some
workers after they have been exposed for several weeks or momhs. In addnion
thase workers may also show systemic illness.

The other type of occupational iliness has & more sudden onset. When 2,4,3-

richl henol is produced (rom hil unless the reaction is
clre!ully controlled, it may overheat and result in an explosion of the reaction
vessat. Once the temp of the i 160°C, i ing of

TCDD are also formed. Exposure of workers to TCDD during the expiosion and
subsequently during clean-up operations has often been quite heavy and has resulted
in the onset of chloracne in a week or two, i ied by sy
illness. A number of such episodes have been pubiished in the literature and some
are listed in Table 9C.2. Clean-up crews and maintenance men are particulasly
endangered.

Acule symptoms occurring after such accid have isted of headach
nausea and dizziness. Rarely, severe itching, redness and swelling of the face or
other areas of the skia may develop, and swelling of the eyelids \vuh m;uucnvitil
may aiso be present. Within two or three weeks chi d and sy
illness, such as weight loss, easy fatigueability and aching m\udu umeuhﬂy in
tae lower extremities and chest, may be present. Other compiaints often recorded
were insomaia, irritability and Joss of libido. The liver may become tender and
eniarged, and sensory changes, particularly in the lower extremities, have been

observed. Total serum lipids may be i d and the prothrombin time may be
prolonged. Symptoms mly be quite peﬂismt. pmicullrly the severe aches and
pains which are £ of pathy and the fatigueability

(IARC, 1978; Bauer et al., 1961; Bktber; et al., 1964; Mly, 1973; Jensen and
Walker, 1972; Oliver, 1975). Unfortunately, since chloracne is the most obvious
of TCDD poisoning, the ic effects have been less weil studied
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and reporied. While in some episodes, chloracne seems to be the only significant
health effect (May, 1973) in most episodes, systemic iliness was also noted. Un-
fortunately, a number of these episodes either have not been published at all or have
only been insufficiently reported, such as the accident which ocsusred in Nitro,
West Virginia, in 1949 or the health effects observed in the Philips Duphar Co. in
the Netherlands. The reports made by Bauer e1 al. {1961), Schulz (1957), Bieiverg et
al. (1964), Oliver (1975), Goldman (1972) and Jirasek et al. (1976) describe systemic
effects in more detail. Most of the persons exposed in  lustrial settings were

d to a mi of chemicals, such as 2,4,5-trichlorc,...enol, TCDD, 2,4,5-
trichlorophenoxyacetic acid. and, in the episode reported by Jirasek (1976), also to
pentachlorophenol. It is, therefore, not clear whether all effects were solely caused
by TCDD. Only the two laboratory workers studied by Oliver (1975) had exposure
to pure TCDD.

Systemic illness is usually reporied only in workers with chloracne. However,
Jirasek et al. (1976) cite 4 workers with systemic illness without chioracne. From the
other published reports, it is not clear whether all exposed workers were examined
for sy ic illness or whether they were selected on the basis of chloracne which
may have led to the prhaps erroneous assumption that in humans, iliness caused by
TCDD must always be accompanied by chloracne.

Jirasek et al. (1976) found that a number of their patients had porphyria cutanes
wrda. In addition to the chloracne, hypertrichosis and hyperpigmentation were
noted. Abnormal liver function test results (elevated SGOT and SGPT) were
obtained for 11 of 80 patients. In more than haif of the workers, total cholesterol,
total lipids, and phospholipids were elevated. Urinary uroporphyrins were elevaled
in 23 workers. Thin layer chromatography showed that urinary 8- and 4-carboxy-
porphyrin were increased. Both liver and urine fluoresced under UV light. A
peripheral neuropathy was documented in 17 of these workers. In 4 workers,
localized effects on the central nervous system were also observed. In the outbreak
reported by Bleiberg et al. (1964), a number of workers had, in addition to
chloracne, abnormal excretion of urinacy uroporphyrins, hirsutism, and hyper-
pigmentation. Six years later, in a followup study of the same plant, only one
worker had persistent uroporphyrinuria (Poland et al., 1971). In addition, 2 number
of authors (Schuiz, 1957; Bauer et al., 1961; Jirasek et al., 1976; Oliver, 1975)
observed a neurasthenic syndrome characterized by a lack of drive and vigor, sieep
disorders, emotional instability and diminished libido or potency (Kleu and Goltz
1971).

Bauer et al. (196]) studied three groups of workers in Germany who had
developed chl and/or s ic iliness after working in the production of

hlori d phenois. Liver biopsies of three workers showed in one instance a fatty
liver with slight fibrosis and an inflammatory reaction, and in two instances,
‘perihepatic’ changes and a brown pign which stained partially positive for iron.
A liver biopsy from her sh d a gray pig which was not positive for iron.

Among the long-term followup studies reported thus far in workers exposed to
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TCDOD is one by Thiess and Goldmann (1976). Of the 53 original workers exposed 10
TCDD in 1953, 22 were still employed by BASF in 1976; 3 workers received partial

- I for persi chloracne, | for residual paresis of the left leg, and
1 because of deafness. Apart from residual scars, the other 18 workers had no
persisient skin lesions in 1976. Causes of death were as follows: 2 - myocardial
infarct, 4 - cardiovascular d ion, 4 - i of different sites, 1 -
mitral stenosis, 2 — suicide, | — bleeding of the esophagus. As ioned, one
worker had died earlier (Goldmann et al., 1972). No information was given on the
16 retired workers. This study illustrates how persisient the chloracne may be in
some individuals.

Recently, a followup study was aiso conducted on the workers in Nitro, West
Virginia (Zack and Suskind, 1930) in which the acute symptoms initiaily suffered by
the workers were described. Aside from che symptoms and signs already mentioned,
4 of 6 workers who were examined in 1949 and 1950 had an enlarged liver and a
delayed prothrombin time at that time. A regression of symptoms and signs was
observed in these workers when they were reexamined in 195). The morality
experience of 121 of these workers who had developed chioracne foliowing the
explosion in 1949 was aiso reported. Among Lhis group of workers, 32 deaths were
recorded against 46.41 expected. There were 9 deaths from malignant neoplesms
with 9.04 expected. There were 5 lung cancer deaths versus 3.02 expected, 1 skin
cancer death with 0.15 expected, and 3 deaths from neoplasms of lymphatic and
hematopoietic tissue.

A followup examination of 11 of 23 workers who had first become sick in
1953/1954 following exposure to TCDD were reexamined in 1976 (Krause and
Brassow, 1978). The chl had pletely disappeared in only 2 workers. Seven
of the 11 still complained of epigastric pain, nausea and intolerance of aicobol. Six
of the 11 had an enlarged liver which was not present when they were examined in
the 1950s and 6 of the 11 had at least one abnormal liver function test. Furthermore,
Hardeil and Sandstrom (1979) have reported sn increased incidence of mesenchymal
tumors in workers who were either exp o ical 2,4,5-trichiorophenot or
2,4,S-trichiorophenoxiacetic acid. The problem with all of these siudies is that the

ber of cases ined is small. Hardeil and Sandstrom tried to control for that
by conducting a case control study where they matched 4 controls (o each case by
age, sex and locality, However, by excluding all contral cases with cancer, they may
have bissed their study.

Another chlorinated phenol, p ! henol, is used y as a wood
preservative and fungicide. This product is inated with chiorinated dibenzo-
dioxins and chi d dib fi but usually with the hexa-, hepta- and octa-
homologs (Chapter 2). Oceasionally, workers d in the production of penta-

phenol have also developed chloracne (Basader and Bauer, 1951) and com-
plaints such as neuralgic pain in the lower extremities, persistent bronchitis and eye
irritation (Behrbohm, [939). The bronchitis seems to be more prevalent in workers
d to technical hlorophenol than to the other technical products
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discussed in this chapter. Workers dealing with wood preservatives again experience
mixed chemical exposure. Other chemicals used in such industries include organic
arsenic and tin compounds, copper derivatives and cr P hiorophenol
per se is an uncoupler of oxidative phosphorylation and, like 2,4-dinitrophenol.
increases the metabolic rate, resulting in hyperthermia, profuse sweating and weight
Joss. A number of facalities following exp € 10 p hi I have been
described (Mason et al., 1965, Bergner et al., 1965). In these cases, absorption of
several hundsed mg of pentachiorophenol has usually occurred in severe or fatal
and p hlorophenol blood levels as high as 10-20 ppm (ug/g) have
been measured soon after exposure. On the other hand, workers in wood-ireating
plants may reach pentachlorophenol blood and urine concentrations as high as
10-20 ppm without symptoms of toxicity (Casarett et al.. 1969). Simultaneous
exposure to heat may make workers more susceptibie to the toxic effects of pema-
hl henol. Since p hlorophenol is used extensively, detection of ppb (ng/g)
of p | in blood or urine must be considered to repre-
sent background levels which are frequently detected in the general popuiation
{Bevenue et al., 1967; Casarett et al., 1969). In some fatal human cases, hepato-
celiular necrosis was observed (Truhaut et al., 1952; Gordon, 1956). Whether these
effects ited from the simul P ¢ 10 toxic i in penta-
chiorophenol has never been investigated (see also Chapters 2 and ). Vacuolation
of hepatocytes was 230 noted in livers of infants who were accidentally exposed 1o
hnical-grade p hiorophenol in a nursery (Robson et al., 1969).

Wl .

9C.7. Chlorinated terphenyls and brominated compounds

Essentially no information is presently available on halogenated terphenyls and only
one preliminary study on workers exposed to brominated biphenyls has been c..a-
ducted (Kay, 1977). In addition, Bahn et al. (1980) examined 1S workers of a total
cohort of 86 men who had been engaged in the f! of decabromobipheny!
and decabromobipheny? oxide. A total of 89 controf subjects were chosen from steel
workers and wire men. Studies of thyroid function reveaied four cases of primary
hypothyroidism in the 35 exposed workers and in none of the controls. This repre-
sented a prevalence of 11.4% which is statistically significantty higher than the
background incidence of 2.8% found in males in the United Kingdom. Since the
group of subjects studied was small, additional studies will have to be done to deter-
mine how prevalent hypothyroidism is following exposure to these types of
compounds.

Semmary

The occupstional disesses caused by halogenated biphenyls, terphenyls, naph-
thalenes, dibenzodioxins and dibenzofurans were reviewed. Occupational iliness has
primarily occurred following exposure to 2,3,7 8-tetrachiorodibenzodioxin, chiorin-
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ated biphenyis and chlorinaied naphthalenes, The health problems associated with

¢ L0 these pounds include chioracne, liver disease, porphyria cutanea
tards, and neuropathies. Not much is known about the other compounds
mentioned.
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PURPOSE AND SCOPE OF
THIS BOOK (PREFACE)

A great variety of treatment tecchniques can be applied to solve our
current pollution problems. The chapters in this book demonstrate that
detoxication of hazardous waste can be achieved by creative adaptation
of existing, fundamental knowledge by workers with a multidisciplinary
outlook. However, the actual implementation of the technical solutions
often depends on the necessary interaction with nonscientific members of
society and on numerous value judgments and decisions about risk levels,
potential consequences and political realities.

This book, based on a symposium by the Division of Environmental
Chemistry of the American Chemical Society, focuses on the detoxication
of hazardous waste as an alternative and/ or a complement 10 storage and
destruction techniques. The book contains four sections:

{. incineration and waste manugement;

2. treatmsnt, recovery and destruction of polychlorinaied biphenyls (PCB):

3. a cam study of the dustruciion of diexins: and

4, the biological deroxication p ial of genctic engineering. microbia! and en-
zymatic technigues.

Section | describes the design and operation of multipurpose industrial
incinerators for regional waste treatment centers. The question of destruc-
tion of hazardous components and their removal cfficiency as a function
of operating conditions of the incinerator is discussed, and the ranking of
hazardous compounds for incinerability is debated in several funda-
mental chapters. The concern about the potential emission of toxic
"g'o'_mbumon by-products such as polychlorinated dioxins and furans is
addressed and illustrated by data on the emission of these compounds
during incineration of PCB.
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Section 2, on PCB detoxication, illustrates the diversity of possible
approaches to treating 8 specific type of waste and serves as a model for
detoxication of other pollutants. Land- and ocean-based, molten salt,
diesel, and cement kiln incincration have been tested. Plasma arc and
other high-temperature processes have been explored. The treatment of
PCB-contaminated transformer fluids illusirates the role of detoxication
in recovery and reuse of valuable chemicals. PCB destruction by organo-
metals, ultraviolet light, alkali meta! alkoxides and chemical reduction
are feasible and have been iested by numerous investigators.

No compounds, other than perhaps PCB, have achieved the public
recognition and fear of polychliorinated dibenzodioxins. The case study of
a project that destroyed 7 kg of tetrachlorodibenzodioxin in a complex,
hazardous waste illustrates how social values, political judgments and
legal requirements affect attempts to detoxicate hazardous waste. In
addition, the' project demonstrates clearly that the technical expertise
exists to solve even the most difficuit pollution praoblem.

Section 4 focuses on the future by examining the exciting potentia) of
selected mutation or genetic engineering of microorganisms to detoxicate
hazardous waste, and contaminated soils, lagoons or groundwaters. Also,
enzymes may cawlyze slow chemical reactions for treating pollutants,

Although these biological methods appesr attractive, many problems
still must be overcome. In the meantime, we have availsble a wealth of
fundamental knowledge that can be adapted to pollution problems by
chemists, engineers, microbiologists, physicists, geologists, toxicologists
and many others. At present, implementation of technical solutions is
being delayed by legal, political and societsl discord and arguments. A
number of solutions to diverse pollution problems are offered in this
book. 1 hope that these solutions can demonstrate what can be accom-
plished if we have the will 1o actually soive the problem of hazardous
waste.

Jurgen H. Exner
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INTRODUCTION

Disposal of 1oxic wastes is a giobal problem that industrialized nations
now have begun to confront in a systematic fashion, Public awareness has
led to the passage of the Resource Conservation and Recovery Act
(RCRA) of 1976, which regulates disposai and restricts what can be
stored permaneatly in the ground. Such regulations are changing slowly
the economics of waste disposal and, at long last, the potential benefits of
source control, and recovery and recycle of waste, are being pursued
earnestly. Only after rigorous investigation of recovery and recycle should
landfilling or destruction alternatives be deemed appropriate. Nonethe-
less, these alternatives, especially underground storage, remain econom-
ically attractive. Still, increasing long-term legal liabilities and the
potential for groundwater contamination are forcing a shift from storage
to treatment or total destruction. This book, which is based on a
symposium by the Division of Environmental Chemistry of the American
Chemical Society, focuses on detoxication of hazardous waste as an
alternative and/or an addition 10 storage and total destruction
techniques.

Wastes can be detoxicated by chemical, physical or biological tech-
niques. These methods can also be used 1o modify wastes destined for
landfill or total destruction by incineration. Preferably, detoxication
allows recovery and reuse of the valuable chemicals in hazardous waste,
Detoxication techniques are generally carried out in small and econom-
ical equipment; therefore, treatment can be carried out at the location
where the waste is generated or located. The portability of detoxication
equipment should aliow its use during cleanup of abandoned dump sites.
Detoxication of contaminated soil is especially attractive because in~
cineration or landfill disposal is so expensive. Suitable soil detoxication
procedures would be ideal methods for cleanup of spills.

In a democratic society, hazardous waste is understandably as much a
political as a scientific issue, and legal, social and political issues do affect
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the technical solutions that can be applicd to solve poilution problems.
There is no “typical waste,” and there are thousands of toxic chemicals.
Our present legalistic industrialized society has attempted to characterize
hazsrdous wastes rigorously without much concern about the degrees of
hazard. Hazardous waste under RCRA is defined as those materials that
are ignitable, corrosive, reactive or toxic. Ignitable wastes are those that
can give off heat, smoke and particulates, or disperse toxic pollutants and
by-products through the environment. Corrosive wastes are those that
can cause injury to tissue, or, through destruction of containers, be
released to the environment. Reactive wasties are those that can detonate
or give off toxic gases by reaction with water or air. Toxicity is the most
clusive criterion used in classifying hazardous wastes. The U.S. Environ-
menual Protection Agency (EPA) extraction procedure (EP toxicity)
requires that chemical concentrations in the extract do not exceed the
Nationa! Interim Primary Drinking Water Standards by more than 100.
This definition assumes dispersion of the pollutant through a landfill into
groundwater and is limited to well defined chemicals. Toxicity of
chemical wastes must take into account the scute and chronie effects of
chemicals. Generslly, acute (short-term) criteria for oral, inhalation and
dermal toxicity are considered to be death in humans at low doses, dermal
LDs (rabbit) of less than 200 mg/kg, oral LDy (rat) of less than 50
mg/kg. inhalation LDs (rat) of less than 2 mg/l, or any serious
irreversible illness. The impact of chronic (long-term) toxicity effects
poses exceedingly difficult questions because of uncertainties surrounding
the no-cffect level, a concentration threshold below which no carcino-
genicity, mutagenicity, teratogenicity, or plant and animal toxicity exists.
A great deal of controvery surrounds the concept of a threshold to
toxicity, Consequently, risk assessments must be carried out to estimate
the potential for harm due to the discharge of a waste to the environment.
Also, of course, there is a direct correlation between the degree of concern
over a pollutant and its detectability, persistence, degradation, migration
or bioaccumulation in the environment.

In the final analysis, however, society decides which chemicals are
toxic. The chapters in this book focus on polychlorinated biphenyls
(PCB) (which were specifically regulated in the United States in 1979
under the Toxic Substances Control Act), priority pollutants specified in
the Clean Water Act of 1977, and the hazardous constituents associsted
with RCRA. The detoxication methods described in this book are
designed to convert wastes or specific constitutents in the waste to
residues that present a reduced risk of health or environmental danger
and which are more acceptable to society.

The book is divided into four sections: incineration and waste manage-
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ment; treatment, recovery and destruction of PCB; a case study of the
destruction of dioxins; and the biological detoxication potential of
genetic engineering, microbial and enzymatic techniques.

In the United States, treatment of hazardous wastes at regional waste
management centers is a common and economical disposal method.
Major improvements in capability and degree of detoxication can be
achieved by the integration of various chemical engineering unit opera-
tions with multipurpose thermal oxidation plexes. C q ly, the
new waste management complexes are much more sophisticated than
existing facilities. In addition, typical engineering operations (such as
carbon adsorption, distillation, steam or air stripping, precipitation and
coagulation, and biological treatment) are combined 10 pretreat, detoxi-
cate and recover waste constituents. Stabilization of inorganic wastes is
necessary before landfilling, to reduce their environmental impact, but the
general applicability of stabilization suffers from poorly conceived testing
procedures and public misconceptions. Incinerators are the heart of
regional waste management facilities and, until recently, little hard
scientific information was available about efficiency of destruction and
chemical processes within the burning chamber. RCRA has affected the
design of hazardous waste incinerators by requiring specific destruction
and removal efficiencies. At the moment, there is considerable debate
about ranking the incinerability of hazardous compounds. Nevertheless,
incineration of wastes to carbon dioxide and inorganic constituents offers
the most flexible, economical detoxication methods for 8 wide variety of
nonrecoverable hazardous wastes. In addition, incineration allows energy
recovery as useful heat. However, considerable public opposmon 10 new
incinerators pres:mly exists. One reason for n is the p |
emission of toxic combustion by-products such as polychlorinated di-
oxing lnd furans. Any understanding of the chemical processes, subxluy
of hazardous wastes and performance characteristics of various inciner-
ator designs could demonstrate the effectiveness of thermal oxidation and
thereby alleviate public concern.

In 1979 concern over the stability of PCB led to stringent restrictions
on the incinerstion of PCB. When PCB disposal was mandaied, regu-
lations prescribed greater than 99.99% destruction by oxidation above
1200°C for more than two seconds. Yet, approval of PCB incineration
facilities was not granted until the question of polychlorinated dibenzo-
dioxin and dibenzofuran emissions had been addressed. This question
had been raised by scientists who postulated the formation of poly-
chiorinated dibenzodioxins during any combustion of chlorine<contain-
ing fuels. Sophisticated analyses of vent emissions during test burns of
PCB at two incinerators in 1981 provided experimental data on dibenzo-
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dioxin and -furan emissions. Risk analyses of the emission of low
concentrations of chlorinated dioxin and furans on human health sug-
gested low potential hazards. Subsequently, the incinerators were ap-
proved by EPA for disposing of PCB under the conditions of the test
burns.

During this same testing period, a8 number of other PCB destruction
processes were explored. Actually, PCB detoxication illustrates the
diversity of possible approaches to treating a specific type of waste. The
large number of processes can serve as a model for detoxication of other
pollutants. Ocean-based, molten-salt, diesel and cement kiln incineration
were proposcd and tested. Plasma arc and other high-temperature
processes were explored. PCB-contaminated wasie oil was burncd in
high-efficiency boilers.

Detoxication of PCB-contaminated transformer fluids provides a
splendid example of the benefits of detoxication in recovery of valuable
chemicals. After PCB are removed from transformers, replacement fluids
become contaminated by the slow leaching of residual PCB. The resulting
transformer fluids generally contain less than 500 ppm of PCB. Severa)
approaches to removing PCB {rom these fluids have been proposed,
tested in pilot plants, and two are in commercial operation. The first
approach uses anion radicals, such as naphthyl sodium, to abstract
chiorine from PCB to form dechlorinated coupling products and salt.
Two processes based on this approach are available in mabile units. A
second approach uses superoxides of sodium polyethylene glvcoxide to
perform nucleophilic displacements on PCB. A third method dehydro-
chlorinates PCB by exposure to ultraviolet light. All of these processes
apply fundamental chemistry of halogenated aromatic hydrocarbons 1o
solve environmental problems and to recover valuable chemicals. The
ultimate fate of all PCB in the environment is degradation by micro-
organisms and exposure to sunlight.

In the United States, detoxication of high concentrations of PCB, such
as pure PCB or its mixtures with trichlorobenzenes, is geared toward
destruction, despite the loss of large quantities of chemicals. In other
parts of the world (e.g., Japan), different economic criteria and social
values Jead to0 a different approach. Extensive work by the Japanese on
the reduction of PCB by hydrogen in the presence of metal catalysts
appears to be achieving the goal of converting PCB to high-quality, useful
diphenyl.

Social values, political judgments and legal requirements play major
roles in any attempt to detoxicate hazardous wasies. No compounds,
other than perhaps PCB, have achieved the public recognition and fear of
the polychlorinated dibenzodioxins, often described as the most toxic
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synthetic chemical known to man. This class of compounds, an impurity
formed during preparation of chlorophenols, achieved notoriety during
the Vietnamese war and because of several industrial accidents. The mast
serious of these incidents, a release of a reactor contents containing about
2 kg of tetrachlorodibenzodioxin (TCDD), led 1o the evacuation of the
Italian town of Seveso in 1976. It scems appropriate, then, to describe a
case study of a project that destroyed 7 kg of TCDD in a complex,
hazardous waste. The experience pmed during this pro;ect can be used as
a model for other detoxication proj The technical required a
multidisciplinary effort of organic and analytical chemists, chemical
engineers, toxicologists and industrial hygienists. The destruction process
was implemented by technical people working closely with lawyers,
doctors, government regulators, politicians and the public. In addition 10
serving as 8 model, this project teaches onc other important point: the
technical expertise exists 10 solve even the most difficult pollution
problem. However, the societal or corporate will to solve the problem
must be asserted.

Microorganisms in biological activated sludge systems have long served
to degrade organic chemicals in aqueous waste streams. The application
of selected microorganisms to detoxicate poliutants in hazardous waste or
contaminated soils, lagoons or groundwaters is generating a great dea) of
interest. In addition 10 selected mutation of microorganisms, the potential
for developing new pollution control technologies by genetic engineering
is exciting. Enzymes also can offer sufficient catalytic activity to allow the
use of otherwise slow chemical reactions in the detoxication of pollutants.

In summary, disposa) of hazardous waste presents varied problems that
can be addressed by detoxication procedures. The fundamental know-
ledge to carry out detoxication exists, but it must be adapted creatively to
specific problems by chemists, engineers, microbiologists, physicists,
geologists, toxicologists and many others working together. Implem:n-
tation of the solution requires interaction with nonscientific members of
society, value judgments, decisions about risk levels and potential conse-
quences, and political realities. We can solve the problem of hazardous
waste if we, 83 a society, have the will and make the commitment.
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CHAPTER 1

HAZARDOUS WASTE DETOXICATION AT
CONTRACT WASTE MANAGEMENT FACILITIES

C. Youngson

IT Enviroscicnce
Concord, California 94520

J. Fertiers

1T Corporation
Martinez, California 94553

This chapter focuses on hazardous waste processing technologies at
existing and future contract hazardous waste management facilities. The
IT Corporation Northern California Treatment System Complex
(NCTSC) is described to illustrate hazardous waste detoxication®
technologies used in an existing facility. This facility represents existing
application of technology and employs a broad spectrum of detoxication
and treatment techniques, ranging from incineration to chemical treat-
ment of wastes. The IT Corporation Ascension Parish Hazardous Waste
Management Facility (APHWMF) illustrates integrated hazardous waste
detoxication techniques under design for a future contract hazardous
waste management facility. This facility, which will be the most tech-
nologically sophisticated regional hazardous waste detoxication facility in

**Duioxi ™ refers 10 1 ion of a toxic pound into s less toxic product:
“detoxification™ is & reduction in the degree of poisoning of an organism, as in the
datoxiflcstion of an incbriate [1])
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4 INCINERATION AND WASTE MANAGEMENT

the western world when completed in 1984, has received state of
Louisiana operating and federal construction permits.

The first section of this chapter deals with waste detoxication at the
NCTSC; the second section deals with waste detoxication technologies
planned for the APHWMF. Each section includes a brief summary of the
appropriate facility as a whole, with emphasis on the treatment tech-
nologies employed and their integration. These summaries are followed
by discussions of cach major treatment technology by unit operation.
Emphasis is placed on the expecied or proven performance of various
technologies with limited discussions of equipment design parameters. In
addition, the importance of integration of technologies for efficient
detoxication of a broad spectrum of wastes will be discussed.

HAZARDOUS WASTE DETOXICATION TECHNOLOGIES
AT NCTSC

NCTSC is an integrated operation designed to detoxicate, destroy,
treat or dispose of > 80 million gal/yr of industrial hazardous wastes
generated in Northern California. The complex meets many of the waste
treatment and disposal needs of area industries by processing wastes that
industries cannot handle themselves, and consists of a treatment facility
with solar ponds in Martinez, California, and a landfiil with ponds in
Benicia, California.

A variety of waste management technologies are used in the complex,
ranging from incineration of hazardous waste vapors and liquids to
landfill of inorganic sludges. The design and operating phiiosophy of the
facility is to recover useful chemicals (primarily oils) and cnergy values
(combustion of waste solvents to generate steam) from wastes, to desiroy
toxic materials such as phenois, sulfides and cyanides, and then 10 dispose
of remaining residues in a secure landfill or solar evaporation ponds.

Figure | is a simplified flow diagram showing the interrelationships
between major segments of the NCTSC. The main processing facility,
located in Martinez, California, includes all operations shown in Figure 1,
except for the Benicia landfill and several solar evaporation ponds. The
Mantinez facility, which includes support facilities such as a laboratory,
maintenance shop, and utility supply and distribution systems, has the
appearance of a typical chemical processing plant.

After passing a predisposal selection process, liquids or slurries are
received at Martinez, and solids, at Benecia. Examples of the type of
wastes normally received at the NCTSC are listed in Table 1. The wastes
primarily are delivered in 5000-gal vacuum trucks, logged in and
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6 INCINERATION AND WASTE MANAGEMENT

Table 1. Indusiria) Wasta Categories Processed st NCTSC and Representstive Examples

Group Classifieation Example

1 Aqueous Inarganic Liquid
Nonmetallic salis N8;SO, NaNO,
Acid HF, HNOy, H,SO,, H,PO,
Acid with heavy metals HNO, + Fe(NO)),;
Alkali NsOH
Alksli with heavy metals NaOKN + lead
Cyanide NaCN, KCN, Cd(CN)y, Zn(CN)y
Reaciive (bleach, sulfide) Mercapians, H,S, Na,S
Brine NaCl

H Aqueous Orgenic Liquid
Biodegradabie organic Acetone, MEK, acetic acid
General organic Phenol
Organic and heavy meuals

1 Organie Liguid
Light hydrocarbon Hexane, gasoling
Hydrocarbon with water Jet fuel
Chlorinated hydrocarbon Not accepted
Polychiorinsted aromatics Not aceepisd
Other halog: hvd b Not pted
Other ituted hy bons Mereap
Oil (heavy hydrocarbon) Crude oil with light ends
Organie with hesvy metal Tar with nickel caalyst

v Slurry/Sludge (Liguid/Solid)
Organic/ organic Waste oils
Organic/ heavy metals
Aqueous/hesvy metals Cooling tower sludge with chromivm
Aq / inorganic llie Aq calcium
Aqueous/ biological BiologRal treatment piant sludpe
Organic/ inorganic Oil spil} cleanups
Aqueous/ organic Aqueous smines

v Solids
Organic High-molecular-weight alcohols
Inorganic Spent calcium chioride drying agent
Inorganic with organic Used insulation
Heavy metal Spent catalysis containing metals

Contaminated trash
Organic heavy mets)

Empty chemical bags
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CONTRACT WASTE MANAGEMENT FACILITIES 7

analyzed. Based on the results of this analysis, an sppropriate trestment
method is selected, and the waste is discharged to storage, treatment
wanks, the landfill or ponds. Analysis and treatment evaluation tests are
performed in a laboratory facility equipped with appropriate analytical
instrumentation and bench-scale testing equipment.

Most wastes delivered to Martinez require pretrestment before
ultimate disposal at Benicia or in solar evaporation ponds. These wastes
are processed in the pretreatment and recovery units of the Martinez

facility. Wastes ble to oil or chemical recovery are treated by
conventional operations, such as filtration, settling, drying, evaporation
and chemical reaction. These tr yield oil and solvents usable as

fuel. Wastewaters from these operations are placed in solar ponds for
evaporation. Organic sludges are landflled in Benicia,

Aq wastes i ptans, sulfides, cyanides or
organic solvents are processed by multipurpose equipment typical of the
chemical industry. Organic solvents and other volatiles are stripped from
aqueous wastes by air and/or stcam. Phenols, mercaptans and sulfides
are oxidized by hydrogen peroxide to less hazardous compounds.
Cyanides are oxidized by chlorine 10 carbon dioxide and nitrogen.
Sludges are partially dewatered by gravity thickening in lagoons and
vertical tanks 1o reduce aqueous loads to the landfill.

An incineration complex consisting of two high-tethperature thermal
oxidation trains is the major ecnergy recovery/vapor emission control
system for the Martinez facility. The primary incineration system
(incineration [) is used to destroy vapors collected (rom treatment
operations and holding tanks, waste solvents, waste oils, and other
combustible and pumpable waste liquids. The much smaller incineration
11 backs up the primary systcm, and is uscd primarily 1o incinerate vapors
collected {rom waste holding tanks.

Finally, pretreated wastewater generated onsite and certain aqueous
wastes received at the site are deposited in solar evaporation ponds. As
water evaporates from the ponds, the remaining solids rate and
are removed and placed in the Benecis landfill.

Not all of the treatment and disposal processes mentioned above are
truly waste detoxicati hnologies. All, however, are required to yield
an effective economical contract waste disposal facility. Thus, the
technologies employed st the facility and the manner in which they are
interconnected yield effective, economical waste treatment. The waste
detoxication technologies at NCTSC fall into the categories of waste
pretreatment/recovery and incineration. Technologies falling into the
former category are air/steam stripping, chemical treatment (oxidation,
neutralization), solvent recovery and oil reprocessing.
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8 INCINERATION AND WASTE MANAGEMENT

Waste Pretreatment/Recovery

The pretreaiment and recovery systems operate in a batch mode and
fractionate and/or detoxicate certain types of wasies 10 yield nontoxic
residues and usable products. (Figure 2 is a schematic of the various
systems.) The principal types of wastes directed to the pretreatment and
recovery systems include dilute aqueous wastes, aqueous-organic liquids
and organic liquids (see Table ). These wastes are cither sent directly to
the appropriate detoxicati hnology from trucks or trans-
ferred to the appropriate trestment system from onsite storage tanks.

Aqueous wasies from, pretrestment/recovery operations are sent
directly to solar evaporation ponds or processed through the air/steam
sparging system and subsequently sent 10 ponds as the lab analysis
dictates. Organic/inorganic residucs are ultimately landfilled a1 Benecia,
and organic products are sold or burned in the incinerator.

Vapors from storage, treatment or handling procedures are collected in
the vent system and burned in the incinerators. Steam is generated by
combustion of these gases and organic waste liquids and is used in the
solvent recovery unit and the air/steam sparging unit.

Chemical Treatment

Cyanide Treatment Sysiem. The cyanide treaiment sysiem is designed
to remove cyanide from liquid wastes by converting free cyanide 10
carbon dioxide and nitrogen gas and by precipitating combined forms of
cyanide. The process involves chlorination, pH adjustment and precipi-
tate removal.

There are two types of cyanides in the majority of the waste cyanide
loads received at the Martinez facility: {ree (CN™ ions in solution) and
combined (e.g., ferrocyanide complexes) cyanide. Oxidation by chlorine
at pH 10 converts all free cyanide and most combined cyanide to the
cyanate form, which is much less toxic than the original cyanide. This
cyanate subsequently is further oxidized at pH 8.5-9 in the presence of
free residual chlorine to CO; and N3. The only combined cyanide that is
not readily oxidized even by excess chlorine is sodium or potsssium
ferrocyanide. This compiex, becsuse of its stability, is not excessively
toxic and is removed by precipittion at pH 5.5-6.0.

A simplified flow diagram of the cyanide destruction system is shown in
Figure 2. The system consists of (1) a batch cyanide treatment tank and
recirculation pump, and (2) sodium hydroxide, sulfuric acid and chlorine
storage and delivery systems. The cyanide treatment tank is connected to
the main vent system to collect gases (COs, N: and sometimes NH,) and
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18 INCINERATION AND WASTE MANAGEMENT

to control inadvertent hydrogen cyanide evolution if the solution becomes
acidic.

Hydrogen Peroxide Oxidation. The hydrogen peroxide unit is used on
a batch basis to oxidize phenols and suifides in aqueous wastes. Phenol is
oxidized by hydrogen peroxide at pH 6-7 to volatile organic acids and
ultimately to carbon dioxide and water with a ferrous sulfate catalyst. At
alkaline pH, sulfides are oxidized by hydrogen peroxide to water and
sulfates.

Figure 2 shows a simplified flow diagram of the hydrogen peroxide
oxidation unit. All tanks are connected to the vent control sysiem, so that
any vapors released during oxidation will be incinerated rather than
emitted to the atmosphere. Sulfide-containing and phenol wastes are
unloaded directly into separate treatment tanks. If 3 wasiewater is
excessively acidic, an appropriaie amount of caustic is added. Once pH
adjustment has been completed, the appropriate amount of hydrogen
peroxide and ferrous sulfate are metered into the treatment tanks to
achieve the desired oxidation. Treatment tank contents are recirculated
during hydrogen peroxide addition to ensure rapid mixing and, thus,
uniform oxidation. Such recirculation aiso occurs during tank pH
adjustments. On completion of oxidation, treatment tank contents are
air/steam sparged to reduce volatiles or discharged directly to solar
evaporation ponds.

Neutralization. Aqueous acids, such as 25% HNO,, H;S0., HF and
H)PO., are received onsite in 5000-ga) vacuum trucks and stored in lined,
horizontal steel tanks. The acids are metered from these tanks to
treatment tanks containing appropriate amounts of caustic. Vapors
emitted during neutralization enter the vent system. Neutralized waste-
water is normally sparged with air/steam to remove volatiles and sub-
sequently placed in solar evaporation ponds.

Solvent Recovery System

The solvent recovery system (SRS) is a batch system designed to
recover high-quality burnable solvent from waste solvent losds con-
taining too much water and/or solids to be burned directly. The solvent
recovered by this system is blended with other hydrocarbon fuels and
burned directly. The system is designed to process hydrocarbon solvents
and oxygenated hydrocarbons, but cannot handie chlorinated solvents,

The SRS is shown in Figure 2. It consists of a vertical, cone-botiom,
waste solvent storage/feed tank, a solvent evaporator tank, vapor
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CONTRACT WASTE MANAGEMENT FACILITIES n

condensers, and an overheads receiver and associated pumps, piping,
valves and vent collection equipment.

Solvent wastes are processed in the SRS on a batch basis. First, solvent
wastes are loaded into the vertical cone-botiom tank. Solids setile in the
tank's cone bottom and are gravity-fed to an oil storage pond and
eventually landfilled. Second, a batch of solvent from the tank is drained
by gravity and pumped into the evaporator tank, Solvent is evaporated by
direct steam injection, condensed in the overhead condcnsers and col-
jected in the receiver tank. The contents of the receiver tank are then
pumped to the incinerators for thermal oxidation. Water and sludge
remaining in the evaporator are transferred to other tanks, where they are
contacted with additional steam and air 1o remove trace levels of volatiles.
Finally, the water is pumped to a solar evaporation pond.

Air|Steam Sparging System

The air/steam sparging syncm is used to :mp volatile organic materials
out of before ul posal in a solar cvaporation pond.
The system consists of an air compressor, air and steam delivery piping,
air and steam sparger nozzles, and two aeration/treatment tanks. The
system is shown in Figure 2.

Oil Reprocessing System

This facility consists of a number of healed tanks, an evaporator (oil
dryer) and a chemicalt system. Equip is designed to remove
water from waste lube and slop oils. and break emulsions so that the oil
can be reused as fuel. Heat is supplied to the evaporator and trestment
tanks by a recirculating hot oil system that uses waste oil as fuel.

Figure 2 contains a simplified {low diagram of the oil reprocessing
‘operation. Pond and other slop oils are received by trucks and placed ina
special pond. Oil is skimmed off the top of this pond, filiered, deemulsi-
fied and dried by heat application or chemical addition, fikered again and
placed in an intermediate tank. The oil from this tank is blended with dry-
filtered waste lube oil and waste black oil to make No. 4 fuel oil for saie.

Incineration
Two incinerators destroy hydrocarbon vapors collected from storage

and treatment tanks in the vent system and waste organic liquids received
directly onsite or recovered in the SRS system and the oil reprocessing
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13 INCINERATION AND WASTE MANAGEMENT

facility. In addition, the incinerator produces sicam to be used in the SRS
unit and in the air/stcam sparging system.

Vent System

The vent system is a closed system of storage and trestment tanks with
associated piping that carries vapors from the tanks through venturi
scrubbers 1o the incinerators (Figure 3). With incinerator I on-line, tank
vapors and air (supplied through atmospheric dampers) are drawn into
the incinerator by a blower. The atmospheric dampers are automatically
opened once the scrubber blowers are energized and automatically closed
after the scrubber blowers are secured. In-line, manually operated
dampers are designed to meter air- and vapor flow from specific tank
farm areas. Pressure/vacuum valves are situated on each vented tank and
correct any high- ot low-pressure conditions. Spark arrestors are installed
at each vented tank and prevent vent line flashbacks from spreading to
the holding, storage or processing tanks and eliminate the spread of
potential tank fires or explosions.

Incinerator [

Incinerator I burns recovered waste fuels and vapors given off from
holding and processing tanks. The heat produces sieam in the boiler (heat
exchanger) chamber. This steam production allows effective treatment of
wastes containing high hydrocarbon vapor phase (HCVP) in the air/
steam sparger system and enables recovery of waste solvents and fucis in
the SRS system. This incinerator is shown schematically in Figure 3.

The incinerator is designed to op at combustion chamber tempera.
tures of 1500-2000°F and flue gas residence times on the order of 0.5 sec.
These conditions assure adequate destruction of the nonhalogenated
hydrocarbon liquids and vapors.

Incinerator 11

Incinerator 1l prevents toxic and/or air poliuting materials from
entering the atmosphere by incineration and caustic scrudbing of vapors
drawn through the vent system. This unit must be running any time
incinerator 1 is not operating. Incinerator 11 ists of the equip
shown in Figure 3.
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Figure 3.  Simplified Now diagram of NCTSC incineration/ vent system.
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14 INCINERATION AND WASTE MANAGEMENT

HAZARDOUS WASTE DETOXICATION AT APHWMF

APHWMEF will be a fully integrated operation to detoxicate, destroy or
reclaim approximately 80 million gal/yr (350,000 ton/yr) of industrial
hazardous wastes g d in the A ion Parish, Louisi area. The
site will be located in Ascension Parish, Louisiana, on & 1000-ac site
bordering the Mississippi River, but will occupy only 150 acres of the site.
The facility will process a broad spectrum of hazardous wastes from local
industry. These wastes will vary widely in physical and chemical proper-
ties. Table II lists the categories of wastes expected to be handled at the
facility as determined by surveys of selected area industries. Tabie III lists
typical compounds the facility is expected to process.

Figure 4 is a simplified flow disgram showing the interrelationships
between major facility segments. The integrated nature of the facility is
cvident, with effluents, residues and energy from waste pretreatment,
wastewater treatment and incineration being transferred from one process
area to snother to achieve destruction or detoxication of wastes in an
sconomical manner.

Wastes will be received at the facility in the form of solids, liquids or
slurries and, as shown in Figure 4, will be delivered to the plant, received,
logged in, analyzed and stored. Based on analysis, an appropriate
treatment method will be determined, and the waste will be designated for
processing under rigorously controlled conditions by the most appro-
priate trestment operation. These analytical and treatment cvaluation
tests will be performed onsite in a modern laboratory equipped with
sophisticated analytical instrumentation and bench-scale testing equip-
ment.

Many wastes will be candidates for pretreatment, either for recovery or
to improve the overall economics involved in downstream processing of
the materiais. Wastes amenable to oil and/or chemical recovery will be
processed using the conventional operations, settling, drying, distillation
and chemical resction, as required with steam generated by incineration
of wastes in the incineration system. This precedure will yield oil that can
be used to fuel the incinerators, lube-oil blending stock, and industrial-
grade chemicals and solvents. Wastewater and organic sludges generated
from these operations will be processed or destroyed onsite.

Aqueous wastes containing small amounts of hazardous poliutants will
be pretreated by multipurpose equipment typical of the chemical pro-
cessing industry. The wastes will be processed by physical means (e.g.,
extraction, steam stripping or carbon adsorption), or chemical treatment
methods. Wastewater effluents from these units will be processed in a3
wastewater treatment plant on site. Organic material will be incinerated.
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CONTRACT WASTE MANAGEMENT FACILITIES 18

Table 1. APHWMF Waste Profile

Group

Classification

Percentage of
Toial Waste
Represented by
Each Category

i

AqQueous inorganics

Aqueous organic liquids
Organic (scrd)
Organic (alkali)
Organic (salt)

Percentage of total waste

Organic liguids
Light hydrocarbons
Hydrocarbon with water
Chlorinaied hydroearbons
Substituted hydrocarbons
Oils (heavy hydrocarbons)
Percentage of toial wasie

Sludges
Organic/ organic
Aqueous/ heavy metal
Aqueous/inorganic nonmeial
Agueous/biological
Organic/inorgsnic
Aqueous/organic

Percemage of 101a) waste

Solids
Organic
Inorganic
lnorganic with organic
Heavy meul
Contaminated trash
Organic/ heavy mrials
Parcentage of 1013l watie

Approximate 1otal waste (ton/yr)

0

33

46

s

150.000

*Includes 40,000 won/yesr wasie crankcase and lube oils from the area.

Sludges will be dewatered and/or dried to reduce the aqueous loads on
incineration equipment and, thus, reduce energy consumption. Equip-
ment planned for this service includes belt filiers for dewatering dilute
sludges and indirect steam dryers for further moisture reduction.
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16 INCINERATION AND WASTE MANAGEMENT

Tabie I11. Typiesl Organic Chemicals Expected 10 Be Processed
at APHWMF

Aldehydes/ Alcohols/ Ketones
Acetaldehyde
Methanol
Methy! ethyl ketone

Chlorinated Aliphavics
Carbon 1etrachloride
Ethylene dichioride
Masthylens chioride
Trichloroethane

Chiorinaled Aromatics
Chiloroleluene
Chiorobenzene

Chlorinated Olefins
Vinyl chloride

Aromatia
Benzene
Toluene

Amines
Diphenylamins
Toluene diamine

Carboxylic Acids
Propionic Acid

Phenols
Phenol

An incineration complex of three high ture thermal ox
traing is the heart of the treatment fncnlny 'A broad profile of offme
organic wastes plus onsite residues from recovery/pretreatment will be
destroyed. Two large (90-million-Btu/hr) rotary kiln/secondary com-
bustion systems will receive solids, liquids, gases and slurries. The third
specialty incinerator will receive a limited profile of pumpable wastes.
One rotary kiln will be equipped with a heat recovery boiler for steam
generation. The incineration units will have secondary combustion
chamber configurations designed to provide a minimum residence time of
2 sec at 1000 or 1200°C. Flue gas from each incinerator will be treated
separately to remove particulates lnd acid psu before discharge. The
four-stage, state-of-the-art gas cl includes wet scrub-
bing techniques (quench, venturi, pncked bed) nnd wet electrostatic
precipitation. Inorganic sludges and noncombustible materials will be
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18 INCINERATION AND WASTE MANAGEMENT

stabilized and confined in an onsite secure landfill along with inorganic
residues and fly ash solids from incinerator flue gas cleaning systems.

Finally, treatment will be provided for wastewater generated onsite
from all the processing units, in addition to site-related waters such as
surface runoff and sanitary wastes. Treatment processes for different
streamns will include physical/chemical removal methods, such as clarifi~
cation, pH adjustment, carbon adsorption and activated sludge biological
treatment, for pollutant destruction or removal. Treated, monitored
wastewaters will be discharged to the Mississippi River. Other support
facilities necessary for a complete and operable facility include such
ancillaries as plant administration, personnel services, maintenance
shops, fire protection, security, uiility supply and distribution, and
effluent/emission monitoring.

Pretreatinent and Recovery

The pretrestment and recovery systems include four primary process-
ing areas with different functions and equipment:

L. A waste p ludes several independent unit
dmmul to remove or dmoy ! poil in dilute aq wastes.

2. Sludge-slurry pr g of equi to remove water from sludges
and slurries.

3. Chemicsl recovery provid ip for fracti ing organic liquid
wasies,

4. Oil i oil g plant 10 coaven

various waste lubnaun' oils to lube blcndm. stock and fuel

Figure 5 is a simplified block diagram of the pretreatment and recovery
system showing the four areas and major flows into, from and between
these aress.

The pretreaiment and recovery systems are necessary in the overall
facility to:

* imp ultimate d ) and o and reduce coms;
® incresse effective ovenn fn:ilily apmy‘

# reduce the use d‘ hased fuel for i ion; and

* reclaim valuabl jcal ¢ of waste mi

In addition to processing offsite wastes, this system enables treatment of
wastes generated onsite, such as wastc-activated sludge from the
biological treatment system and aqueous effluents.
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Figure S, APHWMF preireatment and recovery systems.

Aq! Waste Pretr t
The purposes of aqueous waste pretreatment are:
* removal from of regulated poll that cannot be removed by
conventional biological wastewaier {r ingind ication of the

wasiewater);
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20 INCINERATION AND WASTE MANAGEMENT

o prevention of deieterious effects of 10xic poliutants to the facility's biological
wastewater ireatment plant;

s p ion of air emissions or h
or odorous pollutants; and

o production of high-quality organic fuel fractions for incineration.

ds caused by sewering volatile, flammabdie

In general, the pretreatment area will receive Class 1] dilute aqueous
wastewaters that are not effectively treatable by biological means (see
Table 11). The wastes are expected to contain priority poliutants, e.g.,
cyanide, heavy metals or toxic organics such as pesticides. Types of
wastes may include very dilute slurries, emulsions and brines.

Technologies chosen to treat this variety of waste types include a
selection of versatile, conventional unit operations that are applicable for
removing pollutants from water. The four basic pretreatmeit processes
include:

1. siesmm stripping;

2, carbon adsorption with in-place, nondestructive sieam or solvent regeneration;
3. liquid/liquid extraction; and

. ision breaking and chemical

Each technology is discussed below in seq with emphasis on those
that detoxicate/destroy hazardous wastes to yield less toxic wastewater.

Steam Siripper

The steam stripper will treat continuously up to 80 gal/min of aqueous
sireams containing organics that are moderately volatile and that range in
concentration up to the organic solubility level. Due to the corrosion-
resistant construction of the stripper and associated equipment, aqucous
streams over a broad range of pH values will be acceptabdle for treatment,
However, streams containing a significant quantity of suspended solids or
streams that foam when heated will not be treated.

Feed will be transferred to the stripper column through a shell-and-
tube feed/bottoms cross exchanger (see top of Figure 5). The feed will
enter the stripper column where it will be contacted countercurrently with
steam. Vapors stripped from the feed will pass into a shell-and-tube type
overhead condenser where they will be condensed and then flow into &
vertical decanter tank. Condensed vapors will either be refluxed back to
the stripper column or incinerated. The unstripped portion of stripper
feed will flow out the column bottom and be pumped to biological
wastewater treatment via the feed/bottoms cross exchanger.
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Pollutants with a Henry's law constant of 10 or more will undergo 99%
or greater removal in the stripper. For pollutants with Henry's law
constants close to 10, which require a higher steam-to-feed ratio, the feed
rate to the stripper will be adjusted down to achieve corresponding
treatment efficiency. Conversely, aqueous streams containing organics
with Henry's law constants greater than 10 require a lower steam-to-feed
ratio to achieve 99% removal and therefore can be fed at a higher flowrate
to the stripper.

“Carbon Adsorption

The aqueous waste pretreatment carbon adsorption sysiem is designed
“to treat up to 50 gal/min of wastewater based on a typical loading range
of 0.1-0.3 Ib of adsorbable organic per pound of carbon. The loading will
vary considerably with the concentration of adsorbable compound, and
adsorption and activated carbon characteristics. The loading could be
much lower than 0.1 ib/Ib without necessarily affecting the performance.
An average removal of 99% of the adsorbable organic from the aqueous
waste stream is expected.

The carbon adsorption system consists of carbon columns with
auxiliary pumps, tankage and piping for series and parallei operation of
the columns and for inplace solvent or steam regeneration of the carbon
(Figure 5). Typically, wastewater is fed continually to one column until it
is saturated with organics, at which point it is switched to regeneration.
Throughput can be increased by operating the two columns in parallel
and feeding batchwise. Treated wastewater from the columns flows to
biological wastewater treatment. Organic compounds removed during
regencration are incinerated.

Solvent Extraction

Solvent extraction is a separation technique involving contacting a
water-immiscible solvent with wastewater. A certain degree of separation
occurs when some of the pollutant transfers from the wastewater to the
solvent. Separation of the solvent from the extracted pollutant by distilla-
tion enables recycle and reuse of the solvent.

Agueous wastes selected for extraction at APHWMF normally contain
organics that exhibit a reasonable partition coefficient in typical
extracting solvents. Compounds that are likely candidates for extraction
generally will have low water solubility. However, selective solvents can
be effective in removing polar, low-molecular-weight compounds, which
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22 INCINERATION AND WASTE MANAGEMENT

have higher water solubility. Soivent extraction will be used for treatment
of aqueous wastes with solute concentrations from 10 10 about 0.1%.

Solvent extraction will be carried out at APHWMF in three 8000-gal,
jacketed vessels. The raffinute will be pumped 1o the stripper or biological
wastewater treatment, while the extract will be distilled in the recovery
section.

Emulsion Breaking and Other Chemical Treatment

Typical oil-water and water-oil emulsions can be deemulsified by
altering one or more of the physical/chemical characteristics of the
emulsion. Methods of deemulsification include temperature elevation, pH
adjustment, or addition of acidic soaps or polyvalent salts. After an
emulsion is broken, conventional physical separation techniques can be
used to scparate organic and aqueous phases and/or solids.

Wastes for emulsion breaking can include a wide variety of oil-in-water
or water-in-oil mixtures, Solids often are dispersed in the emulsion.
Examples of emulsions include pesticide-water mixtures, oil-water sludge
mixtures from refineries and solvent-water-solid mixtures from tank
cleaning or other processes.

Wastes for chemical treatment will vary significantly. Wastewaters
containing fats, oils, ethers, acid sludges, pesticides and carbohydrates are
typical candidates for acid or caustic hydrolysis. Wastewaters suitable for
chemical oxidation may contain compounds such as cyanide, pesticides
and sulfides. Chemical precipitation will treat wastes containing metals
and most inorganic ions, although specific organic salts also may be
precipitated. Various treatment methods and equipment are suited for
wastewaters containing a wide range of contaminant concentrations.
Emulsion breaking and chemical treatment are carried out in the same
process cquipment used for solvent extraction.

Sludge Processing

Dewatering and drying processes separate the solids portion of sludges
and slurries from the liquid (aqueous) portion. The resultant separated
streams are much easier 10 dispose of than the original mixture. The
dewatered and/or dried solids have a high enough fuel value and low
enough water content that they can be incinerated readily in a rotary kiln.
Without processing, aqueous sludges and slurries would require substan-
tial auxiliary fuel for incineration.
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Dewatering

Sludges and slurries containing a low concentration of solids are
subjected to two dewatering steps—thickening and belt filtration (see
Figure 5). The solids content is increased from below several percent
solids to an intermediate range of 10-15% solids by separating and
removing mog!. of the liquid in these two steps. In the thickening step,
80,000 ton/yr of low-solids sludge, with an average solids content of
0.5-1.3%, is thickened to yield sludge with an average solids content of
about 3-5%. This sludge is then processed by belt filter presses to yield
moist sludge cake with an average solids content of 10-15%. The two-step
dewatering process will remove 80-90% of the total water in the original
sludge or slurry. An average of 98% solids retention is expected.

Drying

The types of sludges identified in the APHWMF waste profile as
applicable for direct dryers are (1) dewatered, waste-activated sludge from
offsite sources; (2) other dewatered primary wastewater treatment
sludges; (3) primary, oily sludges from American Petroleum lnstitute
(API) storage tanks and the bottoms from refinery API separators; and
(4) powdered carbon wet cake containing traces of organic and inorganic
contaminants. The solids content of these wastes may vary from 10 to
20%, depending on offsite treatment techniques. These materials will be
combined with wastes from onsite dewatering and dried in indirect steam
heated, jacketed dryers.

The dryers are sized to process about 80.000 ton/yr of high-solids
sludges. They are horizontal troughs with rotating center shafts that drive
attached paddies to agitate and recirculate the bed of dried solids in the
trough. Heat is transferred into the moving solids through both the jacket
wall and the walls of the holiow paddics. Up to three twin-agitator,
Porcupine®-style dryers will be used. The dryers will produce a wet solid
with 50-60% moisture. The consistency, melting point, thermal stability,
presence of organics and moisture of the feed are major factors in the
degree of drying that is appropriate.

Chemieal Recovery
The purpose of the chemical recovery system is to:

® recover and/or modify selected wastes if the market or recycle value of waste
constituens is grester than their poiential value as fuel 10 the incinerator;

MON

s 00432



34 INCINERATION AND WASTE MANAGEMENT

o upgrade or separate selecied wasies sireams so that the overall fuel will be
enhanced; and
® recover and/or purify the carbon adsorption and the
(rom the p section for reuse in that area.

In general, the chemical recovery system consists of two batch-
distillation units and a wiped film evaporator. The system I distillation
unit can carry out atmospheric baich distillations. The system 11 distilla-
tion unit is capable of carrying out vacuum and pressure distillation and
continuous steam stripping. The evaporation unit can evaporate solvents
and/or light hydrocarbon fuels {rom such viscous wastes as heavy tars
and still bottoms or from contaminated solvents.

System | distillation has been designed to treat a wide variety of liquid
waste mixtures, with emphasis on the organic liquid constituents identi-
fied in the waste profile (see Table 111 for example compounds), Wastes
will be distilled if reasonably pure mixtures of the major organic
constituents can be obtained economically by batch distillation and if a
market for the products exists.

System 11 distillation is expected to handle the recovery of the carbon
regeneration solvent and the extraction solvent from aqueous waste
pretrestment. The bottoms produced from the recovery of these solvents
will be transferred to the incinerator feed storage tanks for disposal.

An analysis of the available vapor-liquid-equilibrium and vapor-
pressure data for potential waste constituents indicated that the average
reflux ratio required for batch distillation of all wastes is 2.0. The system
is designed accordingly.

The evaporation process is sized to treat at least 1000 1b/hr (20,000
1b/day) of wastes. The capacity for a given waste feed depends on various
factors, such as viscosity, heat of vaporization and amount of solvent to
be evaporated. The performance of the evaporation and distillation
systems is linked with the overall performance of the facility only because
it may change the waste load constituency to the ultimate treatment or
disposal areas, especially the incineration area. Waste candidates will be
chosen on the basis of recovery economics (product or fuel value).
Evaporation processes such as those in this facility have been used for
many years and are being used increasingly by generators (solvent users)
and waste solvent reclaimers.

Ofl Reprocessing

A separate system to reprocess S-10 million gal/yr of waste oils will
produce salable products from waste oils purchased from generators or
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collectors. All residues and effluents from waste oil reprocessing, which
may contain hazardous materials, will be transferred, treated and dis-
posed of in the appropriate area of the overall facility.

APHWMF will receive itwo major types of oils. Industrial automotive
crankcase and machine lube oils will be collected for recovering the lube-
oil fraction as lube-oil base stock. Other slop oils, waste oils and oil-water
mixtures will be processed 10 recover fuel values in the pretreatment
(emulsion-breaking) incinerator or for p ial resale, if removal of the
bulk of water and suspended solids cannot be accomplished through
phase separation in waste storage,

The APHWMF oil reprocessing system is a waste lube-oil re-refinery.
A simplified flow diagram of the process is shown in Figure S. The
process begins with storage and sertling and includes distillation steps to
remove low-boiling contaminants, evaporation to remove high-boiling
contaminants, hydrotreating for purification by removal of sulfur,
chlorine and nitrogen contaminants, and a distillation section to separate
the oil product into different viscosity grades. The various products are
stored in appropriate tankage in the oil reprocessing area for shipment or
transfer to incinerator feed storage for auxiliary fuel.

Incineration System
Purpose of the Incineration Complex

The purpose of the incineration complex is to completely destroy
organic compounds by high-temperature thermal oxidation and then
remove any resulting inorganic residuals from the flue gases as ash or
scrubber water slurries/solutions. These objectives are achieved by
applying the most advanced U.S. and European state-of-the-art combus-
tion and gas cleaning technology available.

Incinerators | and 2 are nearly identical two-chamber rotary-kiln
systems. Each has a rotary-kiln primary combustion chamber that is
capable of handling containerized wastes in up to 85-gal drums, bulk solid
wastes, pumpable liquid wastcs, slurries and siudges. A secondary
combustion chamber capable of handling pumpabie liquid wastes follows
the kiln, Incinerator 3 is a single<chamber system capable of handling
pumpable liquid or slurry wastes with similar performance and air
pollution control systems as incinerators | and 2.

The thermal oxidation systems in the APHWMEF facility consist of two
rotary-kiln incinerators (units ! and 2), a third, pumpable liquid/slurry
incinerator (unit 3), and associsted waste feed and flue gas cleaning
systems. The waste profile used to design the complex required a nominal
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16 INCINERATION AND WASTE MANAGEMENT

duty capacity of 90 million Btu/hr from cach of the three incinerators.
The waste profile consists of solids, liquids and sludges that must be
balanced properly to minimize use of auxiliary fuels and to optimize
destruction efficiency. The waste pretreatment methods previously de-
scribed are a necessary part of the incineration operations for efficient
treatment of an overall set of wastes similar to that shown in Table 11,

After wastes have been identificd, categorized, and blended or segre-
gated, they are fed into the appropriate incinerator for thermal destruc-
tion. Incinerators | and 3 cach contain a quench chamber that cools the
gases, removes large particles and washes acids from the flue gas.
Incinerator 2 has a waste-heat recovery system after the incinerator that
produces high-pressure steam before the gases enter the quench chamber.
All three incinerator trains have sophisticated gas-cicaning systems that
remove SO;, HC} and submicron particulates. Following gas cleaning,
each train has its own induced-draft fan and exhaust stack. Recycle and
fresh makeup water are used in the quench and gas-cleaning systems, and
purge water is sent to the heavy metals removal system. Ash from the
three incinerators is stabilized and landfilled.

Rotary Kiln and Secondary Combustion Chamber

The thermal oxidation (incineration) portion of the total system is
designed into two separate chambers—the rotary-kiln primary com-
bustion chamber and the stationary-hearth secondary combustion
chamber. The rotary kiln is an ~ | 1-ft-diameter-by-40-fi-long. refractory-
lined, horizontal, rotating cylinder equipped with a variable-speed drive.
There are burner nozzles for incinerating pumpable liquid or slurry
wastes and a continual gas pilot burner 10 ensure a constant source of
ignition. A combustion air blower and a pilot air blower provide air for
combustion at the burner nozzles, and the overfire excess air is drawn
down the feed chute into the kiln by the negative pressure created by the
large induced draft fan at the end of the process (Figure 6).

Containerized and bulk solids are charged down the feed chute into the
kiln by gravity through air Jocks. The liquid burncrs are {ired cocurrently,
and combustion products flow from the kiln into a refractory-lined
mixing chamber and on into the secondary combustion chamber. Both
ends of the kiln are sealed to minimize air leakage into the kiln. Ash and
slag move siowly through the kiln, driven by the rotation of the cylinder,
and fall out the end of the kiln into a water-filled ash quench trough. A
drag chain conveyor moves the ash to a screen for separation into fine and
oversize fractions. The fine fraction drops into a dumpster box for trans-
portation to the stabilization ares, and the oversize materials (burned out
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28 INCINERATION AND WASTE MANAGEMENT

drums and clinkers) drop into a dumpster box for transportation to the
inert material landfill.

The secondary combustion chamber is made up of three separate
sections. The horizontal section contains two waste liquid burnes nozzles,
a continuous pilot burner, a combustion air blower and an atomization
air blower. The chamber is refractory-lined and is designed to receive the
combustion gases from the kiln to complete the combustion process. The
gases then flow from the horizontal section into the vertical seetion, which

pletion of the combustion process.
Next, the gas retention section allows hot gases to further mix and
fragment. Completion of the combustion process is d by increased

temperature, additional retention time, gas turbulence and flame contact.

The overall combustion system is rated at a nominal 90 million Btu/ hr.
Throughput is a function of the temperatures, excess air and combustible
portion (organic carbon) of the waste. With the kiln operating at flue gas
temperatures of 1500° F and the secondary chamber at 1800° F, about 60
million Btu/hr are fired in the kiln and 30 million Btu/hr in the secondary
chamber. The Btu/hr ratio is reversed, however, when the secondary is
fired at 2200°F while the kiln is maintained at 1500° F, as would be
necessary to meet guidelines for incinerating chlorinated aromatics.
Increasing the operating temperature of the kiln is desirable to increase
the quantity of solids and sludges handled by the system; however,
tradeoffs exist, since increasing the temperature may rapidly shorten the
life of the refraciory due to the combination of heat and attack of salts
and alkalies,

An average overall excess air level of 1009 is designed into the system
10 promote compiete oxidation and to provide a cushion for combustion
surges such as those generated when bulk quantities of rapidly com-
bustible materials e fed into the system. Most of the excess air is
introduced into the kiln, where contact between combusting solids and air
is not as efficient as contact between atomized liquids and air. The excess
air level in the kiln is spproximately 15095. Although the operating
temperatures dictate the level of excess air, because air is a heat sink,
water in the feed also acts as a heat sink and therefore reduces the level of
excess air at & given temperature,

Flue Gas Cleaning System

The flue gas cleaning equip is designed to meet R Con-
servation and Recovery Act (RCRA) regulations for HCl and particulate
removal. A pH-controlled scrubber is included 10 remove SO;. With the
pH-controlied scrubber in the system, >999% HCI removal is achieved. A
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venturi scrubber and wet electrostatic precipitators are incorporated for
particulate removal.

After the quench chamber, the flue gases flow to a venturi scrubber. A
pressure drop of 30-40 in. water col (w.c.) is maintained over the
venturi for optimum particulate removal efficiency. A packed demister/
scrubber sized to remove water droplets, HC] and SO; follows the
venturi. The water from the venturi and demister flows to another integral
sump, where it is pH-adjusted and recycled to the venturi and demister.
Fresh process water is alro added to the demister through a distributor.

The driving force for moving flue gases through the entire system is
provided by an 80,000-acfm induced-draft fan located behind the venturi/
demister. Three wet electr ic precipi d in paraliel
remove any remaining submicron particulate matter from the flue gases.
The cleansed gases leaving each of the three precipitators are combined
and sent to a free-standing exhaust stack for discharge into the
atmosphere. .

The pH-adjusted overflow water from the quench sump and the
venturi-packed scrubber/demister sump flows to the main sump. From
there it is pumped to the heavy metals removal system. The sump
overflow is the purge water from the air pollution control system and can
be adjusted 1o maintain the desired suspended and dissolved solids levels
in the recycle water systems.

Waste Heat Boiler

Inci 2 is identical 1o incinerator | except that it has a heat-
recovery boiler iocated between the dary comb hamber and
the quench chamber. The boiler is used to extract energy from high-
temperature combustion prod to produce up to 368-psig steam with
130°F superhest.

The energy-recovery technology that is being applied originated in
Europe, where identical boiler systems have been in continuous operation
for more than 1S years on large chemical waste incinerators and several
industrial processes. The waste heat boiler is a basic, water tube type. The
peripheral boiler housing heat-transfer surfaces (walls) use natural circu-
lation for movement of the deionized boiler feed water. The internal heat-
transfer surfaces are arranged in the housing and operated by forced
circulation of the deionized feed water. Forced circulation operation of
the internal heating surfaces is necessary to accommodate heat-load
fluctuations. The bottom of the boiler is designed as an ash discharge
facility and made of tube-web-tube construction. It is designed to be
cieaned manually during normal operation of the boiler. The steam drum
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is located on the boiler roof and has a reserve capacity of 10 min. The
drum's internal baffles ensure that the steam quality is in accordance with
the required steam quality specifications.

Rotary Kiin Incinerator Performance

The incineration process, including thermal oxidation and flue gas
cleaning equipment, will meet the performance requirements of Louisiana
law and the U.S. Envir I P ion Agency (EPA) RCRA
incinerator standards published on January 23, 1981 (and proposed EPA
incinerator standards). Complisnce with current RCRA requirements
includes achievement of: (1) 99.99% destruction and removal efficiency
(DRE) of organic constituents; (2)99% HC) removal efficiency; and
(3) particulate emissions of less than 0.08 gr/dscf adjusted to 12% COs.

Stabilization and Landfill

The waste stabilization treatment process detoxicates inorganic chem-
ical residues by intimately mixing them with a carefully compounded
portion of treatment additives. The slurry sets into a rigid, inent rock-iike
cast within 6 hr to 3 days after compounding and mixing. This rock-like
form, through physical and chemical interactions, binds into an inert
mass and detoxicates the toxic or envir lly harmful species in the
waste.

The inorganic waste stabilization process used at APHWMF can be
described generically as a cement-pozzolanic solidification process. In this
process lime, fine-grained siliceous (pozzolanic) material such as fly ash
and cement are added to the waste in specific combination and sequence
10 achieve the best and most economical treatment for the specific waste
being treated. A number of additional ingredients may also be used,
depending on the type of waste being treated, to enable the process to
achieve optimum end-product stability,

Function and Interface with Other
Major Treatment Areas of APHWMF

Stabilization is the final treatment process at APHWMF for inorganic
wastes*and/or inorganic residues (incineration ash, metais sludge from
wastewater treatment) from onsite treatment facilities before the material
is permanently interred in the secure landfill. Stabilization treatment
converts the material to its least soluble and most environmentally inert
form. This stabilization is accomplished by improving the handling and
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physicoch ical ch istics of the waste, decreasing the surface area
across which transfer or loss of contained pollutants can occur, minimiz-
ing the solubility of any pollutants contsined in the waste and detoxicat-
ing contained pollutants.

Stabilization facilities receive the bulk of waste 10 be stabilized in the
form of ash from the incinerators and as heavy metal sludge from the
wastewater treatment ares. The ash is received in dumpster boxes, and the
heavy metal sludge is received as a water slurry via direct pipelineand as s
semisolid filter cake contained in dumpster boxes. Offsite materials
destined for stabilization without pretreatment are routed directly to
stabilization unloading stations after laboratory confirmation and accep-
ance procedures. Stabilized waste is transferred to the landfill by truck or
pipeline.

The siabilization process is suitable for all inorganic wastes and
organic-contaminated wastes that can be incorporated homogenously
into an aqueous phase by dissolution, suspension or absorption. Gener-
ally, the maximum acceptable level of organics in the waste is a few
percent by weight. Plant policy is that organic wastes will not be treated
by stabilization or interred in the landfill. The process is especially
effective in treating all heavy metals, including arsenic and mercury and
asbestos.

Stabilization Technology

The APHWMF stabilization process (Figure 7) is carried out on a
batch basis. Liquid wastes are stored in tanks {abricated of appropriste
materials. Bulk solid wastes are stored in separate bunkers. Raw materials
used in the treatment process are stored in bunkers and storage silos and
on pallets. The liquid storage tanks have agitators to prevent solids from
settling and to mainwin homogeneous mixtures in the tanks.

The first stage in the process is to blend, homogenize and pretreat a
variety of wastes available from storage. 1n this way, interactions between
the various wastes can be employed 1o bring the waste mix to the desired
state before formulation of the treatment mix. After neutralization and
pretreatment of reactive wastes, appropriate quantities of compatible
liquid and solid wastes are blended in a stock pretreatment tank. Solid
materials are passed through a crusher to reduce the particle size.
Appropriai¢ quantities of lime and fly ash are blended thoroughly to
prepare the mixture for the final product formulation. At this point the
mixture has a pH >9 and contains 10-40% total solids. The mixture must
contain the proper ratio of solids to water so that adequate water of
hydration is available for the solidifying reactions. The bulk of water
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needed is obtained by mixing in heavy metal slurry containing only about
2-4% solids from heavy metals treatment. After the stock is thoroughly
blended, samples are taken and tests are run in the laboratory to
determine the characteristics of the baich and the formulation necessary
1o produce a satisfactory final product. The prepared stock is then
transferred to a stock feed tank.

Weighed quantities of premixed stock from the stock feed tank are
mixed with weighed quantities of additives (fly ash, cement and proprie-
tary additives) in a batch mixer sccording to the formulation determined
by the laboratory. The mixture is then blended by a high-speed shear
mixer before being discharged to the product tank.

The prepared product is a thick slurry similar to wet masonry mortar,
This slurry is pumped from the product tank directly to the landfil}
pla arca via pipeline. At the landfill, the materiul is cast into a
single monolithic mass containing about one week's production. In about
6 hr to 3 days the material converts to a rock-like mass. Rainwater falling
on uncured material runs off the surface without affecting the propertics
of the material. The placed material sets even if submerged in water. The
yheemem proced\m strives to produce a solid monolith to exclude
envir in 5 with the placed material. The larger the
treated monolithic mass, the greater the proportion of the waste isolated
from any environmental interactions.

Suabilization System Performance

The treatment performance of the stabilization process is measured by
the characteristics of the stabilized waste product. The stabilized waste
product has the following characteristics:

*  Physical lppumm-mc mhlmd predm seis 10 form a hard, rock-like

lith. The ial is , NORP ible and
unsitractive (o vectors.

* Permaability—the coefficient of permeability is lrss lh-n 1210 cm/sec,

which Is less than and equivalent to clay.

®  Leaching~the sonseniration of huvy metals in the leachate is typically less
\uu i ppm

. h fined h is greater than 200 psi.

. Deuuy—-me density of the sabilized product ranpes 65-85 1o/t
Landfill

The APHWMF landfill is not used for detoxication of hazardous
wastes, but simply as a repository for detoxicated inert residues. As such,
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it is not described here except 1o state that it is a secure landfill designed
and operated to state of Louisiana and RCRA standards.

Wastewater Management Systems

The APHWMF wastewater management system will consist of seven
areas designed to treat, detoxicate or handle specific onsite wastewaters.
The seven major areas are shown in Figure 8 and can be categorized ino
four systems:

1. » system for of i with specific inorganic
compounds such as metals (heavy metals removal);

2. asysiem for of inated with organic compounds
( biological oxidation and carbon adsorption);

3. & system for handling siormwater; and
4. 5 system for retention of treated efftuent until its suitability for discharge has
bezn proven by analysis (fias) effivent handling).

All areas will be integrated to provide trestment flexibility, since on

occasion wmewner or effluent nonmlly containing only inorganic

ds may b inated with organics or vice versa. Only

the first two areas, however, are described here, since they employ
detoxication technologies.

Technologies 10 Detoxicale Wastewater
Contaminated with Toxic Inorganics

The first treatment system, shown at the top of Figure 8, consists of
heavy metals removal. This treatment area will process the largest volume
of wastewater of any system (up to 2000 gal/min). It will be operated
principally to remove 500-2000 ppm of dissolved metals and suspended
solids from incinerator scrubber purge water. It will have the capacity,
however, to treat other wasiewater that may be contaminated with metals
or suspended solids, such 83 Jandfill leachate and runoff. The major unit

operations and d i technologies employed by this system are pH
adjustment, flocculant aid addition, clarification, filtration and sludge
handling.

All waste streams feeding the heavy metals removal area first flow into
a main sump. From this cump, wastewater is pumped through three
evaporative cooler/sulfite oxidizers and into a cooling sump. Cooled
wastewater from this sump subsequently flows into 3 pH adjustment
basin, where the pH of the wastewater is adjusted by addition of caustic
‘or acid to precipitate mewal hydroxides. Alum is also added to aid in
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36 INCINERATION AND WASTE MANAGEMENT

flocculating the hydroxides. Wastewater from the pH adjustment basin is
pumped into two rapid-mix/flocculator tanks. Here it is combined
rapidly with polymer solution to sid flocculation. The wastewater
solution overflows into the fNfocculation compariments of the tank, where
flocculation of precipitated metal hydroxide particles is encouraged by
the slow mixing action of flocculator agitators.

Thoroughly flocculated wastewater exits the rapid-mix/flocculator
tanks by overflowing into one of two gravity clarifier/thickeners. Floc-
culated solids settle to the bottom of the thickeners, and supernatant
liquor, low in metals and solids, overfllows at the top. On exiting the
clarifier, the supernatant liquor flows by gravity through one of six sand
fillers, where practically all residual suspended solids are removed. A
backwash stream flows from the filters to the pH adjustment basin to
keep the filters clean. Wastewater exiting the sand filters is expected to be'
of acceptable effluent quality in all respects, i.c., less than 5 ppm total
suspended solids (TSS), and less than Louisiana state water discharge
limits for toxic metals. It will, however, be detained in holding tanks until
its suitability for discharge has been confirmed by analysis.

Metal hydroxide particulate and other suspended solids removed from
wastewater in the clarifiers will be thickened in the clarifier thickening
section. Some of this thickened sludge will be pumped directly to
stabilization, and the remainder will be filtered in a plate-and-frame filter
press. The filter cake will be transported 1o subilization.

Technologies for Detoxication of Organic-Contaminated Water

Process Sewer Pretrcarmer. Aqueous wastes {rom the process sewer
will be pretreated before they enter the biological wastewater treatment
system. The wastewaters expected to enter process sewer pretreatment
come from operations such as tank cleaning, building and equip
washdowns, laboratory testing and sample analysis, truck washouts, and
other miscellaneous operations. These wastewaters will pass through an
oil/ wates/ grit separator (see Figure 8, second line) and enter one of two
holding tanks. Water contained in such a tank will be analyzed to
determine its treatability. Depending on the analytical results, wastewater
normally will be pumped to biological treatment. However, it also may be
pumped to aqueous wastes pretreatment, where unit operations such as
steam stripping, carbon adsorption, solvent extraction or chemical
ireatment will be used to remove nonbiodegradabie and purgeabie
organics.
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Sanitary Sewer T Sanitary sewage from lavatories, change
rooms and toilets will be degraded in a packaged biolagical treatment unit
shown on the third line of Figure 8. Effluent from the unit will be
disinfected with ozone and then discharged into the biological wasiewater
treatment system.

Biological Wastewater Treatment Sysiem

The primary “end of the line™ organic wastewater treatment unit at
APHWMF is the biological wastewater treatment system. Wastewster
from various arcas will be detoxicated to reduce degradable organics,
biochemical oxygen demand (BOD) and suspended solids. The principal
unit operation of the system is an extended acration activated sludge
system. Ancillary unit operations include equalization, neutralization and
waste sludge thickening as shown in Figure 8, second train.

Oxygen transfer and mixing will be provided by a submerged acration
system. Static aerators will be m d on the bottom of each aeration
tank on approxi ly 8-t Air will come from three blowers, and
the flow to each aeration tank will automatically be adjusied by a
modulating valve controlled by the dissolved oxygen concentration in the
individual tank. Nitrogen required for the biological treatment process
will be supplied by metering 50% aqueous ures solution into the
neutralization tank. Phosphorus required {or biological treatment will be
supplied by metering 85% phosphoric acid into the neutralization tank.

Thickened sludge will be removed from the bottom of the clarifier bya
suction withdrawal mechanism and will be pumped to the aeration tank
distribution channel. Thickened waste-aciivated sludge (WAS) from the
sludge thick will be pumped to the WAS hoiding tank or to sludge
dewatering/ drying for dewatering. Supernatant {rom the sludge thickener
will flow by gravity 1o a supernatant wet well and will be pumped to the
equalization tanks.

Clarified effluent from the secondary clarifiers will flow into either of
two check tanks. These check tanks will retain clarified effluent for a
sufficient time to determine if it has been treated adequately. I it has been
treated adequately, it will be discharged into the final effluent handling
check tanks. If it has not been treated adequately, it will be pumped to
tertiary carbon treatment for final polishing.

The biological treatment system will process up to 400,000 gal/day of
wastewater containing 1000~7500 ppm of BOD and produce an effluent
containing 50-225 ppm of BOD.
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Tertiary Carbon Treatment

The tertiary carbon treatment system is to be used on an as-needed
basis to treat off-specification aqueous effluents from all other wasiewater
treatment systems. The system is designed to treat an average of 400
gal/min of wastewater through two carbon columns operated in parallel.
The quantity of wastewater that cach carbon column can effectively
process depends on a number of factors. The most important factors are
the types of organics in water feeding the column and their concentra-
tions, the dynamic Joading of organics at the breakthrough point, and the
concentration of suspended solids in the feed. The design case is for a
total organic concentration of about 20 ppm in effluent feeding the
columns, suspended solids concentrations of 20~160 ppm, and a con-
servative dynamic loading of 0.0l b total organics/lb carbon at
breakthrough.

Stormwater Impoundment

The third major handling system shown in Figure 8 is the stormwater
impoundment arcs. This system will consist of devices to segregate,
convey, store and analyze rainwater to determine its appropriate disposi-
tion, and then dispose of it by discharge to final effluent handling or to
one of the treatment systems discussed above.

" Final Effluent Hondling

The remaining system shown in Figure 8 is final cffluent handling.
Treated effluents from heavy metals removal, stormwater impoundment
and biological wastewater treatment are contained and held in this area
for up to 12 hr until analysis indicates their suitability for discharge or
need for retreatment. I{ retreatment is needed, the combined effluents will
be pumped to a quarantine tank in the tertiary carbon treatment ares. If
the treated effluent meets permit standards and is suitable for discharge, it
will be monitored and then combined with uncontaminated riverwater,
clarifier underflow and noncontact cooling water. This combined siream
will then be discharged to the Misssissippi River.

SUMMARY AND CONCLUSIONS

The present detoxication technologies of the NCTSC facility include
air/steam stripping, chemical treatment, solvent recovery, oil reprocess-
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ing and incineration. Detoxication technologies described for the future
(APHWMF) facility include steam stripping, carbon adsorption, solvent
extraction, chemical treatment, sludge dewatering/drying, chemical re-
covery, incineration, stabilization and wastewater treatment.

The technologies planned for future facilities are extensions or im-
provements of those currently used. For example, the steam stripper
described for the future facility performs a function similar to the
air/steam sparging system of the current facility, but is much more
efficient. Similarly, the solvent recovery system of the future facility is
much more efficient and sophisticated than that of the present solvent
recovery system. In addition, the integrated nature of the future facility is
an extension of the current facility, since such integration is essential to
applying waste detoxication technologies economicaily to hazardous
waste management on a contract basis.
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CHAPTER 2

CHEMICAL PROCESSES N
THE INCINERATION OF
HAZARDOQUS MATERIALS

W, Tsang and W. Shaub

National Bureau of Standard
Center for Chemical Physics
Chemical Kinetics Division
Washington, DC 20234

The underlying phenomenon associated with incineration is a series of
complicated chemical changes. Historically, however, the subject has
been dominated by physical considerations and the experience of long
practice. This is hardly surprising, since the conversion of a complex, ill
defined conglomeration of principally organic substances to light gases
and ash is not a process that lends itself to detailed chemical considera-
tions. Furthermore, in the ab of envirc | regulations or energy
constraints, hardly any chemical expertise is necessary. Recent events [!]
mandating incineration as a primary disposal tool for hazardous wastes
and the possibility that hazardous substances may be formed in combus-
tion processes [2,3] suggest the necessity for a closer look at the chemical
basis of incineration. Such information can lead 10 prediction or at least
classification and thus ultimately to the appropriate strategies for mea-
surement, abatement and foundation for new approaches. This approach
can mean important savings in terms of proper measurement method-
ology as well as decreased needs for large-scale testing.

This chapter will begin by giving a qualitative picture of how a large
polyatomic molecule breaks down under incinerator conditions from the
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point of view of clementary processes. We next atiempt to make these
concepts quantitative, first in terms of thermodynamic equilibrium and
then from a more detailed consideration of the rates (or at least the
relative rates) of the pertinent elementary processes. We will pay partic-
ular attention to sources of data and the availability of estimation
schemes. These concepts will then be applied to chemicals that are of
interest in a hazardous waste context. Finally, we will Jist a number of
unanswered questions and suggest certain types of experiments that will
help provide a proper methodology and data base for design and opera-
tional purposes in the incineration of hazardous wastes.

REACTION MECHANISMS

If one iders the d position of a complex polyatomic molecule
in the hostile environment of an incinerator, the basic processes are
stepwise breakdown of the molecule to smaller and/ or oxygenated specics
together with the alternative possibility of buildup to large species
culminating in soot formation. Figure | gives a pictorial description. Ina
sense, the incineration process can be characterized as a race between
destruction of reactants to smaller species and the side reactions yielding
unwanted products. The individual elements that govern these trans-
formations are the elementary reactions. These are processes that occur as
written, in contrast to global reactions (such as 7 O; + 2Br,CyHCl ~
4HBr + 2HC1 + 6CO, + 2Hy0), which express the chemistry of the
combustion in terms of the overall conversion. Treatment in this form is
appropriate only if the rates are assumed to be infinitely fast or as a basis
for an empirical analysis of experiments. Only through elementary
processes can one derive the type of general picture that is transfcrable 10
all conditions and systems. In seceking a more general solution, the
required information base is correspundingly increased. Nevertheless,
because one is dealing with elementary processes, the possibility of
extrapolation and interpolation is enlarged. Furthermore, all elementary
processes are not equally important in any given process; thus, identifi-
cation of key reactions can lead to simplification. Finally, we note that the
treatment of combustion processes in terms of elemenuary reactions is and
has been for many years the state-of-the-art [4].

In terms of elementary processes and for present purposes there are
only two broad classes of reaction types: unimolecular and bimolecular.
As evidenced by the name, the former is represented by processes of the
type:

Hz = product(s) MONS 004450
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where the rate of destruction can be written as dHz/dt = -k,,Hz
Bimolecular reactions deal with the attack of reactive species on a
molecule:

R + Hz ~ produci(s)

and the rate of destruction is now dHz/dt = -k(R)(Hz). The {ormer is
conceptually the simplest of all kinetic processes. It involves a molecule at
a particular tempersture having sufficient internal energy so as to cause
rupture of its bond(s) within the time scales of the experiments. The rate
constant kyy is a fundamental property of the molecule itself, in the same
sense as infrared spectrum or boiling point. Unimolecular reactions can
be classified in terms of bond rupture, complex fragmentation and
isomerization processes {5).
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Figure 1.  General ism for the disi of a poly i lecule under

incineration conditions.
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For present purposes we will be interested primarily in the firs: iwo
reaction types. Within these groupings, relaied molecules behave in a
consistent manner. Structural characteristics control molecular stability,
thus providing a basis for prediction. Under certain circumstances,
unimolecular reactions can have a pressure dependence [6). The nature of
this phenomena is well undersiood, and if the pressure-independent
behavior (at sufficiently high pressures) is known, appropriate corrections
can be made. For all except the smallest of molecules, we do not believe
that this phenomenon is of major importance under incineration condi-
tions. The situation with respect 10 bimolecular reactions is made more
complicated by the multiplicity of possible reaction species. Thus, the rate
of destruction depends on the constituents of the reactive systems, as
opposed to the situation for unimolecular processes, where only the
physical properties, principally iemperature, are of concern. The two
distinct types of bimolecular reaction of interest are sddition and
metathesis [5). The former leads to the formation of larger species and is
related to unimolecular reactions through the equilibrium constant. In
certain cases, addition leads 1o a sufficiently thermally hot molecule
(chemical activation) and a subsequent cracking step occurs. This phe-
nomenon also can be handled within the context of unimolecular rate
processes. Metathesis is concerned with the transfer of an atom or group
of atoms from one molecule to another. As in the unimolecular situation,
structural features govern reactivity, thus providing a basis for prediction.

EQUILIBRIUM CONSIDERATIONS

The earlier discussion has been developed on the basis of considering
the incineration process from the viewpoint of elementary rcactions. As
has been indicated, the present data base is insufficient for derivation of a
complete solution. In this and subsequent sections we will anempt to
summarize existing data and indicate how they may be used in the present
application. Thermodynamics permits a powerful zero-order description
of any system. Results are rigorous, assuming that equilibrium is
achieved. At the very least they set important constraints on the range of
possibilities. Furthermore, the daw base is available, and the procedures
for calculations are well established and have been used widely in
combustion contexts. The data base given by Stoll and Prophet [7)
represents the essential source of all thermodynamic data on atomic,
diatomic and small polyatomic species. For the larger polyatomics there
are two outstanding compilations, by Cox and Pilcher [8] and Stull etal.
[9]. More importantly, with the existing values as & basis, it is possible to
estimate with high aceuracy the thermodynamic properties of practically
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Table I. Calcuisted and Litersture Values for Hests of Formation of Substituted Bensenes

-CH, -Q -F

Substitution  Cale. Lit. Cale. Lit. Cale. Lit.
12.3- =273 -2262029 118 -111.39

1,24~ -38 -1 2026 048 -114.46

13,8~ -3.74 -381 2033 -002 -118.79

1,23.4- -10.22 -10.02 -1.98 -150.52

1,.2.3.5- -10.64 -10.7 -3.08 -154.22

1,2,4,5- -10.47 -10.82 -3.65 -153.59

Penia- T -2 -17.80 -5.09 -188.28 -191.59 * 0.38
Hexs- ~24.5) -2075 £ 062 -6.04 36 %23 -22097 -228.49 £ 0.29

Table Il. Thermodynamic Functioms for 2,3,7,8-Tetrachlorodibenzo-p-dioxin

Temp. eal/(mele® X) keal/mole
CK) €3 St {CL-HWT] HE-HY &H! 4Gl K,
200 4095 9495 7248 446 -8183 5834 6738
20016 5667 14l 83.02 9.27 -8249 4667 .19
300 654 11448 821 937 -82.50 -4643 33818
400 69.94 13267 91.33 15.74  -3287 -M.)) 18.758
$00 80.39 149.44 102.90 2327 -829% -2.18 9.694
600 88.5) 156488 111.96 e -82.94  -10.02 3.651
700 94.88 179.00 12054 4092 -82.78 212 -0.682
800 99.87 192.00 120.67 5067 -82.51 14.23 -3.886
900 103.85 204.00 13628 60.36 -82.21 2630  -6.386
1000 107.06 215.12 143,71 7141 -81.77  BM -8377
1100 109.68 22548 150.67 8225 -81.27 503 -9.995
1200 1.8 235.09 18731 9333 -80.72 6225 11338
1300 113.66 241} 16.65 104,61  -80.19 748 -12.463
1400 11508 25259 169.70 11605  -79.67 8600 -13.42)
1500 116.47  260.59 175.49 12764 -79.16 9780 -14.247

all polyatomic molecules. In view of current interest in polychlorinaied
aromatics, we have been estimating the thermodynamic propenies of
many such compounds [10]. Table | summarizes estimated heat of
formation dats for a number of halogenated species and comparisons
with direct determinations. It should be noted that at higher temperatures
(of interest for incinerator operation), accuracy requirements for energy
quantities are much less severe than for ambient conditions. Table 1l is a
typical JANAF-type [7] data sheet for 2.3,7.8-tetrachiorodibenzo-p-
dioxin. With such information and appropriate ancillary data from the
literature, heat of combustion and adiabatic {lame temperatures can be
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computed. More significantly, one can calculate the equilibrium distribu-
tion of species for arbitrary temperature, pressure and initial composi-
tion. Our calculations for a variety of the polychlorinated aromatics
indicate that at temperatures in excess of 500°C, the reaction is thermody-
namically complete. Except for greater stability with increased chlorin-
ation there is no single compound with special stability characteristics.

The fact that much higher temperaiures are required in practice to
effect destruction shows that at the lower temperatures at least, equilib-
rium is not achicved and the reactions are kinetically controlled. This
does not rule out the possibility that in certain subsets of the entire system
local thermodynamic equilibrium is in fact achieved. This local equilibra-
tion should be particularly true for small inorganic radicals, which can
undergo fast reactions with each other. This assumption is widely used in
the analysis of combustion sysiems, and we will employ this as a means of
estimating radical concentrations at high temperatures. Furthermore, as
implied earlier, coupling thermodynamic information with the rate of
resction in one direction permits, through detailed balance, calculation of
the reverse rate. Finally, thermodynamic properties of stable compounds
are the basis for calculation of transition state properties leading to
predictions of mechanisms and rates [11,12). They are thus the quanti-
tative basis for high-accuracy structure-reactivity relations.

QUANTITATIVE ASPECTS OF DECOMPOSITION PROCESSES

In the most general terms, the destruction of 8 hazardous waste Hz in
an incinerator can be described by the relation

~dHz/d1 = k,,{H2) + (SkyR){Ha]
]

where K, 3 uni e for d positi
ky ®= bimolecular rate constant for anack of specie R; on Hz.

Rearranging, we can write

Hzy r
J dHz/Hz = InHzyHy t f [k * (SkuR)ME
Hy ° i

where r is the residence time in the incinerator. The U.S. Eavironmental
Protection Agency (EPA) requirement for 99.99% destruction efficiency
is equivalent to setting a value of 9.212 for the logarithmic term in the
relation. Within this context, the problem becomes one of finding the
conditions where the integral involving k ., ZkwR; and T is in excess of

9.212.
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Consider first the situation where unimolecular processes are the
predominant mode of decomposition. In this case, assuming s reasonably
uniform temperature situation and the usual incinerator residence time of
approximately | sec, and since 9.212 € k., = A exp(-Ea/RT), we arrive
at the minimum temperature as tabulated in Table 111. Aw and Eo values
given here. cover virtually the complele range of such values.

Study of the rates of unimolecul pr has long
been a favorite pastime of chemical Kineticists. Qutstanding collections of
information are given by Benson and O'Neal [11] and Robinson and
Holbrook [6). Comparison of the data in these reviews and the numbers
in Table 11] clearly demonstirates that under the stated incinerator
conditions, most of the organic molecules will decompose on the basis of
thermal stability considerations alone. In view of the large literature, one
expects direct determinations for & number of hazardous materials. In
other cases, the existing data can be usced for extrapolation and predic-
tion. An examination of the situation with respect 10 the rates of clcavage
of a single chemical bond is instructive. In this case, two reactive radicals
are formed. Since the activation energy for recombination is known to be
negligible, the bond dissociation energy is the activation energy for
dissociation. The relationship between this quantity and chemical reactiv-
ity has focused important research efforts in this direction. For the
present purpose it is sufficient that extensive tables of such quantities
[13-16] or the equivalent heats of formation of the radicals exist. A
typical sampling can be found in Table IV {14-18]. When this is combined
with the experimental observation that the preexponential factor per
bond broken is in the range of 10/5-10'63/sec, where the range of values
increase from dissociation, 10 polyatomic + atom, to poiyatomic +
distomic, to polyatomic + polystomic, one can determine readily from
Table 11 the approximate conditions to achieve the appropriate destruc-
tion limits. Furthermore, except for rcsonance stabilization effects,

Tsabie JII. Te-mm "K) M:u-q 10 Assure 99.99% Destruction Assuming
lar Meeh and Arrhenius Rate E i
(ks A. exp(~Eo/RT)] for Incinerator Residence Tlm of ~1 sec

A Eu (keal)

(/3ec) © L] ) " " ” 100 110
101 792 990 1188 1386 1584 1782 1980 2178
108 726 908 1089 1271 1453 1634 1818 1980
10" 670 838 1006 nmn 134) 1509 1676 1544
104 622 7 934 1090 1248 1401 1556 1713
10' 581 1 §72 1017 1163 1308 1453 1599
" 328 881 518 954 1090 1228 1362 1499
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Table 1V. Some Typical Bond Energies of Polystomic Compounds [14-18)

Radiests H F a 1 OH NN, NO, NO CH,
CH, 106 109 84 0 S& 9 87 60 & g3
CyHy 100 83 0 58 [2] 86 60 4“ 87
iCyHy 97 108 83 10 LA 93 87 46 173
1CHy 9% 84 n ss 9% 88 4 2
CaHy(vinyl) 118 99 68 107
CyHy{allyl) 90 2 s 82 7
CeHg 1125 95 80 64 110 104 70 52 100
CeHCH, ] “ 8l 50
CHQl 102 )

CHCly 9 7

cCly 9% 0 56 n n
CH,0 104 a“ “ 4 [
CeHs0O 37 80
CH,CO 87 118 83 67 0 108 »9 173
NH, 107 ] 3]

substitutions to the bond being broken at positions greater than a have
very little consequence on the bond dissociation energies. Thus, the range
of compounds covered in such a listing is far larger than the compounds
directly involved.

For the present purposes, primary interest is focused on the fastest
process that will destroy a molecule. In the framework of unimolecular
decompositions, complex fragmentations (where simultaneous cieavage
and formation of bonds occur) frequently provide a low-energy channel
for decomposition, in comparison to direct breaking of a single bond. Our
understanding of compiex fragmentations is considerably less than for
direct bond breaking. As was the case {or bond-breaking processes, an
important factor to remember is that thesc reactions involve localized
properties. Thus, except for substitution ncar the reactive site, rate
parameters can be considered 1o be invariant.

As an example of these ideas, consider the situation with respect to a
wide variety of chloroalkanes as summarized in Table V. The primary
mode of decomposition is the four-center elimination of hydrogen
chloride to form the appropriate alkene. In contrast, the bond cleavage
reactions involving C-C and C-Cl bonds are all in the neighborhood of 80
keal. This lowered activation energy more than compensates for the two-
order-of-magnitude drop in A factors. Thus, molecular elimination is the
primary decomposition mechanism. Note particularly the similarities in
rate parameters for the decomposition of a particular type of alkyl
chloride molecule. This trend is carried over 1o the bromides and iodides.
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Teble V., Rete Expressions (/sec) for the Decomposition of Alkyl Chlorides {11]

C3HyCl ~ C;H, + HCI 1072 $%ex p(- 55,000/ RT)
nCyH,Cl = C;H, ¢+ HCl 10" 4exp(-55,150/RT)
RCHyCl ~ C,Hy + HQ 10"-Zexp(-56,5000/ RT)
iCyHeC) = CyHy + HQ 10" %exp(-$1,100/RT)
$CH¢Cl = C,Hy + HCI 10'4%ex (- 50,600/ R T)
tC,HyCl = C,Hy + HC1 10" Yexp(-45,000/R T)
{CsHyQl = CsHjy + HCI 10" Texp(—44.000/ R T)

We next consider bimolecular channels for hazardous chemicals de-
struction. The greater complexities inherent in this situstion have been
di d earlier, Indeed, it is not possible to examine this problem with
the same rigor as in the unimolecular case. However, it is possible to make
some reasonable estimates. The basic model that will be considered is that
of a high-temperature oxidative system at equilibrium, and we seek to
estimate the lifetime of a thermally stable molecule in this environment.
The equilibrium hypothesis, which should be of considerable validity,
immediately yields species concentration. Of particular concern are OH,
O and H concentrations. These are the most important high-temperature-
reactive species, in the sense that most larger radicals are thermally labile
and/or less reactive. Figures 2 to 4 represent equilibrium H, OH and O
mole {ractions at various temperatures at | atm and equivalence ratios of
0.5, 1.0 and 2.0, respectively. It is immediately clear that, with respect 10
bimolecular removal, attention must be focused on H and OH attack. The
lack of accurate high-temperature rates for these processes introduces
another uncertainty into these considerations. However, OH attack on
organic substrates is one of the key processes in tropospheric chemistry.
Thus, there is a large data base of information at room temperature, from
which certain inferences can be drawn. It should aiso be noted that since
incineration of hazardous wastes is usually carried out with large excesses
of air, the OH contribution to bimolecular destruction must be quite
important.

Two publications [17,18] have summarized the current state of knowl-
edge on rates and mechanisms of OH attack on organic substrates. From
a mechanistic viewpoint there are two processes to be considered:
addition and abstraction of hydrogen atoms. For the former, under
incineration conditions, the overall process must also involve fragmen-
tation subsequent to addition. Table VI represents a sampling of recent
information of OH reactions with organic compounds at or near ambient
conditions. With respect to addition, the salient feature is the electrophilic
nature of the OH attack on the unsaturates, leading to drastic lowering of
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Figure 3. Equilibrium OH, O and H mole fractions at ! atm pressure for stochio-
metrie (¢ = [) reaction with CH, (——) C Hl---<) in 5% Q.

the rates with increasing halogenation. With respect to abstraction, the
strength of the bond being broken obviously is an important factor. An
empirical equation [19] has been proposed that directly relates rates with
bond dissociation energy. Thus, the bond dissociation data summarized
in Table 11l clearly are of greater applicability than merely for the
prediction of unimolecular decomposition rates. It should be noted that
the OH abstraction reactions under discussion all involve H-atom
transfer. This is because for the halides, the overall reaction process is too
endothermic. Another factor that makes the OH data useful is that, as far
as addition is concerned, it tracks O-atom processes [6]. Thus, on a
relative basis, these two processes can be lumped together. To use this
information at incinerator conditions, accurate methods for extrapo-
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Figurs 3. Equilibrium OH, O and H mole fractions a1 | aim pressure for fuel-lean
(¥ = 0.5) reaction with CH(~—) and CH(----) in 5% Cl.

lation are needed. The temperature dependence that has been determined
covers very narrow ranges near ambient, and the accuracy of projected
results at the higher temperatures is therefore uncertain. One does note,
however, the difference in the directions of the temperature dependence in
the sense that the addition processes usually have negative activation
energies. In other words, the rate goes down with temperature. Probably
a more appropriate functional form is a (1/T)" dependence. Furthermore,
there is increasing evidence that for OH abstraction reactions there is a
positive curvature in the Arrhenius plots. In general, one would expect
that addition processes will be slower than abstraction under incineration
conditions.

We next ider H-atom pr [19,20]. We have noted previously
that, under most hazardous waste incineration situations, the presence of
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Figure 4.  Equilibrium OH snd H mols fractions st } atm pressure for fuel-rich (¢ =

Z.Ol)rucl'um with CH(—) and C H(----) in 5% Cl; (0-a1om mole {raction is less than
10°).

excess air makes it unlikely that it will be of importance. However, in the
presence of mass transfer problems, substances may well pass through
oxygen-deficient environments. Hydrogen atom abstraction reactions are
characterized by higher A factors and activation energies than compar-
able OH reactions. The consequence is that, at incineration temperatures,
their rate constants are close 10 that for OH attack. The general trends for
H abstraction are dependent on the appropriate C-H bond dissociation
energy. With respect to addition, H atom rates at room temperature do
not follow the general trends characteristic of OH atack. Indeed,
variations appear to be smalil. The equilibrium concentration of H atoms
in air-lean systems is lower than OH concentrations in air-rich situations
(see Figures 2 to 4). The consequence is that destruction rates will be
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Table V1. Typical Rates of OH Attack on Organie Substrates [6)

Rate Parameters

Rate Const.

st 298°K A E
Compounds (liter/ mol-sec) (lUter/mol-sec) (keal)
CH, SAES 24 x i0° 3600
CiH 1.6E3 1.1 X 10%° 2400
aCHyo 1.3E9 8.4 x 10 1000
iCeHyg 1.7E9 a8 x 10 769
CH)F 1E?
CH\CI 2.2E7 1.8 x 10° 2400
CH,Cl, 9E?
CHCly SE? 24 % 10'° 2234
HCHO 7.2E9 6 % 10° 178
CH,0H 6E8 - -
CH)CHO 9EY 42 %10 -510
CH,SH 1.8E10 5.4 x10° -79%
CH,NH, 1.2E10 6 x 10 435
CH, 3.6E9 7.2 x 10* -900
C3H, 1.6E10 24 x 10 -1100
2C,He 4.2E10 6 x 10° -1100
CH,CHQl 4.2E9 6 x 10 -800
CHCICH,C1 1.3E9 3 %10t -%00
C,Cl 1E8 6 % i0° 2400
CyH¢ 9EB
C,Fy 1.3E8

slower. For the same extent of conversion one expects that an increase of
at least 150°K is required.

A direct consequence of the above is 8 model involving hazardous
waste desiruction of the more thermally labile compounds by unimo-
lecular decomposition and the more stable components by radical attack.
An estimate of the temperature that divides the two classes of compounds
can, in conjunction with the daw in Table III, give some idea of the
compounds belonging to each class. Figure 5 represents equilibrium OH
mole fraction at various equivalence ratios and chlorine concentrations.
To within 8 factor of three, this can be represented by:

OH = 1077 exp (-35.000/RT) mol/!

If we now examine the daws on the rates of OH attack on organic
substrates, we can estimate that, at incinerator conditions, bimolecular
rate constants will be of the order of 109%!liter/ mol-sec. The consequence
is that to obtain the pseudo-unimolecular rate constant of 9.212, we need
s temperature of the order of 1230°K. If one now considers the results
from Table 111, it is seen that for bond cleavage reactions, unimoleculas
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Figure 5. Equilibium OH jon for various i ditions as a func-

tion of temperature. A = CH,, ¥ = 1.0, Cly 2 0%; B = CH,, ¥ = 10, Cly » %:
Ce CH, 3.5 Cly= 56 DeCHy v 210, Clys 0% E= CHe o210
Cly = $6
decomposition will be quite important for compounds with their weakest
bonds in the 80- to 85-kcal range. This range covers many of the larger
organics with their numerous aliphatic C-C bonds. Since the rates of most
known complex fragmentation processes are faster than comparable
bond cleavage reactions, molecules with such decomposition channels
will also decompose via unimolecular mechanisms. Thus, radical atack is
of major imporuance only for a limited class of compounds: specifically,
simple aromatics and other unsaturated molecules without organic
substituents, and the simplest one- or two-carbon saturated systems.
The present treatment can be extended simply to the problem of the
production of hazardous waste during combustion if one extends the
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criteria of 99.99% destruction 10 requiring similar extent of decomposi-
tion for the products that are formed. in general, this requirement will
mean the use of slightly larger unimolecular rate constants as the criteria
that must be met, perhaps of the order of ~20 to take into account the
fact that products have residence times half that of the reactant. This
assumes a constant rate of product formation from a precursor.

APPLICATION TO HAZARDOUS MATERIALS INCINERATION

The model that has been developed is a very idealized one. Aside from
the assumptions that have been described, the analysis has been carricd
out on the basis of completely homogeneous gas-phase systems. Direct
application is rendered uncertain by the neglect of mass- and heat-transfer
effects. Thus, a molecule trapped in a particulatc matrix may not be
heated to the incinerator temperature or be attacked by a reactive radical,
The most effective use of such information will occur in situations in
which such effects may be cancelled out. A likely possibility is the setting
up of a scale of incinerability and providing guidance for the kind of “test
burns™ that can qualify the operation of an incineration for a whole range
of other compounds. This possibility will be especially true for systems
with well defined unimolecular channels for decomposition. since the
temperature necessary fo 99.99% conversion with a l-sec residence time
provides a well defined parameter. The lack of accurate high-temperature
information on OH and H rates makes caiculated relative numbers of
such processes somewhat uncertain. For the present purposes, we believe
that OH reactivity is of greater importance, and the appropriate variables
should be C-H bond strength and (in the case of addition) extent of
halogen substitution. On this basis Table VII gives a ranking of some
hazardous organic compounds [21]. It should be emphasized that for the
fuel-rich systems, where H-atom reactions are important, chlorinated
aromatics may be less suable in comparison to the pure aromatics. This
difference emphasizes the provisional nuture of the ranking and indicates
the need for additional high temperature rate data on such processes.

EPA has issued interim regulations for the burning of hazardous waste
[1). A suggested procedure for proof of the satisfactory performance of
hazardous waste incinerators involves the sclection of the principal
organic hazardous constituents and the demonstration of 99.99% destruc-
tion efficiency for these compounds. It is thus highly dependent on the
proper estimate of incinerability. EPA representatives have more recently
{22] suggested a ranking based on heat of combustion. The rationale
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Table VIL Incinerabilly Rankings of Some Hazardous Compounds [21]
Rank
Rank Compound* Rationsle (aH ,comb)

] Hexachlorobenzene Al C-H bonds in excess of 9

2 Penuachlorobenzens 110 keal, C-C1 bonds ~9S keal; ?

3 Chiorobenzene OH addition is major destruc- 26

4  Benzene tion mode and is dependent k1

- Naphthalene on substituenis on unssturated 37

[] Vinyl chioride structure 20

7 Chioromethane C-H bonds are in the 90- 10 13

$8  Ethylene diamine 95-keal range; all other 3

9 Dichlorophenol bonds are greater than 80 keal; 16

10 Resorcinol assume that OH abstraction b2

L] Chiorotoluens is controlling 29

12 Formaldehyde 21

13 Acstaldehyde 285

14 Acrokin 30

1S Dimethyiphthalate Bond breaking processes in

16 Methylethyl ketons the 60- 10 80-keal range;

17 Allyl aleohol unimolecular decomposition

18 Chioroform is controlling mechanism

19  Bromomsthane

20 Dinitrobenzene

21 Trinitrobenzsne

22 Tribromomethane

23 Hexachloropropens

u Hexachloropentadiens

25  Bromoacttone

26 Hydrazine

27 Methylhydrazine

28 1,2-Dichlorosthane Low energy pathway through

2 1.2-Dichloropropane complex fragmentation into

30 . Hexachlorocyclohexane sabdle molecules: A ~ 10'2-

n Di-n-butyiphthalate 10 /3ec, Eu ~ 45-55 keal

32 Ehyl carbamate

3 1.2-Dibromo-2-chioropropane

34 Methyliodide Fragmentation into radicals

35 1.2-Diphenyl hydrszine brought about by very weak

36 Nitroglycerine bonds: 40-5S keal range.

37 N-Nitrosodiethy! amine A-factor 3 10'%/sec

3 2-Butanone peroxids

*The compounds are divided into groups purely for present convenience; when one cone
siders all the compounds in the EPA listing there will obviously de many overiaps.
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behind this ranking is that a higher heat of combustion requires a higher
flame temperature and presumably a greater capacity to consume itself,
The connction between flame temperature and heat of combustion is, of
course, not necessarily true. It also must be pointed out that in the
particular application’ in mind, a mixture is being burned; thus, this
“driving force™ is never manifested. Indeed, through control of auxiliary
fuel and equivalence ratios, temperature is a variable that can be adjusted.
Furthermore, heat of combustion is a thermodynamic quantity and is
definitely not a parameter associated with the activation process that
controls molecular stabdility. A very straightforward way of demon-
strating the inappropriateness of the heat of combustion for this purpose
is to cite the fact that a variety of explosives, near explosives and
propellants (nitroglycerine, trinitrobenzene, hydrazine) are more difficult
to destroy than most of the organic compounds in the listing. For
example, benzene and polynuclear aromatics are considered among the
easiest compounds to incinerate, and the limits of incinerability are
almost completely set by b and h hlorob

The ranking that has been presented here is vastly different from that
proposed by EPA. It makes no claim with regard to exact quantitative
accuracy. It would displace the listings of compounds supposedly difficult
to decompose that are ranked ahead of hexachlorobenzene, simply
because most of these will decompose by unimolecular processes at jower
temperatures. They will be placed behind benzene. Nitro, nitroso and
peroxide compounds are considered among the most labile due to their
weak C-N, O-N and N-N bonds. Basically, there is very little concordance
at all between the two rankings, except for the greater difficulty to be
expected for the incineration of increasingly chlorinated aromatic com-
pounds. Unfortunately, we are not aware of any burn data that can
resolve these discrepancies. They are, however, so large that it should not
require many experiments to differentiate beteen the two scales.

The present analysis suggests that in terms of the hazardous wastes
given in the EPA tabulation, aromatic compounds (psrticularly the
polychlorinated variety) are the most difficult to burn. The capacity to
destroy such species is indicative of conditions that can easily destroy
other compounds. Indeed, the usual presence of low-energy unimolecular
decomposition channels makes most hazardous materials rather casy to
destroy, and for systems free of chlorine, considerably lower temperatures
can perhaps be used. Nevertheless, it should be pointed out that all of the
above is based on extrapolations and interpolations. Direct experimental
verification would be useful. Of special importance are high-temperature
reactions of radicals with aromatic systems. Furthermore, since aromatic
compounds are the inevitable by-products of combustion situations, a
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better understanding of how such compounds are formed could diclate
the proper strategies for prevention. The above also holds for the effect of
chlorine, both with respect to the effect in sromatization or the chiorina-
tion of such substances. All of this, of course, is intimately tied to dioxin
and related problems. Without some degree of information on mechan-
isms and rates, the only alternative is to raise continually the incinerator
temperature. In terms of material capabilities, additional environmental
problems and costs, there are definite limitations.

In terms of direct experimental verification of scales of incinerability,
we believe it is possible to devise laboratory-scale experiments that can
mimic actual burn conditions. The work of Duvall et al. {23] represents an
excellent start in this direction. However, interpretation of such resuits
must be handled with care. Thus, although the general trends with respect
to stability and chiorination on the aromatic structure agrees with our
cxpecuations, this agreement may well have been brought about by
decreasing amounts of hydrogen in the system. This hydrogen decrease
has the effect of drastically lowering OH concentrations and leading to a
less “hostile” environment. What is needed is exploration of the full range
of conditions, in terms of C/H and equivalence ratios, likely to be en-
countered during incineration.

In view of the present conclusion that unsaturated chlorides are
probably the most difficult organic substances to incinerate, a detector
that can detect such compounds in real time would prove to be an ideal
instrument for monitoring of completeness of hazardous waste incinera-
tion. It should be emphasized that throughout the course of this study, we
have discovered no special features with respect to the stability of the
most toxic chlorinated dioxins or benzofurans either from a thermo-
dynamic or kinetic point of view. One would therefore question the
necessity of carrying out expensive determinations of the presence of
individual isomeric compounds.
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CHAPTER 3

COMBUSTION CHARACTERISTICS OF
CHLORINATED HYDROCARBONS

Selim M, Senkan
Department of ChemiuL‘Enlinetring
M \ Fagins Technol

Cambridge, Massachusetts 02139

Combustion of chlorinated hydrocarbons (CHC) is an attractive treat-
ment process for ultimate disposal of chemical wastes bearing these com-
pounds. Destruction of CHC via combustion brings about a number of
special problems, in which very little fundamental work has been done.
Consequently, present CHC incineration technology involves a high
degree of empiricism, and is 8 costly operation. Therefore, developing a
better understanding of the fundamental scientific principles of CHC
combustion is imponant for the design and operation of reliable and
efficient incinerators.

Previous CHC combustion research can be divided into two major
categories:

1. Research was conducted involving a number of large-scale test runs in existing
combustion facilities such as rotary kiins, fluidized beds etc., mainly undsr the
suspices of the U.S, Environmental Protection Agency (EPA). Except for spesific
operating guidelines, thess tests did not produce any fundamental data on CHC

combustion.

2. The ! ion ch istics of of CHC were siudied
mostly due to their flame inhidition ch istics. H , b hlorinated
hydrocarbons are not as powerful as other 7 d species as inhibj they

were not studied thoroughly.
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62 INCINERATION AND WASTE MANAGEMENT

Additional work under milder thermal conditions also exists in which
solid or liquid catalysts were used to promote combustion. There are 2
number of proprietory designs and catalyst formulations for catalytic
combustion of CHC.

Despite the lack of sufficient prior work in the literature, availabie
information and recent research in our laboratories indicate a number of
important features of the CHC combustion, such as low flame com-
bustion rates and high soot formation propensities, when compared to
non-CHC and the presence of staged combustion phenomena at atmos-
pheric pressure, These and related subjects will be discussed in this
chapter.

In examining the fundamental combustion properties of CHC, it is
important to isolate the effects related to transport phenomena, to get an
accurate understanding of the chemical ratcs and mechanisms involved.
This can be achieved by studying premixed systems in which the fuel and
the oxidant are mixed to molecular homogeneity such that diffusional
problems are minimized. In catalytic combustion, additional precautions
must be taken to ensure that there are no transport limitations, both
within and outside the catalyst structure. Premixed, gas-phase systems
will be considered in this chapter, unless otherwise noted.

GENERAL THERMODYNAMIC CONSIDERATIONS

Combustion reactions of conventional hydrocarbons, i.e., without
halogens, have been documented in many sources [1,2] and will not be
repeated here. The presence of chlorine brings in a number of additional
features that influence the combustion characteristics of CHC. com-
pounds.

Thermodynamics of CHC combustion are complex because of the
incompiete undersianding of the chemistry involved, i.c., the intermedi-
ates and products of combustion are not fully known. However, one can
still examine CHC combustion from a heuristic point of view and develop
an insight into the overall process. If a general CHC compound is
designated by C,H,Cl, (where x = 1,y = | and z = 3 for CHCly), the
overall combustion stoichiometry can be defined for y > 2 by:

CuH,Cl » (x + L

> Z) 0y 3 xCOy + 2HC + ’—;’-u:o "

For CHC compounds in which y < z, the {ormation of molecular
chlorine must be considered as:
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CH,CL, ¢ x0; = xCO; + yHCI + "T’ o @

In practical operations, the formation of Cl; is undesirable because it is

highly corrosive, and it is relatively difficult to remove from stack gases.

Thus, auxiliary fuel with sufficient hydrogen content may be needed to

suppress Cl; formation. The most suitable auxiliary fuel, with the highest

hydrogen content, is methane, with the following overall stoichiometry
for combustion:

CH, + 20; = CO; + 2H,0 (&)

Suppression of Cl; formation by auxiliary fuel can best be illustrated by
examining the Deacon reaction:

H0 + Chh = 2HCl + 0.5 O, @

Higher temperatures favor the equilibrium formation of HCI, and this,
combined with the use of sufficient amounts of auxiliary fuel (as
manifested by the formation of H-O) should minimize the formation of
Cl; if the amount of excess oxygen present in the system is not high.

If methane is used as the auxiliary fuel, the overall combustion
stoichiometry for the mixture will be as the following:

c,u,.cxnicnu%'x ";')OH
] 2 -
(x + 7) €Oy + tHC + (= + ’—5-5) HO (%)

where R & CHC.to-methane molar ratio

The use of auxiliary fuel is frequently needed not simply to suppress
chlorine formation, but also to increase the heat of combustion of the
mixture for effective incinerator operation. In Figure | the lower heats of
combustion (LHC) of a variety of CHC are shown as a function of
chlorine content of the CHC compound [3). It is extremely difficult to
stabilize flames using air when the heat of combustion of a fuel mixture is
less than about 4000 keal/kg. Clearly, there are incinerator configura-
tions, such as vortex burners, fluidized beds and catalytic units, that can
sustain combustion even when lower-LHC mixtures are used. However,
they frequently have other constraints, such as the unacceptably low
maximum temperature limits of operation, which allows them to be
suitable only under special circumstances.

Another important parameter one must introduce is the equivalence-
ratio (¢) of the fuel-oxidant mixture, frequently defined as the ratio of
actual to stoichiometric fuel/oxygen ratios. This can then be written for
Equation 5 as:
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2 y-t
(T +x+=—)
¢s L___‘ ®
actual Oy

Therefore, for ¢ = 1, the actual O; present in the system corresponds to
the exact stoichiometric oxygen requirements based on Equation $, and ¢
> 1 and ¢ < | correspond to fuel-rich and fuel-lean systems, respectively.
The prod: of bustion of CHC in premixed systems principally
depend on temperature, equivalence ratio of the original mixture and
chemical structure of the parent CHC compound. As will be discussed
later, the low combustion rates and high sooting characteristics of CHC
bring in additional constraints on the design and operstion of practical
systems. One cannot examine combustion thermodynamics without due
regard to the actual chemical kinetics and mechanisms invoived; indeed,
many of the pollutant emissions from incinerators can be traced to rate

processes rather than thermodynamic limitations.
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In CHC combustion, pyrolysis of the parent molecules must be con-
sidered first, due to the relatively weak C-Cl bond. This pyrolysis
frequently involves the formation of relatively stable intermediate mole-
cules followed by a degenerate branching step. The intermediates that
form influence the product distribution as much as the original CHC
molecules. Exampies of such pyrolysis reactions are the following:

CCly # Cls) + 2Cly m
CH,Cly = C(s) + 2HC) 8
CHQ)y = Cls) + KO + O ®
C,H,Cl = CH, + HCI (10)

Table ] shows the bond dissociation energies of a variety of CHC and
provides a comparison with the conventional hydrocarbon systems. As
can be seen, the energy required to remove a chlorine atom from a CHC is
less than that for hydrogen or the scission of a C-C bond. The de-
chlorinated species can then undergo a variety of reactions. For example,
they can recombine to form other CHC compounds, undergo further
pyrolysis, oxidize or polymerize (see below). The exact scenario is quite
complex, and no attempt will be made here to enumerate all the
possibilities. Indeed, such an attempt will be highly speculative due to our
incomplete understanding of the chemistry involved.

Table |. Bond Dissocistion Energies of Compounds Reievant to CHC Combustion

Bond Strength
(keal/g-mol at 298°K)
Parent Complex H (]
H- 104 103
C- 103 58
CHy 104 84
CyHse 9% 81
C3Hy- 95 8
CoHy 92 81
CyHye 110 93
CyHyCH;» L1 69
CCly- 96 73
CH,CO- 86 82
CN- 120 97
OH- 19 60
C4HsCO- 74
CHCl- 101
CHCI- 9%
C3HCl,- 9
CHx=CH- 108 91
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From a global point of view, the formation of HC! and Cl; would be
expected to constitute the bulk of the chiorine-bearing species in the com-
bustion products. They are related 10 each other through the Deacon
reaction discussed above (Equation 4). It is important to note, however,
that in practical systems, Cly concentrations above those predicied by the
Deacon equilibria have been observed {4).

Depending on the mixture equivalence and H/ C) ratios, chlorine can
also end up in many different compounds. For fuel-rich systems, the
presence of CO will be unavoidable. The CO can then react with chlorine
to form phosgene as shown below:

CO + C1; = COCly ()
or carbonyl monochloride:
€O + 0.5C); = COCI (1)

Although higher temperatures favor the presence of CO rather than
COCl; or COCI, their potential production in chlorine-rich systems
cannot be ruled out. Many CHC in mixtures with air have been shown to
yield COCl, readily in the presence of Fe, Cu, Zn and Al catalysts at rela-
tively low temperatures [5). Carbon tetrachloride yields COCI; at a
temperature as low as 100°C in the presence of iron, while CHC,,
CaHCly, C;H,Cly, C;Cly have given recognizable amounts of phosgene
around 300°C.

Possible reactions of chlorine with carbon species at high temperatures
may include:

Cx(g) + €y = 2 CCUg) 3
0.5Cp) *+ Cly 3 CCiHp) (14)

However, the products of Equations |3 and 14 can be converted to other
species with the formation of HCL

CCKg) + Hy0 * HCO + HCI 19)
CClxg) » H;0 = HCOCI *» HC Q6)

As the equivalence ratio is increased in fuel-rich systems, soot—
polycyclic aromatic hydrocarbon (PAH)—formation is favored. As will
be discussed more thoroughly in the following sections, the propensity of
PAH formation increases as the chlorine content of the mixture is
increased. Therefore, one must consider critically the formation of higher-
molecular-weight pollutants as an integral part of an incinerator design
and operation. In particular, combustion of CHC has been reported ta
have the potential to produce chlorinaied dioxins, most notably the
2,3,7.8-tetrachlorodibenzo-p-dioxin (TCDD) [6,7). The exact conditions
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under which chlorinated dioxin compounds are formed are not clear.
However, the general observation is that TCDD concentrations in the soil
in areas with CHC combustion activities are higher than elsewhere [6].
Therefore, it appears that CHC combustion processes may be a likely
source for the generation of chiorinated dioxins. It is difficult to explain
the formation of trace organic compounds/ pollutants in combustion by
thermodynamics, and their occurrence in practical devices is a manifesta-
tion of the rate limitations present, rather than of equilibrium conditions
in these systems.

To suppress the formation of carbon-based pollulants in combustion,
excess oxygen is frequently used in incinerators. However, the use of large
amounts of excess oxygen will be unsuitable in CHC combustion, due to
a number of reasons. First, as shown by the Deacon reaction the excess
oxygen will induce more Cl; formation (Equation 4), which is unde-
sirable. Second, the deviation of ¢ from | decreases the flame tempera-
ture and therefore the rates of combustion, resulting in potential
operating difficulties. Third, the use of excess air will decrease the energy
utilization efficiency. It should be remembered that as the equivalence
ratio is decreased the actual increase in the heat capacity of the mixture
will be much higher due to the presence of nitrogen in air.

Under fuel-lean conditions, the oxygen can undergo reactions with
chlorine as:

Cly + O, = 2CIO un
Cly + 0.50; = Q10 (18)
0.5Cl; + O; = CIO; (19)

Additional chlorine reactions may involve the following

€O, + Cly  CO + C1,0 20
HsO + Q10 = HOC) » 0.5H, 1)
H;0 + Cl; = HOCI + HCI @)
HCl + H,0 = HOCI « H, @y

All of the reactions presented above involve stable species, some of which
may or may not exist in incinerators, depending on specific operating
conditions,. CHC oxidation at high temperatures also brings in the
reactions of radicals, which one must consider in evaluating the thermo-
dynamic aspects of combustion. Principal reactions that involve radicals
of hydrogen and/or chlorine include:

He+ HQs Hy+ Cl (e2)]
Cle HCl= H + Cly (1))
ClzCleCl o))
HCl: H+Q (2n
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Dissociation of HCl into its atoms is quite unlikely even under extreme
temperatures; thus, the main source of Cl radicals is probably establish-
ment of the equilibrium for reaction as in Equation 24. Indeed, this
criterion was used in assessing the inhibition characteristics of various
halogens in flames [8).

Principal radical reactions also involving oxygen include:

C+ 0; = CIO, (28)

CQ + QO0y = 2CI0 (29)

0+ C10;2 Q0 + 0y 30)

0+ClO'=Cl+ 0, on

2C10 = Cl + CI0, 32)

2CI0 = 0, (33)

HCl + O3 2 C1 + HO; (34)

Cl+ HO; = HCl + Oy 1%)

H + Ci0y = CI0 + OH (36)
Furthermore, some of the reactions that include carbon are:

Cl+ COCl = CO « Oy an

Cl+ CHy = HQ « CH, (38)

H ¢+ CH)Cl = HCl + CH, (39)

Q + CH,Cl = CH, Q1+ OH (40)

OH + CH,C1 = CH.Ql + H:0 (41)

QH « CCl, = Cq, + HOC (42)

It should be remembered that the equations presented above are meant
to illustrate some of the possible reactions in which chlorine and chiorine-
bearing compounds can participate, and they represent a fraction of the
total set of reactions characterizing the overall combustion process. In
principle, one may be able to incorporate some of the reactions presented
above into a reaction set describing the oxidation characteristics of a well-
studied nonchlorinated fuel, such as CH,, CO or Hj, to develop a better
understanding of the CHC combustion process.

CHC combustion may also invoive the production of NO, under
certain operating conditions. Catalytic combustors probably are less
susceptible to NO, formation, due to milder temperatures. The oxides of
nitrogen can then react with chlorine-bearing species. Examples of such
reactions are:

CIO + NO = Cl » NO; (43
CIO + NO; = CIONO, (44)
NO » CI = NOCl (5
INOCI = 2NO + O, (46)
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C) « NOCl = NO + 1, 47
HCl + NO; = HNO, + CI (48)
NO + ClO; = NO, » C10 (49)
NO; + CIO; = NO; + CI0 (50)
CH,C1 + NO; = CH,Cl + HNO, (sh
HCl « NO; = HNO; + (52)

Clearly, the reactions presented above are far from being complete, as
they were compiled to illustrate the complexity of the reaction system at
hand and to provide examples.

The equilibrium constants for some of the reactions presented above
are shown in Figure 2 (see Table 11 for the legend), together with some of
the reactions that sre common to conventional hydrocarbon combustion
systems {2}, It must be remembered again that many combustion systems
are not simply characterized by equilibrium considerations, and they are
also influenced by the rate processes. Despite these limitations, however,
thermodynamics must be considered for the effective design and reliable
operation of incinerators.

GENERAL KINETIC CONSIDERATIONS

CHC possess a number of unique combustion properties that dis-
tinguish them from other combustion reactions. One of the most im-
portant of these properties is that some CHC compounds, especially those
with high chlorine contents, show two-stage flame combustion at atmos-
pheric pressure. Although this is not an usual phenomenon, as many
hydrocarbon systems possess iwo-stage combustion under certain condi-
tions, it is relatively rare to find them at atmospheric pressure. The
presence of two-stage combustion in CHC sysiems can probably be
attributed to the relatively less strong C-Cl bond in these compounds (see
Table 1). Low-temperature flames are then probably initiated by the
formation of Cl radicals by pyrolysis, and then sustained by sets of chain
reactions involving a degenerate branching step [9].

Because the C-Cl bond is relatively weak, it is not surprising that
chlorinated compounds promote low-temperature oxidation rates of
conventional hydrocarbon systems when they arc mixed together. Many
CHC not only increase the preflame combustion rates of non-CHC, but
they slso decrease the ignition temperature of the mixture [10].

Although CHC promote oxidation rates at low temperatures, they in-
hibit hydrocarbon combustion at higher temperatures. Indeed, CHC
compounds are better known as f{lame inhibitors, as they suppress
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Figure 2. Equilibrium constanu for rcaciions reievant to CHC combustion (see
Table 11).
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Table 11. Reactions of Interest in CHC Combustion

Carbon Reactions [2]

1. 0.5Cxg) = Cls) 3. CO + 0.50, = CO,

2 Cig) = Cls) 9. CO + H0 = CO, + R,
3. C+030,= CO 10. CH, s C + 2H,

4, C + 0.5N; » 0.5Cy)Ny 1L 03CH, = C+ H,

5. C + 2H;0 = CO; ¢ 2H, 12. HCHO = CO + H,

6. C+ H,;0=CO+ H, 13, 0.5C;H; = C + 0.5H,;
7. C + CO, = 2CO 14. 1/3Cy03 + 1/3 H;0 2 CO + 1/3 H,
Nitrogen and Oyxgen Reactions [2)

15. Oy = 1.50; 18. NO + 0.5N; = N;O

16, 0.5N3 + 0.50; = NO 19, Hy » 0.50; = H,0

17. NO ¢ 0.50; = NO, 20. 0.5N; + 1.5H; = NH,

Sulfur Reactions (2]

21. 0.8S«g) = S(1) 2. 0.550; + 2/3 H,S = 0.55p)
+ 23 K0

22, SO; = SO + 0.30; 25, H,S = HS + 0.3H,

2), 50; + 3H; * K,S + 2H,0 36. CO + H,S = COS + H,

Radical Reactions with No Chiorine (2)

27. C « 0.5N; = ON 32.2H = H,

2. CH, = CH, + 0.5H, 33. 0.8H; + O; = HO,

M. INEN, 34. OH + O = HO,

30.N+02NO 35. OH + 0.5H = H:0

3,20 0,

Chlorine Reactions

36. COC)y = CO + Cly 46. 0.5Cl; « Oy = CIO,

37. COCl = 0.5Cy » CO 41. COy + Cly 2 CO « CI,O

38. 2HCl » B;0; = 2H,0 « C)y 43. CH;Cl; + H,O = HCHO +» 2HCI
3. CCly = C+ 20 49. Cly = 2Q1

40, C,Cly = 2C + Cly 50. HCl= H+ Cl

41, CoCly = 2C » 2CY Si.H « HCla Cl+ Hy

42, CCly = 2C + 3C)y S2.H+Cly=Cl« HCL

4. 2C « Qy = 2CC $3, G + CH, = HO) +» CH,

4, C+Clys=CClY 54. C1 +» 10, = 2CI0

45, 0.3Cl; + 0.50; = C10 35, 0 + €10, = CI0 + Oy
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combustion rates at elevated temperatures, i.c., temperatures above
~800°C. The inhibitory effects of CHC compounds are generally
accepted to be due to their free radical scavenging characteristics.
Scavenging is defined as a process that converis reactive radicals, such as
H. OH and O, into stable molecules and/or less reactive radicals. During
high-temperature combustion, many such radicals form and participate in
the reaction network.
The most important chain branching reaction in combustion is:

H¢O0;-OH+O (33)

Chlorinated compounds compete successfully for H radicals at moder-
ately high temperatures and render them less reactive, for example by
reactions such as:

Cl+ H ~ HCl (s4)
HCl+ H = Hy+ Cl 59
Ch+H=HC+Q (36)
CH,C1 + H = CHy + HCI 51
HOQ+OH ~ HO + O (s

This results in decreased combustion rates, best manifested by the
decrease in measured laminar burning velocity, As the temperature is
further increased, the inhibitory effects of chlorinated compounds di-
minish, because now the H, OH and O radical-forming reactions with
their higher activation energies can successfully compete with the scav-
enging reactions [11].

CHC also have a higher propensity for soot formation due, in part, to
the weak C-Cl bond strength and the free radical scavenging charac-
teristics of chlorine and chlorine-bearing species; this propensity seems to
be directly proportional to the chlorine content of the mixture.

In the remainder of this section, chemistry and mechanism of CHC
combustion, laminar burning velocity, and soot formation will be pre-
sented in more detil. Although these topics are highly interrelated, they
will be discussed in separate sections to enh the ps ion of the
important features involved in the combustion of CHC.

Chemistry and Kinatics of CHC Combustion

Although the presence of two stages in CHC combustion has been
demonstrated experimentally, the actual chemistry and mechanisms
involved in the overall process are poorly understood. However, there is
considerable literature on two-stage combustion aspects of conventional
hydrocarbons, and an insight to CHC combustion can be obtained by
examining that previous work [1,12].
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The two-stage combustion phenomenon is frequently discussed in the
same context with “cool flames.” The underlying principles are probably
similar; however, the relative tempenature ranges can be quite different.

The general festure of two-stage combustion is that although an explo-
sive reaction occurs during the first stage of combustion, it {alls short of
proceeding to completion. Instead, the reaction is self-quenching, and a
fraction of the tota! available enthalpy of combustion is released. Analysis
of the intermediate products in non-CHC systems showed the presence of
peroxides and sidehydes. Although a long controversy existed as to the
relative importance of RO;H vs RCHO as the active intermediate, it is
well documented now that hydroperoxides are the autocatalytic inter-
mediates, and that aldehydes are the important fuel source in the inter-
mediate region. Under certain circumsiances, the first stage terminates in
complete combustion, i.e., it leads to the second stage.

On a temperature-pressure (TP) diagram for a given mixture composi-
tion, the existence of cool flames and two-stage combustion can best be
illustrated by identifying the zones of multiple ignition temperatures at an
isobar. Such a disagram is shown in Figure 3. Regions to the right of the

Temperature
Slow Ignition
Combust fon
Two-3tage
;E::: Ignition
Pressure
Figure 3. C i h 1 with CHC and hydrocarbon oxidation.
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cool flames are regions where fast ignition may set. Regions to the left
correspond to slow reactions, which are unimportant in combustion.

An important feature of two-stage combustion is that aithough there is
an appreciable temperature increase along the {irst stage, the reaction rate
does not appear to accelerate. In fact, the rate after the first flame is
slower than just before. This behavior corresponds to what is called as the
“negative” temperature dependency for the reaction. The rate of reaction,
instead of increasing with temperature, decreases. This clearly indicates
that self-quenching must be chemica!l in origin. One possible explanation
to this observation is the presence of two reactions in series, with the
second one having a significantly higher activation energy [1,13]. On the
other hand, one can also explain the two-stage phenomenon by intro.
ducing a set of chain reactions with a degenerate step that is responsible
for the delayed second combustion stage {1,9,13).

The combustion mechanisms suggested for CHC compounds, although
they are very few, can also be categorized according to the two ap-
proaches described above. Hoare et al. [14], in studying the oxidation of
methylene chioride at temperatures above 500°C in suatic and flow
systems, discovered that the overall stoichiometry of the reaction tended
to be:

CH,Cly + 0.50, = CO » 2HCI (59)

but the products also included CO,;, H;0, C;H,Cl, C;HC), C,CL,
C;H,Cl;, CHCl3, CCl,, HCHO and Cl;. They noted the similarity of
CH,Cl; combustion to pyrolysis and suggested the following reaction
mechanism:

CH,C1 + C1 = CHCly + HQ (60)
[primary chain)
CHCly; » CHxCly = CHCICHCI + HCi + Q1 (61)
CHCICHCL + 0; - H;0+ CO+ CClYy (62)
[degenerate branching)

CHCICHQ + Q1 - C;HCly » HQ (63)
CHCl + 0 ~ 2CO+ HQ+ Q (64)
CCl »+ CHCY, ~ 2CHCY, (65)
CH,Cl; + H,0 = HCHO +» 2HCQ1 (66)

wall wall
2CHCl; = CHCLCHCY —~ CHCICCl » HC (L))

[chain termination]
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wall
20C, ~ G0, (68)

It was also suggested that CHCCl can act as a degenerate branching
agent. Clearly some of the reactions in this set, such as Equations 62 and
64, must occur in a number of sieps, as it is improbable that they
represent elementary reactions. Although the mechanism presented above
explains some of the pathways for production of intermediate species,
such as C,Cl, and HCHO, it fails to provide an explanation for the
formation of species such as COC); and ClO under fuel-lean conditions.
At 533°C, the maximum reaction rate was correlated with:

-Sienca] s sencrio o
max.

A somewhat similar reaction mechanism invoiving simple inter-
mediates was postulated by Kaesche-Krischer [15] for two-stage com-
bustion of CH;Cl; and C;HCly. Accordingly, CH,Cly combustion
involved:

CH Gy ¢+ 03 ~ COy* Hy+ O} first stage (10
H; « Gy = 2HQO second stage (7

Similarly, two-stage combustion of trichloroethylene was postulated to
be:

CiHCly +20; = HCl+ €Oy €O+ CLO  first stage 2)

CO+Cly0 = CO;+ (Y second stage 73

Obviously the reactions demonstrated in Equations 70 to 73 are far from
being clementary reactions. The simple oxidation mechanisms suggested
above are highly unlikely, in view of fast H-Cl, and CO-Cl; reactions. In
the absence of any oxyges CH,Cl; quantitatively decomposes 1o C and
HCl as:

CHiO)y ~ Cp) « 2HQY D)

Equation 74 proceeds with a considerable induction period at tempera-
tures above 500°C, with the formation of other CHC carbon inter-
mediates similar to the ones discussed earlier,

Thermal decompositions of tetrachloroethane and trichloroethylene
have been studied by Barton and Howlett [16]. Reaction networks similar
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to the ones corresponding 1o CH;Cl; were postulated, with provisions
made for the formation of higher CHC compounds such as:

CH{Cly + Q1 = C,HC, » HCI 79
C;HQY, - CHQ, + O (76)
CHCly + O = C,O)y + HCY am
CiCly = C,Cly + C1 %)
(CiClY = (CCL)(CCl) (79

Chlorine-pholoumiliud oxidution of trichloroethylene has been
studied by Huybrechts and Meyers [17) at low temperatures and the
following reaction mechanism was proposed:

C3HCl + 0.50, = CHCLCOT! [overall resction] (30)
light
Cly e 2C) @y
Cl+ GHEY - CHCY, ®2)
CHC, + Cy = CHC+ Q1 83)
CHCY + 0y — CHCLO, (34)
CHC0; + CHCY — C,HCLO,CHCY, (83)
2CHQO; — CHCIOCHCL, + 0, (36)
or
2C,HC,0;, = 2CHCLO + O, an
C:HCLO = CHCLO + Q (88)
C,HCl, = 1crmination 19)

There have been a number of studies published on homogeneous gas-
phase oxidation of chlorethylenes in relation to the problems of atmos-
pheric pollution [18,19). Most of these studies were done under mild
thermal conditions and the reactions were initiated using light, mercury
sensitization or ozone. The reaction mechanisms developed have essen-
tially been the extension of the mechanisms proposed by Huybrechts and
Meyers [17] and the interested reader is referred to the general review of
the subject given by Sanhueza et al. [19]. From the foregoing discussions,
it is clear that CHC oxidation and pyrolysis are quite similar, and that
both processes would be expected to occur simultancously under actual
incinerator operating conditions.
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As discussed above, CHC combustion involves many reactions, in
series and in paraliel. Although the specific reactions present in a given
system may be difficult 10 identify, one may break down the overall
chemical event into a set of elementary chemical reactions. In recent
years, the quantity and quality of experimental data on elementary
reactions that are encountered in combustion have reached a point where
it has become possible and reasonable to develop models to simulate
actusl combustor performance. Indeed, with respect to conventional
hydrocarbons many compilations of such reaction seis exist [20,21]. Rate
constants for various elementary reactions involving chlorine are given in
Table 111, These are mainly compiled from Kondratiev{21] and Bauich et
al. [22]. It can be noted that the activation energies of the reactions that
involve the H radical are moderately low (i.e. reactions 92 to 98), as
discussed earlier with respect to the radical scavenging characteristics of
chlorine-bearing compounds at moderately high temperatures.

There is also a considerable patent literature on the solid-catalyzed
combustion of gaseous CHC, The use of noble-metal catalysts, such as Pt,
Pd and Ru, and oxides of metals such as Fe, Cu, Cr, V, U, Al, Moand W
were reported 1o convert CHC compounds into combustion products in 8
temperature range of 20-1000°C, depending on the particular catalyst
formulation used and the CHC present [23). Although the fundamental
aspects of CHC combustion are understood poorly, the existing patent
literature suggests the technical feasibility of this method as an effective
means for the incineration of CHC. Some CHC oxidation characteristics,
such a3 their relatively higher oxidation rates compared to conventional
hydrotarbons, as discussed earlier, will probably be valid under catalytic
combustion conditions; however, the presence of solid surfaces and lower
temperatures must be taken into consideration.

In summary, although some previous work exists, our understanding of
the chemical mechanisms and rates involved in CHC combustion is insuf-
ficient to make any definitive remarks. It is clear, however, that reactions
invoived are very complex, and to develop a realistic picture one must
consider sets of branching reactions both in series and parallel to account
for the processes occurring in the combustion of CHC.,

Burning Velocities of CHC

The laminar flame propagation velocity, or the burning velocity (us), is
one of the most important physicochemical properties of a combustible
mixture, It is the velocity at which the flame front travels relative to the
unburned mixture and provides an insight into the overall rate of
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Takie Uil, Rate C for Reacti Involving Chisrine [k = AT® exp(-E/RT) ¢ln’/m0-uc|
Temperature
Range
Renction logieA n E, *K)
9 HO+eM—=Ml+eCI+ M 1282 0 n 1600-2800
L] O+ HCI=0l+CI 1284 [ ] 6.7 -0
” 0+ CHCY - 1ICH» CNQ 13.04 ° 6.1 298460
” H+ChH—~-HC Tl 130 [ 22 300-1100
" HeHC - W+ O 136 L] 43 298-1000
93 H+ClO-01+C 12.88 0.68 43
9% He+CiO-~HCI+ O 1.1 0.67 13.
” il + CCly, - HCI + CCly 1. 0.5 345
” H+sCleM—=HICI*+ M 17.94 -1 (]
» OH ¢+ NlCl - Cl + B,0 1238 0 ] 200-300
190 CheM~—-Ci*CiI+ M nn»n 0 469 1550-2800
101 CheCleM—-Clh+ M 14.33 0 -8 193-520
102 Cl+ 0y~ Q0+ 0, n.n 0 04 200-400
103 Cl + CI0; - C10 + CI0 1).36 0 o 2%
104 0+Clh—-Cl+CIO 1240 0 7 174-602
([1] 0+CIO—-Cl+ O 13.76¢ 0 0J6 200-300
106 ClO ¢ CIO — products 121 [} 26 293-600
0?7 NOCi*+ M - NO+Cle M 3.0 [ n 800- 1300
108 Cl ¢+ COCl - CO ¢+ Cly (£2]] 1) 300-600
109 0 ¢+ ClICQl - Ol + Cl, Q1 1325 [ 193 333-949
1o 0 ¢+ CCi, - COCly + C1y 10.2) 0 43 713-30
11] O + CH + CICIQ — 2 HICH ¢ CO ¢+ CH,y 13.08 [ 3.5 333473
"2 Clefly = NCIe 1 139 0 33 298-1000
" C1 ¢+ Cly — IICI + ClIy 704 1.97 1.5 200-500
He Cl ¢+ Cylly — HCI ¢ CHy 4.0 0 0.98 J49-360
s C1+ CICl = NICE + CILC) [EX] 0 u 323432
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Cl ¢ CILQL ~ C1,C1 + CIy

Cl + CINCl) — N ¢+ CHCY

Cl+ CllLClH = Cly + CHCL

Cle CNCY, = HCL » CCYy

Cl ¢+ CCly = Cly * CCly

Cl ¢ Cl14CI — HCl + CH,CICH,
Cl+ G, =~ HCl » Gl Cl

Cl ¢+ C,}11,Ct —- HCl + CHYCNC)

Cl + CillCl = C1y ¢ Cyliy

C ¢ Gl Cl - UCL+ G, QL

Cl » C)H1,Cly —~ §IC1 ¢+ CRYCCY
€1+ €N, = HCH » CHLCHC),
Cl + Gl Cly ~ HC) + CHCICKH,C
Cl ¢ Gt Cly = CYy + Gl Q1

Cl + CNHCCH ~ NCL + CNC)y

Cl + CHCHCILCL = HCY + CCLCH,CL
€l + CILCICIHCYy —~ 111 + CHCICHCI,
Q1 ¢ CiyQ)y = CLGHLCY,

Cl + CH,CICO), ~ HCT + ClICICQ,
Cl + CHCLCUCH ~ NQ +» GlICY,
Cl + C)Ii,Cly = HCL » CliC),

€1+ CCly — Cly + C,CY

CGQilQ -~ Gy, +

CillyCly = GlI,CL + 1

140
134
(L}
1284
1393
13.08
135
1).55
143
3]
1298
13.00
1330
3
1240
129
3.5
143
1280

-0

138
14
169

-]

0000000000009 OOCOCOO

3.1

214
338
00
[B]
1.50
1.4
28
30
19
R X
3t
21)
)6
3
37
206
158

3
19.5
26
0.8

350-473
73363
360-475
M6-39)
301423
303-43)
273458
303-433
303433
834-200
32340
303438
323402
303-438
)48
VAn
333413
2340
32340
2340
12343
360-4%0
360-430
€)3-738
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8¢ INCINERATION AND WASTE MANAGEMENT

combustion. However, despite its definitional simplicity, measuring the -
burning velocity of & combustible mixture is far {rom being trivial. This
problem must be discussed further.

Burning velocity can most casily be related to the rate of combustion
reaction by considering onc-dimensional systems. The theoretical ap.
proaches that have been used to calculate u, can be categorized into three
groups, depending on whether they consider thermal diffusion, mass
diffusion or combined effects for flame propagation {24]. Thermal
theories of flame propagation are based on the assumption that diffusion
of reactive species in the flame zone is not important in promoting
ignition, which occurs mainly due to the heating of the reactant gases.
This assumption simplifies mathematics considerably, and explicit ex-
pressions for u, can be oblained by integrating a differential energy
balance equation. If first- and second-order combustion rate expressions
are assumed, the following expressions for the burning velocity are
obtained:

A T, [RTAP
ud = .z.i"i - [-—l exp [-E/RTy). for s first-order resction (140)
el Tt E
Axc,’ Te RT/
uls S~ Any — j— exp [-E/RT;), for a sccond-order reaction (141)
Pol Tl E
where A thermal conductivity
t, 3 specific heat
Pe unburnt gas density

activation energy
rate preexponential factor
Ry initial concentration
TwTt = initial and flame temperatures, respectively

L ]
3
=z
= hest of combustion
t 4
3
-

In equations 140 and 141, the square of the burning velocity principally
has the Arrhenius temperature dependency. This dependency clearly
demonstrates the intimate relationship between the combustion rate and
the burning velocity, and serves as an important reference point.

For flames involving highly mobile, reactive species, such as H, the
thermal theory falls short of explaining the observed burning velocities.
Therefore, diffusion of species also must be introduced into the picture.
Again, the extreme case of flame propagation, in which the diffusion of
species is the only source of ignition, can be treated mathematically quite
well if it is assumed that thermodynamic equilibrium exists at the flame
20ne [25). Fhe burning velocity can then be given by the following
expression:
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(142)

Here, k; is the specific rate, which can be considered 1o have an Arrhenius
temperature dependency, resulting in the following expression for uy:

uy? ~ exp [-E/RT]] (143)

Equation 143 is of the form shown in Equations 140 and 14], and shows
the general correlation to be expected between burning velocity and flame
temperature.

There are also mathematical models that have been developed utilizing
the vital concepts in both the thermal and species diffusion theories.
However, although they do provide more accurate results with a smaller
number of assumptions, the models are mathematically complex and fail
to provide an immediate physical insight into the processes involved.

In CHC combustion, one would initially expect the thermal theory of
ignition to be adequate to describe flame propagation. This is due to the
radical scavenging characteristics of chlorine-bearing compounds dis-
cussed earlier. Because CHC flames will be deficient in radicals such as H,
OH and O, one would not expect any significant diffusion of species into
the preflame zone. Indeed, inhibition studies have revealed that CHC
compounds broaden the precombustion 20ne and force the main reaction
zone into a narrower region [26].

Measurement of the burning velocity can be accomplished using a
variety of methods, and many excellent reviews exist on this subject
[27,28]). Most notable are the methods using Bunsen cones, flames in
tubes, soap bubbles, constant volume explosions and flat flame burners.
Although there is still a lack of consensus as to the most appropriate
technique, the Bunsen cone method with a suitable photographic system
has been used most {requently, because its simple experimental setup, the
rapidity of data acquisition and the reasonable quality of data it yields
when compared to other, more sophisticated methods. According to this
method, burning velocities are determined by dividing the volumetric
flowrates of the unburned gas mixture 10 the flame front areas, which are
determined from the enlarged pictures of the flame zone [29].

The combustion of chlorinated hydrocarbons requires either oxygen-
enriched air or an auxiliary fuel to sustain stable, open flames. Kaesche-
Krischer [30] reported the burning velocities of chlorinated methanes and
trichlorethylene in an atmosphere with varying oxygen contents. The
effect of oxygen content on the burning velocity is significant, due to
changes in flame temperature, as shown in Equation 140. As the oxygen
content in the air is increased (i.c., inert nitrogen content is decreased) the
flame temperature also increases due to decreascd mixture heat capacity.
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Figures 4 and 5 show how the burning velocity of CH;Cl and CH;Ch, vary
as a function of the mixture equivalence ratio, with the oxygen content of
the sir as the parameter, The figures show the typical inverted U shape,
with the burning velocity establishing its maximum value around stoichi-
ometric conditions. Furthermore, they show the negstive effect of
chiorine content on the burning velocity. It is important to note that for
atmospheric sir (21% O), burning velocitics are extremely low (less than
10 cm/sec), which may result in flame stability problems. Both CHCl,
and CC), failed to produce a stable Bunsen flame even when pure oxygen
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Equivalence Ratio, ¢

Figure 4.  Burning velocities of CH,C! in oxygen-enriched air [30].
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Figure S, Burning veiocities of CH.Cly in axygen-enriched air (30].
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was used, thus indicating burning velocities to be lower than those
obtained for CH;Cl and CH,Cl,.

The burning velocity of trichlorethylene is shown in Figure 6. Unlike
CH,Cl and CH;Cl;, C;HCly does not have as sharp a peak in burning
velocity. In fact the equivalence ratio seems to influence uy minimally,
probably due to the nonoxidative, pyrolytic decomposition nature of the
first stage of its combustion.

Although the burning velocities of CHC in oxygen-enriched environ-
ments are extremely important, they fall short of utility in practical
systems. Consequently, one must also examine CHC burning velocities in
mixtures with an auxiliary fuel and air. Besides providing important
practical results, extrapolation to no-auxiliary-fuel conditions can also
yield information on the individual burning rates of CHC.

In this regard, Garner et al. [31] examined how chiorinated methanes
snd HCI inhibited the burning velocities of propane/air mixtures when
present in quantities less than 1%. They concluded that the order of
effectiveness in reducing the burning velocity was HCl < CH,Q1
< CH,Ch < CHQCYy < CCY (Figure 7). Morrison and Scheller [32]
reported the amounts of various chlorinated methanes needed to reduce
the burning velocity of stoichiometric n-hexane/air mixtures by 30%.

% 30 .
€
9 - .
2
]
z 20—
g 0./00 .—-}
< L
> o eo—oR—0—t
E’ ok / 60% 02"
£ 40-/.02
@ - 50% Oz
ol L« 1 1 .t

0.4 06 0.8 1.0 .2 l 4 1.6
Equivalence Ratio, ¢

Figurs 6. Burning velocities of C;HCly in oxygen-enriched air [15].
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Figwre 7. Inhibition of propans-sir flames by various chlorinated compounds (31}

They reported an order of inhibition effectiveness similar to that of
Garner et al. [31].

Experiments in our laboratories with various CHC in mixture with
methane and air show somewhat similar trends. As seen in Figures 8 and
9, burning velocities decrease significantly when the CHC/ methane ratio
is increased, as well as when the chiorine content of the CHC compound
is increased for a given equivalence ratio. Furthermore, as the chiorine
content of the CHC is increased, the resulting u, vs ¢ curve flattens more,
indicating the lessened influence of oxygen concentration on the com-
bustion process [29).

From the examination of burning velocity data on CHC systems, it can
be concluded that these systems undergo combustion relatively slowly
when compared to conventional hydrocarbons. As a conseqence, com-
plete combustion of CHC would require longer reaction times and/or
higher operating temperatures to achieve the same degree of destruction
as non-CHC.

Soot Formation of CHC

Formation of carbon and/or soot in flames is of considerable practical
importance. Soot formation is undesirable because its formation is often
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Figure 8.  Burning velocities of CH,Cl/CH,/air mixtures,

related to the production of toxic compounds such as PAH or chlorinated
dioxins, which pose a potential threat to human health and the environ-
ment. Soot formation is also undesirable because its presence indicates
the conditions of incomplete oxidation and the loss of overall energy
efficiency in practical combustors. Furthermore, from the esthetic view-
point, soot formation is not desirable. However, under some conditions,
soot formation is desirable, as carbon aids radiation from the flames thus
increasing the efficiency of heat transfer in combustors.

Soot formation is a rate-determined process, and its formation is
detected if rates of carbon formation are higher than the rates of carbon
gasification. The presence - of soot is most easily and directly observed
through the presence of yellow luminosity in flames. In this regard,
conventional hydrocarbons have been studied quite extensively, and a
number of reviews exist in the literature discussing the many aspects of
soot formation in flames generated by carbon-, hydrogen- and oxygen-
bearing fuels [33,34).

Research with CHC compounds to date principally involved examina-
tion of conventional hydrocarbon flames doped with CHC additives, with
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Figure 9.  Burning velocities of CH,Cly/ CH,/air mixtures.

the general observation that CHC compounds tend to promote soot
formation. Street and Thomas, (35] using a Bunsen burner system,
showed that the addition of Cl; or CCl, increases the amount of premixed
air required to suppress carbon formation in benzenc/air and kerosene
mist/ air flames. Garner et al. [31] studied the effects of additives, such as
CH,Cl,;, CHCly and CCl,, on the sooting characteristics of n-heptane/
and methylcyclohexane/air diffusion flames, and concluded that as the
proportion of chiorine in the additive molecule is increased, so is the
effectiveness of the compound in promoting the rate of soot formation.
Carbon formation in premixed chiorobenzene air flames was investigated
by Scully and Davies [36}, who reported higher soot yields from the
chiorobenzene system when compared to its nonhalogenated analog
(benzene). Wright [37], using a well stirred reactor, reported the critical
oxygen-to-carbon (O/ C) ratios for incipient carbon formation to be i.7,
1.75 and 1.75 for chlorobenzene, chlorotoluene and benzyichoride,
respectively. In comparison, the critical O/ C ratios were 1.75 for benzene
and 1.71 for toluene.
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The sooting aspects of CHC and their influence on the behavior of
conventional hydrocarbons is again related to the free radical scavenging
characteristics of the chlorine and chlorine-bearing compounds. The
reduction in reactive radical concentration in the preflame zone leads 1o
two relevant events: (1) a decreased radical attack on the fuel molecules
before they enter the flame zone (thus, intact fuel may not have sufficient
residence time for combustion), and (2) fuel! molecules will have more
time to undergo pyrolysis. Clearly, this combination of events is con-
ducive to soot formation. Although the exact mechanism of facilitation of
soot formation by chlorine-bearing compounds is not clear, these
compounds play a dominant role in shaping the behavior of hydrocarbon
flames.

Sooting limits of various chlorinated methanes and ethylenes in
mixtures with methane and air are shown in Figures 10 and 11 [38). These
limits are presented in terms of the overall mixture critical equivalence
ratios (@) in accordance with the combustion stoichiometry shown in
Eguation 5.

The negative sloping trends of the data are consistent with the
nonsooting aspects of methane-air mixtures (R = 0.0) and the expected
sooting characteristics of the CHC. At Jow CHC/methane ratios, all
chlorocarbons appear to induce soot at about the same equivalence ratio.
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Figure 10. Soot formation limits of chloromethanes in methane and air.
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Figure 11.  Soot f jon limits of chl y in and air.

However, as the mixture is made propartionally more rich in CHC, the
differences of individual components become more apparent. This ob-
served variation can probably be attributed to the expected differences in
flame temperatures and chlorine contents of the various CHC compounds
examined. The sooting tendencies of CHC seem 1o be proportionai to the
chlorine of the pound. The higher the chlorine substitution in
a given series, the lower the critical equivalence ratio at which soot
formation is first observed.

The results are in agreement with the soot formation mechanism
involving pyrolysis of the CHC compounds with rapid dechlorination
first, as the C-Cl bond is relatively easy to break, followed by combina-
tion of the carbon residues to form soot particles. The dechlorination
phenomenon combined with the OH, O and H radical scavenging charac-
teristics of chlorine and chlorine-bearing compounds in the early stages of
the flames are alf related, and they result in an earlier formation of solid
carbon residues in the flames. Senkan et al. discussed the limits of soot
formation in CHC/methane/air {38).

Despite the lack of understanding of the exact mechanism of soot
formation, it ig clear that chlorine-bearing compounds promote both the
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limits and rates of carbon formation in flames. Therefore, these properties
of CHC compounds must be considered in the design and operation of
incinerators.

SUMMARY

Although the fundamental combustion characteristics of CHC are not
understood sufficiently well 10 make definitive predictions on the chem-
istry, mechanism and rates of CHC oxidation, some general character-
istics can still be established.

Available information indicates that CHC combustion is relatively fast
at low temperatures and relatively slow at moderately high temperatures
when compared 1o conventional (nonchlorinated) hydrocarbon combus-
tion. Therefore, higher temperatures and/or longer residence times are
needed to ensure complete destruction of CHC compounds in practical
combustion systems.

Limited research also indicates that potential for soot and panticulate
formation in chlorinated hydrocarbon systems is again greatly enhanced
when compared to that of conventional hydrocarbons. Because of this,
new constraints On excess air requirements must be considered in the
design and operation of reliable incinerators.

In the design of practical systems the combustion of original chlo-
rinated hydrocarbon compounds and their decomposition products must
be considered. Some chlorinated compounds can produce intermediate
species that are more stable than the parent CHC molecules, and this
possibility must not be overiooked.
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CHAPTER 4

IMPACT OF THE RESOURCE
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ON THE DESIGN OF

HAZARDOUS WASTE INCINERATORS
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IT Enviroscience
Knoxville, Tennessee 37923

Passage of the Resource Conservation and Recovery Act (RCRA) in
1976 ushered in a new era of hazardous waste regulation. The U.S.
Environmental Protection Agency (EPA) currently estimates that 67,000
generating facilities, handling some 43 million wet metric tons of haz-
ardous waste (HW) will be regulated in 1981 [1]). Approximately 10-20%
of this hazardous waste is being incinerated in about 850 industrial and
commercial HW incinerators [2.3). Between 1981 and 1985, possibly
50-100 new industrial and commercial HW incinerators may need to be
designed and insualled 10 meet the disposal pressure caused by RCRA (2]

Subtitle C of RCRA requires “cradle-l0-grave™ accountability for HW
materials. Wastes will be tracked and rcgulated from their generation
point through storage, transporiation, and final treatment and/or dis-
posal. One of the key Subtitle C sections is Section 3004, “Standards for
Owners and Operators of Hazardous Waste Treatment, Storage and
Disposal Facilities.” This section includes standards for treatment alter-
natives, which include incineration, landfill, surface impoundments, land-
farming, chemical, physical and biological treatment, and underground
injection. This chapter will discuss the impact of RCRA Section 3004 on
the design of industrial and contractor HW incineration systems.
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94 INCINERATION AND WASTE MANAGEMENT

SUBTITLE C HISTORY

The proposed Section 3004 incineration regulations, [irst published in
the December 18, 1978, Federal Regisier [4}, contained specific incinera-
tion technical performance and design standards. These performance and
design standards mandated criteria such as combustion temperature,
retention time, carbon monoxide combustion efficiency, toxic component
destruction efficiency and exhaust gas removal requirements for halogens
and particulutes, During the allowable comment period, industry re-
sponded strongly to some of the proposed performance and design
standards, indicating that the combined EPA and industry incineration
data base used to set the standards was poor and in need of further
development and documentation. Consequently, when EPA published
the revised Section 3004 regulations in the May 19, 1980, Federal Register
[5), the incineration performance and design standard approach had been
replaced with a proposed three-phase regulatory program.

The May 19, 1980, Phase | standards were interim status standards
(Part 265), which regulated the operation of existing HW incinerators.
The general requirements for incineration in Part 265 basically involve
improving existing incineration facility operating procedures. Some of
the required improvements involve startup, waste analysis, monitoring
and inspection. The intent of the interim status standards was 1o improve
the operation of existing incinerators during the interim period before the
existing system undergoes the RCRA trial burn permitting process
required by the Phase 11 incineration rcgulations.

Phase 11 incineration standards were published in the January 23, 1981,
Federal Register [6]. The January 23, 1981, Part 264 incineration regula-
tions set forth three performance standards that must be met by new HW
incinerators during a trial burn test. The three performance standards
involve principal organic hazardous constituent (POHC) destruction,
exhaust gas HC) removal and maximum particulate emission limitation.

The Part 264 standards for regulation of HW incinerators imposed
essentially identical permitting and operational requirements on both new
and existing facilities. However, because of industry comments expressing
concern over the costs associsted with retrofitting and upgrading existing
incinerators, the EPA temporarily suspended the effective date of the Part
264 regulations for existing incinerators [3]. After reexamination of the
issues involved, the EPA will either lift the suspension or initiste new
rulemaking for existing HW incinerators [3]. In the meantime, existing
HW incinerators will be regulated by the Part 265 interim status rules {6]).

The Phase III HW incineration siandards are to be based on an
extensive evaluation of trial burn data from new and existing incinerators.
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IMPACT OF RCRA ON INCINERATOR DESIGN 95

Since the trial burn requirements for existing incinerators have been
suspended temporarily, the schedule for the proposed Phase III HW
incineration regulations has been delayed. According to EPA, most of the
specific quantitative design, operation and performance requirements for
the Phase 111 regulations will be issued only when adequate technical
support for these standards can be established firmly. Establishing the
technical support data for the Phase 11] standards could take five or more
years of intense development activity.

A regulatory impact analysis (R1A) is now being compiled for the Pant
264 HW incincerator regulations for existing and new HW incinerators.
The draft RIA is expected to be ready for public review by April 1983 [3)
and may result in changes to the Part 264 regulations.

The ultimate HW incineration rules may include two changes from the
present Phase 11 reguistions. These changes may incorporate risk assess-
ment procedures and the use of risk assessment procedures 10 allow site-
specific variance of 99.99% destruction removal efficiency (DRE) [6,7].
The variance would allow <99.99% DRE for certain facilities and require
>99.99% DRE for other facilities, based on: emissions and facility
location. An evaluation of the impact of the January 23, 1981, per-
formance standards on the design and operation of new HW incineration
systems is presented in the following sections.

RCRA INCINERATOR PERFORMANCE STANDARDS

The main HW incineration performance standards are listed in Section
264.343 of the January 23, 1981, regulations [6). The key poinis of these
standards, summarized in Table I, have had significant impact on the
design of HW incinerators.

Table L. S y of Perfe S ds from Part 264 of the RCRA
M Waste Inci ion Regul (6}
Section  Standard/Criteria Requirements
264.343s POHC DRE POHC destruction of 99.99% by weight based on wasie

POHC feed rates and combustion gas POHC emis-
sion rate messured after sir poliution control
equipment

264343 HCQ removal 99% HCl removal required when incinerating
hazardous waste containing more than 0.5%
chlorine

264.343¢  Paniculste emission Particulate emissions after sir poilution control
equipment must not be greater than 0.08 gr/dscl
when corrected to 12% CO,
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96 INCINERATION AND WASTE MANAGEMENT

Continuous measurement of the concentrations of POHC, HCl and
particulates in a stack gas is currently beyond the state-of-the-art.
Therefore, compliance with the performance standards given in Section
264.343 can only be measured during a trial burn by using estabiished and
newly developing stack sampling techniques.

The January 23, 1981, HW incineration regulations require that a new
facility perform a compliance trial burn before starting normal operation,
to prove compliance with the performance standards and to establish
normal incinerator operating conditions [6). The trial burn requirements
are listed in Part 122 of the January 23, 1981 Federal Register (6] and are
summarized in Table I1. The POHC DRE criterion is the most significant
of the three perfoxmance standards listed.

Table I1. RCRA Trisl Burn Requirements (6]
Tris} Burn Plan

Trial burn plan must include

Analysis of wastes (heat of busti iscosity, Appendix V1l

Detailed description of incineration sysiem

Detailed trial burn test schadule

Detailed trial burn test p! lest p iati

Description of emission contro) equip and operating conditions during trial
burn iests

Procedures for rapid waste shutoff and incinerator shuidown during test
burn equipment malfunction

Trial Burn Review and Approval

Porsibie EPA request for additional information
EPA determinstion of:
POHC
Trial burn plan is likely to achieve objectives
Trial burn will not present imminent hazard 10 humans

Trisl Borm Testing/ Analytical Requirements

POHC and organic chlorine waste feed

Exhaust gas emissions of POHC, CO;, CO, HCL, particuiate and h b
by-products

Quantitati lysis of bber water, agh residues, and other residues for POHC

POHC mass balances

Calculation of POHC DRE

Calculation of HCl removal cfﬁcitncy

Computation of particuists emissions

Identification, sources and :nmrol of fnlmve emissions

Measurement of everage, and P s and air feed rates

Continuous measurement of CO in ¢xhaust gas

Centification by applicant that test results and submissions were performed as per the
approved test burn plan
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IMPACT OF RCRA ON INCINERATOR DESIGN 97

POHC Destruction Removal Efficiency
DRE Definition

The concept and selection of POHC is an important part of the
incineration regulations. POHC, which are to be determined during
permit trial burns, are to be selected by the EPA permit writers from the
RCRA Appendix VIII constituents present in the wastes to be incinerated
[6). Appendix VIIL is a list of about 370 organic and inorganic hazardous
chemicals first published in Part 261 of the May 19, 1980, Federal
Register {5]. The Appendix VIII constituents have been defined by the
EPA as substances that scientific studies have shown to have toxic,
carcinogenic, mutagenic or teratogenic tffects on humans or other life
forms (8]. The actual number of Appendix VIII chemicals is higher than
370, because more than 30 of the Appendix V1II constituents are chemical
groups such as isomers or salts. For example, the constituent listed as
chlorinated benzenes represents all the possibie isomers (monochloroben-
zene through hexachlorobenzene). The most recent version of Appendix
VIII appears in the May 20, 1981, Federal Register [9).

The POHC selection process will be based on the concentration of
Appendix VIII constituents in the incineration waste {ced and on the
degree of difficulty of incinerating the Appendix VIII constituents. The
Appendix VIII constituents in the waste feed that have the highest
concentration and are the most difficult to incinerate will be designated
by the EPA permit writer as POHC, Those Appendix VIII constituents
that represent the greatest degree of difficulty of incineration (highest
thermal oxidation stability) will be the ones most likely to be designated
as POHC [6).

The POHC DRE standard (Section 264.343a) requires that a HW
incinerator must achieve a DRE of 99.99% for cach POHC designated by
the EPA permit writer, although the number of Appendix VIII con-
stituents that will be designated as POHC is not specific in the reguia-
tions. The DRE during the trial burn is determined for each POHC
according to:

W - W,
DRE‘(_‘W—“J'XIM i
L]

where W, ¢ mass feed rme of a POHC in the wasie stream feeding the incinerator
W *= mass emission raie of the same POHC present in exhaust emissions before
reicase 10 the aimosphere
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98 INCINERATION ARD WASTE MANAGEMENT

As can be seen from Equation 1, each DRE is based on the weight of feed
rate of each POHC into the incinerator and the emission rate of each
POHC in the HW incineration combustion gas measured after going
through the incineration system'’s air pollution conctrol (APC) equip-
ment. The DRE calculation does not include any POHC present in either
the incinerator ash or any APC effluents such as scrubber water. The
DRE calculation includes only the stack emission of the original POHC
that was fed into the HW incinerator and does not consider combustion
by-products or products of incomplete combustion (PIC).

The DRE is also a function of the APC system. In incineration systems
equipped with wet scrubbers such as venturis, uncombusted POHC with
high aqueous solubility and low vapor pressures will have high potential
for being removed. With wet scrubbers or dry APC equipment (such as
electrostatic precipitators or baghouses), uncombusted POHC that are
adsorbed on soot and particulate will be removed from the combustion
gas along with the particulate collected by the APC cquipment.

Considerations Related to 99.99% DRE

There are many complex considerations associated with the design of
hazardous waste incinerators so that a DRE of 99.99% is always achieved.
Many of these factors are often poorly understood by the industrial and
regulatory community, and their importance therefore may be over-
looked. The effects of high combustion temperature and extended high-
temperature residence time are generally acknowledged as impornant.
These two important criteria, however, are only part of the design, and
attention to time und temperature alone can be a critical error.

The 99.99% DRE performance standard emphasizes the need for good
combustion chamber design relative to turbulent mixing of unburned
POHC and hot, oxygen-rich combustion gases outside the flame en-
velope. The combustion reaction rate in a flame envelope is several orders
of magnitude faster than the combustion reaction rate under flameless
conditions. This increased reaction rate is probably due to the formation
of highly reactive free radicals in the high-energy flame environment. The
reaction rate under flameless conditions outside the flame envelope is
slower and involves different thermal oxidation reaction mechanisms
[10}. Even though most of the POHC destruction probably occurs in the
flame envelope, attainment of the final amount of destruction necessary
to achieve a 99.99% DRE also depends on good turbulent mixing outside
the flame envelope. Therefore, designing 8 HW incineration to incor-
porate both turbulent mixing and flame contact is important.
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In addition to the considerations of turbulent mixing and flame
contact, other thermal oxidation mechanisms are important. These
mechanisms include atomized liquid droplet evaporation rates, particu-
late melting and vaporization rates, and adsorption of uncombusied
chemicals on soot particles and particulate. All these rate processes
produce a situation in full-scale HW incineration in which thermal
oxidation reaction kinetics are not limiting, but other practical factors,
such as the degree of turbulent mixing, droplet evaporation rate and soot
formation, are rate-limiting [12]. These factors have not been studied and
evaluated extensively, but they play an important. part in the attainment
of 99.99% DRE. The design of a HW incineration system for maximum
flexibility with high temperature, adequate residence time, good turbulent
mixing capabilities and careful consideration of each of these other
factors appears to be necessary to achieve 99.99% DRE-thermal oxida-
tion stability for high (TOS) Appendix VIII constituents.

Thermal Oxidation Stability

TOS is a key concept of the January 23, 198), HW incineration
regulations [6). EPA has stated that those Appendix VIII constituents
that are most difficult to incinerate (highest TOS) will be the chemicals
most likely to be designated as POHC [6]. Any designer of HW inciners-
tors must therefore have some idea of the TOS of different Appendix VIl
and other chemicals during the design process.

EPA has recommended heat of combustion as a TOS indicator [)2],
apparently because heat of combustion data and estimation techniques
are available for all Appendix VIII constituents. In the EPA heat of
combustion model, TOS is inversely proportional to the heat of combus-
tion. The higher the heat of combustion, the lower the TOS of the
Appendix VIII constituent.

Two publications indicate that the concept of heat of combustion as a
TOS indicator may not be a very good one [11,13]. For example, Tsang
and Shaudb point out that, according 10 the heat of combustion TOS
indicator, acknowiedged high-TOS chemicals such as benzene, polynu-
clear aromatics and polychlorinated biphenyls (PCB) have lower thermal
oxidation stabilities than highly unstable chemicals such as nitroglycerine
and trinitrotoluene (TNT) [13]. Cudahy et al. statistically correlated
flameless vapor-phase thermal oxidation DRE data for 15 chemicals with
various parameters such as the autoignition temperature (AIT) and the
heat of combustion [12]. Table Il summarizes the results of the statistical
analysis. The laboratory DRE data were expressed as 199.99/2, the
temperature necessary to achieve a 99.99% DRE for a particular chemical
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100 INCINERATION AND WASTE MANAGEMENT

Table U1f. Results of Liness Regression Analysis for Correlstion of T.99.99/3

(R)
Corvelation

X Parameter Y Parameter Coefficient R?
Autoignition Temperature (*C) T 99.99/2 0.94 0.88
lonization Potential (¢V) T 99.99/2 0.30 0.64
Heat of fon Formation (kJ/mol) T 99.99/2 0.74 0.58
Molar Heat of Combustion (J/mol) T 99.99/2 0.62 0.8
Activation Energy (kJ/g-mol) T 99.99/2 0.42 0.19
Heat of Combustion (J/g) T 99.99/2 Q.9 [ N}1
Flash Point (*C) T99/2 0.2 0.08
Heat of Formation @ 298° C (kJ/ mol) T99.99/2 6.2l 0.04
Free Energy @ 298°C (kJ/mol) T 99.99/2 0.08 0.006

Table IV, Approximate Order of TOS According to AIT for Various Noasubetituted

Organic Families
Family Basis TOS
Polynuciear Aromstics Naphthalene Highest
Biphenyls Biphenyl
Aromatics Benzene
Aromatic Ring N Pyridine
Methanes Mathans
Sirnight Chain Paraffing Ethane
Straight Chain Olefins Ethylene
Hydrazines Hydrazine Lowest

at a 2-ec residence time. The T99.99/2 was calculated based on
laboratory-derived, first-order kinetic constants, assuming Arrhenius
temperature dependencs for the reaction rate consiant.

As can be seen from Table 111, AIT had a correlation coefficient (R) of
0.94, and the heat of combustion had an R of 0.39. These correlation
coefficients indicate that the AIT is a far better indicator of TOS than
heat of combustion in flameless combustion. However, because of the
lack of T99.99/2 data under flame combustion conditions, the validity of
AIT as a TOS indicator for flame combustion incineration systems
presently is still in question.

Assuming that the AIT is a good indicator of TOS in flame combus-
tion, certain useful guidelines based on AIT values can be drawn about
the TOS of various chemical familities present in Appendix VIII. The
approximate relative TOS, based on AIT values of eight chemical families
that account for about two-thirds of the Appendix V111 constituents, are
shown in Table IV [11]. The approximate impact of substitution on the
TOS of these families is shown in Table V. The AIT data base is not large
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Table V. Impact of Group Substitution on Thermal Oxidation Stability
Thermal Oxidation Stability

Group Substitution High  Medium Low
F. Q X
o]
Br, CN, CNO, OH, NH,, g-on. B X X
CHy, NO, X
(o]
C,H,, C-0-C, OCl,, P: S. SO, X

cnough to define more clearly the impact on TOS of the scven groups
classified as high and medium. As a general rule, except for chlorination,
multiple substitution appears to lower TOS. Halogenated organics are s
particularly important subgroup of Appendix VIII. About one-third of
the approximately 340 organic Appendix VIII constituents contain either
chlorine, fluorine or bromine. Based on AIT values, the following
tentative guidelines can be drawn for the TOS of halogenated organics

(1

1. Chlorinated ics such as chiorob PCB and chlor hthal
appear 10 have the highest TOS values of any of the Appelmx i
constituents.

2. Halogen substitution seems to increase TOS in the following order:
F>Q> br

3 Hllﬂ.lﬁlllﬂn does not increase the (OS of all organic compounds.

of ightchain olefins, for example. may result in a TOS
decrease.

4. For L p TOS o with i ing hal

bsti up 10 i halogen substituti

Table VI summarizes the published AIT values for organic Appendix
VIII constituents [14,15]. AIT values were found for only about 20% of
the organic Appendix VIII constituents. The lowest reported AIT values
are listed for the chemicals in Table VI.

HCl Removal (Section 264.343b)
According to RCRA, an incinerator burning HW containing more

than 0.5% chiorine must remove 99% of the HCl from the exhaust gas [6).
For HW incinerators that are fed waste profiles containing organic
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Table VI. AIT Values of Appendix VIII Constituents [10]

Phenol 718,
Dichloromethsne 662,
o-Dichlorobenzens 648,
Chlorobenzens 638,
Diphenylamine 634,
Chioromethane 632.
Hexachiorobutadiene 618.
Aniline 615.
Resoreinol 608,
Cresylie Acid 599.
Benzyl Chioride 58S.
Phthalic Anhydride SRe,
1,24-Trichlorobenzene s71.
Acstophenone s70.
Cresol 559.
2-Chloronaphthalens 558,
1,2-Dichjoropropans 557,
Dimsthyl Phthalate 556.
Formic Acid 539,
Hydrocyanie Acid s38.
2-Picoline 538,
Bromomethane 537,
Nephthalens 526.
Acstonitrile 524.
Acrylamide 524.
Methyl Ethyl Ketone 518,
Benzens 498.
1.1,)-Trichloroethane 486.
Nitrobenzens 482,
Toluene 482.
Pyridins 482
Acrylonitrile 48],
Maleic Anhydride 477,
Viayl Chloride 4n.
1,1-Dichlorosthane 4s8.
Vinylidens Chlorids 458,
1,1,2-Trichloroethens 4857
Ethylene Oxide 4.
Isobutyl Aleobol 427,
Formaldehyds 424,
Methy! Msthacrylate a1,
1,2-Dichloroethans 413,
Epichlorohydrin 411,
Trichlorosthyiens 410,
Di-n-butyl Phthalate 403,
Acetyl Chloride 390.
Allyl Alcohal 378.
Creosote 336.
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Table V1, continued

Ethylenzimine 322,
Propyl Amine 318,
1.2,3-Trichloropropane 304.
Acrolein 278.
Nitroglycerin 0.
Hydrazine 270
Hydrogen Suifide 260.
Nicotine 244,
Paraidehyde 8.
Benzotrichioride 2.
Crotonaldehyde 207.
Methyl Hydrazine 194.
Dimethyl Sulfate 188,
Acstaldehyde 18s.
1 4-Dioxane 180.
Phosphine 100.
Carbon Disulfide 90.

chiorine levels of greater than 5-10% by weight, this standard should be
economically achievable using traditional equipment such as venturi
scrubbers, tray towers and packed beds. The EPA background document
[16] summarizes HCI removal data for eight full-scale chemical waste
incinerators. Seven of the cight achieved 99% or greater HCl removal
efficiency, and the eighth system came close [16].

The HCl removal performance standard as written will be expensive
and difficult to achieve for HW incinerators that are burning waste
profiles in the 0.5- to 5-wt % range. Under the proposed regulation an
incinerator system operating at 1832°F, 145% excess air and incinerating
0.50 wt % organic chlorine will not be required to wet-scrub HCl and will
produce a combustion gas containing about )30 ppm, of HCl. The same
facility incinerating 0.51 wt % organic chlorine will, however, be required
to wet-scrub the combustion gas to a stack level of 1.3 ppm, of HCL
Typical water scrubbing systems can generally get down to a measured
level of about 20 ppm, of HCL Demonstrating removal of HCl to the 1.3~
ppm, range will be very difficult and expensive, requiring costly alkaline
scrubbing and possibly sacrificing process reliability due to potential
hardness precipitation and plugging of equipment. For these small
sysiems, an HCl emissions limitation based on stack concentration rather
than removal efficiency makes mors sense.

For systems with higher waste organic chlorine contents, the 99%
performance standard is readily achievable. The main impact of the HCl
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performance standard on the design of HW incineration systems will be
the necessary addition of packed bed or tray-type absorption systems to
the APC system and the use of alkaline scrubbing solutions.

Particulate Emission Limitation (Section 264.343¢)

The January 23, 1981, HW incineration regulations include a particu.
late emissions limitation performance sundard [6]). This standard states
that an incinerator burning HW must not emit particulate matter
exceeding 0.08 gr/dscf when corrected to 12% carbon dioxide (CO;).
Particulate concentrations in the exhaust gas of 0.08 gr/dscf corrected to
1295 CO; are achievable. To be met consistently, however, careful waste
characterization, feed control, flue gas preconditioning and selection of
the optimal gas cleaning and mist climination systems are required.
Veaturi scrubbers, for example, will require pressure drops in the range of
40-80 in. water column (w.c.) to meet the criteria. The electrical power
cost for such a system operating under induced draft is quite high,
however, and must be considered carefully. At a system pressure drop of
72 in. w.c. and at 70% fan motor efficiency, approximately 160 hp will be
required for each 10,000 acfm to the fan.

In many cases, test burns may be desirable to develop specific air
pollution design criteria, particularly if the waste profile contains organic
phosphorus, metal salts and substantial quantities of inorganic salts. The
use of emerging technologies such as wet electrostatic precipitators and
high-pressure fluid jets should be investigated as a means of reducing fan
horsepower requirements and improving particulate removal efficiences.

In the January 23, 1981. particulate performance standard, no detail is
given on how CO; should be determined for particulate correction. This
important area needs clarification because of the possibility of CO,
absorption in alkaline wet scrubber solutions before exhaust gas
sampling. Since sampling of hot combustion gas for CO, is complex and
hazardous, sampling after the wet scrubbing system is recommended if
relisble CO, exhaust gas concentsations can be detecmined. An example
is given below to illustrate the importance of correct CO; determinations.
For accurate CO, sampling (6% CO, = correct value)

004gr 126 0.08gr
—x—3=
dsef 65 dsef

corrected 1o 125 CO; Q)
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For inaccurate CO, determination (5% CO, = incorrect value)

004 gr 1296 0.096 gr
—_—xs

corrected 10 12% CO, )
dscf 5%  dscf

RCRA OPERATING AND MONITORING REQUIREMENTS

The January 23, 1981, HW incincration regulations specify monitoring
requirements that must be performed by a permitted incinerator during
normal operation [6]. These requirements include arcas that typically
have not been monitored during waste incineration and therefore will
need to be developed by industry and equipment vendors. According 1o
Section 264.345b, during normal operation an incinerator must be
operated within certain permitted limits for waste feed rate, CO exhaust
gas concentration, combustion temperature and combustion air feed rate.
If any of these permit limits are exceeded, the waste feed rates to the
incinerator must automatically be shut off (Section 264.345¢). Con-
tinuous tracking or monitoring of waste feed rate, CO and combustion air
feed rate represent difficult technical design problems.

Waste Feed Rate (Section 264.345b2)

A rotary kiln incineration system designed for liquid and solid waste
feeds such as those shown in Table VII can operate under many different
feed rate conditions. Continuous monitoring and tracking of the waste
feed rates for the seven general liquid and solid waste categories shown in
Table VI is very difficult and expensive [17). Periodic analysis of these
seven waste streams for multiple POHC or 370 Appendix VIII con-
stituents as implied by Section 264.341 [6] also is impractical and cost-
prohibitive [17). EPA must clarify and simplify these waste feed rate
operating requirements and make them more practical.

Table VII. Typiesl Waste Categories for s HW 1

Primary combustion chamber organic liquids
S bustion chambes organic liguids

¥
Aqueous organic liquids
Solids;'butk
Solidsjdrums or fiber packs
Sludges/ hulk
Sludges/drums or fiber packs
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Alr Feed Rate (Section 264347al)

The January 23, 1981, regulation states that the incineration permit will
have acceptable limits for the air feed rate based on trial burn data. The
permitted air feed rates must be monitored on a continuous basis (Section
264.347al) [6). This operating requirement seems to be concerned with
combustion retention time. However, air feed rate is poorly defined and
must be redefined in & more practical way. One reason the air feed rate
regulation must be modified is that measurement in some liquid/solid
incineration systems is difficult. For example, in an induced-draft rotary-
kiln incineration system, part of the combustion air enters the system
through the solids feed chute and the rotary-kiln seals. This air is very
difficult 10 measure. To alleviate this situation, air feed rate permit limits
could be replaced by some retention time indicator that could be mes-
sured more casily and would be r bly simple and te. EPA
could investigate the fcasibility of the following directly proportional
retention time indicators:

o inei . .
* major induced or forced draft fan Nowrate or motor current, and
® incineration system pressure drop

Any of these techniques regulates combustion retention time more simpiy
than permit limits on air feed rate.

Carbon Monoxide Monitoring (Section 264.347a2)

Analytical equipment does not exist for the continuous determination
of specific Appendix V11I constituents in a stack gas. EPA thersfore pians
to monitor the organic destruction efficiency of RCRA-permitied HW
incinerators by monitoring combustion temperature and CO levels con-
tinuously as indicators of good combustion. If the combustion tempera-
ture drops below permitted limits or the exhaust gas CO concentration
rises above permitted levels, the HW feeds must automatically shut off.

Nondispersive infrared radiation (NDIR) is the analytical method
referenced by the EPA for continuous monitoring of CO in exhaust gases.
The anaiyvtical method and instruments, however, must be selected
carefully {or operation under the spscific waste gas conditions. Other
anaziytical techniques, such as gas chromotography with flame ionization
detection and electrochemical transducer methods, shouid be considered.
The analytical techniques should be considered. The analytical techniques
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IMPACT OF RCRA ON INCINERATOR DESIGN 147

should be evaluated relative to the exhaust gas characteristics for the
following factors:

particulate inerference,

water vapor interference,

system durability (resistance 10 corrosion),
maintenance requirements, and

gas sample preparation requirements.

ce 0o e

Stack Monitoring

The January 23, 1981, regulations require continuous exhaust (stack)
gas monitoring only for CO [6]. However, other factors, such as the Clean
Air Act (Prevention of Significant Deterioration) and state air regula-
tions, may require continuous stack monitoring for other gascous com-
pounds. Among likely candidates are nitrogen oxides, sulfur oxides,
hydrocarbons, oxygen and CO,. Technology exists today to continuously

¢ these pounds in 3 bustion gas. However, stack sample
preparation technology is often difficult and complex because of the high
levels of water vapor in HW incinerator stack gases that have been wet-
scrubbed for acid gas and particulate removal.
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CHAPTER §

USING SOLIDIFICATION AS A WASTE
DETOXICATION PROCESS

Robert B. Pojasek
Roy F. Weston, Ine.
Woburn, Massachusetis 01801

For some reason, solidification has not widely been thought of as s
detoxication process. Some may argue that this process simply prepares a
waste for landfilling in a secure facility. However, solidification has been
used successfuily for waste detoxication for more than ten years. There
are many feasible solidification processes. These processes are cither
commercially (i.e., privaiely owned) or generically available. They can be
utilized at the waste generation site or at 8 waste management facility
offsite. There are even mobile solidification units available for use at
uncontrolled waste sites or inactive lagoons. This versatility may account
for the recent reswakening in interest for this often misunderstood
technology.

The U.S. Environmental Protection Agency (EPA) defines “treatment™
as:

any method, technique, of process which is designed to change the physicsal,
biological ch or position of any hazardous wasie or to render such
waste , safer for bie for recovery, amenabie for
storage, or reduced in volums.

W "

P

Solidification is not a disposal technique. Beyond the physical en.apsula-
tion props-ties that are inherent in most pr , some pr
chemically bind or “fix" cerain inorganic species to th: crystalline
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matrix. The quicklime process generates great heat, thereby disinfecting
(i.e., through biological process) or even thermally oxidizing organics.
Finally, asphalt processes may account for significant volume reduction.
This chapter examines how the treatment process of solidification leads to
detoxication.

DETOXICATION

When many materials are disposed of improperly, various toxic
components arc leached from them. These toxics are then able 1o find
their way into surface or groundwaters. Solidification reduces the surface
area of the waste, thereby dramatically reducing the leachable fraction,
even if there is no fixation or other reaction that may further retard
elutriation of the toxics. Toxicity, in a strict sense, requires the toxic
component to enter a pathway and reach a receptor in a sufficient amount
and over a sufficient period of time to cause a toxic reaction. Solidifi-
cation reduces the probability of this happening, even if the material is
not chemically destroyed.

EPA defines two types of hazardous waste: one that fails the charac-
teric tests of ignitability, corrosivity, reactivity and end product (EP)
toxicity; and one that appears on an EPA hazardous waste list. If one
solidifies the first type of hazardous waste, and the product passes the
characteristic tests that it failed as raw waste, it is no longer hazardous.
Therefore, if a waste fails the EP toxicity test but after solidification it no
longer fails the test, the waste has been detoxicated.

Solidification of a listed waste is a different matter. Under the present
regulations, no amount of any treatment can automatically make these
wastes nonhazardous. The applicant must pelition the EPA under 40
CFR, Parts 260.20 through 260.22 for “delisting™ of a treated waste. This
delisting procedure involves the submission of a petition by certified mail
1o an EPA Regional Administrator. The petition must include:

. petitioner’s name and address;

. statement of petitioner’s interest in the proposcd action;

. description of the proposed activn; and

. sisiement of the need and justification for the proposed action, including any
supporting tests, studies or other information.

~ L —

The information to be supplied under point 4 above constitutes the
major portion of a delisting study. The report should address the
following points, as specitied in Part 260.22, to show that the waste in
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question does not exhibit the characteristic(s) that caused it to be listed as
generically hazardous:

|. name and address of the laboratory facility performing the sampling or tests of the
wastes;

2. names and qualifications of the persons sampling and testing the wasie;

3. dates of sampling and tesling:

4 loeation of the generation facility,

S. description of the process and feed materiais producing the waste and an assessment
of whether such processes, op:nlnom or feed materials can or might produce & waste
that is not d by the d

6. description of the waste and an estimate of the average and ‘maximum monthiy and
annual quantities of the waste d by the d

7. discussion (\\heu -ppllublc) of the I'lmm delineated in Ao CFR Part 261.11(a)X3);

8. description of the and equir used 10 obtain the representative
samples;

9. description of the sample handling and preparation techniques, including technig

used for extraction, containerization and preservation of samples;
10. description of tests performed (including resuits);
11. names and model numbers of the instruments used in performing the tesis; and

12. generatory centification statement.

EPA has reviewed a number of delisting petitions concerning solidifica-
tion and has published its findings and conclusions in the Federal
Register. Removing from the EPA list a treated waste removes the waste
at the point of treatment from the reguiations regarding disposal. Because
of the potential cost savings, delisting provides an incentive for the use of
solidification and other detoxication technologies.

PROCESS CONTROL

Unfortunately, any treatment process is only as good as the means
utilized to ensure jts proper operation and maintenance (O&M). When
petitioning the EPA or a potential host community, the petitioner for a
potential facility site must be able 10 demonstrate O&M control in five
critical areas:

. waste collection and prescreening,
. wasts preireatment,

. addition of solidification agent,

. mixing, and

. handling and/or disposal

NS —

Each of these arcas as they relate to the use of solidification as a
detoxification process will be described briefly below.
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Waste Collection and Prescreening

As with any other treaiment process, it is important to have the waste
generator segregate waste streams that have undesirable qualities for the
particular solidification agent that will be utilized. Some Portland cement
processes do not readily tolerate certain types of organics, which act as
rewrding or accelerating agents. Because of the vast variety of different
solidification processes, proper prescreening can find a suitable match
between waste type and solidification agent. However, economics may
then dictate the preferential use of another treatment option. Pre-
screening is also required as part of the ongoing effort to make certain
that the process reccives no surprises with respect 1o waste stream
characteristics.

Waste Pretreatment

Soms wastes can be solidifed directly, while others must be pretreated.
Physica! pretreatment process units required by some solidification units
include thickening, dewatering, calcination and incineration. To reduce
the extraction of toxics from the solidifed waste, pretreatment for cyanide
destruction and chromi* m reduction are usually required. Neutralization,
ofien with another wiste, can cut down on the amount of caustic
solidification agent required. When pretreaument is required, prescreen-
ing is often repeated to be certain the waste is ready for soiidification.

Addition of Solidification Agent

There are at least six categories for solidification agents as described in
the literature. These categories are:

cement or silicate-based,
litoe-based,
thermoplastic-based,
organic polymer-based,
ceramic-based, and
encapsulstion

Each of these processes has its own requiremesnts for addition of the
solidification agent. A wide variety of different feed equipment is utilized.
The amount of additive probably will be diciated by cost-effectivencss
(after meeting the minimum specifications of the EPA siructural integrity
and EP toxicity leaching tests). Other specifications may be required,
depencing on the end use of the material if it is nonhazardous and not
landfilled.
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Mixing

Solidification is often conducted in a large batch reactor or in a smaller
container. The versatility of the process also allows it to be used in situat
an abandoned hazardous waste site. The mixing required must be
compatible with both the application and the solidification agent utilized.
Proper mixing is essential to obtain a homogeneous end product.
Random sampling will be required of all processes after solidification, as
unreacted waste could spoil the testing results. Mixing must also be
monitored carefully so the sysiem does not accidentally “freeze up™ with
solidified mazerial.

Handling and/or Disposal

To repeat a statement made above, solidification is not a disposa!
technology. If the end product is sampled and found 1o be “hazardous.”
the maierial must be disposed of in a secure chemical landfill. There are
those who want all solidified wastes to be managed in such a facility.
However, if the treated waste is nonhazardous, s landfill designed to a
lesser specification may be all that is required for proper management.
There are s number of productive uses of solidified wastes that provide
increased cost-recovery incentives for the use of this process. Some of
these demonstrated uses include: land reclamation, roadbed agpregate,
artificial reefs, parking lot pavement, impermeable municipal landfill
liners, and landfill cover :nd capping material.

ONSITE VS OFFSITE TREATMENT

A controversial choice confronting every hazardous waste generator is
where the wastes should be handled for trestment. Offsite regional
treatment offers economies of scale and the possibilities for use of other
wastes for neutralization and pretrcaiment. A potential problem is that
the wasic will be mixed with other wastes. and there is the question of
futc. ¢ joint liability. Wastes must also be manifested with this option, if
they are hazardous.

Onsite treatment gives the generator more control over processing and
handling of his own wastes. It may also remove some of the manifesting
requirements. Some treatment tecanology vendors operate exclusively in
one mode or the other. Other vendors operate in either mode, 10 suit the
needs of « customer. L:zal and economic factors must be weighed
care/ully by the waste generator before deciding which route to take.
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In the ares of abandoned site cleanup, the same controversy takes the
form of containment vs removal. A variety of solidification processes
have been demonstrated for direct in situ containment. Other processes
require removal and processing through a mobile unit before onsite
recontainment. Some processes have end products that never set hard but
remain friable to permit future removal 1o an alternative site. This
remarkable versatility has recently led to the placement of solidification
on many of the remedial action priority lists.

PROBLEMS SITING SOLIDIFICATION FACILITIES

Despite the proven detoxication of certain wastes and the remarkable
versatility of this category of processes for wasie treatment, the public has
been unwilling in many cases to accept disposal of the product other than
in a secure chemical landfill. Numerous vendor claims have gone
unhecded. The public repeatedly asks the questions:

e What will be released 10 the environmen: when the solidified product is not piaced in
a fully conwined landfill?

o How much of each toxic component wil! be released per unit mass?

¢ Wkat will happen 10 the mass and the rate of leaching over time?

It is ecasy to become confused over the leaching data submitied to
regulatory officials by many vendors. Over time, 3 variety of different
testing methods have been used. There is no set pattern or even mention
of the ratio of waste additive. Finally, the end product is not made to a
consistent physical consiznt. How is one to compare the dawa or
determine whether it is suitable for the planned management scenario?
The EPA EP toxicity test settles the problem with variable testing
protocols, but there is little agreement as to its represeniativeness or
precision. The American Society for Testing and Materials (ASTM) has
established a subcommittee of their D34 Waste Disposal Commiztee 10
look into these questions.

Some progress has been made by ~.STM to examine the ieaching test
and the physical constants that will be necessary to provide answers to the
first two public questions. Howev::, this process is slow and not
necessarily direcied at providing siting assistance. Someone other than
vendors needs 1o address these questions soon; unfortunately there
appears to be no attempt in the United States to provide such an answer.

The public has often been told that th- ireated waste is like cement. The
layperson is used to secing cement crack on roads and bridges and will
sirongly doubt vendor claims concerning the durability of the end
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product over time when properly managed. Accelerated environmental
testing is perhaps the most controversial aspect of testing solidified-
product durability. Most environmental tests, which are designed to be
representative of environmental conditions, are slow to generate useful
data, and the testing process cannot be accelerated. However, just as the
aerospace industry tested the long-term lifespan of critical components
with accelerated techniques, a similar approach must be applied to
solidified wastes. Some groundwork for this testing has been laid in
Europe, but little is presently being done in the United States. U.S.
vendors must overcome their reluctance and devise these tests, have them
approved by an independent group, and submit standard samples for
independent accelerated testing to avoid costly secure landfilling of
“nonhazardous™ products.

CONCLUSIONS

Solidification has only been used for waste treatment for the past 10
vears. Encouragement is needed to bring the technology to the point
where the public’s questions can be answered with credibility. A quote,
which appeared in the Federal Register (October 8, 1980), ses the tone
for this movement:

Hazard waste 8 t is a new and developing fieid. The relatively
recent concern with the dangers presented by the disposal of hazardous waste
has spawned new efforis in the sciemific and enginesring community to

p new lechnologies that are capabie of recycling, ing and safely
disposing of these materials, EPA wants t0 encourage innovation in haz-
ardous waste In devising regulati therefore, it is imponant
1o avowd rigid approaches that stifle the develop of new technologi

Hopefully, state and local regulators will endorse this excellent advice
in the development and application of their hazardous waste management
programs. However, they will require independent dats on the process
proposed for each of the waste types or mixtures handled 5y each facility.
A detailed O&M manual must be submitted before plant operation to
serve as an independent ch: :k of operations by the regulators entrusted in
monitoring the facility. A concerted effort must be made now to move in
this direction before the ac verse publicity of multiple siting failures makes
credible generation of the necessary data a fruitless exercise. As described
above, solidification is a versatile process, capable of detoxifying haz-
ardous wastes. The hazardous-wastie manager must give the process every
consideration when selecting a treatment sequence for a waste stream.
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CHAPTER 6

SUMMARY OF POLYCHLORINATED
BIPHENYL TREATMENT ALTERNATIVES

Jurgen H. Exner

IT Enviroscience
Knoxville, Tennessee 37922

Technical progress on important problems continues rapidly during the
time that a book is prepared. Consequently, this brief chapter intends to
summarize the available polychlorinated biphenyl (PCB) destruction
methods as of April 1982. This update, based on telephone surveys and
company responses, is not necessarily compiete.

Commercial incineration of PCB is being carried out by Ensco in El
Dorado, Arkansas, which is in the process of tripling its capacity, and by
Rollins Environmental Services, in Deer Park, Texas. In December 1981
Chemical Waste Management carried out a test burn on its incineration
ship, the Vulcanus, in the Gulf of Mexico. The analytical measurements
from this test have not been published, and EPA approval has not been
granted. Rockwell now offers for sale its molten-salt incinerator, which
operates at about 700°C and destroys PCB. Various tests on destroying
PCB in cement kilns are examining the emissions of principal organic
compounds. Test runs with 1600 g PCB in the plasma torch have verified
a minimum of 99.9999% destruction. No dioxins were found in the
offgases from this test, and a demonstration unit is being planned.

Decontamiration of PCB-contaminated transformer fluids continues
as an active arca of commercial interest. Acurex and SunOhio have
gained EPA approval in several EPA regions for detoxicating trans-
former fluids and expect nationwide approval within the year. Several
mobile treatment plants are available to treat at the wasie site fluids
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containing 100-1000 ppm of PCB. The organometal processes can
convert the transformer {luid 10 a useful fuel (Acurex) or a reusable
transformer fluid (SunOhio).

The Franklin Institute process (NaPEG), which consists of nucleophilic
displacement of chlorine by a superoxide radical anion at elcvated
temperatures, has been tesied in a pilot plant at a Philadelphia utility.
Much of the current effort is being directed toward chemical treatment of
PCB-contaminaicd soil by spraying the reagent on the soil. The results

and envir quences are lear at this time. Microbial
degradation of PCB-contaminated soils is being pursued by several
investig-tors,

Brunnelle, of General Electric, reported on a simple, phase transfer-
catalyzed process for destroying PCB. PCB solutions can be treated with
small amounts of the methyl ether of polyethylene glveol in the presence
of potassium hydroxide. The substitution products are formed within one
hour at 60°C, and a continuous, pilot-plant unit operating at 100°Cand a
residence time of 15 min has verified the laboratory data. The substitution
products, not strictly PCB by the legal definition, may be biodegradable.

It appears, then, that three years after PCB regulations took effect, the
echnology is availabie, finally, to carry out the intent of the regulations.
Also, this area of work demonstrates ciearly that many different ap-
proaches can be taken to solving pollution problems.
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CHAPTER 7

FEDERAL POLYCHLORINATED
BIPHENYL REGULATIONS

Margarst Velie and Glenn Kuntz

U.S. Environmental Protection Agency
Offics of Pesticides and Toxic Sub:
Washington, DC 20460

Since the mid-1960s, when polychlorinated biphenyls (PCB) were first
found to pose a threat to wildlife, the chemicals have been found widely
distributed in low concentrations throughout the United States. From the
late 1960s until the early 1970s, the federal government approach to the
PCB problem was fragmented. The U.S. Department of the Interior
Bureau of Mines (BOM), responsible for water pollution, and the
Depaniment of Health, Education and Welfare (HEW), responsible for
human health, undertook some PCB research, but no programs
addressing the basic problems were initiated. In 1969 the Councii on
Environmental Quality (CEQ) was formed; and in 1970, the U.S. Envi-
ronmental .Protection Agency (EPA). Both began work on the PCB
problem. CEQ was the catalyst in the formation of a federal interagency
task force 10 coordinate the federal PCB effort. in May 1972 the task
force issued a report concluding that PCB contamination was ubiquitous
and represented an unquantified but undisputable hazard, and that the
use of PCB should be restricted to cssential applications that involve
minimal direct human exposure [1).

Onee this report was issued, programs 2imed at correcting the PCB
problem wsre begun. In 1971 Monsanto, the sole domsstic commercial
producer of PCB, voluniarily resiricted sales of PCB 1o “closed-system
uses,” thereby limiting sales 10 manufacturers of transformers and
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capacitors [2). Monsanio also introduced what it felt was a less toxic PCB
mixture, Aroclor 1016, The EPA recommended raising water quality
standards to reduce PCB levels to less than 0.01 ppb. In February 1973
the Organization for European Community Development (OECD) issued
a directive that recommended limiting the worldwide use of PCB. EPA
designated PCB as toxic substances and set a national effluent standard
pursuant to Section 307(a) of the Federal Water Pollution Control Act
Amendments of 1972 (PL 92-500). In 1973 the Food and Drug
Administration (FDA) published regulations limiting the use of PCB in
food and feed facilities and establishing temporary tolerances for PCB
levels in many food and fced items [3]. In February 1977 EPA banned
PCB discharges into waterways by capacitor and transformer manu-
facturers, and finally in 1976 the Toxic Substances Control Act (TSCA)
(PL 94-469) was passed by Congress, requiring regulation of PCB.

EPA REGULATION OF PCB UNDER TSCA

TSCA Requirements

TSCA is a law to regulate commerce and protect human health and the
environment by requiring testing and necessary-use restrictions on certain
chemical substances. TSCA designates one class of chemicals in par-
ticular for regulation. This ciass of chumicals is PCB.

Section 6(e) of TSCA specifically requires EPA to regulate the manu-
facture (including importation), processing, distribution in commerce,
use, ¢isposi. anc labeling of materials containing PCB. These mandates
were impl d in a phased manner, with the marking and disposal
rules to be promulgaied first. Accordingly, in February 1978 EPA
regulated the disposal and marking of PCB (40 CFR Section 761, Federal
Register 43:7150). This rule required the marking of many PCB items still
in service, and set up a sysiem for the proper disposal of PCB. On May
31, 1979, EPA instituted a ban on the manufacture, processing, distribu-
tion in commerce and use of PCB (Federal Register 44:31514),

There are four “excaptions”™to the bans instituted on May 31, 1979. The
first :wo are very broad; the remaining two apply only to specific
situations. First, TSCA applies, by statuts, only to those uses of PCB that
are not considered “totally enclosed.” EPA, in the May 31, 1979,
regulation, considered the following uses “toially enclosed™ (I) use
(except servicing) of intact, nonleaking PCB transformers and PCB-
contaminated transformers; (2) use (except scrvicing) of intact, non-
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leaking PCB capacitors. Second, EPA set a standard of $0 ppm PCB
concentration, below which most PCB arc not regulated. Third, TSCA
provided for EPA to grant authorizations for nontotally enclosed uses
that present little or no risk to human health or the environment. Among
the authorizations granted are: (1) servicing of transformers, electro-
magnets and mining equipment; (2) use of PCB in heat transfer systems,
hydraulic sysiems and railroad transformers; (3) use as a mounting
mec um in microscopy; and (4) use in small quantities for research and
development. Finally, TSCA provided for EPA to grant exemptions to
certain manufacturers, processors and distributors in commerce of PCB.
To be granted an exemption, two broad criteria set by Congress must be
met:

I. An unreasonabic risk of injury to hesith or |hc env-ranmcm would not result.

2. Good faith efforts have bsen made 1o devel b that does not
present an unreasonable risk of injury to h-llh or the environment and that may be
substituied for PCB.

Activities Since Promulgstion
Exemptions

More thar 400 petitions for exemptions from the prohibitions of TSCA
Section 6(c)(INA) have been filed. Approximately 40 of these seek
exemptions for the manufacture of PCB at concentrations greater than 50
ppm; nearly all of these involve processes where PCB are produced as a
by-product in the manufacture of other materials. The remaining exemp-
tion petitions are for processing or distribution in commerce of PCB. In
the case of manufacturing exemption petitions filed for activities that
were ongoing as of January 1, 1979, and processing and distribution
petitions filed for activities which were ongoing as of July 1, 1979, the
activities for which exemptions are sought may be continued until EPA
rules on the petitions. For petitions submitied after the filing deadlines,
EPA will decide on a case-by-case basis whether or not to accept them for
consideration. The late petitioner must show goad cause as to why the
petition was submitted after the filing deadline. Of those petitions
accepted, only those activitics that EPA determines were underway before
the dates the bans went into effect will be allowed to continue until EPA
rules on the peading petitions. Therefore, persons who wish to begin a
PCB manufacturing, processing or distribution in commerce activity that
was not underway at the time the bans went into effect may not initiate
the activity unti] EPA rulss on the exemption request [4).
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Open Border Policy

The Ban Rule also established an Open Border Policy, which permitted
import and export of PCB wastes for purposes of disposal for a period of
one year. On May I, 1980, EPA announced that it was ending the Open
Border Policy and closing all U.S. borders to shipments of PCB wastes.
This decision was mude because it had become apparent that few other
nations were actively seeking to develop adequate disposal facilitics of
their own. EPA announced that it would reopen U.S. borders to ship-
ments of wastes to and from any nation that entered into a bilateral
agreement with the United States on standards for disposul of PCB. Such
an agreement is presently being discussed with Canada. No other nation
has sought an agreement.

Exports of PCB for use in other nations are permitted only if the
activity was ongoing as of July 1, 1979, a petition for a distribution
exemption is on file and a proper TSCA Section 12(B) export notice is
submitted. If the activity was not ongoing as of July 1, 1979, an exporter
must obtain an exemption from EPA before hc may initiate his export.

Food and Feed Amendment

On May 9, 1980, EPA proposed to amend the Ban Ruie to prohibit the
use of PCB items (including PCB large high- and low-vohage capacitors,
PCB transformers, PCB-conaminated transformers, PCB heat transfer
systems, and PCB hydraulic systems) in facilities manufacturing,
processing, or storing fertilizers or agricultural pesticides. EP A issued this
proposed rule under the authority of Section 6(a)(:) of TSCA. FDA and
the U.S. Department of Agriculture (USDA) published similar proposals.
with each agency's proposal covering its arca of legal reponsibility in
orger 1o cover the entire food, feed and agricultural chemical industry.

On May 6, 1981, EPA published & Federal Regisier notice placing the
proposal in abeyvance. This decision was mad: in pan because of the
October 30, 1980, decision of the U.S. Court of Appeals for the DC
Circuit, which is discussed later in this chapter.

ENVIRONMENTAL DEFENSE FUND CHALLENGE

Shortly after the final PCB Ban Rule was published in the Federal
Regisi: -, the Environmental Defense Fund (EDF) challenged the validity
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of the Ban Rule in a petition for review to the U.S. Court of Appeals for
the DC Circuit. EDF sought review of the Final Ban Rule on three points:
(1) EDF challenged the determination by EPA that certain commercial
uses of PCB are “totally enclosed,” a designation that exempts those uses
from regulation under TSCA; (2) EDF claimed that the EPA acted
contrary to law when it limited the applicability of the regulation to
materials containing PCB concentrations greater than 50 ppm; and (3)
EDF challenged the decision by EPA 10 authorize the continued use of |1
nontotally enclosed uses of PCB.

In its October 30, 1980, decision, the Court of Appeals found no
substantial evidence in the record to support EPA's classification of
electrical transformers, capacitors and electromagnets as “totally en-
closed™ uses, or to support EPA's establishment of the cutoff under which
only materials containing 50 ppm or more PCB are reguiated. The Court
of Appeals therefore remanded these portions of the regulations to EPA
for further proceedings. However, the Court of Appeals upheld EPA's
authorizations of the 11 nontotally enclosed uses of PCB.

Because invalidation of these parts of the Ban rule by the Court of
Appeals would have brought into full effect absolute prohibitions against
manufacture, distribution in commerce, processing and use, EPA and
other parties to the litigation requested that the Court of Appeals stay its
mandate until new regulations could be promulgated. In two orders,
issued on February 12 and April 13, 1981, the Court of Appeals granted
that request, subject to certain conditions.

Totally Enclosed [ssues

The February order dealt with the issue of 1otally enclosed uses of PCB.
The Court of Appeals stayed the effectiveness of its judgment that that
portion of the regulations is invalid, subject to several conditions. First,
the stay is for a period of 18 months and applies only to those who comply
with the prescribed interim inspection and maintenance procedures
known as the Interim Measures Program. Second, the Edison Electric
Institute (EEI) is 10 conduct a study to provide EPA with information it
will need for further rulemaking regarding uses of PCB in electrical
equipment. Third, EPA must announce its new rulemaking in an
£dvance Notice of Proposed rulemaking (ANPR) and must promulgate a
Sinal rule within six months of receipt of the EEI study. (The ANPR was
sublished March 10, 198].) Finally, the parties must make a progress
report 10 the court on October [, [981.
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The 50-ppm Issue

The court’s April order dealt with the 50-ppm issue, that part of the
court's decision that invalidated the 50-ppm regulatory cutoff. The count
stayed its mandate with respect to this portion of its decision for |8
months and ordered EPA 10 undertake two paraliel activities during the
period of the stay.

The first activity applies to chemical manufacturing processes that
generate PCB, but release no PCB. It also includes chemical manufac-
turing processes that release PCB only as constituents of wastes that are
incincerated or disposed of in EPA-approved landfills, or held for such
disposal. On May 20, 1981, EPA pubiished an ANPR relating to the
possible exclusion of manufacture of PCB in these processes from the
prohibitions of TSCA Section 6(cX3XA). EPA must promulgate a final
rule with respect to this potential exclusion within the 18-month period of
the stay or advise the Court of Appeals of its reasons for not promul-
gating a final rule aiong with plans and a schedule for any further action.

The second activity applies to manufacturing, processing, distribution
in commerce and use of PCB in concentrations less than 50 ppm (other
than the creation of PCB in those processes described above). EPA also
published an ANPR regarding this activity on May 20, 1981, By March
13, 1982, EPA must advise the court of its plans for {urther action and its
schedule for such action.

ENFORCEMENT

When the first PCB rule, covering marking and disposal, became
effective in April 1978, EPA begar. an active PCB compliance monitoring
program under the direction of the Pe:ticides and Toxic Substances
Enforcement Division. The program was expanded when the PCB Ban
Rule, which incorporated provisions of the marking and disposal rule,
became effective in July 1979,

Since April 1978 more than 2000 PCB compliz:ice monitoring inspec-
tions have been conducted. EPA’s limited resources for inspections have
been augmented by the use of contractors to perform some of those
activities, {ost of the cases have involved violations of marking. storage
and disposal requirements. In many instances, EPA’s activities required
cleanup o spilled PCB material in addition to the payment of civil
penalties. A number of hazardous waste cases also have involved PCB:; in
those instances, joint injunctions have been sought under TSCA and
oiher EPA suatuies.
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TSCA is a relatively new statute, and the PCB rule was the first major
regulatory program established under its authority. The PCB rule was
also the first major field enforcement effort, und what has been learned
from this effort has helped shape all subsequent TSCA enforcement
programs.

The final PCB enforcement strategy is to minimize the release of PCB
into the environment. The release of PCB can oceur in two ways: (1)
improper disposal of PCB items and liquids when they are taken out of
service; and (2) uncontrolled discharge caused by leaks and spills from
inservice, stored or transported items.

In the enforcement stralcgy, compliance monitoring inspections are
allocated among the 11 economic sectors and industrics that control the
vast majority of PCB now in use. The sectors identified in the strategy are;
utilities; chemicals; metals; papers and lumber; mining; food; stone, clay
and gas; textiles; automobiles; railroads; and commercial buildings.
Inspection allocstions were based on a number of considerations, in-
cluding forecasts of expected retirement or rebuilding of PCB equipment,
industry structure characteristics, degree of awareness of PCB require-
ments by industry members, and cost of compliance.

The emphasis in the inspections is on reviewing required PCB storage
and disposal records to ensure proper ultimate disposai and on examining
the condition and location of PCB equipment to detect any evidence of
uncontrolled discharge. The penalties assessed against facilities found in
violation arc related directly to the degree of hazard posed, and com-
panies may also be required 10 clean (in some instances at great cost)
areas contaminated with PCB.

A strategy for enforcing the Interim Measures Program is in draft
form. That strategy augments the overall PCB strategy by adcing checks
for compliance with the new progrum while conducting regular PCB
inspections. A more intensive monitoring effort is directed at utilities and
food and feed facilities through a review of randomiy selected records
required by the Interim Measures Program.

DISPOSAL
Incinerators and Boilers

The key 10 success for EPA™ program of regulatory control of PCB is
the availability of adequate disposal facilitics. Many of EPA's efforts have

been directed towzrd approval of incinerators and encouraging verifica-
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tion burns in high-efficiency boilers. The evaluation of data from test
burns in incinerators and boilers is handled by the ten regional EPA
offices. Public opposition to PCB incineration and the question of toxic
by-product formation have caused regional administraiors to proceed
very cautiously with approval of incinerators and boilers.

In January 1981 EPA approved the first two commercial incinerators:
one in Deer Park, Texas, owned by Rollins Environmental Services, and
the otner in El Dorado, Arkansas, owned by the Energy Systems Co.
(ENSCO). EPA has a very thorough plan to monitor operations at these
two facilities.

EPA anticipates the testing and approval of the incinerator ship
Vulcanus. The major steps in the approval are completion and acceptance
of an environmental impact statement evaluating the impact of the
incinerator on the ecology of the area of the ocean where the burning will
occur, and locating suitable staging and transfer facilities ashore. Should
this incinerator be approved for use in the United States, a major portion
of the high-concentration liquid PCB that are in storage couid be
incinerated in one or two trips.

EPA has provided for the disposal of low concentration (50-500 ppm)
liquid PCB waste. This waste is usually mineral oil recmoved from
electrical transformers. It can be burned in high-efficiency boilers meeting
certain technical criteria. These boilers operate with very good combus-
tion characteristics and have been shown in repeated tests to achieve very
high destruction efficiencies for PCB without emitting toxic combustion
by-products. Seven boilers in the United States have disposed of con-
taminated ‘mineral oil.

Alternative Disposal Techniques

Ir. promulgating the disposal regulations, EPA aliowed approval to be
granted for alternative methods that are equivaient to incineration. The
alizrnative method must achieve a level of performance equivalent to
incineration or destruction in a high-efficiency boiler, and a written
request for approval must be submitted. Before approval is granted, the
applicant must show that the method of destroying PCB will not present
an unreasonable risk of injury to health or the environment. One such
alternative method has been approved.

Marny researchers and enteprensurs have sought solutions to the
problem of PCB disposal using 2 wide range of techniques, including
chemical destruction, catalvtic decompos':icn and a variety of thermal
destruction methods other than convent.onal incinceration.

To date only one company has built and tested a full scale commercial
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unit using new technology. SunOhio, based in Canton, Ohio, has
constructed a mobile PCB chemical destruction unit (PCBX) and demon-
strated the capabilities of their system in a test conducted for EPA
officials. Treatment of PCB-contaminated mineral oil reduced the PCB
concentration to a nondetectable level. Due to the mobility of the PCBX
system, SunOhio is seeking the approval of all ten regional administrators
so they can offer their disposal services nationwide. At this time SunOhio
has received approvals to dispose of mineral oil contaminated with PCB
in Regions 1, IV and VIL

The PCBX disposal system has some interesting features. It does not
produce emissions to air or discharges to water. It is portable, allowing
the PCB to be treated onsite, thereby eliminating extra handling or
transporiation of the wastes. Finally, because PCBX is mobile, it should
minimize opposition from local communities—opposition that fixed-site
facilities have often encountered. Because PCBX presently is approved
only for low=concentration mineral oil, it is not the answer to all aspects
of the PCB disposal problem, but it does illustrate the potential that exists
in the area of emerging technology.

Landfilling of Capacitors

EPA recognized in the Ban Rule that the best method for disposal of
large PCB capacitors (those containing more than 3 Ib PCB) is incinera-
tion. However, no incinerators were available at the time the Ban rule was
promulgated. Anticipating that an incinerator would be approved by
January 1, 1980, EPA authorized landfilling of capacitors until that date.
However, as no commercial incinerators were approved by January 1,
1980, EPA extended the authorization of landfilling until March 1, 198i.
The extension included a provision that the authorization subsequeztly
could be extended at the discretion of the Assistant Administrator for
i“esticides and Toxic Substances if inadequate disposal facilities were
available. The first incinerator capable of shredding capacitors was
approved March 1981, A request by a group of electric utilities for a
further extension of landfilling grace period was denied on July 28, 1981.

ADDITIONAL INFORMATION

The EPA has an Office of Industry Assistance which disiributes
publications and answers guestions to help people undersiand the Toxic
Subsiances Reguictions. They may be reached by calling the toll-free
number 800-424-9065 during Washingion business hours, or the local
“umber, 5$54-140%,
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CHAPTER 8§

TREATMENT AND DESTRUCTION OF
POLYCHLORINATED BIPHENYLS AND
POLYCHLORINATED BIPHENYL-
CONTAMINATED MATERIALS

Leo Weitzman

Acurex Waste Technologies Corporation
Cincinnati, Ohio 45230

Polychlorinated biphenyls (PCB) were among the carliest classes of
compounds 10 be identified as hazardous and 10 be banned by law. As
such, they have become in many people’s minds the epitome of “hazard-
ous waste.” This has made them difficult to control and manage safely.
Because of the uncertainty and fear generated by the present attitude
toward PCB, there is a shortage of facilities available for their legal
disposal or destruction. This chapter evaluates the jegal, technical and
regulatory status of PCB and their control. It cvaluates the various
technologies available for their destruction from viewpoints of efficacy
and potential for solution of these problems.

PCB REGULATIONS

PCB were first introduced by the Monsanto Company in 1929. Because
of their thermal, biological and chemical stability, and high dielectric
constant, this group of chemicals achieved widespread use. There are 209
different chlorinated biphenyls, referred to collectively as PCB. PCB were
used as dielectric fluids in capacitors and transformers, as heat transfer
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fluids, and as hydraulic fluids., Between 1930 and 1975, 1.253 billion
pounds of PCB fluids were sold in the United States. Of this amount, 77%
(965 million 1b) was used for electrical equipment, largely by the electric
utility industry.

In 1976 the Toxic Substances Control Act (TSCA), PL 94469, estab-
lisned a framework for regulating hazardous chemicals. PCB were
specifically identified for regulation by TSCA. In the May 3I, 1979,
Federal Register (1], the U.S. Environmental Protection Agency (EPA)
promulgated rules for “PCB Manufacturing, Processing, Distribution in
Commerce and Use.” These rules prohibited the manufacture of PCB and
their use in almost all nonenclosed applications.

The regulations created a unique situation, wherein large quantities of
relatively pure materials require safe disposal. In addition, very stringent
rules for storage, shipping and disposal were set. For the purposes of this
chapter, PCB wastes can be braken down into the following categories:

® PCB solids consist largely of shredded i drained formers and other
PCB-onaminated solid materials. These may be landfilled at prescnt.

* PCB liquids pass liquids inated with PCB at a conceniration of 500
ppm or greaier. The only legal method of disp is ion in high-efficiency

incinerators or cemen kilns.
e PCB-contaminated liquids are oils comaining 50-500 ppm PCB. They legally may be
burned in high-efliciency boilers or be lundfilled.

As can be seen, the PCB regulations permit PCB and PCB materials to
be landfilled or burned oniy in special incinerators, cement kilns or
boilers. They also allow the Regiona! Administrator to approve other
alternative technologies to be used i he finds that they do not “present an
unrezsonable risk of injury 1o health or the environment™ and if “its level
of performance is equivalen: to Annex ] incinerators or high efficiency
boilers.” This is somzwhat difficult to interpret, as it does not define what
specific criteria the alternative technologies mus: meet. This chapter will
discuss several specific destruction methods.

DESTRUCTION TECHNOLOGIES

There are many methods available for the destruction of PCB. Land
disposal, which is basically a confinement rather than a destruction
procedure, is not discussed here. Treatment procedures can be split into
two generic groups: combustion technology and chemical detoxi:ation
tezhnolegy. The specific combustior: technologies to de discussed k.re are
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Liquid injection incinerators,

Rowry kiln incinerators,

High-efficiency boilers (for 50 10 S00-ppm PCB),
Cement kilns,

Fluidized ded incinerator,

Molen salt incinerator,

Pyrolysis. and

Ocean based incineration;

In addition to combustion technologies, chemical technologies (including
wet oxidation and chemical dechlorination), and exotic technologies
(such as microwave plasma destruction) will also be discussed.

Before discussing the various types of technology available to destroy
PCB, it is necessary to examine the pitfalls existing that proposed PCB-
disposal operations have encountered and potential methods of over-

coming them. These are:

1. Exposure of new people to 8 (perceived) risk has been the most
difficult problem to overcome. Basically. the people in the vieinity of the
disposal facility perceive themselves as being exposed t0 an added risk
and object 10 the facility. Even if the people are convinced that the facility
will destroy the PCB compietely. they object 10 “the danger of shipping
the PCB through their neighborhood.™ The problem boils down to the
swatement “waste disposal facilities are needed, and are a good idea, but
not near where 1 live.” 1t might be added that people five or more miles
{rom a proposed facility have been known 10 obiscl 0 it because they fee]
that it is 100 close 1o them. Even when existing industrial facilities (i.e.,
cement kilns, boilers, etc.) have been involved, there has been tremendous
local citizen and government opposition. A dire=t result of this concern is
a concern for cocrease in the property values, After all. a perceived risk
does make this property less desirable. The ideal PCB destruction
technology is one that is capabie of peing moved t0 or located at the site
where the PCB wastes are being stored.

2. Verification of destruction is best summarized by the siatement:
“We're sure vou can destroy the PCB during the test when ail these
scientists and engineers are running the process. but hcw can we be sure
vou will destroy them during operztion—we all know that breakdowns
occur?” In addition, there are the problems associsted with hazardous
products of combustion, (HPC): those materials, such as chlorodibenzo-
furans and chlorodioxins, that form or are suspscted of forming when
PCB are burned. Combustion is largely an uncontrolled chemical process.
As a result, almost 23y organic material can conceivably be formed.
While such an extreme concern seems unwarranted, it must, neverthcless,
be considered in the sclection of a technology. The technology of choice
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should utilize well understood and controllable destruction methods.
Furthermore, the technology of choice should operate in a batch mode.
This operation will make it possible to analyze chemically the outflows
before release or discharge.

3. Gaseous emissions are released {rom some sort of stack, which is
often associated in people’s minds with heavy volumes of noxious smoke.
This perception contributes to making people who live miles from the
facility fearful of it. To overcome these concerns, the ideal PCB destruc-
tion technology should have no gascous cmissions and only small
volumes of aqueous effluent. It is recognized that no technology is
capable of managing all forms of PCB and still satisfy these criteria for
successful implementation; however, as the following discussions will
show, there are certain technologies which, for specific important appli-
cations, come very close to meeting these criteria.

COMBUSTION TECHNOLOQGIES

Currently, the only legal method for disposal of liquid PCB is com-
bustion in a high-efficiency incinerator or cement kiln. Incinerators must
meet the following conditions:

1. ecither: 1200°C, 2-sec dwell time and 3% excess oxygen, or 1600°C, 1.5-sec dweli 1ime
and 2% excess oxygen:

2. combustion efficiency of 99.9%: and

3. PCB emissions iess than | mg/kg PCB destroyed; 99.9999%, destruction removal
efficiency (DRE).

Only the last condition applies to cement kilns, as the temperature, dwell
time and excess oxygen in the kiln are all greater than these minima.
Cement Kilns are considered 10 be an acceptable msthod of destroying
PCB. In 1976 a series of tests was conducied at St. Lawrence Cemen: in
Canada [2]. These tests showed that the destructior. achieved was in
excess of 99.9996%. Another set of tests, performed in Sweden (3], by
Ahling, showed a destruction efficiency in excess of 99.99998%. These
values were indicative only of the sensitivity of the measurement method
used. No PCB wers found. Based on these tests, the PCB regulations
permit the use of cement kilns for PCB destruction. No such facility in the
United States or Canada has been given a permit for destroying PCB to
daiz, largely becauss of local opposition.

The chlorine from the PCB is converied to hydrogen <aloride, which
ther, combines with the alkali in the cement. As a resuit, cement kilns do
not require auxiliary equipment for HCl removal. The sodium, poassium
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and calcium chlorides formed are emitted with the particulate in the gas
stream. They are captured by the air pollution control equipment or
emitted to the environment through the stack.

PCB regulations permit the uss of high-efficiency boilers for the
destruction of PCB-contaminated mineral oil—less than S00 ppm PCB.
The restrictions placed on the boiler are:

I, The boiler is rated at a3 minimum of 50 million Biu/hr.

2. The carbon monoxide in the flue gas is 50 ppm or less for & natural gas- or oil-fired

boiler, or 100 ppm or Jess for & coal-fired boiler.

The excess oxygen in the stack is greater than 3%.

. The wustc is iess than 10% by volume of the totwal fuel feed.

. The waste may only be fed when the boiler is at its full operating temperature—not

during startup or shutdown,

. The boiler must be itored ly for carbon ide and excess oxygen.
1 less than 30.000 gallons of waste oil are burned per year, this monitoring may be
replaced by CO and O measurements every 60 minutes.

7. The quantities burned and feed ratio of the (uel and waste must be monitored every

15 minutes.

o Mmaw

3. If the CO and O3 values {all balow the specified amount, waste feed must cease.
9. Approval for such burns must be given by the EPA Regional Administrator.

The regulations require additional reporting and monitoring condi-
tions. Although the number of boilsrs burning PCB-contaminated oils in
the United States is unknown, it is very low. The vast majority of the
utility industry is simply storing its contaminated oil.

PCB solids, such as drained transformers, PCB-impregnated capacitors
or PCB-conuaminated soil, may be landfilied. Before landfilling, free
liquid must be drained from equipment (such as transformers) and the
equipment must be rinsed with a volume of PCB-free mineral oil equal to
that drained from the equipmen:. Landfilling, of PCB solids is illegal and
likkely to remain so.

To date, despite these permissible options, only two facilities for the
disposal of PCB liquids and one for PCB solids have been approved.
Local opposition and siting probiems are a large parnt of the reason for
this, although the concerns described earlier factor into the situation.

The problem of greatest concern is products of incomplete combustion
(PIC), which are formed in trace quantities. When PCB are burned,
chlorinated dibenzofurans (COBF) can be formed. These resulis have
beer: corroborated in field tests, although these tests have only shcwn the
CDBF to be in the ash. CDBF have been identified in the stack gases in
very low concentrations. Tests on incinerators have identifies dioxins in
the stack gases. This uncertainty regarding highly suspect classes of
chemicals has made the regulatory authorities extremely cautious and has
delayed the issuance of parmits for the incineration of PCB. Th: nine

combustion technologies are summarized in Tabiz 1.
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Table 1. Types of Combustion Equip for PCR D §
Type of Applicadle
Equipment Waste Type Comments
Liquid Injection  Liquid PCB, PCBcontaminated  The most developed incineration
Incinerator oils, some aqueous PCBmaterials  sysiems can achieve in exces of
99.9999% DRE
Rotary Kiln All physical forms Very highly developed: can
Incinerator achieve in excess of 99.9999%
DRE
High-LfMiciency PCB-contaminated waste Tests show betier than 99.99%
Boilers oils (500 ppm) DRE
Cement Kilns Liquid PCB, PCB-contaminated  Tesis have shown in excess of
oils 99.999998% DRE
Fluidized-Bed Liquid PCB, high-viscosity Only pilot-scale tests have been
Inci Y hredded PCB. d done; may not be capable of
paper reaching high tempersiures;
scrubbers for HCl may not be
required at times
Molien-Sait Liquid PCB, shredded PCB- Experimental, not fully tested
Incinerator saturated paper yet
Pyrolysis Too low temperature, not
genenlly applicabis to PCB
Ocean-Based PCB liquids, PCB. inated  Only developed and tested for
Incineration oil liquid injection; may eliminate

siting problem but siting of land-
support facilities may be &
problem: potentially expensive

CHEMICAL DESTRUCTION METHODS

Liquid-Phase Chemical Destruction Techniques

It appears that some form of liquid-phase chemical destruction tech-
nique will come closest to overcoming the four objections to impiemen-
tation of a technology. This is shown by comparing technology classes to
the four problems in implementation of PCB destruction technology

discussed earlier:

1. Liquic-phass systems are smalier than gas-phase systemsand, thus, can de taken to the
source of the PCB.
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2. Liquid-phase chemical ions are much more easily than sre gas-phase
ions such as bustion. The condition for the destruction can thus be mors
readily duplicaied and hence predicted with greater reliability.
3. Liquid-phase reactions can be run in 8 batch mode, so that discharges can de analyzed
before release.
4. Because of their smaller volume, liquid-phase systems iend to have only small
Quantities of air emission.

To chemically destroy PCB, it is not necessary to break completely the
bipheny! structure. The degree of hazard, and chemical and biological
stability of PCB increase with the number of chlorine atoms on the
biphenyl molecule. As a result, dechlorination appears to be a possible
alternative to total destruction. This is highly desirable because cleavage
of the aromatic biphenyl siructure requires a very high energy of
activation, and thercfore, requires a much higher temperature than does
dechlorination. On the basis of this analysis, we can, thus, draw conclu-
sions:

1. 1f we want 10 break the bipheny! structure, only some form of combustion ¢an provide

the necessary conditions.

2. 1f dechiorination of the mok

can be used.

Y 1 hormical
is X wet P

9 P

The liquid-phase processes that are (at least potential) candidates for the
destruction of PCB or PCB-contaminated materials are:

. sodium/ naphthal f ination or varistions thereof;

! Y
2. sodium metal dechlorination;

3. sodium/poivethylene giycol (NaPEG) dechlorination;

4. oxidative processes such as wet oxidation or ultravioiet (UV)/ ozonation: and
. catalytic dehydrochlorination

In addition, there are concentration techniques available (both adsorption
and absorption) for reducing the PCB contamination of oils.

Sodium Treatments

The first three processes are very similar in nature. They are all based on
variations of the use of metllic sodium to dechiorinate organics, a
procedure that is well known. In fact, this method has been used 1o analyze
organics for chlorine. The use of sodium/naphthalene/tetrahydrofuran
system was brought to the attention of EPA by Goodvear Tireand Rubber
Corporation of Akron, Ohio, They have used it for dechlorination of
~ 100- to 150-ppm PCB-contaminatec hydraulic and hezt transfer oils. It is
applicable to the similar dechlorination of any PCB-contaminated oil.
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Variations of this process have been adapted to different types of PCB-
containing material by Acurex Waste Technologies Corporation, General
Electric, SunOhio and others.

Goodyear's process uses the sodium naphthalene synthesis of Scott et al.
[4]. The process involves preparation of a deep green reactive complex of
naphthalene and sodium in tetrahydrofuran by melting sodium (melting
point, 98°C) in a nitrogen-blanketed hydrocarbon oil, chilling rapidly to
produce “sodium sand™ (fine spherical particles) and adding a tetrahydro-
furan (THF) solution of naphthalene to the cooled slurry. The reagent
takes about an hour 1¢: form and is added 10 the oil that is to be treated.

Treatment of an oil containing 300 ppm of PCB at ambient temperature
required approximately one hour, after which water was added to destroy
the excess sodium. The oil is then vacuumesiripped to recover the THF and
naphthalene, and further distilled, leaving the sodium chloride, sodium
hydroxide and the nonhalogenated polyphenyls as still bottoms, whichare
presumably safe for incineration. The purified transformer or heat transfer
oil contained less than 10 ppm PCB. SunOhio has successfully treated
transformer oils containing up to 500 ppm PCB. Acurex has treated oils
containing approximately 1000 ppm during an EPA demonstration and up
10 10,000 ppm (1%) PCB during tests. SunOhio and Acurex have
succeeded in bringing the finsl PCB concentration in the oil to below
detectable limits, about 1 ppra.

These are not the only such processes in existence. EPA has been funding
a project at the Franklin Institute {5] that is exploring the use of a “reactive
sodium-giycolate-oxygen solution™ to destroy PCB. In the Franklin
Institute process, the reagent is prepared by dissolving socium into
-polyethyleae glycol-400. The reagent ir thenadded to the contar:inated oil.
and air or oxygen is bubbled through the system. The reaction is run a1
130° C. Destructions simiiar to that using the Goodyear process have besn
reperied. The Franklin Institute claims that water does not inhibit the
dechlorination reaction; however, this result 'was not confirmed by Napier
{6] of Union Carbide at Oak Ridge Nationa; Laboratoriss. The Franklin
Institute is now investigating the applicabiiity of this process 1o PCB-
contaminated soils.

At the University of Waterioo (Ontario), Smith and Bubbar [7] have
applied the sodium naphthalide reagent to destruction of undiluted PCB
containing up to 5% Cl. They treated a PCB (Aro:lor® 1254) o ntaining
5<.58%¢ 1owa! chiorine, achieved 99.8%, whick: left approximately 2000 ppm
PCB afier six hours at room temperature. A nigher excess of sodium might
have brought this down below the level required in the United States;
however, this has not been ve-ified experimentally as yet.
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Other sodium treatments have existed for a number of years. The
sodium dispersion methods developed by U.S. Industrial Chemicals Com-
pany {8] uses the “Dispersator™ (a modified Waring blender), Manton-
Gaulin homogenizer or other high-shear mixer. Dispersion is assisied and
stabilized by the presence of a dispersion aid such as caicium stearate;
dispersion is carricd out under a nitrogen blanket. The sodium particles
range from submicron to 200 x in diameter[9]. Dispersions of 50% sodium
by weight are easily produced by this technique and, because of the high
surface-to-volume ratio, reactivity is extremely high. In dehaiogenation
reactions, only about 10% excess sodium is required: additional savings
may be realized by eliminating the naphthalene and cther required by the
other processes, although a small amount of naphthalene may be employed
1o “aciivate” the sodium surface. This approach has not. however, been
successful in achieving the low final PCB concentration required by EPA.

Other wet processes that have been or may be used for PCB destruction
are wet air oxidation and combined UV light/ozonation [10].

Wet Oxidation

Briefly, wet oxidation is accomplished by adding air or oxygen to an
aqueous mixture of organics under pressure and elevated temperatare.
Pressure serves the dual purpose of keeping the aqueous phase in liquid
form and increasing the partial pressure of the oxygen 5o as to increase
the amount of oxygen dissolved in the liquid. Because the temperature
involved is considerably lower than for incineration, and also because
much less water is vaporized, wet oxidation may require less energy than
incineration,

The temperature ranges encountered during wet oxidztion are very
wide and range from a low of about 300° F for simyle sludge conditioning
systems to a high of 600°F. Since the pressure of the reactor must be
greater than the vapor pressure of the waste at the operating temperature
equipment, pumping and pressure control costs increase rapidly when
temperatures exceed approximately 450-500°F. The residence time for
these systems ranges from about five minutes to as much as one hour.
Generally, as the temperature is increased, the residence time decreases.

While no work has been identified on PCB specifically, Baillod etal. [11]
decomposed pentachiorophenol in such a system. The resulits of their work
are not encouraging. First, the temperature and pressures were high, about
600°F. Second, they identified a number of products of incomplete
destruction in significant quantities. As a result, at present. we: oxid: "ion
could, at best, be considered a pretreatment step.

MONS

004544



140 PCB TREATMENT, RECOVERY AND DESTRUCTION

UV Light{ Ozonation

The combination of UV light and ozone has shown some success in
destroying PCB in aqueous systems. The concept was proposed in 1977 to
EPA by Westigate Research; however, because of the high suspended
solids likely to be encouniered in actual systems, such a process is not
likely to be successful.

Adsorption and Exiraction

The final technology to be discussed is adsorption and extraction
processes. It is possible to extract the PCB from contaminated oils by the
use of a suitable solvent. Napier [6] found furfurai to have potential
application. Neoprene has also been used in an attempt 10 adsorb PCB.
Napier found this 10 be ineffective. These concentration techniques must
be used in conjunction with other methods for destroying PCB.

Chcmical treatment techniques are summarized in Table 11,

Table I1. Types of Liquid-Phase Systems for PCB Destruction

Type of Applieable -
Chemistry Waste Type Comments
Sodium Liquid PCB, PCB-contaminated  This is well estadlished chemisyry;
Naphthalide oil the process has been optimized
ially for PCB 3
nated oil; costs are very high
when pure PCB are treated: can
be mobiic-mounted: no emis-
sions; low effluent volume: po-
tential for fire is moderare:
cannot toierate {ree waler
NuPEG Liquid PCB. PCB i d Irlab Yy siate: d T
ail, possibility for PCB<contami«  under EPA grant: poientiaily
nated soil, possibility for PCB uscful in the presence of water:
solids requires oxygen and process can
release hydroger: p.am safety
faciors need investigating
Socium Metal PCB-contaminated oil Untested as vet but may be
promising {rom theoretical cen-
siderations
Oxidative PCB-contaminated soils, PCB in  Degree of destruction is a func-
Processes an agueous stream tion of tempersture and pressure;

for PCB destruciion, estimated
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Table 11, continved

Type of Applicable
Chamistry Waste Type Comments
required temperature and pres-
sure are in excess of 600°F and
400 psi for wet oxidation, but
have not been tested: use of water
in supercritical state may have
porentisl; UV-ozonaiion has had
limited laboratory-scale success
Catalytic Was not successful Evaluated by EPA project, found
Dehydro- not 10 produce sulficient level of
chiorinstion degradation
Adsorption on PCB inated oils This process is heing marketed:
Neoprens 1ested a1 Oak Ridge Naiional
Rubber Laboratories: wash found not to
be effective far aduorbing the
PCB {rom the oil
Adsarption or PCB-contaminated materials New area; tesied at Oak Ridge
Extraction National Labs; about 20
solvents tested; furfural found 10
have potential
CONCLUSION

There are many technologies that appear capabie of destroying PCB.
The problems that are usually encountered, however, are rarsly iechnical.
In almost every case considered, the problem has been public acceptance
of the disposal facility, with objections falling into three categories: (1)
exposure of new people to a (perceived) risk, (2) inability 10 verify
destruction during normal operation, and (3) fear of dispersion of
pollutants.

Liquid-phase destruction systems appear to embody those attributes
that best satisly the above criteria. These methods appear to stand the
best chance of being accepted by the public and of solving the disposal
problems associated with PCB.
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The Toxic Substances Control Act (TSCA) of 1976 prohibits the
manufacture of polychlorinated biphenyls (PCB) and greatly restricts the
uses of these compounds. In 1979 the U.S. Environmental Protection
Agency (EPA) published guidelines [1] governing continuing use of
certain PCB and dis;~osal of PCB-containing materials. The guidelines for
disposal are:
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MONS 004548



144 PCB TREATMENT, RECOVERY AND DESTRUCTION

® Liquids containing <50 ug PCB g are not regulated.
® Liquids and solids containing 50-300 ug PCB/; may be deposited in an EPA-

pproved landfill, inci d in a high-efficiency boiler (producing > 50
million Btu steam/hr) or in an EPA-approved incinerator.
¢ Capacitors and liquids ining 500 ug PCB ! g or higher levels of PCB must

be incinerated.

The physical, chemical and toxicological properties of PCB form the
basis for these regulations.

The characteristic inertness of PCB 10 thermal degradation (which
makes them ideally suited for use as diclecirics and heat transfer fluids)
and the resistance of these compounds to degradation in the environment
have resulted in a distinct increase in the concentrations of PCB in the
environment and in man [2). This persistence of PCB in the environment,
coupled with toxicological effects recently attributed to these compounds,
have provided EPA the impetus for PCB rcgulation. The molecular
structures of PCB (Figure 1) are quite similar to those of the chlorinated

Ciy iy

Polychiorinoted Biphenyls

Cly Cly

Chicrincted Dibenzo-p-dioxins

P

cly Cly
Chicrinated Dibenzofurans

Figure 1. Molecular structures of PCB, chicrinated dib p-dioxins and chlorinuted
dibenzofurans.
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dibenzo-p-dioxins (CDD) and chlorinated dibenzofurans (CDF), some of
which are known to be extraordinarily toxic. Indeed, recent reports have
appeared that indicate that the I'CB can, on heating, be converted into
CDD and CDF [3]. It is not surprising, therefore, that the toxicologic
properties of some PCB are similar to those of some CDD and CDF [4,5).

The resistance of PCB 1o thermal degradation makes efficient incinera-
tion of these compounds quite difficult. Moreover, the possibility of
interconversions of the PCB to CDD and CDF, which can occur during
incineration (6], makes it mandatory to ensure that incineration of these
compounds is accomplished under optimum conditions. In recognition of
this fact, EPA has specified that incincrators used for disposing of PCB
must be operated at very high tempcratures. Even under such conditions,
however, it has not been established that emissions of toxic compounds,
such as CDD and CDF, are essentially preciuded. Recently, EPA
conducted test burns of PCB at two chemical waste destruction facilities
in the United States in an effort 10 assess the efficiency of incinerationas a
destruction technique for PCB. This chapter describes the two inciner-
ators used in these tests and the reievant operating parameters. In
addition, the sampling and analytical procedures developed and imple-
mented to determine levels of toxic chlorocarbons (primarily CDD/CDF)
emanating from the stacks of the two incinerators during these tests are
discussed. Finally, the levels of CDD/CDF that were determined to be
present in the stack effluents are reporied, and the resuits of the risk
assessment for the incinerators that was accomplished by EPA using the
latter data are summarized.

DESCRIPTION OF THE INCINERATOR FACILITIES
AND TESTS CONDUCTED

The incinerator facilitics empioved for the PCB destruction tests
described here are located at El Dorado, Arkansas, and Deer Park,
Texas, and are operated by Energy Systems Company (ENSCO) and
Rollins Environmental Services, respectively. The two incinerators, which
are somewhat similar in terms of operating capabilitiss, are depicted
schematically in Figures 2 and 3. A de:ailed description of these inciner-
ators has been provided in the plan for testing developed by the EPA's
sampling contractor, TRW [7], and will be mentioned only briefly here, to
orovide a basis for discussion of the various types of samples that were
collecied during the monitoring tests.

The incineration system utilized by Rollins consists of = rotary kiln and
a liguid injection burner, both feeding a common afterburner, Tempera-
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148 PCB TREATMENT, RECOVERY AND DESTRUCTION

tures attainable in these three burners are normally 1300-1500°C. The
overall retention time of the incineration system is 2-3 seconds. Solid
wastes can be fed into the rotary kiln by conveyor (although no solids
were burned during the tests described herc), while liquids and sludges are
pumped into the kiln or into the liquid injection burner. Natural gas is
used as an auxiliary fuel for initial heatup and to provide supplemental
heat for incineration of lowsheat-capacity wastes. No. 2 fuel oil is also
used to provide heat for burning marerials such as PCB, and is mixed
with the PCB before the waste is fed into the incinerator. Gaseous
emissions from the combustion of solid and liquid wastcs are controlled
by a venturi scrubber. Lime is injecicd to neutralize the scrubber water,
which is then admitted to scttling ponds. where the water is analyzed and
subjected to further treatment, if nccessary, before discharge into the
Houston ship channcl. Exhaust gases are also routed through absorption
traps and a mist eliminator before entering the 30-m exhaust stack.
The incineration system usecd by ENSCO is also capable of combusting
both solid and liquid wastes. This incinerator consists of a rotary kiln, in
which combustion temperatures of 1200-1500°F are auaincd, and in
which the retention time for solid material is approximately | hr and the
gas retention time is approximately 4 scc. Liquid wastes. water and
natural gas can also bu injected into the front end of the kiln. Ash is
removed from the end of the kiln by a drag chain and placed in steel
drums for storage. Gases evolved from the rotary kiln pass into an
afterburner that consists of two separate combustion chambers. Resi-
dence time in the primary chamber is approximately 2.2 sec, and tempera-
tures of 2250-2340°F are typically maintained there. Most of the organic
waste materials are destroved in this region. Molten slag resuiting from
the combustion settles on the chamber floor and is removed through a
slag trap. The secondary combustion chamber is baffled to facilitate gas
mixing, and the residence time ir this chamber is approximately 2-sec,
while the temperature is tvpically 1400°F. The total residence time for
gases in both chambers is about 4.5 scc. The scrubber at the ENSCO
facility is also a venturi jet type. Gases evolved from the combustion
chamber are qucnched with lime and caustic solution as they enter the
bottom of the scrubber. This treatment removes particulates and nzutrai-
izes acidic gases such as HCL. Spent scrubber liquor is transferred to a
holding tank which then overflows to a sludge lagoon. Spent scrubber
solutior: is availabie for recyciing. After neutralization, the combustion
gases pass through the venturi section of the scrubber, in which recycled
scrubber water is sprayed to facilitate particulats removal. Ultimately,
sludge and liquids from the lagoon are discarded by deep-well injection.
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Sampling and monitoring were accomplished by the sampling con-
tractor during three different modes of operation at each of the inciner-
ators tested. The materials combusted and the conditions for each of these
tests are as foliows.

Test 1

For test ], each incinerator was operated under the conditions at which
incineration is normally conducted. Temperatures in this case were not
necessarily maintained at 1200°C as required for PCB incineration. At
the Rollins plant, the materials combusted were liquid chlorinated
hydrocarbon wastes, such as vinyl chloride still bottoms. At the ENSCO
plant, shredded capacitors (solids, but not containing PCB) were in-
cinerated, along with chlorinated hydrocarbon wastes, such as pesticide
process wastes, as well as paint and ink manufacturing wastes.

Test 2

For test 2, the materials combusied at the Rollins incinerator consisted
of the same types of materials as described for test 1, along with liquid
PCB wastes. Similarly, at ENSCO, the test 2 incinerator feed included the
normally processed wastes (as in test 1) along with liquid PCB and
shredded PCB-containing capacitors. Combustion temperatures for test 2
were maintained near 1200°C at both plants, as required by EPA regu-
lations for incineration of PCB.

Test 3

For test 3, the materials combusted at Rollins consisted of a mixture of
liquid PCB wastes and clean fuel oil. At the ENSCO plant, the materials
incineraied during test 3 included liquid PCB wastes and PCB-con:aining
capacitors, mixed with diesel fuel. Again, temperatures were maintained
at the levels required for PCB incineration.

SAMPLING PRGCEDURES AND TYPES
OF SAMPLES COLLECTED
The sampling procedures and apparatus utilized in the monitoring tests

at the Rollins and ENSCO incinerztors have been described in detail in
documentation prepared by TRW [7], and only those aspecis which relate
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10 the samples vhtimately analyzed by Wright Staie University will be
summarized briefly here.

Stack Effluent Samples

Stack effluents were collected by using a modified EPA Method §
sampling train, shown schematically in Figure 4, which consisted of a
glass probe (capable of being heated 10 250°F), followed by a series of
three glass impingers (the first containing 100 ml of distilled water, the
second containing 200 ml of distilled water, and the third. empty). a
sorbent trap coniaining XAD-2® resin, a sorbent trap containing
Florisil®, and a fourth impinger containing silica gel. A schematic
representation of the traps is shown in Figure 5. The train was backed by
appropriate gauges, valves, meters and a pump, for controlling and moni-
toring flow through the train. No filter was inseried between the probe
and impingers, so any particulates collected entered the impingsss and
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Figurs &. Modified method V train used 1o sample combustion effluents from the
ENSCO and Rollins incinerators.
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FLOW DIRECTION

Class
Watey Jacket

Adsorbent

Thermocouple

/

28/12 socket Glass Fritted Glass wWeol 28/12 Socket
Disc Plug

Figure 8.  Schematic of sorbent trap employed in the modified method V rain.

were immersed in the liquids. The impingers were cooled by immersing
them in an ice bath 10 condense moisture from the stack effluent stream.
The sorbent traps were also cooled by circulating chilled watcr through
the exterior jackets. The sorbent traps incorporated a glass fritted disc on
one end, which retained and supported the sorbent bed, and the sorbent
was held in place by a glass wool plug at the other end of the trap. The
traps, as wel! as the probe and the impingers, were interconnccted using
standard glass ball and socket joints. which werc not greased for these
tests. All components of the sample train were rigorously clcuned, using
standurd procedures. before use.

On termination of a stack sampling event, the probe was removed from
the stack and, the train was dissassembled. The nozzle and glass probe
were rinsed with approximately 100 mi of acetons and 100 mi of hexane,
and the interior surfaces were scrubbed with a nylon brush. The rinses
and any materials removed from the probe were transferred to a prerinsed
amber glass bottle and the bottle was sealed with a Teflon®*-lined cap.

*Registered (rademark of E. 1. du Pon: de N s and Company, Inc., Wilming!
Delaware,
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The contents of the first three impingers were pooled by pouring the
liquids into a single amber glass bottle. The interior chamber of each
impinger was rinsed successively with 30 ml acetone and 30 ml hexane
and these rinse solutions were placed in the same bottle containing the
llecied impinger liquids. Rinsings of connecior tubing were also placed
in this container, which was sealed with a Teflon-lined lid. The XAD-2
and Florisil sorbent tubes were removed and sealed by placing mating
ground glass caps on the end joints of each tube. Appropriate solvent and
water blank samples were also collected during the tests and placed in
scaled amber glass bottles. Several method blank samples were also
obtained by charging and assembling a complete train, then dissassem-
vling the train components (unused) and collecting the appropriate
samples.

From the foregoing, it is seen that five types of samples requiring
analyses for CDD, CDF and PCB resuit from the stack sampling. These
types include the probe wash, impinger catch and rinses (composite),
XAD-2 resin traps, Florisil traps, and solvent and method blanks.

co.

. Solids and Liquid Samples

Concurrent with the stack sampling, samples of appropriate solid: and
liquids relevant to the incineration process (feed materials, combustion
products, emission control equipment samples) were also collected by
simple grab sampling. Suck samples were coliected at appropriate
intervals during the incineration tests, and were placed in prerinsed amber
glass bottics and sealed with Teflon-lined caps. The time and resources
aliotted to Wright State University for this project by EPA permitizd
analyses of very few of the Iatter samplcs, anc nons of the data relevant to
these are presented here.

ANALYTICAL METHODOLOGY
Sample Handling and Preparation

Samples collscted as described above were shipned from the sampling
sites to the Brehm Laboratory, Wright State University. Certain liquid
samples from the sampling trains (probe rinses and impinger sarxples)
contained two distinct layers: in one case, suspended solid material was
visible. After allowing such samplus 10 stand for a period sufficient to
effect complete separation of the layers, each ayer ol :hese samples was
removed 10 a separate =mber glass sample coniainer I.iie3 with & Teflon-
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lined lid, so that each phase could be analyzed scparately. The quantities
of the liquid phases varied considerably from sample to sample, and in a
few instances, only one layer was present. It is not known whether these
variations were due entirely to leakage of the sample containers (which
did occur in many samples) or to variations in the sampling train
operation and rinsing procedures applied in the field. The separated
liquid layers were subsequently processed as described below and ana-
lyzed.

The XAD-2 resin and the Florisil traps were sealed with glass caps by
field sampling personnel, and the traps were shipped intact to the Brehm
Laboratory. Before analysis of the trap contents, the XAD-2 resin or
Florisil was removed from each trap and transferred to a clean amber
glass vessel fitted with a Teflon-lined cap. Each individual sample was
thoroughly mixed before removing an aliquot for analysis in an ¢ffort to
ensure homogeneity and representative sampling. In all cases, both the
XAD-2 resin and Florisil appeared to contain substantial quantities of
water (although the quantity varied from sample 1o sampie) and the solid
sorbents were aggiomerated and difficuit to remove from the traps. In
fact, some quantities of the sorbents adhered tenaciously to the inner
surfaces of the traps and could not be removed. The quantities remaining
could not be determined and related to the original weight of resin,
because the weights of the individual traps prior to packing and the
weight of the water absorbed by the solid sorbent in each trap, could not
be determined reliably. Consequently, there is uncertainty in the reported
analytical results arising from the fact that these data do not take into
account the residues of the sorbents left in the traps. However, the
quantities of these residues were generally small (probably less than 2 g).
No attempt was made to dry the XAD-2 or Florisil samples before
analysis, since it was thought that this also might lead to loss of volatile
chemical compounds trapped on these sorbents. The towl weights of the
sorbents taken for analysis also were determined, and by relating these
aliquots to the total quantity of sorbent removed, the total burden within
the trap of the compounds analyzed could be determined.

Another factor that bears on the accuracy of the reported data for the
XAD-2 resin and Florisil traps should also be mentioned. It was observed
that the glass frits of the traps recsived by the Brehm Laboratory had
been perforated, and in some cases exhibited nonuniform holes of varying
sizes. Apparently, according to information received from the sampling
contractor, the frits were perforated during the actual sampling tests
because the frits plugged and the desired flowrate through the sampling
train could not otherwise have been achieved. These observations raise
questions about the uniformity of exposure of the solid sorbents to the
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gas suream during the sampling process. The colorations observed in
various parts of the traps also raise similar questions. Several of the traps
from the tests at the ENSCO plant exhibited s pronounced red-brown
coloration on the frit and on the glass wool plugs at the other end of the
solid sorbent bed, but the sorbent itself appeared to have retsined its
characteristic stark white color. This was observed for both the XAD-2
resin and the Florisil traps. Similarly, many of the Rollins traps exhibited
a bright yellow color on the frits and the glass wool plugs at the other end
of the sorbent bed, but the sorbents themselves appeared to be stark white
with no indication of the yellow color. In the case of iraps originating
from test 3, at the ENSCO site, the frit was covered with an oily residue
(gray in color) but again the resin appeared o be “clean.”

As noted above, small quantities of the solid sorbents could not be
removed from the traps. Also, the colored contaminants that appeared on
the glass frits of the traps as well as other solid deposits on the trap walls
remained in the traps after the bulk of the sorbents had been removed.
Since it is important to know whether or not these residues may include
CDD, CDF or PCB, attempts were made to extract these residues from
one trap by immersing the entire trap (after the sorbent had been
removed) in a very large soxhlet apparatus and employing the extraction
procedures described below. The extract was subsequently analyzed to
determine content of the compounds of interest and was found to contain
insignificant concenirations of CDD/CDF.

A few of the solid samples (feed materials, etc.) were analyzed as
received. Aliquots of these were removed from the sample vessels in which
the samples were received and weighed. Again, attempts were made to
ensure that a reasonably representative sample was selected, but with the
coarse solid feed materials (for example, shredded capacitors) and the
viscous scrubber samples there is no certainty that this was achieved.

Analytical Methods Development and Testing

At the ouwset of this program, analytical methods to accomplish
quantitative measurements of the CDD, CDF and PCB in samples of the
type collected in this assessment had not been demonstrated. In fact, a
compiete survey of combustion effluents for all classes of CDD and CDF
had not been reported by any laboratory in the United States. Related
studies (8] reporied quantitative data on CDD, including some informa-
tion on isomeric composition of the tetrachlorinated dibenzo-p-dioxins
(TCDD), for effluents from a municipal refuse incinerator. Other workers
had also reported the results of comprehensive studies of CDD in various
combustion products [9,10]. The samples collected in the Roilins/
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ENSCO tests, however, encompass a much broader array of sample types
than have previously been examined in such surveys. Accordingly, it was
necessary to develop and test the efficacy of analytical procedures that
could be applied for the required analyses.

The approach adopted by this laboratory for developing the needed
analytical procedures entailed initial application of methodology similar
to that which we have applied previously for combustion products and
other hazardous waste samples containing CDD. To gauge the efficacy of
these procedures, portions of samples were spiked with known quantities
of ¥Cl4-2,3,7,8-TCDD, and other stable isotopically labeled CDD, and
the samples were then analyzed to determine the recovery of these CDD.
If recoveries were not acceptabie (usually a minimum recovery of 509% of
the added labeled internal standard was used as a criterion of acceptabil-
ity), the extraction and/or cleanup procedures were modified, and
another spiked sample aliquot was analyzed using the modified methods.
This procedure was repeated until recovery of the added CDD was
acceptable. It was not possible to accomplish the same type of tests for the
CDF, because no labeled CDF was available or could be obtained for use
as an internal standard in the studies reported here. A limited number of
experiments were conducted with CDF using the method of standard
additions, in which a given sample was analyzed before and after addition
of a known quantity of an unlabeled CDF standard. The methods
uitimately developed and validated for the determinations reported here
are described in the following sections.

The extent to which information on the CDD and CDF isomers
present in the samples could be obtained was limited by the availability of
pure standards of the isomers which could be used for comparisons of gas
chromatographic retention times and mass spectral response. Of the total
75 CDD and 135 CDF isomers which are possibie, only 33 CDD and 10
CDF were available in our laboratory at the time of this study. A listing
of these is given in Table 1. In addition, it is seen that four other
isotopically labelled CDD are on hand.

Extraction of Samples and Preliminary Separation
of CDD, CDF and PCB from
Other Matrix Constituents

The procedures developed and applied for extraction of the sampies
and preliminary separation of the compounds of interest are as follows.
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Table I. CDD and CDF Isomer Standards Available at the Brehm Laberatery of
the Time of the ENSCO and Rollins Studia

1<Chlorodibenzo-p-dioxin
2-Chlorodibenzo-p-dioain
2.7-Dichiorodibenzo-p-dioxin
2,3-Dichlorodibenzo-p-dioxin
1,2,4-Trichiorodibenzo-p-dioxin
Tewrachlorodibenzo-p-dioxins (s} 22
isomers)
3C1,-Tetrachiorodibenzo-p-dioxin
13€.2,3,7.8-Terrachlorodibenzo-p-dioxin
14C.2,3,,8-Tetrachlorodibenzo-p-dioxin
1.2,3,7.8-Pentachlorodibenzo~p-dioxin

'C1e-1,2.9,4.6,7,3-Heptachlorodibenzo-p-
dioxin
Otachlorodibenzo-p-dioxin
YCly-Octachlorodibenzo-p-dioxin
2,4-Dichlorodibenzofuran
3.6-Dichlorodibenzofuran
2,3-Dichlorodibenzofuran
1,2.4-Trichlorodibenzofuran
1,2.4,8-Terrachlorodibenzofuran
23,7 8-Tetrachlorodibenzofuran
1,2,4,7,8-Pemachlorodibenzofuran

1,2,4,6,7,9-Hexachiorodibenzo-p-dioxin 1,2,4,6,7,9-Hexachlorodibenzofuras
1.2,3.4,7.8-4 dibenzo-p-dioxi 1.2,3,4,6,.3.9-Heptachlorodidenzofuran
1,2,3,4.6,7-H hlorodibenzo-p-dioxi [o] lorodib: fi
1.2,3,4,6,1.8-Heptachlorodibenzo-p-dioxin

Extraction

Liquid Semples. Measure the total volume of ihe liquid sampile.
Transfer approximately half of the total sample (or up to 40 ml) 10 a
precicaned 125-ml amber glass bottle. Add appropriate quantities of the
internal standards {*7C1-2,3,7,8-TCDD and 37Cl-1,2,3,4,6,7,8-hepta-
chlorodibenzodioxin (HpCDD)}. Add 40 ml of petroleum cther, seal the
vessel tightly with a Teflon-lined cap, and agitate the vessel vigorously on
a laboratory shaker for a period of one hour. Proceed with cleanup and
liquid chromatographic (LC) separation.

Solid Samples. Accurately weigh an aliquot of the XAD-2 or Florisil
sorbent (or other solid sample) corresponding to approximately half of
the total sample (typically 5-13 g), place this in a precleaned glass
thimble, and add appropriate quantities of the internal standards (3’Cle-
2,3,7,8-TCDD and 37Cle-1,2,3,4,6,7,8-HpCDD), directly to the sample in
the thimble. Insert the thimble into a precleaned soxhiet apparatus,
charge the soxhlet reservoir with 100 ml of benzene, and apply heat to the
reservoir to extract the sample. Continue extraction for a period of 16
hours, Remove the extract and concentrate to a volume of about 5 mi
using a Snyder column. Transfer the concentrate to a precleaned 125-ml
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glass bottle and add 40 ml of petroleum ether. Proceed with cleanup and
LC separation.

Cleanup and LC Separation

Add 50 ml of bidistilled water to the vessel containing the sample
extract, reseal the vessel and agitate for ten minutes. Allow the vessel to
stand for a period sufficient for the aqueous and organic layers to
separate completely, and remove and discard the aqueous layer.

Using the same procedure as applied in the preceding paragraph, wash
the extract successively with 50-ml portions of 209 KOH, bidistilled
water, concentrated HySO4 (except in this case agitate mixture for 15
min), and bidistilled water, in each case discarding the washing agent. The
acid washing procedure is repeated until the acid layer is visually
colorless.

Add $ g of anhydrous sodium sulfate to the washed extract and allow it
to stand, 10 remove residual water. Transfer the extract to a centrifuge
tube and concentrate to near-dryness by placing the tube in a water bath
at 55°C, and passing a gentle stream of filtered, prepurified N3 over the
solution.

Prepare a glass macrocolumn, 20 mm o.d. x 230 mm in length, tapered
to 6 mm o.d. on one end. Pack the column with a plug of silanized glass
wool, followed successively by 1.0 g silica, 2.0 g silica containing 33%
(w/w) 1 M NaOH, 1.0 g silica, 4.0 g silica containing 449 (w/w) con-
centrated H2SO4 and 2.0 g silica. Quantitatively transfer the concentrated
extract from the previous paragraph to the column and elute with 45 ml
hexane. Collect the entire eluate and concentrate to a volume of 1-2mlin
a centrifuge tube, as before.

Construct a disposable LC minicolumn by cutting off a 5-ml Pyrex®
disposable pipette at the 2.0-ml mark and packing the lower portion of
the tube with a small plug of silanized glass wool, followed by | g of
Woelm basic alumina, which has been previously activated for st least 16
hours at 600°C in a muffle furnace, and cooled in a desiccator for 30
minutes just before use. Quantitatively transfer the concentrate from the
previous paragraph onto the LC column, rinse the centrifuge tube con-
secutively with two 0.3-ml portions of 3% CH:Cly-in-hexane, and also
transfer the rinses to the chromatography column.

Elute the column with 10 ml of 3% (v/v) CH3Cly-in-hexane and retain
the eluate for PCB analysis. Elute the column with 10 mi of 509% (v/v)
CHCls-in-hexane and retain the eluent for analyses for CDD and CDF.
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Elute the column with 5 ml CH;Cl; and retain the cluate to check for
retention of CDD and CDF on the column.

Concentrate each of the retained fractions to a volume of approxi-
mately | ml by heating the tubes in a water bath while passing a stream of
prepurified N3 over the solutions, as described above. Quantitatively
transfer the concentrated fractions into separate 2-ml microreaction
vessels, splitting each fraction so that half goes into each of iwo sample
vessels. (The contents of one vessel are analyzed for CDF, and the
contents of the other for CDD.) Evaporate the solutions in each of the
microreaction vessels almost to dryness, using the procedures just men-
tioned, rinse the walls of each vessel with 0.5 ml CHCl3, and reconcen-
trate just to dryness.

Approximately | hour before gas chromatographic/ mass spectrometric
(GC/MS) analysis, dilute the residue in each microreaction vessel with an
appropriate quantity of benzene (depending on the anticipated quantities
of analytes in each vessel) and gently swirl the solvent in the vessel to
ensure dissolution of CDD, CDF and PCB.

If preliminary GC/MS screening analysis of the sample indicates the
presence of potential interfering compounds (e.g., those that obscure the
CDD, CDF or PCB signals) or other sampic matrix constituents having
very long GC retention times, then additiona) sample clesnup or frac-
tionation is required using high-performance liquid chromatography
(HPLC). The HPLC used for this purpose is described below. The sampie
is injected into the HPLC apparatus and appropriste fractions are
collected, as determined in advance, by injecting pure CDD and CDF
standards and measuring the retention times of these.

Analysis of Sample Extracts Using GC/MS

Two separate GC/MS methods of analysis were employed in this
study, one utilizing low-resolution gas chromatography/high-resolution
mass spectrometry (LRGC/HRMS), and the other utilizing high-resolu-
tion gas chromatography/low-resolution mass spectrometry (HRGC/
LRMS). For determination of total TCDD in the extracts of the samples,
LRGC/HRMS was employed. This technique provides a genenally reli-
able quantitative indication of the total levels of TCDD present in the
analyte (assuming that the instrument response is the same for all TCDD
isomers), but does not yield information regarding the quantities of
specific TCDD isomers present. For these analyses, a modified AEI MS-
30 mass spectrometer, operated in selected-ion monitoring (SIM) mode,
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is used. This technique utilizes a specialized step-scan circuit and asso-
ciated electronic hardware developed in this laboratory and described in
previous publications. Both m/z 319.8966 and 321.8936 are monitored as
indicators of TCDD during the period when TCDD elute {rom the gas
chromatograph. Thus quantification of the TCDD detected can be based
on the signal observed at either mass. The theoretical ratio of m/z
319.8966 to m/z 321.8936 resulting (rom CDD (based on the known
isotopic abundances of C} and 2’Cl and the numbers of Cl substituents
in the molecular ion) is 0.77, and the experimentally observed ratio
should be essentially the same as the theoretical ratio. This isotope ratio is
another criterion that the data shouid satisfy to certify with confidence
that TCDD is indeed detected. Since the ion signal at m/z 327.8846,
which arises from the 37Cl,-2,3,7,8-TCDD internal standard added to all
samples prior to processing, is also monitored concurrently with the two
masses typical of native TCDD, and the quantification of native TCDD is
actually based on the ratios of the signals at m/z 320 and m/z 322 to that
at m/z 328, the TCDD data obtained are inherently “recovery-corrected.™
This is, of course, one of the chief reasons for using an internal standard,
and results in improved accuracy. The percent recovery of the internal
standard is specified in the data listings solely for the purpose of
illustrating the overall efficiency of the analytical procedure.

For determining the total concentrations of each of the various other
classes (penta- through octachlorinated) of CDD and CDF in the sample
extracts, a sophisticated HRGC/LRMS technique was employed. A
complex, computer-controlled SIM scheme was used for this purpose and
the compounds in each extract were quantified during two separate
GC/MS runs. The ions monitored during these GC/ MS analyses for each
group of CDD and CDF are listed in Table I1, while the scquences of GC
and MS operations are shown in Tables 111 and 1V for the two runs.
These procedures permit the monitoring of ion masscs characteristic of
cach class of CDD and CDF during the appropriate GC retention time
interval. As expected, the monochlorinated CDD and CDF have similar
retention times. However, use of a 50-m wall-coated open tubular fused-
silica GC column provides optimum separation and minimizes overlap of
individual compounds. As mentioned earlier, of the 75 possible CDD and
135 possible CDF, authentic standards of only a limited number are
available in our laboratory for use in calibration (see Table 1). Therefore,
most of the CDD and CDF peaks observed in the analyses of the sample
extracls cannot be assigned to a specific isomer. Thus, in arriving at a
quantitative estimate for a given ciass of CDD or CDF, the areas of the
mass chromatographic peaks appearing at the appropriate retention
times, and having the appropriate mass spectral response, were summed
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Tabie 1. lon Masses Monitored Using SIM GC/MS for Simultaneous Determination
of Mono- through Octachiorinated Didenzo-p-dioxins snd Didenzofurans

Class of Approximate
Ch d Ni of Monitored Monitored ™ Ratie
Dibenzodiosin  Chlorine m/z for m/z for Expected on Basie
or Dib i Dibenzo-p~dioxins of Isotopie
Dibenzofuran X) C}3H,.,00), C3H,., 0,1, Abundanee
Mono- 1 202.019* 218.0013* 1.00
204.016 220.011 0.35
Di. 2 235.980° 251974 1.00
.9 253.972 0.69
Trie 3 269.941° 285.940* 0.99
271.938 287.937 1.00
Tetra- 4 303.902* 319.897* 0.7
305.899 321,894 1.00
.88
(2569337 02t
[258.930)* 0.20
Penta- ] 337.863* 353.858¢ 057
. 339.860 355.855 1.00
Hexa- ] n.s 389.816 1.00
375818 391.813 0.87
Hepta- 7 407.782 43.77 1.00
409.779 42574 1.00
431.7¢5*
Octa- ] 441,743 457.738 0.86
443.740 459.738 1.00

*Molscular ion peak.
WG labeied TCDD and HpCDD standard peaks.
“lons thst can be itored in TCDD analyses for confirmation purposes.

and compared 1o the corresponding ares observed from injection of a
known quantity of a calibration standard of the same class. In general, a
single CDD or CDF isomer of each chlorinated group (monochlorinated,
dichlorinated, etc.) was used in the calibration process. However, since all
22 TCDD isomers are available in this laboratory, it is possible to make a
reasonably definitive identification of most of the TCDD isomers present
in the samples, because the techniques employed permit complete separa-
tion of most of these isomers.

Sample extracts expected to contain PCB were also subjected to
HRGC/LRMS analysis, using SIM. PCB standards representative of
several classes of PCB (mono- through decachlorinated) were used to
calibrate the GC/MS and to determine appropriate GC retention time
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Table NI Sequence of Opersations In GC/MS (MS-25) Anelyses of CDD and CDF In First Injection of Sample Extract

GC Temperstwrs (L
Flopaed Colomn Frogrom Monitared by
Vimve Tomporatwee Rate Mon Spectrometes Comprands
towbon Evewy 0 1°C/min) (w/) Menitered
" Injertion, 1pitiess )
1.9 Ton on sphit vaise 190
10 Negin temp. prngrom In 100°C i 3
e Open column fNlow 10 MS 0 3
e Sinit preogrom I sneep v 1N ppm;
tent on roch mass ¢ 013 see 203 3 Mone-C) (uram
Mone-C1 fuiane
Mone-Cl dimnine
Mone-C) dionim
" Colomn reoches hothermal hold ne
. Siop program | mw
.8 SN pegram X ywerp 2 40D ppm;
Ume on eoch moss * 0.)3 sec e 9900 Cly foram
mm Chy fersm
.90 €1y diwnim
we Cly disaim
) Siop program 1
[[%}] Sioet prngram S: sweep ¢ 123 ppm: 20 )11.803 7'Cl-labeled 1CDO
time on peatn mass ® 0.2 see; tiwe 231.863 1y tovem
o "CRICOD * 0.07 e pLY ] Cly faenne
352890 Cly dloniom
135088 Cly dioxing
8N Regin lemp program 10 1)5°C m ]
ne Siep program 3 33
“n Son pogam T tevep ¢ (13 ppw;
time o each mass » 003 we b3} w01.701 Q) fursen
L A1) Chy wveme
.m Chy disaine
.77 Cly elonine
. s "'Clisbeied HpCDOD
" Siop program 7
9.0 Retwn GC 10 In initial semp
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Toble 1V, Sequence nf Opesations in GC/MS (MS~—15) Anslyses of COD and CDF in Second Injection of Sample Extenct

GC Tempersture
Column Menliored by
Vime Tempesatuse » Mase Spectrameier Compounds
{win) Frem (] 12°C/wmim) (wiv) Muniiored
o Injesting, ophiviess 19
1.9 Torn on spit vaive 1%
m Tegia Wwp progrom 18 20°C "
" e fow e MY m 3
“e Nontt pragram ): sucep © 10 ppm; me H 15.m0 Chy lueam
Vowt on eath e > 913 me 27 Clj futom
197 Cly dtotinn
3. Cly diasine
bad Colomm reaches 220U hoid iahermat ™
ne Sop pragram 2 m
wn B0t program &: ancep 100 ppew; w» Jern2 Cly fwrame
e oe (3 maw * 813 we: lime 03809 Cly lwtnne.
o VCLICLI » 0.09 uc 31909 Q) dionim
32109 C)y dinsims
srses V'Cl-mdei¢ 1COD
bodd Sop program ¢ 0
ne Prgin iemp pragrom 10 213°C 2] []
nw Bioey program & 1ecep * 10 ppe; m 3 mn C\, lwrens.
it o0 t0ch mavs ¢ .23 e pritil] €y furam
»ese ), dioning
»ma Cly dlonine
“He Biop propom & 73
“n Moon progtom ¥: sncep o 173 ppen; m 1.8 Cly Iovam
Nont on each mers * 0,003 we e Cly furam
awvm Cly slonins
as.e Cly diovim
.88 PCLiabeitd HpCDD
[l Siop progrom 1 b3 ] Cly turane
ne Biaot pragrom §: sucep o 125 ppm; 8 Cly foram
Sime on each mem » 033 we €\ dienine
Cly divime
L L J Mg prapram &
nw Retwrn 60 Initiad semp 08
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INCINERATION OF PCB 163

parameters and sensitivities for each PCB class. The mass spectral ions
indicative of each PCB class that were monitored at the appropriate
retention time are shown in Table V. The same monitoring sequence was
applied to the sample extracts to estimate the quantities of total PCB of
cach class that were present.

Immediately before analysis, cach sampie cxtract was diluted to the
desired volume (typically §0-50 ul) and I- to 10-ul aliquots of each
sample extract were injected via a microsyringe into one of the gas
chromatographs.

Specific details follow of the apparatus, operating conditions and
experimental parameters for the GC/MS analyses reported here.

Parameters for LRGC/HRMS Analysis of Sample Exiracts
Instrumeniation. A Varian 3740 gas chromatograph coupled through

an Associated Electric Industries (AEI) silicone membrane separator toa
modified AEI MS-30 mass spectrometer. Modifications to the MS-30

Table V. lon Masses Menltered Using SIM GC/MS for Simultsareus
Determination of Meno- through Decachlorinated PCB

Class of Number
Chlorinated Chiorine Tons Menitored (m/z)
PR Substituents for PCB [Cy3H,,. Q1)
Mono- 1 188.039
190.036
Di- 2 222.000
223997
Trie 3 255.96)
257.958
Tetra- 4 289.922
291919
Penta- H 325.880
am
Hexa- [} 359.541
J61.839
Hepta- 7 393.802
396.800
Octe- ] 422.763
429.761
Nona- 9 463.72
465.719
Deca- 10 497.683
499.630
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164 PCB TREATMENT, RECOVERY AND DESTRUCTION

include a new ESA power supply and incorporation of a custom-built
step-scan circuit driven by a Nicolet 1074 Signal Averaging Computer.
Four masses are rapidly scanned at the retention time of the dioxin or
furan of interest.

Conditions for the Gas Chromatograph. The column was a |.8-m = 2-
mm id. glass column packed with [.5% OV-101 on Gas ChromQ
(100/120 mesh). The carrier gas was helium at a flowrate of 30 m!/min.
The temperatures were injector, 250°C; column, 220°C; transfer lines,
285°C.

Conditions for the Mass Specirometer. lonizing voltage was 70¢V;
swtic resolution was 1:12,500 (10% valley); source envelope pressure was .
5 =103 torr; analyzer pressure was 5= 106 torr; source temperature was
250°C; membrane separator temperature was 215°C; transfer line tem-
perature was 270°C; and ions monitored were m/z 319.8966, 321.8936,
325.8805 and 327.8846.

Parameters for HRGC/LRMS Analysis of Sample Extracts

Instrumeniation. A Perkin-Elmer Sigma 111 gas chromatograph was
coupled through a custom-fabricated interface, including a single-stage
glass jet separator, to a Kratos MS-25 mass spectrometer equipped with a
DS-50SM Data System. .

Conditions for the Gas Chromatograph. The column was a 50-m
WCOT (OV-101) silica capillary column. The carrier gas was hydrogen,
at 30 Ib head pressure. The column temperature was programmed from
190 to 220°C at 5°C/min, hold at 220°C for 20 min. The interface
temperature was 250°C. Splitiess injection was used.

Conditions for the Mass Spectromeer. SIM modc was used. (For m/z

monitored and details of instrumental procedures see Tables 11 to V.)
Ionizing voltage was 70 eV; accelerating voltage was 4 kV.

High-Performance Liquid Chromatography

The apparatus and instrumental parameters applied for HPLC frac-
tionation of sample extracts are specified below.
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Parameters for HPLC Fractionation of Sample Extracts

Instrumensation. A Varian Model 5021 Microprocessor Controlled
High-Performance Chromatograph was equipped with CDS-111L Data
System,

Parameters. Pressure was maintained between 10 and 250 atm. A 25-u|
injection loop was used. The guard column was a 37-u Vydac SC reverse-
phase, 4.0 cm = 0.4 cm i.d. The analytical column comprised two Du Pont
Zorbax-ODS columns, each 25.0 cm * 0.6 cm i.d. The temperature of the
guard column was 20°C; in the analytical column, 50°C. Detectors were:
fixed UV, 254 nm, 0.0 absorbent units full scale (AUFS); Varichrom
UV-Vis: TCDD, 235 nm, 0.01 AUFS, HxCDD, HpCDD, 245 nm, 0.01
AUFS.

Reagents and Chemicals

The following reagents and chemicals were utilized in the procedures
outlined above:

® reagent-grade p j sodium sulfste and sulfuric
scid (J. T. Baker Clmmnl Co. ov Fuhu Scientific Co., Fairlawn, NJ)

® (distilled-in-glass methanol, hexans, methyl ide and b (
and Jackson, Muskegon, M)

*  Omnisolve-quality, low-boiling petroleum ether (Matheson, Coleman, and
Bell, Cincinnati, OH)

® Activity Grade | Woelm basic slumina (ICN Ph icals, Cleveland,
OH)
® Dbidistilled water from sll-glass distillation apy (Brehm Lab y)

* prepurified nitrogen (Airco, Inc.. Montvaie, NJ).

Standards employed in this work were obwined from the following
sources:

I-chlorodibenzo-p-dioxin (Analabs, Inc., North Haven, CT)
2-chiorodibenzo-p~dioxin (Analads, Inc., North Haven, CT)
1.7-dichiorodibenzo-p-dioxin (Analads, inc., North Haven, CT)
2.3-dichlorodibenzo-p-dioxin (Analabs, Inc., North Haven, CT)

1, 2.4-trichlorodibenzo-p-dioxin (Analabs, Inc., North Haven, CT)
1.2.3.4-tetrachlorodibenzo~p-dioxin (Analads, Inc., North Haven, CT)
7C1-2.3.2.8-TCDD (KOR lsotopes, Cambridge. MA)

2.).7.8-TCDD and other TCDD i (Dow Chemical Co., Midland, MI,
and H. R. Buser, Swiss Federal Research Sution, Widenswil, Switzeriand)
1,2.3,2.8-PCDOD (KOR Isotopes, Cambridge, MA)

* 1,2,,4,7,8-HxCDD (Dr. A. Poiand, University of Rochester, NY)

* 1,24,6,79-HxCDD (Dr. A. Poland. University of Rochester, NY)

MONS 00‘!570



166 PCB TREATMENT, RECOVERY AND DESTRUCTION

1C11,2,3,4,6,7,8-HpCDD (KOR lsotopes, Cambridge, MA)
OCDD (Analabs, Inc., North Haven, CT)

3C1-0CDD (KOR lsotopes, Cambridge, MA)
24-dichlorodibenzofuran (All CDF obtained from Food and Drug Adminis-
tration, Washington, DC)

2,8-dichlorodibenzofuran

1,2,4-trichlorodibenzofuran

1.2,4.8-tetrachlorodibenzofuran

2.),7.8-tetrachiorodibenzofuran

2.3.6.8 hlorodib f

1.2.4,7,8-pentachiorodidbenzofuran

1.2,3.5,7.9-hexachlorodibenzofuran
1.2,3.4.5.8.9-heptachlorodibenzofuran

octachiorodibenzofuran

Quality Assurance

As is the case for all analytical programs conducted in our laboratory,
all analytical messurements were accomplished in accordance with good
laboratory practice. An extensive quality assurance program is estab-
lished and followed for all projects such as those described here. This
program includes analyses of solvent and method blanks, analyses of
internally spiked control samples, and determinations to validate the
efficacy of the analytical procedures applied, as already described.
Quality control for the individual analyses reporied here was also
provided on a continuing basis for CDD determinations because of the
incorporation of known quantities of labeled TCDD and HpCDD
internal etandards into each sample before analysis.

RESULTS AND DISCUSSION
Total TCDD and TCDF

Results obtained from the determination of total TCDD and TCDF in
the stack effluents (that is, in the individual sampling train samples) from
the tests at Rollins are reported in Tables VI and VII, respectively.
Corresponding data for the tests at ENSCO are reported in Tables VIiI
and IX. The data for total TCDD and TCDF are reporied separately,
because these results were considered by EPA to have greatest relevance
for the estimation of health risks in connection with the incineration tests,
and were the first results obtained by the Brehm Laboratory in this study.
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Tahle Vi. Resullts of Analyses of Rollina Incinerator Stack EfMluent Sampies for TCDD (PCB Desteuction Tests)
Native TCDD Detecied

Minimune
Test and TRW in Entire Sample Detectable
Sampls Treln Sampie (ng) Q y Peveont
Number Number Sample Type m/z 320 m/e 322 Aversge (ng) Revovery®

[} ] 088§ Impinger® 160 197 .79 0.4) 100
(] 60382 Probe wash d16 451 1M 043 100
H 6-058) XAD-2 resin 0.33 2.09¢ [B1} 0.4) 100
[ 6-0504/6-0585% Florisil [ ] 0 0.70 “
u 6-0003 Impinger® (] [] ] 027 73
L1 60606 Probe wash . 152 1.4 0.27 129
it 6-0607/6-0008¢ XAD:2 resin o 0 0 0.8 107
o 6-0609 Flonisil [} [ [ 0.48 b
%1 6-064) Impinger* [ [ 0 0.90 100
X2 6-0644 Probe wash*
32 6-0643 XAD-2 resin 0 0 (] 0.0 ]
)2 6-0646 Flotisil 0 [} 0 0.3 b

*Based on V'C14:2,3,2.8-TCOD added as internal standard.

SUpper layer (appaemly hesane fraction) only.

! resolved Imesle at mfz )22 resuits in clevaled signal.

4Composite.

* Sample contained only one layer, which app 10 be the layer; upper hexane layer ohserved in other samples was compiesely

aboent,
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Teble VI, Resulis of Anslyses of Rolllns Inclneraine Stack Efffuent Samples for TCDF (PCH Destewction Tests)

Quaniity of Minlmom
Totsl TCDF Apparent Quantity of Detectable
Test and TRW in Entire Number Apparent Quaniity of
Somple Trsin Sample Seamphe’ of TCOF 13,73 TCDF* TCOP Pereems
Numbera Number Sample Type (ng) Isomers® (ng) (ng) Recovery?
[P 60581 impinger )s 6 07 0.08 100+
L 6-0582 Probe wash 50 7 03 el 09
(] 6058} XAD-2 tesin 30 ] 0) 0.8 [ ]
(] 60384/6-058s" Flovisil [] [ ] 9 008 [}
nt 60608 impinges* 6.0 9 [ }] [ A n
% 6-0606 robe wash 1 3 14 (K 221
% 6-0607/4-0608' XAD-2 resin 10 13 0.23 007 100
%) 6-0609 Florisil 0 [ [} 0.0 ”
%2 6-064) Impinger® [ [ ) 02 100
X2 6-0044 I'robe wash® 0 [} [} 0.3 ]
%2 60643 XAD-2 resin 20 L 02 o) n
X2 6-0646 Florisil 0 0 [ 04 »
* Bated on rammation of the areas of all mass momnompm: mks obnmd in 8 selecied TCDF retention time window, while menitering m/ 2 304
and W6, I Is d that the i n J by Rg Wilth an ic 2.3,7,5-TCDF siandard is the same for sl TCDF

somess.

*The number of discreie mass chromsiographic peaks cbserved in the TCDF window. Since all TCDF isomers are not available (or determination of
GC ratemtion times, it is not known whethes o R0t cach penk sepieseats mota than one isomer. Tha number cited is therefors e minimum number
of TCDF iramers that can be present in the sample.

¢ Determined on 1he basis of the mass chiromatagraphic peak which has & retention time corresponding to that of the 2,3,7,8-TCDF isomer. Other
TCDF somers may also be included in this peak.

“3a00d on V'C14-2.3,7,8-1CDD added as an internal standard.

:U"nv layer (appatently hexane fraction) only.

C

Sample uuun‘ only one layer which apy d to be ihe acet Inyer; upper hexane layer observed in other samples was compietely

aboent.
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Toble VUL, Results of Annlysee of ENSCO Incinerator Stach Efftuent Samples for TCDD (PCB Destruction Teste)
Natlve TCDD Detected

Minimum
Tewt and TRW fo Entls Semole Detectable
Sawple Train Sempie i Quentity Pereent
Number Number Sample Type m/z 310 m/e 312 Averege (ng) Recovery*
Ty 60528 Probe wash 0617 0.149 0.158 0.062 146
(3} 6-0529 XAD-2 resin 0.088 0.122 0.108 0.062 104
{F § 6-0530 XAD-1 1esin [] [} [} 0.073 [}
(1 60501 Florisit o 0 0 0.062 in
- 6-0560 Impinger” 0.400 0.551 0476 0.n 2
L1 6.0361 Probe wash [ [ L] 0.2 »
) 641562 XAD-2 tesin o [} 0 .3 13
il 6-0563 Flovisil [ 0 0 0.66 7
A ] 6-0574A Impinger* [] 0 [ 0.}3 n
1 6-05741) Probe wesh ) [ ] on ”
%1 -0374C XAD-2 resin’ ° ° [ 0.20 L]
3 6-05401» Florisil (1 of 2) 0 0 0 0.20 122
%) 6-0574E Florsil (20 2) [ ] ] [] 043 46

* Bosed o VCly-2,3,7,8-TCOD ndded as internal standaed.

Stmpinger sample from this scrics was broken when received by Wright State.
€ Upper layer (apparently hexane fraction) only.

“The other XAD-2 sesin t1ap was moi teccived by Wiight State.
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Table 1X. Resuits of Anslyses of ENSCO Incinerator Stack Effluent Samples for TCDF (PCB Destruction Testa)

Quandity of Minlmum
Tetal TCDF Apparent Quamiity of Detectadle
Tes) ond . TRW in Entire Nember Apparent Quemsity of
Sample Teain Sample Somple* of TCDF 13,7 8-TCLF* Tcor Pevermt
Numbers Numher Sample Type (ng) Tsomers® (ng) (ng) Recovery
(R 60328 Prohe wash [ ° 0 1 0
%1 50519 XAD:2 resin ° ] ° 1 *
%] 50310 XAD-2 resin 0 0 ] ol n
[ 6.083) Florisil 10 4 [ %] 0.4 Ios
%) 60560 Impinger’ 40 ) 10 0.3 1]
A} 03581 Probe Wash (X 2 [ 3] (X ] 7
%1 8362 XAD-2 resin 15 ] 03 008 t0ge
% 6.036) Flosisil [} 0 0 0.08 100
s 603747 Impinger’ [] [] ] 03 100¢
% 603240 Prebe wash L] (] 0 02 108
r .0824C XAD-1csin® . 0 0 008 100
xi - «83741> Florisil (1 of 3) L] [ (] 04 n
LY 5.0324E Flockil (2 of 2} o ° [} 00 L]

* Pased on sumenstion of the areas of ail mass :Mﬂulo'u'uh‘c yuh ebserved in 5 selecied TCDP retention time windaw, while menitering m/ 2 e

o 306, 10 is avsumed tiae b

"1 he anmber of discreie mass chvamatorraphic peaks observed in the TCDF window. Since al) TCIIF iromvers are not availedle for detesmination of
UC retention limes, il v now Raown w hether or 00t cach peak sepresents moee than ene isomer. 1he aumber cited is Ihere(ore the miniovem sumber
of TCDF isomers which can be present in the sample.

* Derermined on the basis of the mass chiamaiographic peak which hes o retention lime corresponding 10 that of the 2,3,7.8- TCDF isomer. Ovher
TCDF lsamers may sho he incided in this pesk

response

by

“ased on 7'C1p-2,0.7.8-1CD1) wdded 98 am imernal standard.
T Impinper sample {som this seeies was hroken when received by Wright State.
! Upper layer (appecently Rexane (raction) anly.
S The other XAL)-2 rerin trap was not received by Wright Siste.
MRecovery cowld not be Jetcrmined on basis of low resolwtion MS analysis becawse of unresolved imicrference st m/z 328,
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INCINERATION OF PCB 171

As mentioned earlier, the total TCDD resuits were obtained by LRGC/
HRMS, while the total TCDF data were obtained by HRGC/LRMS.

As noted above, the results obtained for total TCDD do not permit any
definitive conclusions with respect to the composition of TCDD posi-
tional isomers. Some information on this topic was obtained however, for
TCDD and TCDF from capillary-column HRGC/LRMS mecasurements.
These results are discussed below. The data for total TCDD and TCDF
shown in Tables VI and V1I (Rollins tests) indicate that these compounds
were detected in the train samples from tests | and 2, but generally were
not found in the train samples from test 3. The same observations are
applicable 10 the ENSCO data (Tables V1Il and 1X). One possible
conclusion that can be drawn from these observations is that the
“normal” chiorocarbon wastes incinerated by these two plants are the
source of the TCDD (since these were burned in both tests | and 2),
whereas incineration of the PCB (which were the only chlorocarbons
burned in test 3) did not yield TCDD. There is no obvious rationale for
the curious pattern of the TCDD results (for exampie, the observation of
TCDD in the impinger, probe wash and XAD-2 resin samples from one
test, whereas only the probe wash sample or the impinger sample
contained TCDD in other tests). Possibly, this reflects erratic sampling
procedures (as discussed earlier) or variations in the washing of the train
components by the field sampling contractor. Alternatively, temperature
fluctuations in various sections of the train might account for some of
these observations. Similar peculiarities are apparent in the patterns
observed for the total TCDF data.

Data for both the TCDD and TCDF are reported as total quantities
present in each type of sample analyzed. Since the volumes and weights of
the various samples varied considerably, and since these could not be
related to original volumes and weights (these were not available, and in
any case, leakage and/or loss of unknown quantities of most samples
occurred during shipment) it was not possible to calculate concentrations
of TCDD and TCDF present in the samples from the analytical data
determined by our laboratory.

Isomarie Composition of TCDD and TCDF

Data on the isomeric composition of the TCDD and TCDF present in
representative Rollins and ENSCO samples were also obtained in the
present study from the HRGC/LRMS measurements. For these latter
determinstions, a 50-m capillary GC column was utilized, which is
capable of resolving many of the tetrachlorinated isomers. For example,
Figure 6 shows SIM mass chromatographs obtained for a mixture of 12
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Figure 6. Sclected-ion mass ch g btained by HRGC/LRMS for 12-isomer
TCDD dard mi Masses itored were: * = 256-259; # = 3i9-322; 0 =
327-328, N ing of peaks corresponds 10 isomer identifications shown at right.

TCDD isomers by monitoring sequentially nominal m/z 257 and 259 (the
sum of these is displayed); nominal m/z 320 and 322 (sum of these is
displayed); and nominal m/z 328 in one GC/MS run. Corresponding
displays obwined from the HRGC/LRMS analyses of TRW sample
number 6-0660 (Rollins test 2, train I, probe wash sample) and sample
number 6-0660 (ENSCO test 2, train 1, impinger sample) are shown in
Figures 7 and 8 (the numbering of peaks corresponds to that shown in
Figure 6). By comparing the observed sequence of peaks in these runs
with that observed for the standard isomer mixture (Figure 6), and by
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Figure 7.  Selecied-i i g mass ch biained from HRGC/LRMS
lnllyul of Roilins test 2, train ) proh wash umpu (TRW No. 6-0606) showing TCDD
isomer peaks. Numbering and symbols are given in Figure 6. 1'C1,-2,3,7,8-TCDD was
added as an internal standard,

utilizing other related GC data obtained in our laboratory, it is possible to
identify positively four of the TCDD isomer peaks detected in the
analyses of these two samples. It is known from the results cited above
that each of these four isomers is compietely resolved from the other 21
TCDD isomers, and identification of these isomers is unequivocal using
the experimenta! conditions employed here. These isomers and their
relative quantities (percents of the total TCDD) are listed in Table X for
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Figure 8. Selected-i itoring mass ch btained from HRGC/LRMS

analysis of ENSCO 1est 2, train | impinger umpl-t (TRW No. 6-0560) showing TCDD
isomer peaks. Numbering of isomer peaks is given in Figure 6. Y7C1,-2,3,7,8-TCDD was
added a3 an internal standard. Symbols: * 3 319-322; ¥ = 327-328.

the two samples indicated. Several of the other isomer peaks shown in
Figures 7 and 8 also correspond in retention time to specific isomers
included in our 12-isomer mixture, but other data obtained in this
Jaboratory indicate that these isomers are not uniquely resolved {rom the
other TCDD isomers, and so the identifications of these other peaks are
tentative. Under the presently utilized experimental conditions, the
2,3,7,8-TCDD isomer is aiso resolved from most other TCDD isomers,
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Table X. TCDD lsomers Determined (n Stack EfMuent Samples from
Incineration Tests at Rolllns and ENSCO

Test and TRW TCDD Percent of
Sample Sampie Isomers Total
Train Numbers Number Origin Detected TCDD
P 6-0606 Rollins 1,3.6.8- 28
Environmental 13,79 22
Services 1,369 9
12,79 9
Others® 38
2 60560 ENSCO 1.3.68 20
13,79 18
1.3.69 3
1.2,79 ]
Others® 54
*TCDD are also observed at ion times ponding 10 lhe 1,3.7.8-, 1.2,6,8- and

1,2,6.9- isomers, but these isomers are apparently not ,' from several
other TCDD isomers which could also account for nme puh
*TCDD are also observed a1 ion times p g o the 1,3,7.8-, 1,268 and

1.2,3.4- isomers, but thess peaks may aiso be sccounted for by several other isomers.

and since no mass chromatographic peak was detected at the 2,3,7,8-
TCDD retention time, it is therefore possible to state that, within the
limits of detection applicable here (500 pg) 2,3,7,8-TCDD is nor detected
in the effluent sampies analyzed. It seems probable that the isomeric
composition of the TCDD in the other effluent samples would be
essentially the same as those detected for the two sampies just discussed.
Less definitive data on the isomeric composition of the TCDF could be
obtained, because only three TCDF isomer standards were available for
calibration (1.2,4,8-, 2,3,6,8-and 2,3,7.8-TCDF). Thus, althougha TCDF
peak is observed at the retention time corresponding to that of 2,3,7 8-
TCDF in the mass chromatograms of many of the samples, completely
unequivocal assignment of this peak is not possible at present. The
quantities of the TCDF component that is “apparentiy” 2,3,7,8-TCDF
are listed in Tables VIl and 1X, along with the data for total TCDF.
Again, it must be emphasized that this assignment is tentative.

Total Higher-Chlorinated CDD and CDF
Using the complex sequence of HRGC/LRMS procedures described
above, the complete series of higher-chlorinated CDD and CDF (total

penta- through octachlorinated) were determined in representative
Rollins and ENSCO samples. Examples of mass chromatograms typical
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of those obtained in the course of these compiete GC/MS scans are
shown in Figures 9 and 10. Figure 9 shows the mass chromatograms
resuiting from injection of a mixture of three TCDF standards. The
corresponding mass chromatograms {or an actual sample (TRW number
6-0606) showing the responses for various TCDF contained therein are
shown in Figure 10. Similar calibration data and corresponding MS data
for actual samples were obtained for all the other classes of CDD and

100 -

100v=492

1008372

0 L,

7

w0l

Belative Intensity

e

3 50 100 116 260 3 %0 b eod

Figure 9. HRGC/LRMS mass ch results obiained for calibration suandard
ini hloridibenzoft (2.3.7.8, 1,2,4,8- 2nd 2,2,6.8-TCDF). Symbols: * =

303-304; # = 303-306.
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Figure 10. HRGC/LRMS mass chromatogram obwined in anaiysis of TCDF in Rollins
test 2, train ) probe wash sampie (TRW No. 6-0606. Symbol: # = 303-306.

CDF. The CDD and CDF isomer standards utilized in obtaining the
calibration data included:

1-chiorodibenzo-p-dioxin:

2.7-chlorodibenzo-p-dioxin

1.2.4trichlorodibenzo-p-dioxin;

23,78 hiorodibenzo-p-dioxin and all 22 TCDD isomers;
Q12308 hlorodibenzo-p-dioxin;
1,2,3,4,7.8-hexachlorodibenzo-p-dioxin;
1,2,3,4.6,7.8-heprachiorodib -p-dioxin;
octachlorodibenzo-p-dioxin;
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2,4-dichlorodibenzofuran:
1,2.4-irichlorodibenzofuran
2,3,7.8-tetrachlorodibenzofuran;
1,2,4,3-tetrachlorodidenzofuran;
1,2,4,7,9-pentachiorodibenzofuran;
1,2,4,6,7,9-hexachlorodibenzofuran; and
octachiorodibenzofuran,

® 9o 0o 00 e

The quantities of total CDD and CDF of the various chlorinated classes
in two representative samples [the test 1, train I, probe wash sample from
Rollins (TRW number 6-0582). and the test 2, train |, impinger sample
from ENSCO (TRW number 6-0560)] as determined from the HRGC/
LRMS data described above, are listed in Tables XI and XII, respec-
tively. It appears that the quantities of CDF in these samples generally
exceed the quantities of the corresponding CDD. The significance of
these observations and their bearing on the combustion mechanisms is
not apparent, and is difficult to determine in the absence of data on other
chemical constituents in the effluents and feed materials.

Polychlorinated Biphenyls

In the limited time permitted for the analyses of samples collected in
this survey, it was possible to analyze only a single sampie for PCB
content. The sample analyzed was a Florisil trap sample from Rollins
test 2, train | (TRW number 6-0609), and the results are shown in Table
XI1I. Typical mass chromatograms obtained for a mixture of PCB
standards and for this sample in the course of these analyses are shown in
Figures 11 and 12. Similar data were obtained for other classes of PCB.
Clearly, severa) classes of PCB were detected in the sample. The estimated
quantities of the various PCB present are given in Table XIII.

RESULTS OF RISK ASSESSMENT PERFORMED BY EPA

The data obtained during the course of the complex analyses described
above were smployed by EPA to accomplish risk assessments for both the
ENSCO and Rollins incinerators. The bases for these risk assessments
(which estimate the hazards to human heaith resulting from emissions
from these incinerators) are described in detail eisewhere [11], and only
the general approach and conciusions derived by EPA are summarized
here,

The risk assessment calculations were based solely on the levels of total
TCDD and total TCDF provided to EPA by this laboratory [12] and
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Teble XI. HRGC/LRMS Dsts on Totsl CDD snd CDF (Tetra- through
Octachiorinated) in Test 1, Train 1, Probe Wash Sample (TWR Number 6-0582)
from Incineration Tests st Rollins

Quantity of
Total CDD/CDF Minimum

Number of Detected In Detectable

Apparent Tota! Sample Quantity Pereent
CDD/CDF* lsomers® (ng)’ (g Recovery
TCDD ' 100'
PCDD 4 4 0.3
HxCDD 2 1 0.5
HpCDD 1 2 2 100
oCDD I 5 3
TCDF 7 ] 0.2
PCDF 6 30 0.3
11xCDF 4 25 0.5
HpCDF 2 12 H
OCDF ) 10 3

* Prefix designations are: T 3 1eira-; P » penta-; Hx = hexa-; Hp- = hepua; O = octa-,

bSince only a limited number of CDD and CDF isomers are available (see Tables ] and 11), it
is not mwh(odemmuformdmdnmdmblm CDF that all isomers of 8
given chiorinated group (for ple, the p hlori there are 14 PCDD)
ars completely resolved by using the GC eoudmou empioyed here. Therefore, it is not
certain that snch pesk of the (amily observed for s given chlorinated group corresponds 10 a
single isomer, Hence, the terminology “spparent”™ is used which designated the number of
GC peaks observed for s given chiorinaied group of CDD and CDF.

¢ Results are correctied for recovery on the basis of recovery of added internal standards.

‘Recoveries for CDD were estimated on the basis of recovery ol‘ two internal standards
added to the ples prior 10 pr ing. These dards are YC1,:23.7.8-TCDD. the
recovery of which was assumed 10 be mdncauve of the recoveries of native PCDD and
lowsr-chiorinated CDD (1hat is, mono~ through pena-CDD), and ’7Cl.-l 2.3,4,6,7.3-
HpCDD, the recovery of which was sssumed 10 be indicative of the recoveries of native
HxCDD and higher-chiorinated CDD (1hat is, hexa- through octa-CDD). No isotopically
labelied CDF were available. and 5o the recoveries of CDF could not directly be assessed.
However, recoveries of CDF are probably on the same order as the corresponding CDD.

*Not deiermined in the HRGC/LRMS analyses: these dawa were obnsined by LRGC/
HRMS and are reporied in Table VL.

" Refers 10 recovery of °Cl-iabeled dard ioned in d.

described here. These data, in turn, were used in calculating the mass
emission rates for TCDD and TCDF during the various test burns
conducted at Rollins and ENSCO. To estimate the probable airborne
concentrations of TCDD and TCDF that would result from these
emissions, a computer modeling scheme was employed. The caiculations
ultimately yiclded an estimate of the TCDD/ TCDF concentrations in the
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Table XII. HRGC/LRMS Data on Totsl CDD and CDF (Tetrs- through
Octachlorinated) in Test 2, Train 1. Impinger Sample (TWR Number 6-0568)
from Incinerstion Tests at ENSCO

Quantity of
Towt COD/CDF Minimum’

Number of Detected in Detectable

Apparent Total Sample Quantity Percent
CDD/CDF* Tromens® (ng)* (ng) Recovery
TCDD ¢ 100
PCDD 1
HxCDD 2
HpCDD 6 100
ocDD 8
TCDF k) 4 0.5
PCDF [} 20 i
HxCDF 2
HpCDF 6
OCDF ]

* Prefix designations are: T = 1ctra-; P = penta~; Hx = hexa=; Hp- = hepis; O = ocia-,

*Since only s limited number of CDD and CDF isomers are availabic (see Tables 1 and 11), it
is not possible 10 demonsirate for most of the ciasses of COD and CDF that all isomers of 8
given chlorinated group (for pie, the 1 hiorinated i there are 14 PCDD)
are completely resoived by using the GC diti ployed here. Theref it is not
certain that each peak of the family observed for a given chlorinated group corresponds tos
single isomer. Hence, the terminology “apparent™ is used which designated the number of
GC peaks observed for s given chlorinated group of CDD and CDF.

¢ Results are corrected for recovery on the basis of recovery of added internal standards.

*Recoveries for CDD were estimated on the basis of recovery of iwo internal siandsrds
added 1o the samples prior 10 processing. These standards are Y7C14:2,3,7.8-TCDD, the

recovery of which was d to be indicative of the ies of native PCDD and
lower<chlorinated CDD (that is, mono- through penta-CDD). and Y'Cl,+1.2.3.4.6,7.5-
HpCDD, the recovery of which was d 10 be indicative of the ies of native

HxCDD and higher-chlorinated CDD (1hat is, hexa- through octa-CDD). No isotopically
labelied CDF were available, and 3o the recoveries of CDF could not directly be assessed.
However, ies of CDF are probably on the same order as the corresponding CDD.
¢*Not determined in the HRGC/LRMS analyses; these data were obtained by LRGC/
HRMS and are reported in Table Vi,
"Refers 10 recovery of YClelabeled standards meniioned in footnote d.

breathing zones of persons living near the incinerators. From the latter
results, by utilizing a number of “worst case™ assumptions, and by taking
into account the risk factor associated with breathing air containing
2.3,7,8-TCDD [13,14], EPA concluded that the risk of additional cancers
in the population exposed to the emissions from the ENSCO incinerator
ranges from | to 4 in 10,000,000. Similarly, the risk of additional cancers

MONS 004585




INCINERATION OF PCB 181

Table X11l. HRGC/LRMS Dats on PCB in Test 2, Train 1, Florisd Semple
(TRW Number 6-0609) from Incineration Test st Rolilns

Class of Quantity of Minimum
Chlorinated PCB Number of PCB D d D bl
(No. of Chlorine Apparent In Tota! Sample Quanthty
Substituents) Isomers® (ng)® (ng)
Monochiorinated (1) 0.
Dichiorinated (2) 3 10 0.3
Trichlorinaied (J) ] 18 0.3
Teirachlorinaied (4) 4 k] 0.8
Pemachlorinated-
Decachiorinated (5-10) [+

* Only a limited number of PCB isomers are svailabie for use in establishing GC retemion
times and sensitivities for PCB, and 30 it could not be demonstrated that all isomess of &
siven chiorinated class are resolved using the GC conditions employed here. Therefore, it is
not certain that each peak of the family observed for a given chiorinated group cor
10 a single isomer. Hence, the terminology “apparent™ is used, which designates the number
of GC peaks observed for a given chlorinated group of PCB. '

YA that the sensitivities of all i of a given chiorinated class are the same. Thess
data are not correcied for recovery, since no isotopically labelied PCB were availabie 1o
establish recoveries for the method used.

¢ Some C1-Clig PCB are probably present, but there were too many interferring MS peaks
to reiiabiy determine these.

in the population exposed to the emissions from the Rollins incinerator
was estimated to range from 1 to 180 in 10,000,000. EPA ruled that these
risks were negligible and therefore, in early.1981, granted approval for the
ENSCO and Rollins plants to continue incineration of high-level PCB

wastes.
It is concluded from this assessment, therefore, that under proper
conditions, incineration is a viable procedure for destruction of PCB

wastes.

ACKNOWLEDGMENT
The work described here which was conducted by the Brehm Labora-

tory of Wright State University was supported by the U.S. Environmental
Protection Agency under Cooperative Agreement No. CR806846-01.

MONS 004586



152 PCB TREATMENT, RECOVERY AND DESTRUCTION

100 p=

100923749600

100823762080

10004969472

7°

100v=8732140

o

0

Relative Iatensity

10

Figure 11.  Sclecied-ion mass ch 5 biained from HRGC/LRMS analysis of
a mixture of mono-, di-, tri- and tetrachiorinated PCB standards. Symbols: * = 188-192;
# £ 222.238: O = 255-258; & = 289-292. Ses Table V for listing of isomer masses

corresponding to each PCB class.
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CHAPTER 10

ULTIMATE DISPOSAL OF
POLYCHLORINATED BIPHENYLS
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Kingston, Ontario K7L 2W3
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Kingston, Ontario K7L 2W3

Polychiorinated biphenyls (PCB) present a difficult problem for con-
ventional waste disposal systems. They are very stable chlorinated organic
molecules that require long dwell times at high temperatures to effect
thermal destruction. Present incineration guidelines suggest a 2.0-sec
dwell at J200°C or a 1.5-sec dwell at 1600°C. These combinations are
difficult to achieve in incinerators, vet can be easily achieved in a plasma
system. However, these guidelines may be extremely conservative for a
plasma system, for two reasons. First, since radiative heat transfer
proceeds as a function of the fourth power of the temperature differential,
a plasma system is capabie of transferring energy approximately six
million times faster than conventional incineration. Second, organic
chlorides are known to dehalogenate when excited by ultraviolet (UV)
light. It thus may be conceived that a plasma sysiem possesses properties
conducive to ultimate destruction of organic halogens such as PCB. A test
was conducted to qualify this belief, and a further $400,00Q test program,
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funded by the Ministry of the Environment of the Pravince of Ontario, is
presently under way for toxic waste destruction at the Royal Miliaary
College in Kingston, Ontario.

PCB COMPOSITION AND USES

PCB is the name given 10 a series of aromatic organochlorine homologs
and isomers having the chemical composition C 3H,o.,Cl,. PCB is a
double benzene ring linked by a C-C bond and having 10 possible
chiorine substitutions per molecule. Theoretically, this configuration
results in 210 PCB isomers, having low water solubilities, low volatilities,
and a high degree of resistance to chemical and thermal degradation. In
general, solubility and volatility decreases with increasing chlorine substi-
tution, whereas resistance to breakdown increases. A further important
property of PCB is high solubility in organic solvents. The chemical
stability of PCB coupled with excelient electrical insulating capabilities
led to extensive use as dielectric fluids in capacitors and transformers.
PCB were also used as hydraulic and heat transfer fluids, as wax and
pesticide extenders, in carbonless reproduction paper and in other minor
applications. Since the discovery of the toxic effects of PCB, their use has
been limited to closed systems where release into the environment is
rinimal.

Commercial production of PCB started in 1929, 48 years after the first
reported chemical synthesis of these compounds [1]. In North America,
the sole producer was Monsanto, which supplied 99% of U.S. and
Canadian requirements. Monsanto marketed a range of PCB products,
trademarked Aroclor, which contained varying mixtures of chloroho-
mologs. For example, Aroclor® 1254, which has an average chiorine
content of 54%, contains four homologs in varying amounts.

Total U.S. production to date has been estimated at 1.45 billion
pounds, reaching an annual high of 85 million pounds in 1970. Mon-
santo's voluntary ban on production for open system usage in 1970-1971
reduced annual production to 40 million pounds. Production ceased in
1977. Canadian imports have been estimated at 75 million pounds plusan
unknown amount imported in the form of finished electrical goods {2).

PCB IN THE ENVIRONMENT

PCB are ubiquitous in the environment. They have been found in ocean
sediments, the atmosphere, and a large number of terrestrial and aquatic
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locations, including both polar icecaps. Of locai concern is the Great
Lakes ecosystem, which contains among the highest recorded ambient
PCB levels. For example, in Lake Ontario, the water has a measured
concentration of 45 ppt, the sediment has 72 ppb and certain fish more
than 2.5 ppm. Ontario citizens have the highest PCB residues in Canada:
males have 1.125 ppm and females, 0.859 ppm in adipose tissue {3}

The major routes of PCB into the environment are leaks from sealed or
partly sealed systems, spilis and losses during manufacture, vaporization
or leaching from PCB-containing formulations, and disposal of waste
PCB {4]. The presence of PCB in the atmosphere and in areas remote
from heavily industrialized locations indicates that atmospheric transport
is the major route of giobal dispersion. In large ecosystems, PCB input
from atmospheric deposition is the greatest source of contamination,
exceeding point sources such as sewage treatment plants and industrial
sites [5-7].

In an aquatic environment, PCB spread through the water column
from the air-water interface to the bottom sediment. Aquatic fauna
accumulate PCB through equilibrium partitioning and food sources, the
latter predominating in higher trophic leveis. Because of the chemical
inertness and resistance of PCB to metabolism, magnification within the
food chain has been observed. Predatory fish have the highest concen-
tration factors, about 108, Concentration faciors for water, sediment, and
plankton in Lake Ontario are 1:2500:10° {8-11]. The principal source of
PCB uptake in humans is the diet {12). Although fish provide the greatest
input, PCB have been found in small concentrations in poultry, meat,
produce, dairy products, food wrapping and other household articies
(13).

PCB are truly pervasive in the environment and will remain so for a
long period of time. Temporal trends show no discernable evidence of a
decrease in ambient PCB concentrations, despite the Monsanto ban.

TOXICOLOGY OF PCB

PCB are not particularly toxic in acute or short-term testing. Very high
dosages are necessary to induce a lethal response in most trophic levels.
However, chronic exposure to sublethal concentrations combined with
high lipid solubility and resistance 1o metabolism can result in PCB
accumulation and a toxic response. Synergistic effects of other con-
taminants and environmental stresses are not {ully understood, but they
may intensify the toxic effects of PCB.

In zooplankion and marine algae, PCB in 10-ppb concentration have
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been observed to alter community growth rates by as much as 80%.
Growth of algae greater than 8 um was inhibited by an order of
magnitude, changing the population distribution. The community had
not fully recovered after 10 days in a PCB-free environment [14-18).

Higher forms of aquatic life also showed toxic responses. Concentra-
tions of 10 ug/l caused decreased shell growth in oysters and higher
mortality rates in shrimp and several types of fish. Reproductive success
of Atlantic saimon and rainbow trout has been affected adversely by high
PCB residues in eggs. Pathological repsonses to sublethal dosages of PCB
were found in livers, kidneys and spicens of experimental fish.

Birds have also been studied widely to determine the effects of PCB
poisoning. Species reproductive success has declined as a result of
eggshell thinning. PCB are but one of several organochlorine substances,
such as DDT and Mirex, that are implicated. Highest body residues are
found among raptors and birds whose chief source of food is fish [11).

In Japan, a PCB poisoning incident known as “yusho™ provided
information on the effects of PCB to humans. Rice oil, contaminated with
1000 ppm PCB, was ingested by about 1200 people. Total body burdens
were about 2 g, resulting in PCB concentrations of up 10 75 ppm in
subcutaneous fat. Patients complained of constant abdominal pain, poor
appetite and general fatigue. External symptoms of poisoning were
acneform eruption, pigmentation, swelling of eyelids, eye discharge and
deformation of nails. The principal organs affected were the liver and skin
[19).

There is a small body of evidence to link PCB with carcinogenesis. Rats
developed benign lesions in the livers and experienced an increase in the
numbe: of cells in the liver whereby the bulk of the organ was increased.
These reactions are similar 1o effects of known hepatocarcinogens prior to
the appearance of carcinoma. Among vusho patients, 9 of 22 deaths in
subsequent years were caused by malignant neoplasms. suggesting a
possible excess of deaths {rom cancer [11,19]).

LEGISLATION AND DISPOSAL

As a result of a recommendation by the Organization for Economic
Cooperation and Development (OECD), and after many national studies,
many countries imposed restrictions on PCB use and disposal. In
Canada, this responsibility is divided among the various levels of
government. The Canadian government has issued guidelines on storage,
handling and disposal of PCB, although no disposal technology is in
place. These guidelines permit release of PCB to the environment in low
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concentrations such as road oiling with oil contaminated with less than 2§
ppm of PCB [20]. Such guidelines will only increase the environmental
burden of PCB and may encourage dilution as a solution to the present
toxic waste storage problems.

Approximately 450,000 kg of PCB plus an unknown amoum of
contaminated solids are presently awaiting ultimate disposal in Canada.
Ontario, with 91% of this total, has no licensed disposal site. With
disposal stockpiles growing at an annual rate of 500,000 kg, it is clear that
an effective method of disposa) is urgently required.

PLASMA ARC TECHNOLOGY

Plasmas have been referred to as the fourth state of matter, because
they do not always behave as either a solid, liquid or gas. A plasma may
be defined as a gas consisting of charged and neutral particles, having an
overall charge of approximately zero, which exhibits collective behavior
[21,22). Within the universe, as much as 99% of matter, including stars
and interstellar space, is in the plasma state [23]. On carth, plasmas are
much less prevalent, but the aurora borealis, lightning bolts, fluorescent
and neon lights, and arc welding are common examples. They all exhibit a
common property of plasmas, an ability to readily conduct electricity.

Electrical arcs are used in day-to-day applications in arc welding. Arc
welders are characterized by very short arcs and by electrodes that are
quickly destroyed by the process. To create longer arcs, an innovation
was required to increase the stability of the discharge at the higher
voltages. Initially, the plasma arcs destroyed themseives in a matter of
minutes. Subsequent developments have led to plasma arcs that do not
destroy the electrode, while producing a transferred plasma arc with
excellent dimensional stability. Arcs in general require a great dea) of
maintenance, primarily because they are uncontrollable at elevated
voltages, and therefore require huge amounts of current to develop large
amounts of power. The development of a marketable plasma torch was
undertaken to reverse the high-current/low-voitage requirement. The
torch at the royal Military College Plasma Arc Research Facility
demonstrates very clearly the success of that effort. Plasma systems no
longer need to destroy themselves and require only very litile
maintenance.

The plasma arc can best be understood by thinking of it as an energy
conversion and transfer device. A low-pressure gas is used as the medium
through which an electrical current is passed. The type of gas used is
relatively unimportant in creating the discharge, but will affect the
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ultimate products formed. In passing through the gas, electrical energy is
converted to thermal energy by absorption by the gas molecules. The gas
molecules are activated into ionized atomic states with equivalent temper-
atures of about 50,000° K. In relaxing from these activated states, radia-
tion is given off for absorption by material fed into the piasma.

As a result of energy absorption, waste feed materials are atomized and
ionized as they interact with the decaying plasma species. This process is
one of molecular fracture rather than a chemical oxidation reaction
typical of incineration. The products that result are simple because the
activated states are atomic. This reflects the much more energetic nature
of the radiation supplied by the plasma discharge compared to the
oxidation processes involved in combustion. Furthermore, the volume of
gaseous products is much less than the volume produced in combustion
and thus greatly reduces the scale of commercial equipment. Figure 1
shows the reaction vessel, the liquid feeding apparatus and the product
gas scrubbing system presently being used for plasma pyrolysis of liquid
waste material.

Figure 1.  Reaction vessel system.
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The reaction vesse] is fabricated from stainiess steel and is refractory-
lined to limit heat loss to less than 10% of the applied power. The plasma
torch, which is inserted through the top of the vessel, is rated from 60 to
350 kW and is water<cooled to prevent torch destruction. The gas
scrubbing system consists of a water-injected venturi scrubber, a wet
cyclone and a scrubbing water reservoir as shown in the schematic of the
system in Figure 2,

Water from the scrubber reservoir is injected into the venturi at a rate
of 15 liter/sec to quench hot product gas from 900° C down to 50°C, and
to wet carbon soot entrained in the product gas siream. The wetted gas
then passes through the cylcone, where > 99% of the water is extracted
from the product gas. The extracted water is returned to the 200-liter
scrubber reservoir, where it is cooled before being recirculated through
the scrubbing system. The entire product gas stream then passes through
the glass impinger network, which is designed for a gasflow approaching
40 liter/sec. The impinger network is chilled with ethylene glycol and dry
ice to promote exceptional trapping of organic species produced during
pyrolysis of liquid wastes. The impinger network is shown in Figure 3.

An integral part of the application of this plasma arc technology is the
computerized pyrolytic simulation model based on kinetic equilibrium. If
plasma forces rapid atomization of organic compounds injecied into the

FLARE
INDUCTION
FAN = FLOWMETER GAS ANALYZER
PCB RESERVOIR
SCRUSBEA 1
RESERVOIR
S| BYPASS
VENTUR
PLASMA REACTOR CYCLONE IMPINGERS

Figure 2.  Schematic of PCB test equipment.
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Figure 3. impinger network.

plasma, then recombination: of new molecules from the atomic specier
formed shouid be precictable tused on kinetic equilibrium. The computer
model is us=d to predict the composition of products formed from waste
feedstocks and the amount of plasma energy requirzd to effect pyrolysis.
Equilibrium and material balance equations are used to determine the
concentrations of product species formed over a range of equilibrium
temperature for selected operating conditions. Changes in enthalpy
between the feedstock and the output products are used to predict the
quantity of plasma energy required adiabatically for the pyrolysis of
organic ma:tter. This approach to predicting the performance of the
plasma pyrolysis process has been tested and supported with experi-
mental data which is published elsewhere [24]. This computer simulation
is used to determine suitabie test conditions.
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INITIAL PCB TESTING

The first test was conducted to demonstrate qualitatively the destruc-
tion of a 27,000-ppm concentration of PCB in toluene {25]. During the
test, 1.6% of the product gas was continuously drawn through a dual
ethylene glvcol impinger system, with a rated capture efficiency of 99.6%.
The gas wus also monitored by an infrared (IR) analyzer for methane,
carbon dioxide and carbon monoxide concentrations. Subsequently,
PCB analysis by gas chromatography (GC) was carried out on the
impinger liquids.

A Miran 80 single-bcam infrared spectrophotometer was used for
quantitative analysis of the product gas for CO, CO; and CH,. The gas
flowed continuously through the l-cm cell at 8 liter/ min, with analyses
performed at I-min intervals, Each wavelength was scanned approxi-
mately 15 times during each analysis. An Intel 8080A microprocessor
then applied Beer's law to the measured absorbances and the absorbance
constants stored in memory 1o calculate the concentration of each
component.

A Varian Aerograph Model 920 gas chromatograph equipped with a
thermal conductivity detector was used for analysis of impinger fluid for
PCB presence. The helium carrier gas flowed at a rate of 90 mi/min,
through the 13-ft x 1/4-in. copper chromatographic column packed with
5% S.E. 30 on Chromosorb P. The isothermal temperature settings were
295° C for the injector, 265°C for the column and 310°C for the detector.
A filament current of 180 mA was used in the thermal conductivity
detector.

An Askarel sample consisting of Aroclor 1254 and trichlorobenzene in
the ratio of 68 = 2% (as analyzed by the Ontario Research Foundation)
was used to determine the characteristic chromatogram of the Aroclor
1254 and the limits of detcction. From a standard solution of 68 mg in §
ml of spectranalyzed hexane, five 10-ul and three 1.0-ul sampies of
solution were analyzed. The effective lower limit of detection was judged
10 be 10 ug of Aroclor 1254,

A typical chromatogram of a 10-u! injection is shown in Figure4,and a
chromatogram of the extracted impinger residue is shown in Figure 5.

Assuming the worst case, that the gas chromatograph results represent
PCB only, integration of the curve showed that no more than 10 mg of
PCB were collected in the impingers. The destruction efficiency is
conservatively estimated to be greater than 99% from this qualitative test.
A comparison of the two chromatograms presented clearly shows the
conservative nature of the claim rmade to the destruction of the Aroclor
1254,
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Figure 4. Chromaingram of 10 ul Aroclor 1254,

Figure S. Chromatogram of impinger residuc.

Although this test was qualitative in nature, it yielded a number of
significant observations. The results indicated that the plasma torch was
capable of destroying PCB with a high degree of efficiency. 1t was evident
that the principal limitation to the determination of the destruction
efficiency was the efficacy of the sampling and analysis procedures
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and not the plasma torch. Specifically, the sampling and analysis phase
did not incorporate 100% offgas testing, the identities of the organic com-
pounds in the GC scan were unknown and the impinger did not ensure
100% PCB collection. The adiabatic plasma energy required for pyrolysis
was less than 0.6 kWh/kg of solution and represents only about 10% of
the fuel value of this waste feedstock.

To improve the analytical results, several steps are necessary. Since
these results are based on one test, more tests are obviously required to
ensure repeatability. High resolution and high sensitivity will require a
gas chromatograph with a better detector, such as an electron capture
detector (ECD). A gas chromatography/mass spectrometry/ computer
(GC/MS/COMP) system will be necessary to identify the extraction
residue, assuming it is not PCB. With the financial assistance of the
Ontario Ministry of the Environment, we have begun a comprehensive
testing program.

COMPREHENSIVE TESTING PROGRAM

A series of tests has been conducted using ethanol, methanol and
methano! with trichlorobenzene as liquid wastes. The purpose of these
tests was to demonstrate the performance of the plasma system and to
establish the degree to which energy and material balances could be
determined, These feedstocks were used as precursors to future PCB tests
to minimize any pollution dangers. Computer simulations based on waste
atomization and kinetic equilibrium reformations were conducted before
each test to establish suitable test conditions.

Although many chlorinated organic destruction demonstrations have
shown a reduction in concentration of the waste of interest in the test
effluent, few have been able to identify the location of the chiorine and
complete a.chlorine balance (even on a macroscopic basis). If a chlorine
balance can be demonstrated, the perceived dangers of producing large
quantities of other harmful organic chlorides during the destruction of
PCB compounds are greatly minimized. Rather than using PCB to
attempt a complete chlorine balance, mimicking ring-siructured com-
pounds such as chlorobenzenes can be used to test the ability of the
experimental apparatus 10 capture chlorine compounds.

MONS 004600



196 PCB TREATMENT, RECOVERY AND DESTRUCTION

According to computer simulations of the destruction of a solution of
trichlorobenzene in methanol (500 g in 3 liters) virtually all the chlorine
should form hydrogen chloride. Minor amounts of other chlorine com-
pounds formed should be present in concentrations of less than $ ppm. If
the computer model is accurate, hydrogen chioride would be found in the
scrubbing water reservoir and the trace amounts of other chlorinated
compounds should be isolated in the impinger network.

Changes in the pH of the scrubber reservoir during the test sequence
were used to estimate the extraction of hydrogen chloride from the
product gas. Obviously, unless some neutralization of the pH in the
reservoir is simultaneously carried out, the rate of hydrogen chloride
removal in the venturi will diminish as the pH of the scrubbing water
drops. Nevertheless, the initial rate of pH change can be used to predict
the rate at which hydrogen chloride is captured in the venturi, and can be
compared to the theoretical production rate to determine the efficiency of
the scrubbing. Additional tests with neutralization of the hydrogen
chioride eliminated carbonic acid interference, which is prevalent at high
pH values, and provided total chlorine mass information.

For the tests using trichlorobenzene in methanol, where no neutrali-
zation is carried out, the initial rate of change of pH showed that the
venturi scrubber mechanism was better than 98% effective in extracting
the hydrogen chloride. Without neutralization and based on total change
in pH, approximately 709% of the chlorine could be accounted for in the
scrubber reservoir. However, with neutralization, using sodium hydrox-
ide, more than 96% of the mass of chlorine could be accounted for in the
scrubbing water. It is believed that problems with scrubbing water pumps
and reduced fluid flows during the last minutes of these tests are respon-
sible for allowing the escape of a minor amount of hydrogen chloride
during these tests. Neutralization was carried out so as to maintain only
slightly acidic conditions in the scrubbing reservoir to minimize inter-
ference from carbonic acid.

Trace analyses for trichlorobenzene in the scrubbing water reservoir
showed a presence of less than 0.000!3 of the mass of trichlorobenzene
fed 10 the system during each test. It is perceived that this material enters
the scrubbing system as a result of the shutdown procedure rather than
shortcircuiting of the waste during the test. Impinger residue analyses
showed no confirmed presence of trichlorobenzene based on GC'ECD
findings. However, if the area under the chromatogram spanning the
theoretical location of trichlorobenzene is used as an indicator of the
residue, less than 0.0001 of the material survived the plasma system. This
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gives a destruction cfficiency greater than 99.99%. The estimate of the
impinger residue presently is believed to be high by several orders of
magnitude,

More than 80% of the energy injected into the system can be accounted
for by direct measurement. The remaining 20% cannot be practically
measured, but is consistently accounted for by wall losses from the test
system and energy added to the thermal mass of the system. The energy
balance calcuiations support the theoretical change in enthalpy predicted
for the feedsiocks by the computer simulation.

The 12 chlorobenzenes were selected as mimicking compounds because
they have a wide range of solubilities and vapor pressures and can be
mixed to give elemental compositions identical to commercial PCB. Two
of the three trichlorobenzenes are also present in the Aroclors. Chromato-
graphic separation of the 12 chlorobenzenes is easily accomplished using
capillary column GC, and their quantification is easily possible. Thus,
material balances and destruction efficiencies could be readily determined
while minimizing the risk of social displcasure associated with this work.

During each test, a combination of 4- and 9-in.-diameter impingers was
used. Internal calibration to determine impinger trapping efficiency was
conducted during each test by injecting known amounts of monobromo-
benzene, The larger impingers were packed with 20-mm Raschig rings
and contained 500 m! of ethylene glycol as a wetting agent. At the end of
each test, each impinger was injected with a known quantity of orthodi-
bromobenzene to be used as an indicator of the effectiveness of the
cxtraction procedure. Extraction efficiency was better than 99%, and
impinger trapping cfficiency was comparable. Additional work is now
underway to improve material balances and determination of destruction
efficiencies with PCB testing commencing in fall 1981,
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One consequence of the restrictions on the use of polychlorinated
biphenyls (PCB) enacted into law by Congress in 1976 and subsequently
promulgated into regulation by the U.S. Environmental Protection
Agency (EPA) has been to create a need for nearly total removal of trace-
level PCB from some still uncertain {raction of the 1.5 billion gallons of
specially refined mineral oil (10C oil) currently in use in U.S. trans-
formers. A known generic approach to selective destruction of aromatic
chlorides like PCB in hydrocarbon media at low temperatures consists of
treatment with reactive anion radicals, formed by interaction of sodium
metal with an electron carrier in an aprotic cation-complexing solvent or
as an intermediate in a free radical chain reaction. Experimental evalu-
ation of the interactions of & number of sodium/electron carrier/solvent
systems with 10C oils containing 125-800 ppm of Aroclor® 1254 or 1260
showed that most of the sodium adduct was consumed by reaction with
the 10C oil rather than with the PCB, particularly when only low levels of
ion-complexing solvent were present. Marked reductions in solvent
requirements could be achieved, however, by forming the presumed
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adduct in sity, e.g., by simply stirring together the PCB-containing oil,
finely dispersed sodium, catalytic quantities of an electron carrier (such as
benzophenone or naphthalene) and an ion<complexing solvent, such as
diglyme (DGM). Using various specimens of PCB-containing 10C oil that
had’ been used in transformers, removal of PCB to gas chromato-
graphically undetectable levels (0 + 2 ppm) could thus be effected in
simple process equipment within a few minutes at room temperature.

ORIGIN OF NEED FOR REMOVING TRACE PCB FROM 10C OIL

Between the mid-1930s and 1977, two generic types of diclectric fluids
were used in the manufacture of ordinary, liquid-filled, industrial, utility
and distribution transformers. The more widely used of these was 10C oil.
This is a specially refined mineral oil derived from naphthenic base crudes
from cerwin weilfields. 1t was selected for its arc-quenching ability (i.e.,
its ability to consume hydrogen atoms generated by corona via addition
reactions rather than Hjproducing H-abstraction reactions) and its
resistance to autoxidation in use. Chemically, it consists of the same sort
of complex mixture of hydrocarbons as found in a low-viscosity lube oil,
but with an aromatic content of 15-30% (depending on source), provided
mainly by alkyl benzenes and naphthalenes, and a sulfur content of
0.03-0.24%.

The less commonly used type bore the generic name “askarel™ (which
denotes any nonflammable diclectric fluid) and a variety of manufac-
turers' trade names, such as General Electric’s “Pyranol™ and Westing-
house's “Inerteen.” Askarels, being more expensive than 10C oil, were
used only where the fire hazard was considered sufficient 10 warrant the
extra cost, for example, in transformers for indoor commercial or
industrial use, or in transformers uscd on railroads. Virtually all of the
askarels used consisted of mixtures of PCB (usually, Aroclors 1254 or
1260, which were themselves complex mixtures of PCB homologs and
isomers averaging five or six chlorines per biphenyl residue, respectively)
and polychlorinated benzenes (mixed isomers of tri- and/or tetra-
chlorobenzene).

Generally speaking, both oil- and PCB-filled transformers were manu-
factured and repaired in common facilities. As a result, trace levels of
each type of dielectric often found their way into transformers of the
other type. For many years such contamination attracted no attention,
because it did not affect the performance of a specific dielectric in its
designed use.
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Beginning in 1966, however, it was discovered that PCB were highly
persistent in the environment and were accumulating to ppm levels in fish
and fish-cating wildlife around the world. As a result, in the early 1970s
there were (1) voluntary restrictions by manufacturers on the sale of PCB,
which were allowed only for totally enclosed uses, such as in capacitors
and transformers; (2) provision of incineration facilitics for destroying
returned scrap PCB; and (3) development of biodegradable types of PCB
for capacitor use.

Subsequently, however, investigation [1] of an outbreak of “yusho™
disease in Japan traced it to the consumption of rice oil that had
accidentally been contaminated with heat exchanger fluid, which con-
sisted of a PCB that had been pyrolyzed to a mixture of polychlorinated
quaterphenyls and dibenzofurans. Consumption of this oil resulted in
transient accumulations of undecomposed PCB in the victims' adipose
tissues, chronic accumulation of some toxic penta- and hexachlorodi-
benzofuran isomers in their livers, and chronic manifestation of chloracne
symptoms. This evidence of human hazard led to widespread demands for
tight controls on PCB use in Japan, Sweden, Canada and the United
States.

In response, Congress enacted the Toxic Substances Control Act
(TSCA), of 1976 which generally banned PCB manufacture, importation,
distribution, processing or use, and directed EPA to define procedures for
the marking and disposal of residual stocks. In regulations promulgated
in 1979, EPA set forth such procedures, but excluded from the disposal
requirements PCB contained in intact, nonleaking capacitors or trans-
formers and mixtures containing PCB at concentrations less than 50 ppm.
As a result of a court challenge by the Environmental Defense Fund,
however, EPA is currently reexamining these exclusions.

The 1979 regulations themselves, however, aiready mandate special
ultimate disposal procedures for somewhere between 300 and 600 million
gallons of the 10C oil that is currently in service in ransformers or
transformer systems, because of contamination with more than 50 ppm of
PCB. Since 10C oil is a valuable commodity, for which production
capacity is only about 100 million gallons per year, it would seem
desirable to develop methods for decontamination and reuse of this oil,
rather than simply to dispose of it.

In principle, removal of PCB from mineral oil could be effected by a
separation or destruction process. The former would separate the oil into
two fractions: 8 PCB mixture for separate disposal and a PCB-depleted
oil for reuse. The latter would solve the PCB disposal problem and give a
reusable oil in a single step; therefore, it presumably would be preferable.
However, current EPA regulations have been interpreted to require thata

MONS 004607



206 PCB TREATMENT, RECOVERY AND DESTRUCTION

PCB destruction method that is an alternative to disposal by incineration
must achieve an equivalent level of performance, or >> 99% destruc-
tion. Thus, reusable oil prepared by a PCB separation process may
contain up to 50 ppm PCB,-the lower limit for legally defined “PCB
contamination,” but that prepared by a PCB destruction process must
contain no PCB, within the limits of analytical uncertainty, currently
defined as about 2 ppm.

In summary, although it is impossible to predict future regulatory
developments in this area, current requirements create an immediate need
for small-scale, decentralized facilities for processing batches of oil
provided by transformer repair and servicing operations. The challenge
facing the chemist is to devise treatment processes that will consistently
remove PCB down to levels below 50 ppm, if done by separation, or to
0-2 ppm, if done by PCB destruction.

PRIOR USE OF SODIUM OR ANION RADICALS
TO DESTROY PCB

PCB are generally unreactive materials. Many of their past applications
were, in fact, based on their great thermal and chemical inertness. About
the only class of chemical reactions they are known to undergo at low
temperatures are electron transfer processes effected by anion radicals,
such as the sodium adducts of certain aromatic hydrocarbons.

The use of metallic sodium itself is apparently effective only at elevated
temperatures. A Japanese patent [I] reports that 6 hr at 120°C was
required for-the removal of PCB from kerosene, or 2 hr if catalytic
quantities of isopropanol were added. A Goodyear report 2] indicates
that heating with molten sodium to 300°C for 6 hr was required for the
removal of PCB from a heat transfer oil.

Conversely, the intensely colored solutions prepared by dissolving
sodium metal in solutions of certain aromatic hydrocarbons in aprotic,
cation-complexing solvents such as tetrahydrofuran (THF) or DGM are
known to react readily with organic halides. The deep blue adduct of
sodium and biphenyl is frequently used as an analytical reagent for
quantitatively converting. organic to inorganic chlorides, and the deep
green adduct of sodium and naphthalene has been reported to act
similarly on the PCB [3).

Two reports [2,4) have described the reaction between this i:l
sodium:naphthalene adduct (naphthalenide anion radical) and PCB in
THF solution at 60°C in some detail. From examining these reports and
the prior literature [5) it becomes evident that a number of types of
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chemical reactions can occur in such systems. These generic types of
interaclions, summarized in Table ], include the reversible formation of
I:1 (Equation 1) and sometimes 2:1 (not shown) adducts between the
sodium and clectron carrier; a variety of forms of attack on the solvent
system, including hydrogen abstraction, alkoxide climination and metal-
lation processes (Equation 2); reductive dechlorination of the aromatic
halide, presumably via electron transfer followed by {ragmentation,
which produces inorganic chloride and aryl radicals (Equation 3);
occasional reduction of the aryl radical by hydrogen absiraction or
metaliation (Equations 4 and 5); and a variety of radical recombination
processes (Equations 6-9). The reporied data [4] on the interaction
between preformed sodium naphthalenide and various Aroclors in THF
solution indicates a net consumption of PCB, naphthalene and THF in
roughly comparable molecular proportions and the formation of
chlorine-free, soluble resinous products, which we may presume to have
been complex mixtures of species derived from various recombination
processes, (Equations 6-9).

Tabie 1. Generic Types of Reactions Known 10 Occur During Intersctions Among
Sodium Metal (Na), Cation Carriers (B), Electron Carriers (C),
and Aromatie Chiorides (ArCY) in Organic Media

Adduct Formation
Ns ¢ xB+ C = NaB,’ + -C 1))
Solvent Attack, Meullation

‘C + RH = ‘R, R°, CR", etc. (2)
Dechiorination
‘CT+ ArCl = C + Q" + ‘Ar W]

Aryl Radical Reduction

*Ar + RH —~ ‘R + ArH @
*Ar ¢ -C° = C + Ar" (+ HiO — ArH) (5

Aryl Radical Recombination
2:Ar = Any (6)

Mixed Radical Recombination:

‘At + ‘R = ArR (N
‘Ar + :C* = ArC” (+ HyO = ArCH) (8)
‘R ¢ :C* = RC" (+ H:0 = RCH) 9
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Several papers have described light- [6), radiation- [7] or peroxide-
initiated [8] free radical chain reactions between alkali, isopropanol and
PCB 1o give inorganic chloride, acetone and biphenyl. These processes
have been presumed to proceed by a pathway analogous to that of the
Sherman mechanism [9): the reversible formation of isopropoxide (Equa-
tion 10), its conversion to the anion radical (Equation 11) and attack of
the latter on PCB (Equation 12):

Me;CHOH » OH = H,0 + Me;CHO" (19
Me;CHO™ « “Ar = ArH + ‘Me,CO an
Me,CO™ + ArCl = CI- + MesCO + ‘Ar a2

The process of Equation 11 is obviously analogous 1o that of Equation 4,
and that of Equation 12 is analogous to Equation 3. From the latter we
may conclude that ketone as well as hydrocarbon anion-radicals are
capable of atacking PCB molecules at low iemperatures,

The question of how well an anion radical-mediated PCB destruction
process might perform in a medium that was predominantly 10C oil
rather than a cation-complexing solvent is not resolved by either of these
bodies of prior literature. In such a medium one might expect the adduct
formation equilibrium (Equation 1) to be shifted to the left; solvent attack
processes (Equation 2) to be favored over PCB attack (Equation 4); and
possible complications from radical reduction processes (Equations 4 and
£), which would mean that incompletely dechlorinated PCB molecules
would still appear in the gas chromatogram as PCB, albeit of lower
degrees of chiorination, rather than as constituents of a nonvolatile resin.

ASSESSMENT OF SODIUM ADDUCT-PCB
INTERACTIONS IN 10C OIL

To assess the pattern of interactions.among sodium adducts, PCB and
10C ail, 0.5 M solutions of various 1:! and 2:] adducts were prepared by
stirring together under nitrogen the appropriate quantities of sodium
metal (409 dispersion in light mineral oil, from Matheson, Coleman, and
Bell), the selected cation-complexing solvent (dried over a Linde 4A
molecular sieve), and the selected electron carrier. The resulting intensely
colored solutions were then added, a few milliliters at a time, to 100-m!
portions of askarel-contaminated 10C oil, with stirring under nitrogen at
room temperature. After the color disappeared from cach portion of the
adduct, and before addition of the next portion, a sample of the oil was
removed for gas chromatographic determination of its PCB content,
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which was done by comparing eight of the more prominent peak heights
with those in Aroclor 1254 or 1260 standards.

Generally speaking, decolorization of the first few milliliters of added
adduct occurred almost instantly in all cases, but with no change in PCB
levels, indicating consumption of the adduct by traces of highly reactive
non-PCB species such as H;0, O; or carboxylic acids. The colors of
subsequent portions of the adducts generally persisted for 1-5 minutes,
except in the case of the 1:] sodium-benzophensne adduct (sodium
diphenylketyl), which reacted more slowly.

The titration curves obtained by piotting % PCB removed as a function
of the relative amount of adduct added exhibited the general features
shown in Figure 1. In most cases, as illustrated in the lower part of Figure
1, the initial flat was followed by a pseudo-linear decline of PCB with
added adduct until a rather sharply defined point of PCB disappearance
was reached. In all such cases, there appeared to be little difference in the
relative reactivities of the different PCB isomers; the individual peaks in
the gas chromatogram maintained roughly the same relationship to each
other as they declined. Conversely, during titration with the 1:1 sodium-
benzophenone adduct (upper curves, Figure 1), disappearance of species
in the Cl¢-Cl; biphenyl range was accompanied by an initial sharp rise in
concentration of those in the Cl~Cls range, and then followed by a slow
and incomplete disappearance of the iower homoiogs. Evidently, this
reagent was far more reactive with higher- than with lower-chlorinated
biphenyl homologs, and some constituent of the reaction sysiem, pre-
sumably benzhydrylate (by analogy to Equation 1}), was capabile of
transferring hydrogen to the radicals formed from the higher homologs so
as to give the reduced products observed.

Returning to the more usual case, where there were no complications
arising {rom partial reduction of PCB, the first notable feature of the
titration curves shown at the bottom of Figure ! was their low slopes,
which indicated that most of the sodium adduct was being consumed by
reaction with species other than PCB. Similar behavior has also been
reported for reactions of sodium naphthaienide/ THF with PCB in heat
iransfer oil {2). The second significant feature was their roughly linear
(rather than hyperbolic form), indicating that the relarive rates of attack
on PCB must have been increasing with increasing volumes of titrant
solution in the medium. The latter point was also illustrated by the
comparative titrations of 10C oil solutions containing 120 and 800 ppm of
PCB; it generally required only 2-5 times as much titrant to destroy seven
times as much PCB.

The approximate relative efficiencies of a number of different adduct-
solvent combinations in the removal of Aroclor 1254 or 1260 from 10C oil
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300

250

Mole Ratio Sodium Adduct/PC8 Chiorine

Figure 1. Changes in PCB levels resulting from titrations of 10C oils containing Arocior
1254 (----), 120 ppm, or Arocior 1260 ( ), 800 ppm, with 0.5 M solutions of
sodium adducts of benzophsnone (B2) or naphthalene (Np) in diglyme or tetrahydro-
furan, respectively, at room temperature.

are shown in Table 1l. Generally speaking, the relative activities in
attacking the less reactive PCB species (rather than unidentified
components of the 10C oil), as indicated by the quantities of the adduct
solutions that had to be added to achieve compiete removal of the PCB,
were roughly comparable for the 1:] sodium:naphthalene adduct, the 2:]
sodium:biphenyl adduct and the 2:! sodium:benzophenone adduct. They
were somewhat higher for the 2:1 sodium:naphthalene adduct, which
formed a very slowly reacting black suspension in the system, decidedly
higher for the remova! of the more highly chlorinated PCB homologs by
the il sodium:benzophenone adduct, and decidedly lower for the
removal of the lower homologs (i.c., all PCB) by that adduct.
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Table 11, Approximate Effectiveness of Various 0.5 M Sodium Adduct Solutions In
Destroying PCB* in 10C Oil at Room Temperature

PCB % Soin. for
Adduct  Na-Adduct | {f ] Cone. 9% A PCB
Former® Ratio Solvent®  Trpe* (ppm) APCB/ANa (v/v)
Be 4| ETH 1260 800 0.06° f
Bz 4] THF 1260 800 0.0¢* f
Bz 1) DGM 1260 800 0.08* f
B: 1:1 DGM 1254 120 04" f
Bz 1:4 TGMT 1260 %00 09 * r
Bz 210 TGMT 1260 K00 a7 >>10
Np B THF 1260 $00 0.0 20
Np i:! CLM 1260 L] 0.02 >
Np H] DGM 1254 120 0.003 >
Np 2:1% DGM 1260 %00 0.08 | 14
Bp rl THF 1260 800 0.002 >>20
8p 21 GLM 1260 800 0.02 15
*As measured by di of gas ch hic peaks i in range :Mnctemue of
C1,-Cl, biphenyls. Unlcu noted (e). -ll such pukl P d at appr ly same
rate.
"Key: B, b h hihal Bp. b A: ETH, ether; THF, reirahydro-

furan; DGM, dnllyme TGMT 12 mnuym-loluem. GLM, glyme.
¢ Aroclor 1260, mainly mixture of C;-Cl; biphenyls, Aroclor 1254, mainly mixture of

Cle-Cly.

“Ratio of moles PCB lost per mole adduct sodium sdded d ined from app!
siope near middle of titration curve.

'Dltl for puu in C!.-Cl. bipheny! range only.

fNot yet d that any g y of the I:} Na-Bz adduct solution sufficient 10
remove the less highly chiorinated PCB homotogs.
$ Presumed adduct formed by dispersing solid Na-i hthal dispersion (Coronet

Chemical Co.) in diglyme; formed black suspension rather than solution: reactions with
PCB/ 10C required several hours rather than minutes,

Several rather poorly reproducible cxperiments using tri- or tetraglyme
(which are apparently harder to obtain in consistent purity) suggested
higher APCB/ ANa ratios than exhibited in runs using DGM as the ion-
complexing solvent; conversely, somewhat lower ratios were shown by
monodentste complexers such a THF or diethylether (Table 1I).

The overall conclusion drawn from these experiments was that if one
desired to destroy the PCB in 10C oil with reasonabie speed and efficiency
by adding to the oil a near-saturated solution of a reactive sodium adduct,
roughly 20 volumes of adduct solution would be required per 100 volumes
of oil, almost regardiess of the choice of adduct or PCB level in the oil.
Since the effective ion-complexing solvents are all about 10 times as costly
as 10C oil, and since they would almost certainly alter its diclectric
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properties and thermal stability if appreciable amounts were left in oil
destined for reuse, it was evident that any practical use of preformed
adduct solutions for PCB removal would have to be followed by some
reasonably efficient recovery of the ion-complexing solvent.

CATALYZED SODIUM PROCESS FOR DESTROYING
PCB IN 10C OIL

To determine whether such substantial needs for ion-complexing
solvents in the reaction system could be reduced, we conducted a number
of experments in which prior formation of the adduct was eliminated. In
these experiments, various types and levels of electron carriers, cation-
complexing solvents, and commercial sodium dispersions were added 10
Aroclor 1260-containing 10C oil with stirring under nitrogen at room
temperatures, and the mixture was checked periodically for disappear-
ance of both sodium and PCB.

It was observed that there was considerably more batch-to-batch
variation in the reactivity of the sodium dispersions than was encountered
during preparation of the sodium adducts in ion-complexing media. Most
freshly opened commercial samples appeared to react completely with the
10C/ PCB/electron carrier/ion carrier mixtures within an hour, leaving
only a fine gray haze of suspended sodium chloride particles. However, in
a few cases, reaction was complete within a few minutes, and some older
dispersion specimens did not react atall. Evidently, in media consisting of
10C oil containing only 1-5% of ion-complexing solvent, the reaction
with electron carrier was more sensitive to inhibition by oxide films on the
dispersed sodium particles than in those composed by solvent alone. The
rate of sodium disappearance did appear to be related to the quantity of
cation-complexer present, but this proportionality was difficult to
quantify because of the variability in the dispersion reactivity. Sodium
disappearance was accompanied by that of the PCB in roughly the same
proportions as observed using solutions of the preformed adducts, i..,
most of the sodium was consumed by reactions with constituents of the
10C oil rather than with PCB, hence, large excesses of sodium were still
required for complete PCB removal.

Reaction of the sodium with PCB and 10C ocil depended not only on
the presence of the anion carrier, but also on that of the eiectron carrier.
In paralle] experiments using 10C oil containing 800 ppm Aroclor 1260,
5% DGM, and 0.23% sodium with or without 0.32% nuphthalene,
climination of the PCB required an hour in the first case and a week in the
second. Even in that later case, an electron carrier may have been
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involved: most 10C oils are known 1o contain some alkyl naphthalenes,
and the reaction medium in this case did exhibit the typical deep green
color of a 1:] naphthalene adduct by the end of the week. We have also
learned, from another laboratory where this process was being checked,
that some Texaco 10C oils, which are particularly high in alkyl
naphthalenes, do not require naphthalene addition for successful de-
chlorination [10}.

A number of parallel runs were made using cither benzophenone or
naphthalene as the electron carrier, without revealing any significant
differences in reaction rates or efficiency of PCB removal. In both cases,
the Cl,-Cly biphenyl isomers all disappeared at roughly the same rate
without evidence of stepwise reduction, and the reactions proceeded
without cver developing more than traces of the intensely colored 1:1
adducts. From these, we concluded that the reactive intermediate was
some species other than the 1:1 adduct present in the preformed solutions
used earlier, and instead was probably either a soluble 2:1 adduct or else
some sort of a surface complex.

The performance of the sodium/naphthalene/ DGM system on a
number of different specimens of PCB-contining 10C oil, all taken from
transformers returned for service work, is summarized in Tabie 111. From
these data it was concluded that contaminants arising during transformer
use would not seriously interfere with use of this system for PCB removal.

Table 111 also points out that in some runs, which were examined by
electron-capture gas chromatography just after the disappearance of the
dominant ClL~Cl; biphenyl peaks of the Aroclor 1254 or 1260, there
remained some weak peaks in the retention range covered by the Cl,-Cl,
biphenyl peaks of Aroclor 1016. A few of the peaks had retention times
similar to those of 1016, and we could not exclude the possibility that
such mixtures contained trace of the lower~chlorinated biphenyls, in
addition 10 other electron-capturing species, such as sulfur compounds or
autoxidation products. Fortunately, on continuation of the sodium
treatment, these enigmatic peaks disappeared in all cases.

To examine the feasibility of process scaleup, a 55-gal drum was
equipped with a lid, stirrer and provision for flushing with nitrogen. In a
typical experiment, this was charged with 40 gal of PCB-containing 10C
oil (which was pumped in through a 30-in. column of 1/16-in. pellets of
Linde 4A molecular sieve, #87956, to remove any water present), 4 Ibof a
20% dispersion of sodium in mineral oil (Coronet Chemical Co., Newark,
NJ) and a solution of 1 1b naphthalene in 2 gal DGM (diethylene glycol
dimethyl ether; Ansul Chemical Co., Marietta, WI). Gas chromato-
graphic analysis showed the initial level of Aroclor 1260 to be 852 ppm;
after 15 min, 17.6 ppm; after 60 min, | ppm.
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Tabie I11. Reductions in PCB Levels Resuiting from Stirring Randomly
Selected Specimens of Used PCB-Containing 10C Off with
Diglyme, Naphthalene and Dispersions of Sodium Meia!
(0.24% w/v; 0.10 Af) Under Nitrogen at 24°C
Inkial % (v/v)  lnitial % Reduction in PCB

Aroclor Diglyme Nsphthalene Rescrion Lower Pesks® Higher Peaks®

1268 Solution in 10C OH1* Time (1% of Initial (99% of Initiat
(ppm)  Added* (M) (min} 1260) 1260)
930 b 0.025 0 92 100
44 3 0.015 ‘o 98 100
AN 3 oms 0 98 100
410 3 0.015 40 98 100
410 3 0.015 0 92 100
180 3 0.030 s 98 100
180 3 0.030 0 100 100
180 s 0.025 o 100 100
180 S 0.025 0 9 100
n 3 0.030 0 98 100
m 3 0.030 30 100 100
mn 5 0.02% 30 98 100
n H 0.028 K 9 100
336 2 0.010 30 99 100
136 2 0.010 « 9% 100
136 k] 0.015 10 » 100
RRL) i 0.010 15 92 9
KB} ! 0.010 k. 99 100
33 2 0.020 15 100 100

*Naphthalene imroduced into 10C oil by adding 1-5% (as indicated) of 0.5 or 1.0 M
solution in diglyme.

Y Electron cap: £8s ch graphic peaks mainly in range characteristic of irichiorobi-
phenyls; some, but not all, corresponding 10 positions of peaks in Aroclor 1016.
¢Peaks mainly in range characteristic of penta-, hexa- and heptachiorobiphenyis.

A portion of the resulting Na-treated, but vnwashed, oil. which was
initially almost clear except for the NaCl haze, and no morc colored than
the original 10C oil, was allowed 10 stand with exposure 10 air for severa}
weeks. As a result, the oil developed a purple color and deposited most of
its sodium salts as a black precipitate that appeared reddish-purple in thin
layers. This deposit, after filtration and washing with hexane, reacted
with waier without gas evolution 1o produce sodium hydroxide and a
light yellow, water-insoluble, hydrocarbon-soluble resin.

Examination of this resin by gel permeation chromatography showed a
broad, weakly bifurcated peak, with the two maxima at positions cor-
responding 10 those of linear polymers with molecular weights of 310 and
620, respectively. (On the same columns, 10C oil itself gave an asymetrical
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peak, having a centroid and a maximum at points corresponding to
polymers of molecular weights 242 and 161, respectively; the actual
average molecular weight of 10C oil is about 250.) Examination by gas
chromatography showed the lower-molecular-weight population to be a
very complex mixture, and field desorption mass spectrometry indicated
a detectable peak at almost every mass number between 150 and 350. The
UltraViolet (UV) spectrum of the resin resembled that of an alkyl
benzene, with a sharp maximum near 272 mu, but with some broadening
on cither side. The nuclear magnetic resonance (NMR) spectrum indi-
cated an aromatic/aliphatic proton ratio of 0.43. The infrared spectrum
revealed prominent carbonyl and hydroxy! (i.e., carboxylic acid?) bands
in a specimen that had been aged a year; however, these were less evident
earlier. It was concluded that the precipitated purple salt was probably an
autoxidation product derived mostly from metallation and coupling
products of various constituents of the 10C oil (e.g., via processes like
Equations 2 and 9), rather than from those of the PCB.

However, the available data do permit certain conclusions to be drawn
regarding the nature of the PCB conversion products. First, it is evident
from the absence of stepwise reduction products (which were easily
detected in the case of treatments with preformed sodium diphenylketyl)
that aryl radical reduction reactions (Equations 4 and 5) must be rather
unimportant in these heterogeneous systems. Second, the absence of any
high-molecular-weight polycondensates or insoluble polybiphenyl gels
indicates that aryl radical recombination reactions (Equation 6) must also
be unimportant. According to classical polymer gelation theory, gelation
in 8 polycondensation of hexafunctional monomers should occur when
the reaction is only 20% complete. In addition, we might note that no
gelation has been reported even in systems using high concentrations of
PCB [2,4], which would favor aryl-aryl coupling; hence such coupling
would appear particularly unimportant in systems where the PCB levels
arc only 100-1000 ppm. Accordingly, we conciude that most of the
radicals generated by the removal of the chlorines {rom the PCB
molecules must be med via mixed radical r bination pr.
(Equation 7 and 8), and hence that the PCB conversion product must
consist of an extremely complex mixiure of molecular species, cach of
which contains a single biphenyl nucleus linked to 4-7 aralkyl hydro-
carbon, dihydronaphthalene or glycol ether residues. Such a product
would be similar to asphalt in its chemical and environmental properties.

It is thus apparent that catalyzed sodium processes of the types just
described are capable of removing PCB (rom transformer oil down to the
levels sought by the EPA without the formation of objectionable
products. Moreover, such processes are capable of being carried out in a
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single step at room temperature in simpic process equipment and hence
are suitable for small-scale, decentralized operations. A minimal objective
of such operations would be to render scrap transformer oi! acceptable
for sale as fuel. Still undetermined is whether the 10C oil treated by this or
any of the alternative PCB-removal processes, all of which tend to alter
the levels of multicyclic hydrocarbons and/ or sulfur compounds. as well
as those of the PCB and chlorobenzenes, still possesses the long-term
oxidative and dielectric stability required for reuse in transformers; how-
ever, active research on this question is currently in progress [10].
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Judith F. Kitchens, William E. Jones, 111,
George L. Anspach and Donald C. Schubert

Atlantic Research Corporation
Alexandria, Virginia 22314

Successful commercialization of synthetic halogenated organics began
in the early twentieth century. Since that time, haiogenated organics have
been used in a wide variety of products, including pesticides, plastics, heat
transfer {luids and dielectrics. Ecological damage caused by halogenated
organics in the environment was first brought 1o public autention in 1962,
with the publication of Silent Spring [1]. Since this publication, a large
amount of research has been conducted.to determine the environmental
dangers of these compounds. In general, the halogenated organics are
highly persistant in the environment. They also tend to bioaccumulate
and cause devaswating damage to certain species of wildlife and, uli-
mately, man. Probably the most insidious of the halogenated compounds
produced by man are the polychlorinated biphenyls (PCB). These com-
pounds were widely used as diclectrics in transformers and capacitors.
and as heat transfer agents in heat exchangers from 1929 through 1978. In
1978 the U.S. Environmental Protection Agency (EPA) published -its
proposed rules, which prohibited the manufacture, processing, distribu-
tion and use of PCB except in totally enclosed sysiems [2]. However, the
problem that still remains is how to safely dispose of the billions of
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gallons of waste transformer oil containing PCB and how to remove the
PCB from the environment,

Atlantic Research Corporation (ARC) has addressed the problem of
destruction of halogenated organics in wastes and the environment with
the development of the light-activated reduction of chemicals (LARC)
process. This process was originally developed for destruction of Kepone;
however, research has shown that the destruction of PCB extracted from
soils and in transformer oils is economically feasible with the LARC
process.

LARC is a patented process [3] that uses ultraviolet (UV) light in the
1850- to 4000-A region in combination with hydrogen gas and optimized
photochemical conditions to effect dehalogenation of complex chiorin-
ated and brominated organic molecules. UV light initiates the photo-
chemical process by homolytic cleavage of the carbon-halogen bonds.
The conditions are optimized to maximize this cieavage and the resultant
formation of a carbon-hydrogen bond. Mass spectral data from LARC
reactions run in deuterated solvents show that the hydrogen for the
reduced organic may come ecither directly from the hydrogen gas or from
the solvent, depending on the solvent involved. In either case, hydrogen
gas plays a significant role in the photoreduction process since the same
reactions with nitrogen substituted for hydrogen proceed at much slower
rates.

The LARC process has been applied to reductive dehalogenation of
several compounds, of which the most environmentally significant are
Kepone in water and PCB from soils and in oils. This chapter discusses
research on LARC degradation of PCB from soils and in oil conducted at
ARC.

EXPERIMENTAL

Two LARC reactors were used in this research: a single-lamp tube
reacior and a 64-lamp pilot unit. These reactors are shown in Figures |
and 2. Both reactors contain low-pressure UV Jamps with 95% of their
output at 2537 A. The lamps are surrounded by quartz sleeves, which
allow greater than 90% transmission of the 2537-A light. The hydrogen
gas is introduced into the reactors via 2.0-u fritted stainless steel spargers.
The pertinent recactor parameters are:
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Tube Unit Pllot Unit
Number of Lamps i 64
Capacity (liters) 0.600 «0
Light Path Length (mm) 5.33 6.38
Radians Energy at Lamp Sleeve )
Surface (mW/cm?) 36.300 29.400
Hydrogen Fiowrate (liter/ min) 0.26 1.9

Figure 1. Single-lamp LARC reacior.
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Figwre 2. Pilot LARC reactor.

Both units are capable of flow-through or bath-recycle operation.

Analysis for PCB and PCB degradation products was performed on a
Hewilet-Packard 5880 or Varian 3700 gas chromatograph (GC) with
electron capture detector (ECD) for PCB and flame ionization detector
(FID) for biphenyl. The following gas chromatogaphic conditions were
used:

* column: 1.956% OV 17/1.56 OV 210 on Anakrom Q:

* iemperature: injection pon=-300°C; oven—programmed from 135 to 225°C a1
20°C:min; ECD or FID~300°C: and

* carrier gas: nitrogen a1 25 ml/min

Before GC/ECD, the PCB-containing solutions were diluted with ben-
zene 10 a PCB concentration less than 2 ppm.

PCB IN SOIL

If LARC is to be useful for destruction of PCB in soils, the PCB must
first be extracted from the soil. Severa] solvents were evaluated for their
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ability to extract the PCB from soil without previous treatment and for
their ability to act as a LARC solvent. A clay soil containing approxi-
mately 2000 ug/g of Aroclor 1242 was used in this investigation. The
Aroclor 1242 had been spilled on this soil approximately 10 years
previous to the extraction experiments., Of the potential solvents with
suitable UV transmission characieristics for LARC, the low-molecular-
weight alcohols were found to be the most suitable extractants, Methanol,
ethanol and isopropanol all yicided >88% extraction efficiencies with
each extraction step.

The extract was then filtered, as shown schematically in Figure 3. Solid
sodium hydroxide was added to the filtrate, and the filtrate was subjected
to LARC treaitment. The extracted soil can then be returned to the
original site. Excess alcohol can be removed from the soil by blowing
warm air over the filter or by seeding the soil with an actively growing
culture of Pseudomonas sp. After LARC degradation of the PCB, the
alcohol can be reused after distillation to remove the PCB degradation
products, sodium chloride and biphenyl.

The effectiveness of methanol, ethanol and isopropanol as LARC
solvents for Aroclor 1242 was then determined. As shown in Figure 4,
isopropanol was the best of the three solvents, with 85% of the PCB
degraded after a 20-min reaction time. In methanol or ethanol, only 43
and 74, respectively, of the Aroclor 1242 was decomposed after 20 min.
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Figure 3.  Sch ic of /LARC procedure for r | of PCB from soil.
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Figure 4. LARC degradation of Aroclor 1242 in various solvents.

The rates of LARC reduction of the various Aroclors (1242, 1254 and
1260) extracted from soil were investigated. Isopropanol was used for the
extractions, and solid sodium hydroxide was dissolved in the isopropanol
extract before LARC. The single-lamp reactor was used in most of these
studies. For comparison purposes, a run was made in the pilot unit using
the Aroclor 1260 basic isopropanol extract. The results of this investiga-
tion are presented in Figures S and 6. The plot of in C,/ C vs reaction time
shows an initial and final degradation rate. The rate constants calculated

from these plots are:
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ky ky
Avoclor (min"") (min™")
Single Lamp Reactor 1242 0.080 0.0206
1254 0.086 0.046
1260 0112 0.032
Pilor Reacior 1260 0.238 0.056

The initial degradation rates appear to increase with increasing chlorina-
tion of the biphenyl, i.e., with higher Aroclor number. The final degrads-
tion rates are 25-50% of the initial rates. Dechlorination of Aroclor 1260
initially proceeds about twice as fast in the pilot unit as in the single-lamp

1 OF DMIGINAL ARDCLOR RIMAINING

100
AROCLOR 1254 = SINGLE LA REACTOR
INITIAL CONCENTRATION 1350 Pom

% AROCLOR 1242 = SINGLE LAN REACTOR
INITIAL CONCINTRAYION * 1710 Pem
ARGTLOR 1250 - SINGLE LAMP REACTOR

80 INITIAL CONCENTRATION ® 1820 PPN
AROCLOR 1260 - PILOT REACTOR
INTTIAL CONCENTRATION * 3010 PEm
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Figure S. LARC degradation of Aroclor 1242, 1254 and 1260.
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Figure é. Comparison of degradation rawes of Aroclor 1260 in the single-lamp and
pilot reactors.

reactor. This increased degradation in the pilot unit is due to the higher
light flux and optimized temperature and flow pattera.

Several experiments were conducied to determine the practical upper
concentration limit for LARC degradation of Aroclor 1260 in basic
isopropanol. The practical maximum initial concentration is approxi-
mately 3500 ppm. Concentrations € 5000 ppm can be employed. However
at higher concentrations, the reaction rate declines due 1o the increased
amount of the interfering biphenyl final product.
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PCB IN OILS

Before LARC can be successfully used for degradation of PCB in oils
such as transformers and heat exchanger fluids, several basic problems
associated with photochemical degradation of PCB in mineral- and
silicon-based oils must be overcome. These problems include:

® UV light-sbsorbing oil degradation products sre present in many transiormer fluids.

® Most of the oiis are not good hydrogen sources,

® Some of the oils are 100 viscous for adequate dispersion of the hvdrogen gas.

e The PCB degradation product is 8 yellow-brown polymer substance that also
sbsorbs UV light.

Cleanup of the transformer fluids to remove the brown to black UV
light-absorbing oil degradation products can be accomplished with
chromatographic processes. Commercial transformer cleanup operations
use fuller's earth or some other chromatographic medium 1o remove these
degradation products from the oil. Transformer oil cleaned up by these
processes should be of sufficient clarity for LARC degradation of PCB.

Several diluents were cvaluated to decrease the viscosity of the
transformer oils and to provide a good hydrogen source toaid the LARC
reaction:

Constituents Ratio
Oil:Hexane:isopropanol 5:3.75:1.28
Oil:lsopropanol: Kexane: Diethyicther 8:1:0.5:0.5
Qil: Tewrshydrofuran 7.3
Oil; Tetruhydrofuran &2
Oil:Tetruhydrofuran 9:1
Oil:Terrahydrofuran:Basic Methanol §:1.5:0.5
Qil:Tetrahydrofuran:Isopropanol 21

For these experiments, clean mineral oil was used as the oil. The oil
mixtures were spiked with Aroclor 1260 to give initial PCB concentra-
tions of 1000-2000 ppm. In all cases, the rate of LARC destruction of
PCB was faster than for PCB in the mineral oil alone. The addition of
tetrahvdrofuran further improved the PCB degradation rate over that of
the hexane formulations. The rates for Aroclor 1260 degradation did not
vary with the amount of 1etrahyvdrofuran added in the tested 10-30%
range. The addition of basic methanol also did not improve the PCB
degradation rate over that of the 9:1 oil:tetrahydrofuran mixture. The
addition of isopropanol 10 the oil:tetrahydrofuran mixture significantly
improved the initial degradation rate (Figure 7).
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Figure 7. LARC degradation of Aroclor 1260 in oil.

The reaction mechanism appears 1o be rapid dechlorination of the PCB
with concurrent formation of hydrochloric acid and a nonchlorinated
vellow-brown subsiance that is believed to be a polyphenylene. No
evidence of chlorinated furans or chlorinated dibenzofuran was found in
mass specira of the degradation products.

As shown in Figure 7, formation of the yellow-brown substance
significantly inhibits further degradation of the Aroclor 1260, and must
be removed. Several soivent extraction procedures have been evaluated
for removal of this substance. One method that appears to work
satisfactorily is a proprietary aqueous extraction technique. The reaction
products from the experiment in Figure 7 were subjected to batch
extraction and retreated by the LARC process. The results, shown in
Figure 8, indicate that this extraction procedure does remove the
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Figure §. Continued LARC aegradation of Arocior 1260 afier extraction of poly-

phenylene product.

interfering product and allows the PCB degradation to proceed at a
reasonable rate. ARC is investigating a continuous extraction method for
removing the yellow-brown substance from the oil.

CONCLUSIONS

LARC degradation of PCB extracted from soil with isopropanol is a
feasible process. Degradation of PCB in transformer oil requires both
cleanup of the initial oil and removal of the vellow-brown final product
before LARC degradation of PCB in this medium is effective. Cleanup of
the transformer oil is commercially available technology. Removal of the
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degradation product is effective in a batch process. Continuous extraction
of this degradation product is currently under cvaluation.
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CHAPTER 13

CATALYZED WET OXIDATION OF
HAZARDOUS WASTES

R. A. Miller and R. D. Fox

IT Enviroscience
Knonxville, Tennessee 37923

Small chemical companies and formulation operations have always
been faced with the difficult problem of economically treating low-
volume aqueous and organic hazardous wastes. Zconomies of scale for
thermal incineration or biological treatment can be achieved only by
large-volume waste streams. Small waste generators therefore must use
commercial waste disposal services. However, many companies desire to
have 1otal control over the cost and proper disposal or destruction of their
wastes. Therefore. a hazardous waste Lreaiment process that is capable of
destroying and/or detoxicating Jow-volume waste streams at reasonable
cost to the waste generator is desirable. There are 8 number of existing
treatment methods that are capable of either completely (using expensive
reagents) or partially (using an inexpensive reagent) destroying hazardous
wastes. However, there is a treatment process under development that
combines the advantages of a number of treatment methodologies into &
system that offers the small hazardous waste generator an alternative to
offsite disposal or treatment services. The process, catalyzed wet oxida-
tion (CWO), harnesses the potential of powerful oxidizing species to
oxidize organics 10 carbon dioxide, water and inorganic salts with the
economy of using the oxidation potential of oxygen.

The CWO process is based on a U.S. patent [ |] which demonstrates the
use of nitrate and bromide or iodide ions in an acidic solution to catalyze

227
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the oxidation of organics by oxygen. The catalyst system originally was
developed for oxidizing soluble organics in aqueous wastes, but has been
modified to permit its application to insoluble organic residues. An
improved catalyst system for these applications is described in another
U.S. patent {2).

WET OXIDATION OF ORGANICS

The concept of wet combustion of organics is aimed at reducing the
energy required for treating a waste, and uses an inexpensive and readily
available reagent: oxygen or air. The energy reduction is twofold. The
first savings results from a lower operating temperature than other
destruction processes (for exampie, thermal incineration, which requires
temperatures up to 1200°C to destroy chemical wastes). The second
savings of a wet combustion process results from organic oxidation in the
aqueous phase, rather than in a vaporized or gas phase, which requires
energy for vaporizing the water associated with the waste. The chemistry
of wet oxidation [3] relies on the formation of free radicals, which oxidize
the organics. Oxidation of the organic results in the formation of
additional organic radicals that propagate the reaction sequence:

RH + O, - R' + 'OOH 0
R+ 0; = ROO 2
ROO ¢+ RH — ROOH + R’ )

There are two major considerations in maximizing the rate of the above
reactions: oxygen availability and the formation of radicals. Although
oxygen availability in aqueous solution is very low at room temperature
because of solubility and diffusion limitations, oxygen availability is
much greater at wet oxidation temperatures (315°C) {4], and is no longer
rate-limiting. However, the main limitation for wet oxidation processes is
the formation of radicals, which is considered to be a relatively slow and
probably rate-limiting step. Radical formation via reaction of molecular
oxygen (Equation 1) with the organic molecule is one of the postulated
sources of radicals that initiate the organic oxidation sequence. Another
postulated source of radicals is an equilibrium between water and oxygen
that generates hydroxyl radicals, a very powerful oxidant.

Both conditions for radical formation are met in commercially pro-
duced wet oxidation systems. To achieve these conditions, operating
temperatures of 220-320°C with corresponding pressures of 1000-2500
psig are required. The CWO process addresses these considerations by
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using the bromide-nitrate catalyst to achieve similar or better organic
destruction rates at lower temperature and pressure.

CATALYTIC WET OXIDATION

The catalysts used in the CWO process are capable of accelerating the
chemical sequences that occur in wet combustion processes through a
series of reactions with oxygen and specific bromine and nitrogen
compounds. The major impact of the catalyst system is to lower the
temperature of the organic destruction process. These reactions and the
chemical species produced perform the same basic functions already
described in wet combustion chemistry. The mechanisms by which the
catalysts operate have been postulated after extensive experimentation
with the aqueous bromide-nitraie catalyst, and examination of the
literature on the reported mechanism for wet combustion of organics in
aqueous sojution 1o odtain an understanding of how the CWO process
achieves faster destruction rates for waste organics.

The first of the three roles performed by the catalyst system is to
increase the transfer of oxygen into the aqueous medium at relatively low
temperatures. Although this transfer occurs in uncatalyzed wet combus-
tion, it is a slow process, due to the low solubility of oxygen at tempera-
tures below 200°C. The bromide-nitrate catalyst sysiem accelerates the
transfer of oxvgen into solution through the compiex reactions of the
oxides of nitrogen and their solubility in the aqueous catalyst solution:

2 NO » Oy » 2 NO; “)

2 NOp + H;O w& HNO, + HNOy (5)
H.O + HNO; + 2 NO = 3 HNO; (6)
HNQs + HBr & NOBr + H,0 (W]

These reactions and subsequent reactions with bromine/bromide species
provide the formation of radicals for the oxidation of waste organics. The
principal radical species used in CWO is not the product of oxygen-
organic reactions found in wet combustion systems, but is postulated to
be a bromine anion radical. This radical is a strong oxidant capable of
abstracting hvdrogen from organic molecules. Once radicals are formed,
the chemistry becomes similar to conventional wet oxidation, except that
the CWO catalyst system has the ability to generate other radical species.
1t is postulated that the formation and use of the bromine anion radical is
responsible for the increased destruction rate of organic compounds by

MONS 004633



238 PCB TREATMENT, RECOVERY AND DESTRUCTION

CWO. When the three roies of the catalyst system (oxygen fixation,
radical generation and organic oxidation are tied 1ogether, it becomes
apparent that the bromide-nitrate catalyst system reactions depend on
maintaining the proper relationship between liquid catalyst species,
gascous catalyst species, oxygen and the organics to be oxidized.

EXPERIMENTAL RESULTS

The data were generated from experiments in a titanium reactor [5].
The experiments consisted of batch reactions with a variety of organic
compounds over varying conditions of time, iemperature and catalyst
mixtures. After extensive experimentation with the catalyst system, two
conclusions were reached. The first conclusion was that the bromide-
nitrate catalyst system was capable of destroying organic compounds at
much lower temperatures than uncatalyzed wet oxidation. This is demon-
strated in Table 1. Destroying organics at lower temperatures reduces the
operating temperature and resulting pressure of the treatment process,
Lower pressures and temperatures reduce the waste treatment cost by
lowering the capital cost of the equipment and minimizing operational
problems such as corrosion. For cerain organic wastes, the operating
temperature and pressure are iow enough to permit waste treatment using
conventionai chemical process equipment. This capability makes CWO
an attractive waste treatment alternative for small chemical production or
formulation operations.

CWO can destroy certain hazardous wastes that are immune to conven-
tional wet oxidation. These compounds are typically very stable and
require higher temperature and longer reaction times to achieve accept-
able destruction rates. Two polychlorinated biphenyis (PCB), tetrachlor-
odibenzo-p-dioxin (TCDD) and the CWO reaction conditions are listed
in Table 1I. Although the temperatures and reaction times are much

Table 1. Organic Destruction by Catalyzed and Conventiona! Wet Oxidation®

Reaction Time Organic Destruction

{min) Wet Oxidstion cwo
Acetomitrile 30 5% 9%
Diphenyl Hydrazine 30 19% 73%
Pentachiorophenol 30 % 95
o-Xyiene 60 54% NS
DDT 60 105 60%

*Reaction temperature: 165°C; catalyst mixture: 0.56; Br~, 5.0% NO,°, 0.256% Mn.
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Table 11, CWO I Rates for Hasardous Wastes
Temperature Resction Time Percent
O (min) Destruction
Arocior 1016 200 120 878
Aroclor 1254 250 120 97.0
TCDD 200 240 99.5

higher for these waste compounds, it is possible to design a mobile batch
reactor process that can destroy hazardous wastes at the waste site, This
concept avoids the risks associated with transport of hazardous wasie and
eliminates the problem of finding a disposa) company capabie of respon-
sibly destroying the waste.

CONCLUSIONS

CWO can destroy a wide variety of waste compounds. The process
destroys organic chemicals at much lower temperatures than conven-
tional wet oxidation systems. The milder operating conditions and
resultant process design options make CWO an attractive wasie treatment
alternative, especially for small waste generators who wish to mainuin
economic and legal control of their wastes. The improvements associated
with the catalysts of the wet oxidation process were achieved through an
understanding of the process chemistry and the identification of limiting
reactions. Subsequent improvements, such as the bromide-nitrate cata-
lvst, not only reduced the operating conditions and treatment cost, but
also expanded the list of wastes suitable for treatment by the process. As
we continue 1o deal with the problems of hazardous wastes and stricter
government regulation, we must look at the process chemistry to improve
the performance of waste treatment.
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CHAPTER 14

KINETICS MODEL AND SIMULATION OF
CONCENTRATION VARIATIONS OF
SPECIES OF POLYCHLORINATED
BIPHENYLS INVOLVED IN
PHOTOCHEMICAL TRANSFORMATION
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Knoxville, Tennessee 37923
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Knoxville, Tennessee 37916

Polychlorinated biphenyls (PCB) are potentiaily toxic and carcino-
genic compounds whose large-scale use over the years has made them
ubiquitous in the environment. A recent study by the National Academy
of Sciences indicates that total U.S. PCB use as of 1976 was 6.1 » 108 kg
[1]. The Atlantic Ocean appears to be a major sink for PCB, accounting
for 80% of the PCB burden in the environment. Many freshwater lakes
and rivers also serve as sinks for PCB.

Most PCB released into the hydrosphere are expected to end up either
adsorbed onto sediment or resting as siudges at the bottom of rivers, lakes
and oceans. Transport of PCB in rivers is thought to take place by
solution and readsorption onto sediment, and by transport of sediment
itself.
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Atmospheric transport plays a major role in the woridwide dissemina-
tion of PCB {2-5]. Most of the transport of PCB to the North Atlantic is
thought to be atmospheric. PCB transport to freshwaters, such as Lake
Michigan, is also thought 1o have an important atmospheric component.
PCB released directly into the atmosphere adsorb onto particulates and
are transporied with the prevailing winds. Particle fallout and precipita-
tion deposit the PCB on land or into a body of water. PCB were
presumably reieased in highest concentrations during 1960-1976, pri-
marily to the air and water near urban, industrialized areas. However,
current data show measurable levels of PCB in air, freshwater and marine
samples from both industrialized and remote areas, suggesting that
contamination is still occurring [6). The sources of contamination by
these chemicals generally include agricultural runoff; municipal applica-
tions; and direct discharges into rivers, estuaries and coastal waters by
municipal and industrial activities; and power piants [4]. In general,
laboratory photodecomposition of lower-chlorinated PCB isomers in
both polar and nonpolar solvents reveals a potential parallelism 10 the
environmental mechanisms that could effectively degrade these con-
taminants [7).

PCB are similar to many chlorinated pesticides, which are known to
bioaccumulate to high concentrations in the higher trophic levels. Com-
mercially prepared PCB exist as seven complex mixtures that contain a
total of at least 54 chlorinated hydrocarbons (biphenyl). If introduced
into the aquatic environment as combinations of the seven mixtures, the
system may be idered to be an ag solution containing in excess
of 50 nonelectrolytes. By including the aquatic organisms and other
natural and manmade suspended solids, photodecomposition becomes a
primary concern. The toxicity of this system to aquatic communities may
be due to photochemical products of oxygenated compounds such as
chlorodibenzofurans. Since photochemical products of PCB may be toxic
and can accumulate in living organisms, even trace amounts of these
compounds may have deleterious effects at higher trophic levels.

Since PCB mixtures occur dispersed in rivers, estuaries and seawater at
levels up to 150 ng/1 [6.8], appropriate conditions exist {or hydroxylation
and dibenzofuran-forming environments. Indeed, the notable absence of
the lower-chlorinated biphenyls from most environmental samples sug-
gests an important role of photodecomposition in the environmental fate
of PCB, the interpretation of their source and movement, and prediction
of toxic effects on aquatic life [8). Photolysis of PCB at waveiengths >290
nm (i.e., sunlight) indicates the environmental significance of such non-
biological degrdation [9). Due to an interesting set of attributes of PCB,
two sets of environmental conseguences exist. Most PCB species are
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nonvolatile and hydrophobic in aquatic environments, Thus, they will
cither clusier as aggregates of drops in water or reside at the surface in the
hydrophobdic, nonpolar, hydrocarbon thin-films that spread over the
surface. This latter condition increases exposure of PCB to the ultraviolet
radiation of the sun, thus maximizing photochemical decomposition. In
an aqueous environment, they wouid be subject to hydroxylation and
subsequent potential formation of chlorinated dibenzofuran. Such con-
version, however, is far less likely in the environment than reductive
dechlorination.

Creation of free radicals by allows envir ) repl
of chiorines by hydroxy groups from water without the intervention of
alkali when this occurs at the ortho position (found to be the most
preferred for chlorine loss). The resulting 1-hydroxychlorobiphenyl is
perfectly positioned to allow oxygen 10 bond 1o an ortho position on the
other ring. This results in formation of the potentially most important
class of contaminant in PCB mixtures: the highly toxic chlorodibenzo-
furans (8). Dispersal in seawater implies that all but a small fraction of the
soluble PCB will be too deep to be affected by photolysis by the sun.
Thus, the general inertness of PCB combined with the results of gradient
distribution due to differential solubility implies that PCB will probably
persist in the marine environment.

The photochemical kinetics model was developed to predict the change
in concentrations and formation of predominant PCB under the influence
of sunlight in a microsurface layer of aquatic environments. The rate
constants of the photochemical reactions and initial concentrations of
each chemical species are considered in the kinetic model. The computer
code uses the reaction rate constants. average surface temperature and pH
of the complex photochemical reactions in surface waters. The kinetics
model incorporates the most imporiant photochemical reactions that are
known to occur when PCB are discharged into the aquatic environment
over relatively long periods of time.

lioh

PHOTOLYSIS

One of the most ecologically significant degradation processes of PCB
is photolysis in aquatic environments. The accepted route for the photo-
chemical excitation of PCB isomers in the 280- to 320-nm region occurs
by a transition of electrons in the ground state to an excited state. From
the excited state, which can be singiet, double and triplet multiplicity, the
carbon halogen bond undergoes fission, giving rise to aryl and hyvdrogen
radicals. The radicals then abstract hydrogen from the medium or
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dimerize. In addition, a hydrogen halide can also be detected. Before
bond fission, an alternative reaction between the excited state and
nucleophilic species can occur, giving the appropriate substitution prod-
uct at the C-X bond. .

Photochemicslly induced degradation of i s and ially
synthesized mixtures of PCB has been reported [10,11). Reaction rate
comparisons in oxygen-saturated and degassed soiutions indicated a
marked reduction in rates in the presence of oxygen. The cleavage mostly
takes place on the 2,2°,6.6", ortho chlorine substituents. Since biphenyl
has a planar excited state geometry. coplanarity between the rings
increases conjugation and stabilizes excited state molecules. The ortho
chlorine substitutes sterically hinder the coplanarity between the phenyl
rings. These groups are specifically cleaved in preference to substituents at
the meta and para positions.

1t is possible that fission of the ortho chlorine substituents is due to
stabilization of the transition siate by complexation of the leaving
halogen atom with the system of the other phenyl ring. Thus the orrho
position, being closest to the ring, would facilitate cleavage. Substitution
by the solvent could occur via nucleophile attack on the tripiet or attack
on a radical cation. Photolysis of PCB in aqueous solutions showed that
dehalogenation and substitution products were accompanied by chio-
rinated biphenylenes and the highly toxic chlorinated dibenzofurans.

o o
o -@—@-a = o/ N 7 N\
ocxy

v ew 0

o (hy = 280-320 nm)

(hv = 280-320 nm)

[4] 4]
Figure 1.  Photochemical dehalogenation of 2.2°.4.4 hlorobiphenyl {9].
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Thus, photochemical degradation can both detoxify PCB in aqueous
conditions due 1o the formation of lower<chlorinated PCB isomers, and
toxify with the formation of the more toxic chlorinated dibenzofuran and
chlorobiphenylol photoproducts. Different pathways operating to give
replacement of chlorine by hydrogen and methoxy groups and inter-
mediates inferring the corresponding hanism are shown in Figure 1.

PHOTOCHEMICAL KINETICS
COMPUTATIONAL METHOD

The formulation of the complex photochemical reactions of differential
equations reduces to equations for a single-stage photochemical kinetics
process [12]. The differential equations for the changes in the reacant
concentrations are derived directly from the stoichiometic equations. In
the photolysis process, the reactions are assumed to be irreversible and
displaced toward formation of the reaction products.

The values of the parameters of reactions and the special initial diluted
concentrations were determined on the basis of measured data and
theoretical considerations of the photochemical reactions. Most of the
photochemical reactions that are known to occur when PCB are exposed
to UV irradiation (280-320 nm) and/or sunlight were included in the
model.

The photochemical kinetics model uses the basic principle of “law of
mass” and considers the photolysis reactions in terms of reaction rates. It
predicts the variation of net rate of formation and consumption of the
chemical species in the system based on their initial diluted concentra-
tions. The kinetics code caiculaies the depletion of chemical species as a
function of photolysis rates, pH and temperature, and simulates the
variations of concentrations as a function of time,

RESULTS AND DISCUSSION

The photochemical kinetics study shows that the chemical nature of the
compounds formed in the photolysis process depends mainly on the
presence of ortho- and para-chlorobiphenyls in aguatic systems. Con-
centration varistions of PCB in aquatic environments under the influence
of sunlight may not be detectable by conventional measurement tech-
niques. Also, there are analytical difficulties in measuring the highly toxic
photolysis products of dibenzofurans in the aquatic environments.
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Figure 2. Conceniration variations of 4-chlorobiphenyl within a body of water and thin
films along the surface of water in six months.

Simulation of a small variation in concentration of the PCB under the
influence of sunlight that may not be detectable by the conventional
measurement techniques is shown in Figures 2 and 3. Photochemical
reactions give three types of products, depending on environmental
conditions: (1) chlorine is replaced by hydroxy groups in aqueous
systems, (2) chiorine is replaced by hydrogen (reductive dechlorination) in
nonpolar systems, and (3) chloriné is replaced by hydroxy groups in polar
svstems. From the results above it is apparent that dechlorination of
biphenyls in aquatic environments proceeds very slowly, with consump-
tion of ortho- and para-chlorobiphenyl. The resuits of this study also
show that highly chlorinated biphenyls are more stable under the
inflience of sunlight than less chlorinated biphenyls. The exact reason for
the differences in persistence of the highly chlorinated biphenyls is not
known, as loss of chlorine is related to the action of hydroxy groups in
agueous systems.
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Figure 3. Concentration variations of 2.2°,4.4°6.6-hexachlorobiphenyl and 4.4°-
dichlorobiphenyl.

The environmental significance of the formation of chlorinated di-
benzofurans is threefold: (1) ortho-chlorobiphenyls can be hydroxylated
by radiation (sunlight) when they are syspended in aqueous media; (2) the
products are converted to chlorinated dibenzofurans; and (3) rates of
formation of chiorinated dibenzofurans by this process are the same as
their rates of degradation, Jeading to steady concentrations. The chloro-
dibenzofurans formed from chlorobiphenyl under photochemical condi-
tions lead 10 oxygenated products in six months. Dechiorination of PCB
exposed to sunlight was also observed to a ceriain extent. Irradiation of
2.8-dichlarodibenzofuran resulted in slow dehalogenation in aqueous
suspension.

These limited results do not allow direct comparison of environmental
dibenzofuran degradation rates with rates of photochemical degradation
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observed for some chlorodibenzofurans. However, it seems possible that
most isomers will not accumulate excessively in the environment (with the
possible exception of a 2-chlorinated dibenzofuran).
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CHAPTER 1§

CHLORODIBENZODIOXINS AND
CHLORODIBENZOFURANS: AN OVERVIEW

Thomas O. Tiernan

Brehm Laboratory and Depariment of Chemistry
Wright State University
Dayion, Ohio 45459

Chlorodibenzodioxins (CDD) and chlorodibenzofurans (CDF) are two
series of tricyclic aromatic compounds that exhibit similar physical and
chemical properties and that apparently induce similar biological effects.
Generalized structures of the CDD and CDF and the numbering accord-
ing 1o the position of chlorine substituents on the rings are shown in
Figure 1. The number of chlorine atoms in the moiecule can range from
one to eight; therefore. 2 large number of positional isomers are possible.
The 10tal number of CDD is 75, and there are 135 CDF. The numbers of
CDD and CDF isomers as a function of the number of chlorine atom
substituents are indicated in Table 1.

In the past few years, widespread concern has arisen with respect o
contamination of the environment by CDD and CDF. This concern has
been prompted in part by observations. principally based on animal
studies, that indicate that certain of the CDD and CDF exhibit potent
toxicity. In addition, it has been recognized that, since the CDD and CDF
are present as contaminants in numerous commercial chemicals that have
been or are being produced and used in large quantities [1], the poiential
for extensive environmental contamination by these compounds is very
great. Moreover, CDD and CDF generally are quite stable, chemically
and thermally, and are reasonably solubie in several common organic
solvents (selected physical properiies of two representative chlorinated

243

MONS 004646



244 DESTRUCTION OF DIOXINS

9 [

[] 0 2
7 0 3
6 4
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Chlorinated Dibenzo-g-dioxin
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Cly © *cy

Chlorinated Dibenzofurons

Figurs 1. Generalized siructures of CDD and CDF.

Table I. Numbers of CDD and CDF lsomers as a Function of the
Number of .Chlorine Substituents

Number of Number of Number of
Chiorine Atoms CDD lsomers Isomers
! 2 4
2 10 16
3 14 28
4 2 38
H 4 pi ]
6 0 6
7 2 4
] ] 1

dioxins are shown in Table 11). There is some evidence 1o suggest that the
CDD and CDF are accumulating in the environment, and that these
compounds persist for considerable periods.

The purpose of this chapter is to give a concise overview of the present
sutus of knowledge of the CDD and CDF, as a prelude to discussions of
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Table 11. Physieal Propertis of Two Chlorinated Dioxine

13,73-TCOD OCDD*

Empiric Formula C)3RC0;  C3Cu0,
Percent by Weight
C

“7 il

0 9.95 7.0

H 128

Q “i 6.7
Molecular Weight 322 459.8
Melting Point (°C) 308 130
Decomposition Temperature (°C)  >700 >700
Solubilities (g/1)

o-Dichiorobenzene 14 1.83

Chiorobenzene 0.7

Aniscle 173

Xylene .58

Benzene 0.57

Chloroform 0.37 0.56

nOctanol 0.048

Methanol 0.01

Acetone 0.1t

Dioxane 0.8

Water 210"

* Ocuachiorodibenzo-p-dioxin.

various methods of destroying these compounds or detoxifying wastes in
which they are contained, which are presented in other chapters in this
book. More comprehensive reviews of this subject can be consuited for
additional deuils [1-3).

TOXICITY AND HEALTH EFFECTS
OF CDD AND CDF

The toxicity of chemical compounds is usuaily assessed on the basis of
tests with animals. Frequently, in these tests, large doses of the material
being tested are administered in an attempt to compress the time scaie for
response. This testing may result in misleading conclusions, because such
massive doses are usually unrealistic in terms of the doses that would be
encountered in typical real-worid exposures. Moreover, since toxic
response is & function of the pharmacokinetics and the adaptive charac-
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teristics of each particular animal system, the response of different animal
species to a given chemical may, and frequently does, vary markedly. All
of these considerations Jead one to conclude that it is extremely difficult,
if not impossible, to extrapolate toxicologic data from one animal species
to another, particularly to humans, Still, animal tests are one measure of
the toxicity of chemicals, and some CDD and CDF have been tested in
this manner. On this basis, as shown by the comparison in Table 111[4,5),
the acute toxicities of at least some CDD [in particular, 2,3,7 8-tetra-
chlorodibenzo-p-dioxin {2.3,7.8-TCDD)] are comparable to or exceed the
toxicities of several well known poisons, and these rank among the most
lethal chemical compounds known to man. It has also been observed that
the LDy, doses for various CDD isomers, based on tests with guinea pigs
and mice, differ substantially, depending on the number and location
within the molecule of the chlorine atom substituents (Table 1V). Of the
CDD isomers tested, the 2,3,7.8-TCDD is recognized to be the most
toxic. The acute toxicities of CDF have been less extensively investigated,
but the LDsg values for 2.3,7 8-tetrachlorodibenzofuran (2,3,7,8-TCDF)
and 2.3,4,7.8-pentachlorodibenzofuran (2,3,4,7,8-PCDF) appear 10 be
similar to those for the more toxic CDD, that is, 1-100 ug/kg for the
most sensitive animal species.

Tahie I11. Toxicities of Selected Poisons®
Minimum Leths! Dose

Substance Molecular Weight (mol/kp)
Botulinum Toxin A 9.0 » 10° 33 =00
Tetanus Toxin 1.0 = 108 1.0 » 10°"
Diphtheria Toxin 7.2 = 104 42 = 10"?
2.3.7.6.TCDD" a2 .0
Saxitoxin ki 24w 0f
Terrodatoxin 39 25 - 10
Bufotoxin® 57 £2 « 107
Curare 696 7.2 = 1077
Stirychnine 34 1.5 % 10
Muscarin® 20 5.2 107
Diisopropyifivorophosphate 184 . 1.6 = 1073
Sadium Cyanide 49 2.0 = 107

*Source: Pland and Kende [4). These data were compiled by Mosher et al. [S), and the
values indicate only relative toxicity. It should be noled that the values deal with different
species. routes of administration, survival times and, in one case. mean lethal dose rather
than minimum iethal dose. Except where noted. administration was by the intraperitonss)
route in mice.

"LDyy on oral adminisiration in the guinca pig.

¢ Intravenous injection in the cat.
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Table IV, Acute Toxkities of Chiorodibenzodioxing [1]
LDy (ug/ke)*

Number snd Positions

of Chilerine Substitwents Guines Pigs Mice
2.8-Di- >300,000

2.3,7-Trie 29,444 >3.000
2.3,78-Tetra- 0.6-2.0 284
1.2.3,7.3-Penna- 3 138
1.2.4,7.8-Penua- 1128 >5,000
1.2.3.4.7.8-Hexa- ns 828
1.2.3.6,7.8-Hexa- 70-100 1.250
1.2.).7.0.9-Hexs- 60-100 >1,440
1.2,3,4,6.7.8- Hepua >600: 7,180
1,2.3.4.6.7,8.9-Oc1a- >4 = )0*

S All values are for ors) dmes; test period is Y0 days.

Table V. Summary of Toxk Effects of 2.3.7.8-TCDD on Several Animal Species’ [1.6)

Monkeys
Mice Guines Pigs  (Female)
Thymus Involution Lad oo .
Spleen Reduction (white pulp) - - .
Bone-marrow Hypoplasia * - .
Liver, Megulocyusis; Degeneration Raad - -
Bile-duct Hyperplasia = * Rad
Testicular Degencration .. L aad N/ A
Renal-peivis Hyperplasia - Ead -
Urinary-biadder Hyperplasia - . -
Adrenal-conical Atrophy
(Zona Glomerulys) - - -
Hemmorhage
Intestinal . . -
Adrenal - .. -
Ascites . - -
Cutaneous lesions - - .

SKey: ~no effects; « mildly affecied: «» moderately affecied: +++ severely affecied.

A summary of the observed biological effects of 2,3.7,8-TCDD on
mice, guinea pigs and monkeys is presented in Table V {1,6). While the
effects and their severity vary to some exient among these species, as
already noted, in general the major organs affected are the thymus, liver
and spleen, along with the reticuloendothelial system. Reproductive
functions are also affected in some animals, and pronounced develop-
menal effects in offspring have been observed. In some animal species,
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2,3,7,8-TCDD is fetotoxic (or embryotoxic), teratogenic and even car-
cinogenic [1]. A paniicularly apparent response to this compound ob-
scrved in rabbits, monkeys and man is an acnegenic eruption (termed
chloracne in man).

TCDD causes marked alteration of normal enzyme activity in ceruain
laboratory animals. It is a highly potent inducer of aryl hydrocarbon
hydroxylase (AHH), as well as the mixed-function oxidases and the
cytochrome P,-450 (P-448) enzymes of the liver, lung, placenta and
kidney, in mice and rats [1]. It also appears that TCDD may potentiate
the adverse action of other toxic materials, or even cause another seem-
ingly innocuous agent to exhibit toxicity [1].

There are relatively few data concerning the distribution of CDD and
CDF within animal tissues and organs or excretion of these compounds
following administration. Some studies with TCDD indicate that in rats,
excretion is largely via the feces, and that accumulation occurs principally
in the {at and liver, with smaller amounts in the spieen, bone, heart, lungs,
testes and kidney [1]. Most TCDD is apparently not metabolized by the
rat, or at Jeast metabolism of this compound occurs very slowly, and the
metabolites have not been identified reliably.

Information on the effects of human exposure to CDD has been
obtained principally from epidemiological studies of persons exposed asa
result of accidents in chemical plants or by exposure to contaminated
foods, materials or areas. A summary of the major accidents occurring in
trichlorophenol (TCP) plants in the past several years is given in Table VI
[7). The most notable episode involving CDD contamination in recent
vears was the explosion that occurred at the Icmesa trichlorophenol plant
located in Seveso, ltaly, where TCP and 2.3,7,8-TCDD were dispersed
over a wide area. Approximately 5000 persons were exposed in this
acciden: [1.2]. Shortly afier the accident, chloracne (a well-known symp-
tom of acute CDD toxicity) was observed in some 134 persons. Other
disorders reported included hepatic and coronary insufficiency, chronic
bronchitis, muscular weakness, irritability and nervousness, urinary and
pancreatic disorders, porphyria cutanea iarda, hyperpigmentation and
hirsutism and chromosomal damage. A later followup study detected
peripheral nerve damage and polyneuropathy in some of the exposed
individuals [2).

TCDD is also known to be an inducer of delta-aminolevulinic acid (d-
ALA) and AHH in man. Probably this accounts for stimulation of
production of cerain porphyrins, which are ultimately excreted in the
urine. The distribution of CDD and CDF within the human body and the
modes of elimination have not been established, nor are the metabolic
pathways or metabolites (if any) known. Reproductive effects of CDD
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Table V1. Accidents in Chemicsl Plenis Manufaciuring TCP {7)

Date Manwiscturer Country Personnel Injured Cawee of Accidemt
1949 Monsanio U.s. 1k Overhesting leading (0 explosion
19524198} Nochiinger W. Germany 3 Exposure during menulacturing presess
1953 Badische Anilin und Soda W. Germany s$ Overheating lesding (o explesion

Febrik AG (BASFK)

193y 1971 Rhone I'onlenc France ” Esposure during manwiscturing process
193¢ Wooker u.s. Stafl employees Overheating
90 Diamom Shamrack u.s. Figure unknown Overhe:
196) Philips Duphar Holland Overheati
1964 Spolana Crechorlovabin n Exposure during manwiacturing process
1964 Uow Chemical us. Jo Exposure during manviaciuring precess
1968 Conlite and Chemical P'roducts UK. ” Overheating leading 10 eaplesion
nmn Dayer W. Germany s Exposure during manufsciuring process
192371970 Chemief Linz Awmtria 30 Exposure during manufeciuring process
197 tcmesa {Uivawdan) tinly 106 childien Overheating
Defore 1976 Thompson 1laywmid us. 0 ing leading o

*liciwding |7 injured in & 1936 explosion and 21 in 1966. Source: A. Hiay, “Accidents in Trichlorophonol Plants: A Need For Realistic Surveys to
U

Seh )

Risks i Henlth™, in “1lenlih Elfects of lalogenated Aromatic Hydrocarbons”, W. J. Nichoison and J. A. Moore, Eds. Ann. N.Y. Aced.
:1-100 (1979),
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and CDF in humans also have not been determined, in part because of the
complicating factors caused by the many other hazardous organic
compounds to which man is exposed.

The most notable reported episode involving human exposure to CDF
occurred in Japanin 1968 asa q of the accidental i
tion of rice oil used for cooking with polychlorinated biphenyls (PCB);
subsequently, CDF were shown to be present in small quantities in the
PCB [8). This incident, which has come to be known as the “yusho™
incident, involved more than 1200 persons. There were several near-term
symptoms, including chloracne. Many of these symptoms were similar to
those cited above for CDD ([2]. By the end of 1977, some 51 of the
exposed population had died; 11 of these were identified as resulting from
malignant neoplasms of the stomach, lung, liver, breast or lymphatic
sysiem, or combinations of these [2). Tissues (principally from the livers)
of the victims of this accident were analyzed for CDF, as were samples of
the PCB contaminant in the rice oil. A comparison of the results showed
that many of the same CDF isomers were present in both the PCB
contaminant and the liver tissues, and further indicated that certain CDF
isomers, particularly those having all the lateral (2-, 3-, 7- and B-)
positions chlorinated, were preferentially retained in human tissues {8).
This is one of the few instances in which such compounds have been
implicated unquestionadly in severe human health effects.

In several animal studies, PCB have been implicated as inducing toxic
effects in animals, but in some of these investigations, it has not been clear
to what extent PCB were contaminated with CDF, and the causative
agent or agents are therefore uncertain.

SOURCES AND ACCUMULATION OF CDD AND CDF
IN THE ENVIRONMENT

As mentioned earlier, major sources of CDD and CDF detected in the
environment are industrial chemicals. More recently, however, it has been
recognized that these pounds are present in the effluents from various

combustion processes. The principal environmental sources of CDD/
CDF thus far identified include [1}:

1. chemical products for which the normal ing process
ihese compounds as by-products. and which are widely used in the environ-
ment (pesticides, wood-treating products, etc.);

2. uncontrolled manufaciuring processes, which result in releases of CDD and
CDF (expiosions of reserors).
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) di | of chemical ing wastes or prod
CDD lnd CDF lhndﬁllt. \memys).

4, cial and industrial wastes;

S. ordinary combuwon ptocesm {wood-burning and others); and

6. accidents (fires, spills, ¢t¢.).

Perhaps most important among the mass-produced chemicals which
are known to be contaminated with CDD and CDF are the ortho-
chlorophenols, particularly TCP and pentachlorophenol (PCP). TCP has
been used widely as a preservative, bactericide, fungicide and algicide in
many industrial products, and is the starting maierial used in the manu-
facture of a series of industrial and agricultural chemicals, notably the
herbicide 2,4.5-T, and the related products, silvex. ronnel and hexa-
chiorophene, a baciericide. PCP is extensively utilized in wood-preserv-
ing processes. CDD and CDF that have been detected in various chioro-
phenols and related pesticide products are listed in Table VIl The
probable mechanism by which chlorodioxins are formed in the synthesis
of ortho-chlorophenols is a thermally induced condensation reaction of
two molecules of the sodium or potassium chlorophenate, such as that
exempilified in Figure 2 for the production of 2.3,7,8-TCDD in the manu-
facture of 2.4.5-TCP. A so-called “predioxin,” a phenoxyphenate or
substituted dipheny) ether, may be an intermediate in this reaction.
Similar condensation reactions can account for the formation of hexa-
(HxCDD), hepta- (HpCDD) and octachiorodibenzo-p-dioxins (OCDD)
in the manufacture of PCP (Figure 3).

The extensive occurrence of CDD and/or CDF in such widely used
commercial chemicals as chlorophenols, their derivatives and PCB
provides a clear indication of the need for adequate methods for destruc-
tion of chemical wastes and related materials that resuit from manu-
facture of these chemicals. Obviously, improper disposal of such chemical
wasies can lead to extensive environmental contamination. Prominent
examples of this that have received recent atiention are the Love Canal
area in Niagara Falls, New York, where several major chemical dumps
are located, and a 2.4,5-T/2,4-D manufacturing plant site located in
Arkansas. Levels of TCDD typically found in environmental samples
from these sites are shown in Table VIIl. Applications of excessive
quantities of herbicides contaminated with TCDD, as in South Vietnam
during the conflict there and a1 various military sites in the United States
during this period, or the contamination of the environment resulting
from such events as the TCP reactor explosion at Seveso, ltaly, can also
result in clevated levels of TCDD in plants and animais (including
humans) present at such sites (Table IX [9]).

As already noted, CDF are also present as contaminants in some PCB
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Talde VIL Nigher Chlosudibensmiinine €11 and Chiorodib f CDF I d in Chinroy and Related Proticides [1.2]
CD Detected® CDF Detecied®

Prombwet Tetsa-  Frote-  Hexa-  lepta-  Octs- Tetra-  Penta-  Henn-  Hepta-  Orise
- - - - - . . . . -
+ + 0 . . * + " ’e »
- - B " . - - . . »

[ NO “ - - NO ND NO ND ND

. ND - - - ND ND ND ND ND
- ND ‘ - - - - - - -

- ND - - . ND ND ND ND ND

- ND . - - ND ND ND ND ND

*Comcenteation tanges: ¢+ = 310 ppus, ¢ 3 0.5-10 ppm; - = <0.5 ppm; ND = not determined.
PRecemt analyses by Wright Siate University.
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Figurs 3.  Reactions involved in is of 2,4.5-1richloror and related products
(2.4.5-T and derivatives) showing formation of 2.3,7.8-TCDD as a by-product.

formulations [2). 1n addition, it is known that pyrolysis of PCB at ceraain
temperatures (obviously lower than the iemperatures required for com-
plete destruction) yields CDF as products [3]. The reaction scheme for
formation of CDF from pyrolysis of 2,2',4,4°,5,5-hexachiorobiphenyl, for
example, is as shown in Figure 4. An instance in which a PCB
formulation (also containing hexachlorobenzene) was incinerated under
conditions leading to formation of substantial quantities of CDD and
CDF occurred in Binghamton, New York. This episode occurred as a
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result of a transformer fire in the basement of a large office building. Soot
samples and wipes of surfaces in nearby arcas showed rather large
concentrations of CDD and CDF, as indicated by the data shown in
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Table VIil. Levels of TCDD in Various Environmental and
Biological Samples Analyzed by the Brehm Laboratory of
Wright State University

Sample Description Native TCDD Detected

Hazardous waste landfill soil/sludge,

New York siate 300-199.000 ppt
Trichlorophenol manufaciuring waste,

still bottom, Arksnsas 22,000 ppr
Blood sample from workers involved in

p of ortho~chiorophenol spill in 1ank car

dernilment, missouri 7-28 ppt
Blood sample from Vietnam veteran 4) ppt
Bovine 10 ppt

Municipai refuse-fired incinerator,
New York nstie

(on particuiate emissions) 1S mg/he
Soot (rom wood-burning fireplace 0.65 ppb
Agent Orange 0.1-60 ppm
24-D (severs) manufuciurers) 0.2-1.3 ppd

Table IX. TCDD Levels in Wildlife in Seveso, lialy, Area Following TCP Accidemt®

No. of
Samples TCDD Level (ng/g)
Animal Analyzed Thswe Positive Average Range
Fieid Mouse 14 Whole body 14/14 48 0.07-49
Hare s Liver 3's 7.7 2.70-13
Toud i Whole body 11 0.2
Snuke | Liver 171 27
Adipose tissue 16.0
Earthworm® 2 Whole body 112 12.0

*Source: Fanelli et al. [9). referenced in Esposito et al, [1].
"Each sample represents o S-g pool of carthworms.

Table X for a wipe sample [10]. in still another instance, incineration of
wood-ireatment wastes containing PCP, and probably related CDD/
CDF or precursors of these, in an incinerator that apparently provided
less-than-optimum conditions for destruction, yielded ash residues con-
taining relatively large quantities of COD/CDF (see Table XI). Another
chapter in this book [11] presents a more detailed discussion of the recent
assessment of destruction of PCB by incincration under conditions where
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Figwe 4.  Reaclions leading to f ion of CDF from pyrolysis of 2.2'4.4°,5.5'-hexa-

chiorobiphenyl.

high destruction efficiency was achieved and the level of CDD/CDF in
the combustion effluents were within limits which the U.S. Environ-
mental Protection Agency (EPA) deemed accepiable.

ANALYSES OF CDD/CDF IN
ENVIRONMENTAL SAMPLES

The extraordinary toxicity of some CDD and CDF dictates the need
for analytical capabilities that can detect and quantify picogram quanti-
tes of CDD and CDF. At the same time, great analytical methods
specificity is required, because several other prominent contaminants that
persist in environmenta) samples (e.g., PCB and DDE) can interfere with
the determination of CDD and CDF. The analytical capability described
has only been realized within the past 34 vears, and it is now possible to
reliably determine parts-per-trillion ievels of CDD and CDF in many
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Table X. Resuits of HRGC/LRMS Anaiysis of Wipe Sample from Ares

Contsminated by T:

Flre for Tetre- Through

Octachlorinated Didbenzo-p-diosing snd Dibenzofurans

Quaatity of Minimum Detectable
CDD/CDF Detected Qusnthy

CDD/CDF* Apparent Isomers® (ng/ wipe) (ng per isomer)

TCDD ND 0.10
70,-23.18

PCDD ND ND 0.10

HxCDD ND ND 0.20

HpCDD 1.23.46,7.8- 0.6 0.20
1.2.3.4,6,7,9= 0.48 0.20
Towul 1.4 0.20
MC-1.23,4.6,7.8-

oCcDD 1.2.3.,4,6,7.8.9- 1.0 0.20
YC1-0CDD

TCDF 1.2.4.8- 2.0 0.10
23.6.8- 3l 0.10
2378~ 9.6 0.10
Other isomers (8) 388 0.}0
Total 50.4 0.10

PCDF 1.2,4,7.8- 5.2 0.10
Other isomers (13) 1.8 0.10
Total 170 0.10

HxCDF 12,4.6,7.9- K 0.20
Other isomers (12) 4.6 0.20

) Total 42 020

HpCOF 1.23,4.68.9- 27 0.20
Other isomerns (4) 46 0.20
Towl 73 0.20

OCDF 1.2,.3.4.6.7.3.9- 7.3 0.20

’ ‘P:ggD s penta-CDD: HXCDF s hexa-CDF; HpCDF = hepta-CDF; OCDF s octa-

*Ses text for discussion.

types of environmenial and biological samples, hazardous chemical
wastes, and chemical formulations. The Brehm Laboratory, Wright State
University, has been one of the major contributors to the development of
this highly sophisticated analytical methodology. In general, the ana-
Iytical procedures now applied for definitive determinations of CDD and
CDF isomers entail the following:
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Table XI. HRGC/LRMC Analyticat Ressits for CDD/CDF in Ash Sampie from
Incineration of Wastes Containing PCP*

Minimum Detectable
Total Number of Total Detectd Concentrated
CDD/CDF Apparent lsomers (ng/g) (ng/g)
MCDF 3 73 0.1
DCDF 8 28 03
T«CDF ] 18 06
TCDF 7 7 0.5
PCDF H ] 1
HxCDF s L !
HpCDF 2 6 |
OCDF | 2 !
MCDD 1 1 0.4
DCDD 4 ] 0.3
TeCOD H 2 0.6
TCDD 4 4 02
PCDD 5 32 !
HxCDD 5 8! !
HpCDD 2 17 |
ocDD | 198 1

*Recent analyses by Wright Staie University.

1. extraction of CDD and CDF from the sample matrix using organic solvents,

2. preliminary separation of CDD nud CDF (rom other constituents of the
marix, which aiso have been ing other i
using acid-ba lndhquld‘ phy with alumina, silica ge}
and/or other suitable columns:

3. funhn fractionation of the CDD and CDF using normal and reverse-phase

liquid ch phy (HPLC): and
4, nmlym of the prepared extracis eonuumn; CDD and CDF using capillary-
column gas ch graphy/mass sp y (GC/MS). Both low- and
high i y may be used in this analysis, depending on

gt
the sample.

The application of this complex analytical procedure is tedious and
costly, but such a procedure is necessary to obtain definitive data on the
CDD and CDF isomers at the extremely low (parts-per-trillion) concen-
tration levels at which these must be detected. The results of such an
analysis are well illustrated by data obtained from analysis of the ash
sample resulting from incineration of PCP wood-preserving procsss
wastes, which are shown in Table XI. Interestingly, the TCDD isomers
detected in this sample were 1,3,6,8,- 1,3,7,9-, 1,3,7.8-and 1,2,3,4.TCDD.

MONS 004661



CHLORODIBENZODIOXINS AND CHLORODIBENZOFURANS 229

No 23,7,8-TCDD was found. Similar analyses have recently been
accomplished by the Brehm Laboratory on stack effluents from incinera-
tion of municipal refuse, and on effluents from incineration of wastes
containing PCB. The latter work is discussed more fully and the detailed
analytical techniques are aiso described in another chapter in this
book [11].

ENVIRONMENTAL TRANSPORT AND NATURAL
DEGRADATION OF CDD

Considerable work has been done in an effort 10 assess the extent of
degradation and transport of CDD in the environment [1], aithough the
conclusions from these studies are not entirely clear. Although bio-
degration of TCDD does not seem to be a particularly important process,
both TCDD and OCDD appear to be effectively photodegraded by both
natural sunlight and artificial uitraviolet (UV) radiation (1]. Transport of
TCDD in soil, water and air has been invesiigated, but since the results
depend on so many environmental factors (e.g., type of soil and organic
content, temperatures and organic content of water, and method of
dispersal in air), the conclusions are not straightforward. It appears,
however, that TCDD can migrate to some extent in soils, especially
porous, sandy soils. Transport of CDD/CDF can occur in the air,
especially if these compounds are sorbed on airborne particulates. It is
also clear that transport of CDD/CDF can occur by runoff of surface
waters and or leaching into groundwaters, which ultimately may con-
taminate lakes, rivers and streams. In the latter instance, TCDD appears
to accumulate largely in sediments, although the content of other organic
compounds in natural waters also affects the concentration of CDD/
CDF therein. Finally, as discussed earlier, CDD/ CDF can bioaccumulate
in some plants, animals and fish exposed to these compounds; obviously,
this may also result in transport and, ultimately, dispersion of these
compounds in the environment. There are few bascline data on con-
centrations of CDD/CDF in the environment, however, except where
high leveis of CDD/CDFare anticipated because of massive contamina-
tion episodes such as those described earlier

DESTRUCTION OR DETOXICATION OF CHEMICAL
PRODUCTS AND WASTES CONTAINING CDD/CDF

Among the methods applied in attempts to destroy or detoxicate wastes
containing CDD and/or CDF are conventional incineration, photolysis,
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radiolysis, ozonolysis, catalytic dechlorination and biological treatment.
Several of these techniques and their application to such chiorinated
compounds are discussed in more detail in several other chapters in this
book. These chapters clearly demonstrate that considerable success has
been achieved in devising environmentally acceptable methods for de-
stroying or detoxifying hazardous wastes containing CDD and/or CDF.
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CHAPTER 16

SELECTED LEGAL ASPECTS OF A
DIOXIN DETOXICATION PROJECT

Kent A. Stormer

Syntex (U.S.A.), Inc.
Palo Alto, California 94304

On a summer safternoon in 1974, Godfrey Moll, Plant Manager of the
Syntex Agribusiness chemical production facility in Verons, Missouri,
rapped on the side of an old 20-foot-tall steel tank, which had been sitting
idle on the premises for many years. Syntex had purchased the plant,
including the steel tank, in 1969. Moll assumed that the tank was empty
because Syntex had never used it, but his knocking on the tank wall was
inconclusive. Consequently, he carefully lowered a small flask into the
tank and, to his surprise, it came up filled with a dark siudge material.
Moll calculated from the size of the tank that it contained approximately
4300 galions of this material, which was the consistency of heavy motor
oil. Laboratory analysis of the sludge increased his surprise considerably:
the 4300 gallons of siudge contained approximately 343 ppm of dioxin,

It soon became evident what had happened. In the late 1960s North
Eastern Pharmacsutical and Chemical Company, Inc. (NEPACCO)
leased a'portion of the Verona plant from the company that then owned
it. Under this lease, NEPACCO was entirely responsible for disposing of
its own wastes and trash, and agreed to operate at all times in conformity
with applicable laws and regulations. NEPACCO’s activities at the plant
included the production of hexachiorophene. One step of that manu-
facturing process, which involved the purification of trichiorophenol
(TCP), apparently produced dioxin as an unwanted by-product.
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Syntex Agribusiness later acquired the Verona plant subject to the
existing lease with NEPACCO. NEPACCO ran into financial difficulties
when hexachlorophene, its main product line, was cssentially removed
from the market by the Food and Drug Adminisiration (FDA) and soon
thereafter NEPACCO allowed its corporate charter to lapse.

In short, in violation of its lease, NEPACCO had apparently simpiy
abandoned the dioxin-containing wastes in the tank and, after Syntex
purchased the facility, had gone out of business.

The first-priority activity, from legal as well as other perspectives, was
to provide additional safety precautions for the tank. A reinforced
concrete dike, capable of containing the entire contents of the tank should
it leak, was constructed beneath it; a building was erected over it; and a
wire fence was put up around it. After the ares was safely secured, Syntex
turned its attention to finding a suitable way to resolve the problem.

The overriding considerasion for Syntex in searching for and selectinga
disposal method was the safety of the public, its employees and the
surrounding area. Syntex was dissappointed many times in its search.
Several plans for disposal by incineration at appropriate facilities had to
be abandoned because Syntex was not ailowed to transport the wastes
across state lines. At one point, the possibility of incineration at ses on the
ship Vulcanus was also explored. This option met with two main
obstacles: the unwillingness of state and federal authorities to allow
transportation across state lines and the unwillingness of the Vulcanus to
handle what it viewed as a small quantity of waste. In general, as the
hazards of dioxin became more publicized, fewer and fewer consultants
or contractors were willing to become involved in the disposal of this
material. However, despite these difficulties, Syntex continued to search
for a disposal method, and began exploring the possibility of detoxicating
the NEPACCO wastes onsite.

INTERDISCIPLINARY EFFORTS

Early in 1978, Syntex entered into a contract with IT Eaviroscience
(formerly known as Dow/Hydroscience) to undertake a three-phase
program. Phase | was a technology review by IT Enviroscience to
discover feasible methods of onsite reduction and recommend a method
for further development; phase 1l involved laboratory development and
refinement by IT Enviroscience of the method which they recommended;
and phase 111 was the detoxication of the NEPACCO wastes,

Syntex convened a Biue Ribbon Committee to make an independent
evaluation of the IT Enviroscience recommendations and to guide its
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progress in this endeavor. The Committee consisted of § academic and
industrial experts in photochemistry, chemical engineering, process anal-
ysis and reaction kinetics. When it became evident that the process that IT
Enviroscience was likely 1o recommend wouid involve photolysis, two
experts in this specialty were immediately added to the Blue Ribbon
Committee,

Syntex also, of course, continued to apply intensively the expertise of
its own employees in many disciplines. They included chemical engineers,
civil engineers, process engineers, research chemists, analytical chemists,
industrial hygienists, toxicologists, physicians, insurance specialists, fire
protection specialists and lawyers.

As ] have stated, safety of the public, its employees and the surrounding
arex was Syntex' primary consideration. This consideration weighed
heavily against any process requiring operation at high tcmperatures or
pressures. The process ultimately proposed by IT Enviroscience was
extraction of dioxin from the NEPACCO wastes followed by ultraviolet
(UY) photolysis of the extractant material. The process had the advan-
tages of operating at essentially ambient pressures and temperatures, as
well as being amenable to batch processing, which enabled careful
regulation of the amount of wastes being treated at any given time. The
proposed process was reviewed and approved by the Blue Ribbon
Committee in 1979.

WHY LAWYERS?

On the surface, the destruction of these wastes appears to be more s
scientific than a legal challenge. There was no litigation pending nor even
threatened concerning these materials. Why, then, were lawyers an
integral part of the team?

The involvement of legal counsel began very early in the detoxication
project, in fact, at the point of decision as to whether there was even going
to be such a project. The initial question was whether to focus efforts on

- pointing out Syntex' lack of responsibility for the presence of the
materials or, instead, to turn directly to an attempt to clean them up.

On one hand, Syntex had not generated or disposed of the wastes in
question. NEPACCO, which created the wastes and abandoned them at
the Verona chemical plant nine years before, was out of business and had
not existed as a corporation since 1974, Syntex found itself involved in
this matter because it purchased the plant in Verona from another
company, which had earlier leased part of the plant to NEPACCO for the
manufscture of hexachlorophene. Clearly, a strong basis existed for
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declining any responsibility whatsoever, on the grounds that Syntex did
not generate the hazardous materials or place them in the tank.

On the other hand, militating in favor of Syntex’ attempt to detoxicate
the materials created by others was a factor that was and continues to be
of paramount importance 1o Syntex: safety. Syntex evaluated the com-
parative safety (and attendant legal exposures) involved in processing the
materials vs leaving them where they were, in a protected steel tank. Even
though the wastes were protected in their tank, with its dikes and fences,
they still might be affected by such events as tornados, deliberate damage
or leakage due to eventual deterioration of the tank. They were, in the
final analysis, located on what had become Syntex property and the
company felt an obligation to deal with them.

Another important factor weighed very heavily in the decision to
proceed to detoxicate the materials: Syntex wished to act as a good
corporate citizen and to alleviate a possible source of concern and anxiety
both in the community in which its plant was located as well as in
surrounding communities. Accordingly, it was decided to seek a way to
detoxicate the materials.

Of course, involvement of lawyers in the project did not cease once the
decision was made to detoxicate the sludge. During process development
and before startup, lawyers were active in a number of areas. First,
considerable effort was expended on maintaining lisison and rapport with
responsibie officials of the U.S. Environmental Protection Agency (EPA)
as well as state and local agencies. As a part of this liaison activity,
lawyers often served as problem-solvers to help avoid and overcome
possible impasses and to help gather and synthesize information from the
various disciplines in a manner that would be responsive to EPA’s
concerns. For example, numerous meetings were heid as the development
of the process progressed. to keep EPA officials in Washington, DC, and
the Regional Office in Kansas City informed. As the process was selected
and refined, specific documentary submittals were provided. At one
point, 17 multifaceted written questions were posed by EPA. A four-inch-
thick, item-by-item response by Syntex elicited an even larger number of
questions from EPA. Soon, however, the questions began to decresse in
both number and scope until finally, on May 19, 1981, EPA authorized
Syntex to begin processing. The actual commencement date of the
processing took place only two weeks later than the startup goal that
Syntex had set almost a year before. Syntex feels that the timely startup
of this process provides a good example of the kind of results that
industry and government can accomplish by working cooperatively
together.

MONS 004667



LEGAL ASPECTS OF DIOXIN DETOXIFICATION 265

In a second, related, area, there was considerable legal activity involved
in obtaining the requisite federal, swte and local permits. For exampie,
approximately 55 days before processing was scheduled to begin, a
regulation was promulgated under the Toxic Substances Control Act
(TSCA) requiring 60-day notice to EPA before any dioxin disposal could
commence. The regulation was actually designed to halt another com-
pany's dioxin disposal project, which EPA apparently thought ill advised.
Unfortunately, the regulation’s prohibitions reached beyond that one
company and, at least literally, encompassed Syntex’ proposed process.
ing. After extensive negotiations and correspondence, EPA again coop-
erated with Syntex by finding that the notification requirement had been
met, partly on the basis that Syntex had been keeping EPA informed for
several years of its progress toward detoxication. Agsin, the spirit of
cooperation and openness between Syntex and EPA had made it possible
to overcome a prablem that otherwise might have halted or delayed the
project.

A third area of legal activity involved the protection of confidential
propriewary process information. The contract with IT Enviroscience
obligated Syntex to maintain certain process information as confidential.
Yet EPA felt it could not approve the process without such information.
Considerable negotiation and correspondence cnabled a mutualily satis-
factory resolution of thess competing needs.

A fourth area of legal activity involved the preparation of contracts
with IT Enviroscience, the Blue Ribbon Committee members and other
consultants. The sensitive nature of the project and the involvement of
confidential process information made the task particularly challenging.
Another group of issues requiring the application of legal effort involved
establishing shutdown authority, emergency procedures and EPA repre-
sentation at the processing site. Finally, considerable time was spent
coordinating public involvement, including town meetings, press confer-
ences and briefings of officials, including the mayor of Verona and U.S.
senators.

During the successful operation of the detoxication process, input by
lawyers continued along lines similar to those described above, par-
ticularly in the areas of maintaining liaison with EPA and coordinating
the efforts of consultants. Fortunately, the process operated with a
minimum of hitches, 0 no further legal activity was necessary with regard
to such issues as shutdown authority or emergency procedures.
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LAWYERS' INTERACTION WITH
OTHER DISCIPLINES

One way to conceptualize the lawyer’s role in such situations is to say
that he or she can be responsibie for removing or sddressing certain
obstacles and problems so that scientists and other experts are allowed to
focus their expertise on resolving the scientific and technical aspects of the
situation. Prime examples of this traditional role for a lawyer might
include obtaining permits and drafting contracts. These activities repre-
sent an important aspect of a lawyer’s traditional role in such situations.
Conceptualizing the interaction among the disciplines in such a limited
fashion, however, vastly undervalues the extent of symbiotic interplay
that is essential to the success of such a project. The several disciplines
involved did not simply work on separate, parallel tracks. Instead, many
key decisions involved a collegial process that brought together several
areas of expertise, including legal. One example may help illustrate this
point.

The design of environmental and personnel sampling protocols and the
selection of the accompanying analytical methods required an extensive
iterative dislog among lawyers, analytical chemists, industrial hygienists
and others. Such a system had to meet several conflicting demands. On
one hand, the samples had to be sufficient in number 10 rebut allegations
of dioxin release or injury, have sufficient sensitivity to meet legal
standards and be frequent enough, with short analytical tummaround
times, to enable rapid identification of any problems. On the other hand,
these environmental sampling and analytical efforts could not be so
numerous, sensitive or frequent as to interfere with the analysis of process
samples, prolong excessively the turnaround time, extend the duration of
the detoxicstion processing, or increase unacceptably the possibility of
obtaining misleading false positive resulis. The pooled expertise of several
disciplines, based on extensive discussion, was necessary to baiance these
variables.

Unfortunately, shortly before the detoxication processing was com-
pleted, another NEPACCO dioxin disposal site was discovered in a
trench on a Missouri farm several miles from the Verona plant. Once
aguin it was decided to clesn up the materials rather than to focus efforts
on pointing out Syntex' lack of respansibility for the presence of the
materials. Based on the lessons of the Verona detoxication effort, another
interdisciplinary team, including lawyers, was assembled, and a plan for
site cleanup was approved by EPA. The cleanup effort at this new site is
now well underway.
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In retrospect, Syntex’ efforts to act in a responsible manner and as a
good corporate neighbor have been well received. A U.S. senator for the
state of Missouri, after being personally briefed in Washington about
Syntex' proposed detoxication effort, commented that the program
“represented the highest degree of corporate care and concern.” The
Chamber of Commerce for a nearby town passed s resolution thanking
Syntex for its “caring attitude ... and moral and unselfish stance.”
Finaily, Douglas M. Costle, then the head of EPA., traveled to Missouri
to hold a press conference complimenting Syntex for its “responsible and
constructive actions.” Comments such as these helped confirm that the
correct choice had been made more than seven years earlier to tackle this
difficult hazardous waste disposal problem.
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CHAPTER 17

PROCESS FOR DESTROYING
TETRACHLORODIBENZO-p-DIOXIN
IN A HAZARDOUS WASTE

J. H. Exner, J. D. Johnson, O. D. lvins,
M. N. Wass and R. A. Miller

IT Enviroscience
Knoxville, Tennesses 37923

Polychlorinated dibenzo-p-dioxins {(PyCDD) are extremely toxic com-
pounds [1,2] that have been involved in several highly publicized acci-
dents such as the Missouri Horse Arena episode in 1971 [3], the Seveso
release in 1976 [4], and in the controversies surrounding the use of Agent
Orange and trichlorophenoxyacetic acid herbocides. The 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (2,3,7,8-TCDD) isomer is one of the most toxic
chemicals known toward certain species of animals. In 1974, the presence
of tetrachlorodibenzodioxins was confirmed in a waste storage tank at &
chemical plant in Verons, Missouri. The waste resuited {rom production
of hexachlorophene by North Eastern Pharmaceutical and Chemical Co.
(NEPACCO). NEPACCO became defunct in 1971 and the tank and
contents reverted to Syntex (U.S.A.) Inc. After the discovery of the
conients of the tank, public and political opposition to transportation and
destruction of this politically sensitive waste prevented land- or sea-based
incineration. Consequently, IT Enviroscience was retained to examine
treatment options for this waste that could be used at the plant site. The
objective was to decrease the hazard of the stored waste to the surround-
ing community of Verona, Missouri, by developing a safe, effective
method to reduce the approximately 7 kg of dioxin in about 4600 ga! of
waste,
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Development of the destruction process and the ultimate destruction of
the waste involved a three-phase project that illustrates the social,
economic, political, technical and legal aspects of waste detoxication
projects. In addition, this project illustrates the multidisciplinary nature
of the technical solutions to these difficult waste problems. The technical
solution relied on the experience of analytical, organic, physical and
inorganic chemists; chemical, civil and process engincers; industrial
hygienists and toxicologists; and medical personnel.

EXPERIMENTAL

Safety, Health and Environmental
Considerations

TCDD is teratogenic, has a high acute toxicity, and causes severe
chloroacnogenic response on skin contact [S). Work was carried out in an
isolated work area in accordance with safe handling recommendations
[6]. Standard laboratory emergency procedures were altered to separate
potentially contaminated apparatus and personne! from the rest of the
laboratory. Skin contact was minimized through the use of disposable
coveralls and rubber gloves. Goggles and face shields were worn during
nonroutine laboratory manipulations. Personal hygiene was enforced by
requiring showers and clothing changes when workers left the isolated
work room. Chemical manipulations were carried out in 3 well ventilsted
hood. The minimum air velocity at the face of the hood was 100 ft/min,
and under normal working conditions the velocity ranged 150-200
ft/min. Liquid and solid were placed into a plasiic bottle.
Glassware was placed into metal cans. Slightly contaminated materials,
such as gloves and towels, were placed into a 55-gal drum. Used coveralils
were placed into a second drum. These drums were sealed and disposed of
by incineration.

All persons working with TCDD were given complete baseline physi-
cals, with special attention given to liver function and skin condition.
These physicals were followed semiannually for a minimum of one year
after completion of the project.

Analytical

Gas chromatography (GC) analyses were carried out on 3 Hewlett-
Packard 5750 with flame ionization detection (FID). A 10% OV-101 on
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80/100 mesh Chromosorb WHP glass column, 10 ft » 2 mm, was used at
230°C. Nitrogen flowrate was 30 mi/min; detector temperature was
270°C, injector temperature was 250°C, and the sample volume was 2 ul.
TCDD retention time was 9.5 min.

GC/electron capture detection (ECD) analyses were carried out on a
Hewlett-Packard 5710 with a #Ni detector. A 1.5% SP-2250/1.95% SP
2401 on Supelcoport 100/120 glass column, 6 ft * 2 mm, was used at
220°C. Carrier flow (5% methane/95% argon) was 20 ml/min, detector
temperature was 330°C, injector temperature was 250°C, and sample
volume was | ul using an autoinjector.

High-pressure liquid chromatography (HPLC) was carried out on a
Perkin-Elmer LC-55 using a 250 = 6.2-mm Zorbax ODS column
(Dupont) at 50°C. The eluent was methanol at 2 ml/min. The UV
detector was set at 235 nm, connected to a recorder deflecting full scale at
0.01-0.02 absorbance units.

GC/mass spectrometry (MS) analyses were performed on a Finnigan
Model 3200 coupled to a System Industries 150 data package, which.
permits continuous acquisition during chromatography. Analyses were
carried out with a 6-ft x 2.mm glass column packed with 3% OV-10! on
80/100 mesh Chromosorb WHP. Conditions for gualitative analyses
were: 120°C for 2 min, 120-250°C at 8°C/min; injector, 290°C; separa-
tor, 290°C: helium flow, 30 mi/min; sample volume 2 ul. Quantitative
analyses were carried out isothermally at 250°C.

Isopropyl aicohol (IPA) in hexane was analyzed on a Perkin-Elmer
Sigma 3 FID, using an 8-ft » 4-in. 100/120 mesh Porapak stainless steel
column. The column temperature was 150°C; detector, 200°C, injector,
200°C; and the N; flowrate was 25 ml/ min. Ultravioiet (UV) spectra were
obtained on a Perkin-Elmer 202 Ultraviolet-Visible Spectrophotometer.

Materials
Solvents were obtained from Burdick and Jackson (distilled in glass) or
Fisher HPLC grade. Alumina was Brockman activity 1, 80-200 mesh or
Fisher A-540. Silica gel was Fisher ACS reagent, 100-200 mesh.
NEPACCO waste was hand-delivered ta the Knoxville laboratory.
TCDD Standard

TCDD (>99%), 6.1 mg, obtained from the Dow Chemical Company,

was transferred guantitatively into a 50-ml volumetric flask. The solid
was dissolved in o-xylene. Triphenylethylene (Aldrich) in o-xylene was
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added as an internal standard at 21 mg/1. Dilutions were made volumet-
rically and standards were stored in septum bottles sealed with Teflon®-
lined caps and covered with aluminum foil.

Column Chromatographic Purification of TCDD Samples

Several procedures were used throughout the course of the work:

{. Basic alumina, 4.0 g. was added 10 4 ml of n-hexane in a |- » [0-cm glass
column. To a 5.0-ml aliquot of & hexane extract of the NEPACCO wase, 71.2
mg/t (356 ug) TCOD was added, and ihe hexane was coflected. A 20-mi
aliquot of 2% v/v methylene chioride/ hexane was placed on the column and
collecied. No TCDD was detected in this fraction. TCDD was eiuted with a
20-ml portion of 505 methylene chioride/hexane, and the solution was
concentrated to 6.3 ml (4.4 g). TCDD concentration was 36 mg/l, 352 ug. 2
recovery of 99%.

2. A le= 10-cm column was pscked with 1.0 g of silics geland 4.1 g of 44% w/w
sulfuric scid/silice gel. A second column, | * 30 cm. was packed with 6.0 g
Fisher A-540 alumina, which had been activated at 130°C for 20 hr. A small
lsyer of anhydrous sodium suifste was piaced upon ‘the alumina. The
photolysis residue was reduced in volume by about 2.0-2.5 times. To this
concentrats was added 260 ul of & 66-mg/] solution of TCDD in hexane.
Anaiysis by GC/FID gave § mg/} TCDD in the spiked solution. A 2.0-mi
aliquot was placed on the acidic silics gel, and the material was eluted directly
onto the alumina column with 45 ml of hexane. The alumins column was
cluted with 20 mi of 20% v/v methylene chlondclhcune. The lohmu wag

evaporated to dryness in & S-mi botiom vial and dissolved in 2 mi of
hexane. A 100-fold dilution of this sample gave 7.2 ug/1 (87%) of TCDD by
GC/ECD.

Analysis of NEPACCO Waste Extracts

Into a 125-mi separatory funnel was placed 8.04 g (~5.8 ml) of
NEPACCO waste, then 30 ml of 15% w/w aqueous sodium hydroxide
and 30 ml of hexane were added successively. The mixture was shaken for
about 30 sec, and the separated, lower, black aqueous phase was added to
a second 125-ml separatory funnel. The volume of the hexane layer was
determined with a graduated pipet, and the hexane layer was analyzed by
GC/FID. The caustic layer was extracted five more times with 30-ml
portions of hexane. Each hexane layer was analyzed; however, extracts
3-6 were reduced in volume by 5-16 times before GC/ FID analysis. All
remaining extracts were combined to yicld 66 ml of hexane extracts,
which contained 40 mg/! TCDD (2640 ug) by GC/FID and 33 mg/l by
GC/MS. Column chromatography by method | gave 43 mg/l of TCDD
by GC/FID. Addition of the six extract analyses gave 2760 ug TCDD.
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Analysis of Photolysis Mixtures by
Column Chromatography and HPLC Followed by GC/ECD

A sample of photolysis effluent from a photolysis run was spiked with
TCDD to make a 620-ug/! solution. A |- = [0~cm column was packed
with 2 g of silica gel and 2 g of 4% H,SO,/silica gel, then 3.0 ml of the
photolysis solution was placed on the column and eluted with 35 m) of
hexane. The sample was concentrated to 3 ml, and a 67-ul sample was
injected onto the HPLC. Fractions of the eluate were collected over the
time interval consistent with retention times of a standard (5-8 min). The
cluate was collected in a 25-mi volumetric flask which contained ! mi of
hexane. The solution was then washed with enough 1% w/w agqueous
sodium bicarbonate so that the hexane layer separated in the neck of the
volumetric flask. The hexane was withdrawn with a disposable pipet, and
the aqueous methanol solution was extracted with three successive 1-mi
portions of hexane. The combined hexane layers were reduced to 0.1 m!
in a cone-bottom vial and analyzed by GC/ECD.

Scaleup Photolysis

A 4655-ml aliquot of extracts from the first three extraction scaleup
experiments was placed into a 5-liter. 3-necked flask equipped with a
quartz light-well through the center neck, a magnetic stirring bar and a
reflux condenser connected to a trap filled with water. Technical-grade
1PA (85 ml) was added, the solution was stirred magneticaily, and a 450-
W Hanovia mercury lamp was inserted in the light-well and switched on.
Samples were removed for dioxin and chloride ion analyses. Chloride ion
was determined by extracting & 20-mi sample with 10 ml of water. The
water and the water in the scrubber were analvzed by ion chromato-
graphy on a Dionex lon Chromatograph using a 0.0024-M sodium
carbonate/0.003-M sodium bicarbonate eluent at 3 ml/ min through a 6- =
250-mm cation suppressor column followed by a 3- » 150-mm anion
separator precolumn followed by a 3- » 500-cm anion separator column.

Miniplant Operation

Into a 4-liter. jacketed, plass resin kettle equipped with an agitator
(“crow’s foot™) and condenser, was placed 1050 m) of 155 w/w sodium
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hydroxide solution and 1250 ml of technical-grade hexane. NEPACCO
waste [322 g (~233 mi)] was added, and the bottle was rinsed with an
additional 250 ml of 15% sodium hydroxide. The mixture was heated to
42°C and stirred at 17,000 rpm for 20 min. After settling occurred, the top
hexane layer was transferred by pump to a 3-liter, jacketed glass vessel.
Successive extractions were performed with 610 and 305 ml of hexane,
and the first five hexane extracts were combined in the photolysis
reservoir. To this solution was added 56 ml of technical-grade IPA, and
the yellow solution was pumped at 65-100 ml/ min from the bottom outlet
of the reservoir through a 250-ml photochemical reaction vessel into the
top of the reservoir. The photochemical reactor was equipped with a 450-
W medium-pressure, Hanovia mercury-vapor lamp in a water-cooled
immersion well and a reflux condenser. Sampling valves in the Teflon®
lines allowed inlet and outlet samples to be taken at various time
inervals. After 3.5 hr, the light was turned off. a condenser was piaced on
the photolysis reservoir, and the brown solution was distilled by heating
with water/ethylene glvcol. Distillation began at 59° C, and about 100 ml
of distillate was collected when the vapor temperature reached 65°C. The
temperature gradually rose to 65°C during the distillation.

To the caustic raffinate in the extractor was added with stirring 1294 g
of 20.8% w/w sulfuric acid. The mixture separated into a8 brown aqueous
layer (~2400 ml) and a black oil at the bottom.

RESULTS AND DISCUSSION
Composition of NEPACCO Waste

Characierization of wastes is the basis for any rationa) waste treatment
process. Knowledge of the waste composition provided the key to
successful treatment in this case. The tank ined the distillati
residue from trichlorophenol purification. Presumably, trichlorophenol
had been manufactured by treatment of tetrachlorobenzene with sodium
hydroxide in ethylene giycol at 150 and 200°C. Therefore, by-products
from trichlorophenol production, pheno!s and TCDD were expected. and
analytical procedures were based on thzse expectations. Solvent extrac-
tion of the waste gave a base-soluble fraction and a neutral organic
fraction containing TCDD. GC/MS aralysis of thsse fractions revealed
42 different components. Figure 1, the reconsiructied GC/ MS chromate-
gram of the base-soluble fraction, shows a varicty of hydroxy! and
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ethylene glycol derivatives of tetrachlorobenzene. The major portion of
the base-soluble fraction, about 50% w/w, was trichlorophenol. The
neutral fraction, shown in Figure 2, contained methylated benzylbenzenes
(presumably impurities in tetrachlorobenzene), ethers of trichlorophenol
and diethylene glycol. ethylene givcol and diethylene glycol derivatives of
tetrachlorobenzene, tetrachlorobenze, and TCDD. These compounds are
consistent with the manufacture of trichlorophenol by hydrolysis of
tetr:chiorobenzene.

TZDD was confirmed by GC/MS by matching GC retention times to
within 0.1 min of a standard, and by the relative intensities at m/e 320
(74), 322 (100) and 324 (48). In addition, various purification techniques
allowed GC/EC quantification. Purification methods, adapted from
those described by Lamparski et al. [7], consisted of liquid chromatog-
raphy through acid-treated silica gel, silica gel and alumina. Impurities
were separated by elution with hexane, and dioxin was collected in 20%
methylene chloride/hexane. The nominal TCDD coacentration in the
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waste was 343 ng/ g however, collection of a repr: tive waste sample
from the tank was complicated by the dangerous nature of this waste and
extreme difficulties in obtaining representaiive, homogeneous samples.

Process Selection

In addition to the analysis of the NEPACCO waste, three destruction
processes (catalyzed wet oxidation, photochemical reduction and chemi-
cal treatment) were examined during the first phase of this project. The
first two processes were tested experimentally and achieved a dioxin
destruction of greater than 99 in preliminary lab experiments. Concep-
tually. catalyzed wet oxidation of the NEPACCO waste involved minimal
handling, only one reaction vessel, and led to only inorganic, aqueous
residues. However, this process used technology still under development
and involved high pressure, a safety considera:ion. On the other hand. the
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extraction-photolysis process destroyed only the dioxin, the most dan-
gerous component of the waste, left an organic residue and required
several pieces of equipment and several stages of operation. On the
positive side, the photolysis process used typical chemical engineering
unit operations at ambient temperature and pressure under close process
control. Because of the overriding factor of safety, the extraction-
photolysis process was selected for further development.

Extraction-Photolysis

This TCDD destruction process is based on two important operations.
First, dioxin must be separated from the majority of the waste compo-
nents by extraction with a suitable soivent. In addition to being selective
in removing dioxin, the solvent extraction process also must remove
>99.9% of the dioxin from the distillation sludge. Second. photoiytic
dissociation of the carbon-halogen bond must occur efficiently.

The ability to separate dioxin from other chlorinated waste compo-
nents is highly solveni-dependent. Figure 3 shows UV spectra of
NEPACCO waste extracts in hexane, tetrachloroethylene and o-xylene.
At dioxin concentrations of 1.2 mg/l, xvlene and tetrachloroethyiene
extracts contain approximately 4 and 2.5 times more by-products,
respectively, than hexane extracts. Hexane extraction of the NEPACCO
waste removed the dioxin and about 2% w/w of other chlorinaied wasie
material. Greater than 99.9% extraction efficiency was achieved by
successive batch extractions.

Photolytic dissociation of aromatic halides occurs under the influence
of sunlight or UV light [8-10]. Sunlight or simulated sunlight degrades
chiorodioxins in the presence of hydrogen donors[11, 12]. Pure TCDD in
methanol decomposed 50% in 4-8 hours when exposed to simulated
sunlight {13]. In addition, di- and trichlorodibenzodioxins degrade fasier
that TCDD {13). Chlorinated dibenzofurans, compounds closely related
to dioxin. also are reduced by dechiorination and polymer formation [14].
Thus, the literature data demonstrate that TCDD is dechlorinated by UV
light. However, photolysis rates can be affected by light-absorbing
impurities, radical inhibitors and, of course, fouling of the light-wells.

The rate of photolysis and the products formed are primary concerns in
any successful photolysis detoxication process. Figure 4 shows the rate of
decomposition of dioxin in a hexane extract of NEPACCO waste. These
experiments were carried out in photochemical rcaction vessels with
medium-pressure mercury-vapor iamps immersed in water-cooied wells.
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The photodecomposition rate is pseudo-first-order over a concentration
range of five orders of magnitude. However, early work showed a marked
raie decrease at about 99% TCDD reduction. This decrease in the rate of
decomposition of dioxin was due to the fouling of the light-well by
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oligomers of hexane. These polymeric photolysis by-products presumably
arise after hydrogen abstraction from hexane. Further incidences of light-
well coating were prevented by adding other hydrogen donors, such as
isopropyi alcohol, to the solution. The presence of isopropyl alcohoi
allowed the high degree of TCDD destruction shown in Figure 4 without
affecting the rate of reaction. The rate of photodecomposition also is
temperature-independent. These findings are consistent with rate-deter-
mining C-Cl bond breakage followed by reduction of the dioxin radical
via hydrogen abstraction from the solvent.

Although photolytic conversion of dioxin to more highly toxic com-
pounds seemed unlikely, care was taken to examine the reaction products
of the photolysis of the NEPACCO waste extracts. Extensive GC/MS
analyses supported the postulated TCDD decomposition path shown in
Figure 5 and were consistent with data of Botre [15) and Plimmer et al.
[16]. Exposure of TCDD and the other chlorinated organics in the hexane
solution to UV light successively dechlorinates these compounds. Figure
6. the reconstructed gas chromatograms of photolysis solutions at
different irradiation times, shows the disappearance of many chiorinated
compounds that exist in hexane extracts of NEPACCO waste. For
example, the disappearance rate of the diethylene glycol derivative of
trichlorophenol is 0.54 times that of TCDD and follows similar firsi-order
kinetics. When a photolysis sample was concentrated, a dark oil separated
from hexane. This acetone-soluble oil contained ethoxylated phenol
consistent with dechlorination reactions. No chlorinated compounds were
detected at the end of exhaustive photolysis by GC/MS or direct-probe
mass spectrometry.

No gas evolution occurred during photolysis. A sample of the vapor
space above the photolysis solution was examined by GC/MS. Hexane
and hexane isomers were major components, and IPA and traces of 2-
chioropropane and acetone were present. The hvdrogen chloride formed
during photoreduction remained in solution. Photolysis of NEPACCO
waste extracts yielded about 3.6 times the theoretical amount of hvdrogen
chloride based on TCDD. These data are consistent with dechlorination
of dioxin and of the other organic components present in the hexane
extracts,

Engineering Considerations
Conversion of laboratory data to full-scaie plant design is always

difficult. In this case, the high toxicity of the dioxin-containing waste
prevented normal scaleup methods involving pilot-plant examination.
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Consequently, great care was required in designing a laboratory mini-
plant that was safe, protected the worker and the environment and
provided adequate scaicup data from 2 liters to 2000 gal. a factor of
>3000. The full-scaie extractor at Verona was intended to be an existing,
2000-gal glass-lined reactor. A laboratory version of this vessel was
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designed carefully using a similarity approach to scale down to a 3-liter
glass laboratory vessel. The proposed large-scale reaction vessel had an _
impeller-to-tank diameter ratio of 0.56, a tank height-to-diameter ratio of
1.32, an impeller tip speed of 1348 ft/min, and a Reynolds number of 5.3
= 0%, The corresponding laboratory extraction vessel was designed to
have an impeller-to-tank diameter ratio of 0.52. a tank height-to-diameter
ratio of 1.03, an impeller tip speed of 1360 ft/min, and a Reynoids
number of 0.4 = 10% In addition. a retreating curve impeller was
fabricated to maximize scaleup similarity. The mixing action in the
laboratory extractor was visually similar to that of the 2000-gal reactor.
The following aspects were examined for photolysis scaleup: (1) optical
density of TCDD solutions; (2) lamp characteristics, such as intensity,
spectral distribution, spatial arrangement, commercial availability and
safety features; and (3) interference by UV absorbers or fouling of the
light-well. Hexane extracts of NEPACCO waste absorb UV light in the
200- to 320-nm region. Dioxin's absorption bands are at 235 and 306 nm.

S

L]

e

1 )
SCAN 80 100 %0 200 250 300 350
Figure 6. R ucted pas chre ograms for 1007 isopropyl alcohol hexane photo-

reduction aiter (A) 11 min: (B) 2! min: (C) 300 min.
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Molar extinction coefficients are about 4.5 x 10° M-' -cm-! and 6 » 103
M -cmt at 235 {17] and 306 [11] nm., respectively. However, hexane
extracts of NEPACCO waste have apparent extinction coefficients in the
290- to 310-nm range that are 2-6 times higher than those calculated for
pure dioxin. This increase in light absorption is presumably due to
absorption by other trichlorophenol derivatives extracted from the waste,
Thus, 99% of the available UV light is absorbed within a very short
distance {rom the light-well. This high solution absorptivity dictaied the
choice of the photolysis reactor design. Photochemical and safety con-
siderations led 1o the use of annular flow reactors with a batch recycle
reactor system (18] in which the photolysis solution is pumped from a
reservoir through a light reactor. The operational characteristics of a
batch recycled reacior are described by:

CaCr Vv az ).t n

where C, = initial dioxin concentration
t 3 reaction ume
{ 2 pumping rate
V, # reservoir volume
V, = reacior volume
k 2 resction rate constant

Analysis of Equation 1 shows that pumping rate and reservoir and reactor
volumes affect the reaction time, and that reaction time to achieve specific
dioxin destruction is inversely proportional to reservoir volume. Practical
considerations of available equipment fixed the reservoir to reactor
volume, and the pumping rate was set at a relatively low 5 gal/ min per
light reactor for safety reasons. Because of the high absorbtivity of the
solution, good mixing in the light was crucial to allow transpurt of dioxin
from the bulk soiution to within 1-5 mm of the light-well surface.
Turbulent flow was also necessary to minimize deposition of photolysis
products and fouling of the light-well. In the miniplant reactor. Reynolds
numbers of about 100 were achievable. compared to the expected number
of 14.500 in the full-scale system. With the exception of the inability to
provide turbulent flow in the laboratory reactor, all other parameters
such as residence time and flowrates, were similar to those projected for
the full-scale system.

In addition to physical and spatial scaleup considerations, the spectral
distribution of suitable lights had to bs examined. Since dioxin in hexane
absorbs light below 320 nm, the light intensity in that region for the
laboratory lamps had to be comparable to industrial lamps. Industrial
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UV lights and 450-W laboratory lamps have similar power outputs per
unit area both in total power and in power available below 313 nm. The
100-W laboratory lamp, although convenient to use in preliminary
laboratory experiments, has considerably lower power flux than the other
lamps. Comparison of batch photolyses with the 450-W and 100-W lamps
showed that the high-intensity lamp decomposed dioxin at a rate 12.9
times faster than the lower-intensity lamp. This observation is in accord
with the fact that the 450-W lamp has a power output 11.6 times that of
the 100-W lamp below 313 nm. Based on the data from the 450-W scaleup
runs and the observation that all usable light is absorbed within 10 mm of
the light-well, it was calculated that eight 10-kW lamps would be able to
reduce a 6600-liter batch of hexane extract containing 40 mg/1 of dioxin
by 99.79% in 22 hours.

Operation of Destruction Process

At the conclusion of the laboratory and miniplant experiments, the
third phase of the project—engineering, consiruction and operation—
began. Careful process engineering provided piping and instrument
diagrams and equipment, piping and instrument specifications. This work
incorporated careful planning for worker and environment protection by
providing engineering controls, such as:

leak-proof pumps and piping connections;
minimization of pumps by pressure transfers;
separate diked process arcas:

i vent sysiem with pressure reliefs;

“ame arrestors: and

an emergency blowdown tani.

Careiu} atteation to operating procedures and redundant instrumentation
minimized the potential for misoperation and spills.

Detailed engineering design provided the final aid to plant construc-
tion. During the construction phase, the process and engineering were
reviewed exzensively by IT Enviroscience, Syntex and an EPA task force.
A series of public meetings exnlained the process 10 town residents, and
careful safety, industrial hygiene, environmental and emergency proce-
dures were put in place. A laboratory was equipped onsite for process
control,

EPA approval was received on May 19, 1980. After a one-week startup
period and addi:.onal troubleshooting, 160-gal batches of NEPACCO
waste were run through the destruction process in five 2-week operating
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periods. Six extractions of the waste reduced the dioxin content from 343
to 0.2 ppm. Generally, photolysis reduced the dioxin concentration to less
than 0.1 mg/], with optimum photolysis times of about 20 hours. About
700 process samples, many at the ppb dioxin level, were analyzed to
contro] the processing. Air sampling at the single process vent confirmed
that no dioxin (less than 0.01 ug/m’) was emitted to the atmosphere
during operation.

SUMMARY

The extraction-photolysis process for destroying TCDD in a hazardous
waste was implemented in full-scale plant operation within 19 months of
initial laboratory experiments. A 3000X scaleup of data from laboratory
1o full-scale plant was successful. Procedures developed for handling the
very toxic dioxin prevented personnel exposure and environmental
contamination. None of the extensive contingency proccdures needed to
be implemented. About 7 kg of dioxin were destroved with 99.94%
efficiency, and a significant hazard to the population of Verona.
Missouri, and surrounding communities was removed.
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CHAPTER 18

ENVIRONMENTAL HEALTH AND
SAFETY CONSIDERATIONS FOR A
DIOXIN DETOXICATION PROCESS

Charles J. Sawyer

Syntex (U.S.A.), Inc.
Palo Alto, California 94304

Successful, environmentally safe destruction of nearly 4300 gallons of
dioxin-laden sludge containing 343 ppm of 2,3,7 8-tetrachlorodibenzo-p~
dioxin (TCDD) was a significant challenge. Syntex Agribusiness Inc.
engaged the consultant services of 1T Envirosciencc, Inc., 10 heip develop
a unique extraction-photolysis process to remove and subsequently
destroy the dioxin {rom a complex, tar-like sludge residue. This residue
was the resultant still bottoms irom a high-vacuum distiliation of
trichlorophenol (TCP). The material had been generated by a firm, the
Narth East Pharmaceutical and Chemical Company (NEPACCO), which
le.sed a portion of a chemical plant that was later purchased by Syntex.

Syntex' primary goal for development of such a detoxication process
was the safety of the public, its employees and the surrounding com-
munity. It was necessary to break new technological ground to develop a
suitable, inherently safe dioxin detoxication process. Of the various
processes considered, the extraction photolysis process conducted at
moderate temperatures and ambient pressure accommodated most closely
the safety criteria established.

An interdisciplinary team of Syntex scientists. technical experts in
environmental health and safety, a Blue Ribbon Committee of academic
and industry consulants, and several members from various govern-
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mental agencies all worked to help plan, design and refine this process.
More than 13 Ib of dioxin (343 ppm) was safely detoxicated to < 0.2
ppm—a reduction greater than 99.9%. Because of the known toxicity of
TCDD, strictly regimented environmental, health and safety guidelines
were implemented for the conduct of the process operation to ensure that
the environment, workers and surrounding area were adequately pro-
tected. Figure | depicts the range of activities that were covered.

ENVIRONMENTAL WASTE STREAMS

The extraction photolysis process for dioxin detoxication was designed
to minimize the amount of contaminated waste streams generated. In
terms of air emissions. the sole vent for the photolysis process was from a
packed caustic scrubber unit capable of trcating any evolved gases,
nitrogen purge gas or displaced airspace volumes arising from various
process transfer operations. The vent was monitored continuously for
organic vapor emissions by an alarm system designed 10 sound whenever
levels greater than 25% of the lower explosion limit (LEL) for hexane, the
key extracting solvent, were exceeded. The alarm never sounded during
process operation. A portable organic vapor analyzer was available to
detect system lesks. to determine solvent vapor levels associated with
possible drips or spills. ané to serve as a calibration check for the fixed,
continuous alarm system. Additions! periodic air sampling studies at the
process vent were conducted by IT Enviroscience during strategic opera-
tions to further verify that there were no emissions of dioxin. A modifica-
tion of the U.S. Environmental Protection Agency (EPA) Method V for
analyzing particulate emissions {rom stationary sources was used 10
analyze for dioxin using both filicr and impinger technigues. Results of
these siudies confirmed emission icvels of hexane well below predicted
levels. and no detectable dioxin releases. Two fixed air sampling stations
were established at upwind and downwind process area perimeter loca-
tions to provide continuous dioxin monitoring. Additionally, five other
plant site areas were sampled continuously to further verify that there had
been no dioxin release. No detectable levels of dioxin (analytical limits of
< 0.005 ug) were found at any of these fixed sampling points. Finally, as
will be discussed further below. personal monitoring was conducted by
filter casseties and personal sampling pumps. Again, no dioxin was
detected.

In terms of liquid or aqueous wasie emissions. Table | summarizes
typical waste analyses for the thres process-generated waste streams. The
neutralized oil and the still bot:cms sireams were kept isolated in separate
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Figwee b, Vaviconmental health and safety considerations for a dioxin detoaicstion
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292 DESTRUCTION OF DIOXINS

Table I. Summary of Typicat Envi ) Wasgte S from
Dioxin Detoxication Process

Approximate Composition

M Dioxin Other
Waste gl b (ppm) (%)
NEPACCO wasnies 160 1841 343 50% trichiorophenol. 50% ethylene
fed 10 process glycol derivatives
Neutralized oil and 175 1937 0.2 50 trichlorophenal: 506 ethylenc
sull botoms giveol derivatives: hexane traces
residue after
processing
Neutralized water 672 6411 <0.002  13% NaSO. 1-1% isopropyl alcohot
after processing and ethylene glycol derivatives: 84-

865 wuter

steel storage tanks within the diked detoxication process area. pending
final EPA approval for ultimate disposal. The neutralized water waste
was stored in a concrete diked open-top tank locaied proximal to the
detoxication process ares wherein further natural degradation of any
remaining low-jevel TCDD residues could occur by ultraviolet (UV) rays
from sunlight. A separate 10.000-gal storage tank was available 10 contain
rainwater that gathered within the detoxication process area. Scrubber
discharges were either reused as part of the neutralization step during the
extraction process, or neutralized and sent directly to the concrete diked
tank. Aqueous wastes generated from the change houss were approved by
EPA for treatment in an onsite wastewater system. Solvents used in
processing, when they became conaminated, were detoxicated in the
extraction photolysis process. and the resultant maierial was recycled into
subsequent batches. At the end of processing, the final detoxicated
solvent residuals were placed into a tank pending approval by EPA for
ultimate disposal. Any solid wastes generated from spill absorption
procedures, disposal of possibly contaminaied work clothing, boots.
gloves or goggles, or spent analytical operations, (¢.g., disposabie labora-
tory clothing, gloves and burettes) were kept isolated, and conwained in
marked $S-gal covered drums, pending EPA approval of final disposal
procedures.

INDUSTRIAL HYGIENE

The focus for worker protection of the detoxication process operators
included a comprehensive education concerning ail the potential hazards
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associated with the process and an emphasis on the need for protection of
any exposed skin surfaces at ail times. The process was designed for 24-
hour operation, using a four-shift-per-day staffing of two process oper-
ators per shift inside the detoxication process, and a Syntex process
supervisor stationed outside the secured area who oversaw the operation
for technical suitability, sample gathering and analysis, and emergency
response requirements. The emphasis for process operation was on step-
by-step control by experienced, knowledgeable personnel throughout the
detoxication process.

Access to the detoxication area could be gained only by authorized
workers passing through a change house. All workers removed their street
clothes on the clean side of the change house and put on fresh work
clothes supplied by Syntex on the process side of the change house. The
detoxication process operators were strictly trained to conduct certain
industrial hygicne protocols during cach shift of operation. One operator
per shift had a personal sampling pump attached to his belt that pulled
approximately three liter/ min of air through a labeled filter cassette
clipped onto his shirt collar to monitor his breathing zone far dioxin.
Additionally, an organic vapor badge was worn by the same operator to
substantiate that there was no overexposure to any solvents (primarily
hexane). Each operator rotated every other day wearing the pump, filter
and organic vapor badge. The operator wearing the industrial hygiene
equipment was required to take any necessary in-process samples. The
operators were trained to calibrate the pump at the end of the shift, to log
in and out pertinent sample information, and to record any unusual
events that may have occurred during the shift. The filter samples, vapor
badges and logged information were routinely transferred from the
process side to the clean side of the change house for subsequent chemical
analysis. None of the filters analyzed (analyvtical limits of < 0.005 ug)
indicated any detectable levels of dioxin, and the threshold limit values
(TLV) of the process solvents (TLV of hexane = 100 ppm; TLV of
isopropyl alcohol = 400 ppm) were not reacnzd.

The process operators were required to wear supplied uniforms.
chemical-resistant gloves. chemical safety goggles. safetv shocs and hard
hats. In addition, for any emergency operations (e.g., handling spills.
process line disruption or fire), procedures required the operator to wear
chemical wet suits, boots, taped sleeves and pant legs. face shields and
suitable respiratory protection equipment. A self-contained breathing
apparatus (SCBA) was designed to be the firsi-line respiratory protection
for any emergencies. particularly under conditions where aerosolization
of dioxin might be expected to occur. Four SCBA units each capable of
30 mir minimum gir-supply were available from the process side of the
change nouse, with an additional four air-supply tanks also kept readily
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available. Chemical cartridge respirators were issued and appropriately
fit-tested for each person for use in emergencies that mignt result in
exposures lo organic soivent releases that would not be expected to
contain TCDD, e.g., hexane or isopropyl alcohol. Fortunately, there were
no situations necessitating the use of any of the emergency equipment.

The supplied uniforms were routinely laundered and dried by the
process operators after each shift, using the washer and dryer located on
the process side of the change house. Obviously, soiled white uniforms
were not laundered, but were disposed of as solid wastes in marked and
covered 55-gal drums located near the change house: any soiled gloves,
safety goggles, hard hats, safety shoes, etc., were not reused or decon-
taminated. but were also disposed of in this manncr. All operators were
required to shower before going back to the clean side of the change
house at the end of shift. Additional industrial hygiene restrictions
forbade food. beverages or smoking in the detoxication process area. and
dictated complete adherence to all change room procedures and routine
inspection and maintenance of all respiratory protection equipment. The
analytical laboratory personnei located in a segregated laboratory imme-
diately outside the detoxication process area were also required to follow
strict industrial hygiene practices such as wearing disposable gloves and
laboratory uniforms, restricting access to their work areas, and showering
before leaving the isolaed work area.

HEALTH

A comprehensive medical examination was conducted on all detoxica-
tion operation personne! before start-up, Table 1] summarizes the key
parameters for medical examination and evaiuation. Certain employee
megical health anomalies. based on a physician's analysis and evaluation
of ine parameters identified in Table 11 would preclude a person from
working within the actual detoxication process and have him assigned
outside this area. Each operator chosen to work within the detoxication
area satisfactorily met all the health requirements. Following final

Tsble II. Employee Medical History/Physical Examination
d Evslustion P

History of nervous disorden. drinking habits

Evidence of presxisting chronic illnesses

Evaluate skin/ liver function

Assess suitability 1o wear respirmiory proteciive cyuipment
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shutdown of the detoxication process, all the process operators and
supervisors were given postprocess physical examinations as part of
Syntex' ongoing state-of-the-art health surveillance program. A compre-
hensive evaluation by an interdisciplinary team of Syntex physicians,
epidemiologists. toxicologists, industrial hygienists and statisticians
found no adverse health effects. This review included comparing indi-
vidual and grouped medical results to other nondioxin process chemical
operators at the Syntex plant. During process operation, a local physician
in the community who had conducted the prestartup physical examina-
tions was available to provide medical assistance on a routine or
emergency basis as required for those people engaged in the detoxication
process.

SAFETY

All steps designed to provide for safe operation were required to have
been compieted before startup of the detoxication process. A compre-
hensive review of the detoxication process by a Blue Ribbon Committee
encompassing expertise in photochemistry, chemical engineering process
analysis and reaction kinetics was completed before startup. Several
governmental agencies, including EPA, the Nationai Institute for Occu-
pational Safety and Heaith (NJOSH), the Occupational Safety and
Health Administration (OSHA), the Missouri Department of Natural
Resources and FDA participated with key Syntex managers in ongoing
review meetings, detsiled process flowsheet analysis and a final onsite
walk-through of the detoxication facility before granting stanup ap-
proval. Numerous safeguards were integral 1o the basic design of the
process. including moderate-temperature and ambient-pressure process-
ing. :otally enclosed process operation. diked and sumped procsss area.
nitrogen transfer operations, isolated cooling water sources, small ba:ch
sizes. outdoor process operation, corrosion-resistant tanks and piping.
explosion-proof equipment. outdoor safety showers. and complete pro-
tective enclosure of the highly contaminated dioxin waste storage tank.
Within the detoxication process, all reaction vessels were equipped with
flame arrestors. and vented to a caustic scrubber system. All reaction
vessels were connected t0 a bump tank via individual reactor pressure-
relief devices. The entire process was color-coded for ease of reaction
vessel and pipsline identification. and the photolysis light sysiem was
designed 10 shut down automatically in the event of an emergency.

Beforc startup, detailed s:tandard operating procedures were drafied
and compiisd for all aspects of the batch dstoxication process in a format
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similar to that used in regular in-plant manufacturing processes. Analyt-
ical methods and procedures were developed and formalized for routine
in-pracess sample analysis of the process waste streams listed in Table 1,
and for monitoring extraction efficiency and extent of the photolysis
reaction. All of the analytical samples were taken through special liquid-
sampling valves, transferred to a2 locked sample box at the perimeter of
the detoxication process arez, and subsequently transported to the
analytical laboratory just outside the process area in a specially designed.
absorbent-filled bucket carried by the outside process shift supervisor.

Detailed safety training programs were conducted to educate all
process warkers on personal safety and industrial hygiene procedures. use
of routine and nonroutine protective and respiratory equipment. change
room procedures, firefighting techniques, hazardous spill control, med-
ical monitoring programs, emergency shutdown and contingency pro-
cedures. and process sampling and transfer procedures. Each worker
received nearly 40 hours of classroom instruction and training on all
aspects of the detoxication process. Following the classroom training. the
entire detoxication process was tesied using hexane and water solutions
containing no dioxin. The operators received onsite training in taking
analytical samples and operating the photolysis system, and conducted
several mock ﬁrcf 'hling exercises before siarwup.

A hensive contingency pian was drafted and approved by EPA
in the eveul of a major spill. fire, explosion. tornado or offsie release of
materials. The plan included measures for immediate shutdown of the
process, containment. and subsequent action to alert the nearby popula-
tion. A highly trained, commercially available chemical cleanup service
was on call to assist in any emergeacy during detoxication process
operation. Fortunately, no such emergencies arose during the process
operation. Nearly a dozen town meetings were held in the small com-
munity of Verona, Missouri, where the detoxication process was located.
1o assure the local people of the safety of the operatian. and that public
health and otner considerations had been considered and more than
adequately me:. Comprehensive decontamination procedure protocols
were developed for final cleanout of all proc:ss piping and vessels, with
subsequent wipe test analvses (o be conducted to verify that decontamina-
tion was complete.

Additional safety precautions mcluded continuous monitoring and
recording of prevailing wind conditions. and establishment of definitive
spill containment procedures using cob meal. a readily available absor-
bent at the Svntex plant, 10 absorb any liquid dischargss. Other security
mezasures required 24-hour guard duty at the entrance tc the piant site.
limited plant access for non-Syniex personnel, and a completely fenced-in
area surrounding the detoxication process.
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Onsite representation of EPA Region VII was present throughout the
operation (0 monitor the day-to-day events of the detoxication process
operation. Periodic sample splits were provided to EPA to assay and
confirm the extent of detoxication. All resuits from laboratory samples
analyzed by IT Enviroscience and Syntex personnel were made available
1o EPA. EPA established its own perimeter and area momitoring air
sampling protocols as an independent verification of the safe operation of
the detoxication process. EPA results confirmed that there had been no
release of dioxin.

CONCLUSION

Operation of the dioxin detoxication process in an environmentally
safe manner resulted from a successful combination of industry, govern-
ment and academic experiise working toward a8 common goal. The
primary objective of achieving and maintaining safety for the environ-
ment, operating personnel and the surrounding community was achieved.
None of the extensive contingency plans for emergency protection of the
public health and the environment needed to be implemented. Operating
procedures, analytical methodologies, environmental, health and safety
considerations. and emergency/contingency procedures are viewed as
innovative, and should serve as models for the new and evoiving field of
hazardous waste management. Successful completion of this project
demonstrates that technical expertise coupled with corporate r2sponsi-
biiity can interact to soive some of the difficult hazardou: wastes
problems that face us 1oday. The complex system of cnvironmental and
personal monitoring controls required for this detoxication process
confirm, through the absence of any negative environmental impacts, the
efizctiveness of the precautions taken.
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CHAPTER 19

OPPORTUNITIES FOR DEVELOPMENT OF
NEW DETOXICATION PROCESSES
THROUGH GENETIC ENGINEERING

James B, Johnston and Susan G. Robinson
{nstitute for Environmental Studies
University of Illinois
Urbana, lllinois 61801

The U.S. Environmenta! Protection Agency (EPA) Advanced Envi-
ronmenta!l Control Technology Research Center (AECTRC) at the
University of 1llinois has conducted a planning study to assess the
opportunities and problems of developing new poliution control technol-
ogies using genetic engineering. The goul of this study was to document
the sciemific basis for the genetic engineering approach to poilution
control, and to develop recommendations for a research policy to
promote it. To achieve this goal, three working papers were assembled,
each dealing with one of the following subjects:

I. descripion of problems poientislly amcnable to the genclic enpineering
spproach:

2. description of the genetic eng h 3 for ion of
new solutions to these problems;

3. seiecrive deseription of factors limiting natural hiodegradai espe-
cially those that iafly may be ipulated by genetic enginecring to
create new p ion control technoiog:

Each of these papers was reviewed by nationally recognized experts. In
May 1981 these experts were brought to the University of lllinois to
participaze in & workshop that was organized aroun< a discussion of the
working papers. In addition. each paper was reviewed by a number of
outside scientists and engineers.
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A detailed description of the conduct of this study, the content of the
working papers and the major conclusions from the workshop have been
published [1]. The responses of the workshop participants and the outside
reviewers have been used to formulate policy recommendations that were
transmitted to AECTRC in September 1981.

Information from the AECTRC study reievant to biological detoxica-
tion of pollutants is assembied here, along with comments on the genetic
engineering approach and possible barriers to the development of such
new treatments.

RELATION OF DETOXICATION TO WASTE TREATMENT

To view detoxication from the perspective of the AECTRC genetic
engineering planning study, it is necessary to recall that the fundamental
axiom of toxicology states that all compounds are toxic if given to a test
organism at a sufficiently high dose [2]. Thus, chemical compounds mav-
differ in the concentration required to exert a deleterious influence on an
organism, but all compounds potentially are toxic. By definition, com-
pounds that exert deleterious influences on living organisms are said to be
toxic to those organisms. Compounds are only toxic, therefore, with
reference to some organism. From the anthropocentric, environmental
perspective of this chapter, discussion will be limited to environmental
poliutants that potentially may affect human health.

Detoxication is the transformation of a toxic substance into a less toxic
product. Studies that determine the quantitative toxicity of a group of
closely related compounds often find that one or a few substituent groups
on the molecule impart the greatest fraction of the toxicity. For instance,
nitroso- or chloro- substituents on 2 moiecule frequently increase mam-
maiian toxicity. Thercfore one important mechanism of detoxication is
the removal of the most toxic substituents. Primary biodegradation, a
simple. bioiogically catalyzed ckange in a molecule that alters its chemical
identity, can accomplish detoxication: similarly, mineralization of the
compound (ultimate biodegradation) can also accomplish detoxication.
Unfortunately, primary biodegradation can sometimes increase the toxic-
ity of a compound by converting a less toxic substituent to a more toxic
form. Reduction of aromatic nitro- groups to hvdroxylamins and sequen-
tial methylation of mercury (Hg*?) by anaerobic microbes in sediments
are examples.

In addition to biodegradation. pollution treatment often reduces the
toxic manifestations of a compound by diluting the toxicant or by
physical sequestration of the toxicant into a phase not in contact with the
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organism. Neither of these approaches to treatment alter the chemical
composition or the inherent toxicity of the compound.

GENETIC ENGINEERING AND DETOXICATION

Improvements in the biodegradation of toxic pollutants through
genetic engineering will ultimately rest on certain kinds of genetic
manipulations that have only recently become possible. These manipu-
lations include (1) rearrangement of genes from almost any source in
microorganisms of almost any species; (2) amplification of the number of
gene copies in an organism and concomitant amplification of the level of
protein products made from those genes; (3) circumvention or alteration
of control on the expression of particular genes: and (4) site-specific
(gene-specific) mutagenesis to delete genes from an organism or to aiter
the characteristics of the gene product (enzyme), including changes in
substrate specificity and kinetic constants.

The ways in which such manipulations might be used to develop
organisms with enhanced or novel biodegradative capabilities can best be
illustrated by considering a specific example. One broad class of com-
pounds with a great potential for toxicity and widespread exposure to the
human population are the manmade halogen-containing compounds. In
general, these compounds are biodegraded in the environmeat much less
readily than their nonhalogenated analogs. A brief examination of the
genetics and enzymology of dehalogenation will illustrate many of the
ways by which genetic manipulation might enhance the degradation of
some of these compounds.

The enzyme-catalyzed destruction of the carbon-halogen bond was
reviewed by Goldman [3], and there have been few important additions to
this literature since that time. Briefly, Goldman identificd’ two groups of
dehalogenases, one whose primary function appeared 10 be dehalogena-
tion and a second, which catalyzed dehalogenation but whose normal
cellular function did not involve halogenated substrates. The first group
consisted primarily of enzymes in acrobes catalyzing the hydrolytic
displacement of halide from aliphatic acids (hydrohalidases) and enzymes
in anaerobes catalyzing removal of HC! from DDT (dehydrohalidases).
Hydrohalidases that are specified by plasmid-borne genes have been
reported in Moraxella sp. [4,5]. Several kinds of hydrohalidases have
been described [3]; each typically attacks a small group of closely related
substrates,

The second group of enzymes were termed adventitious dehalogenases
by Goldman, since the dehalogenation seemed to be an extrinsic and
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fortuitous function. The primary function of these enzymes is not
dehalogenation. They are, however, abie to remove the halogen as a result
of the usual reaction that they catalyze. Adventitious dehalogenases often
produce a chemically unstable form of the halogen, such as halohydrin,
which then decomposes spontaneously to release halide. An example is
fumarase, which can accept fluorofumarate and produce 2-fluoromalate.
This compound then rearranges to form oxaloacetate and fluoride (6}
The mechanism of halogen removal by other adventitious dehalogenases
is less well defined. Oxygenases are frequently able to displace halogen
from halogenated analogs of their normal substrates. Exampies include
the dioxygenase that removes fluoride from ortho-fluorobenzoate {7] to
produce catechol and the lactonizing enzyme that displaces chlorine from
4-chloro-cis,cis-muconic acid to yield cis,cis-muconolactone during the
catabolism of 2,4-dichlorophenoxyacetic acid [8,9]. The halogen that is
removed occurs at the particular position on the molecule attacked by the
oxygenase. Goldman has given examples of several other adventitious
dehalogenation enzymes, and has suggested that close scrutiny of other
isolated enzymes for the ability 1o accept and dehalogenate analogs of
their normal substrates may reveal many more examples.

The existence of adventitious dehalogenases in an organism is not in
itself sufficient for efficient detoxication of a compound. A halogenated
environmental poliutant must be taken up by an organism and the
compound must reach the dehalogenase in a form able to be metabolized
by it. Thus, all halogenated intermediate molecules formed from a
halogenated compound must be tolerated and transformed by all of the
enzymes on a pathway leading to the dehalogenase step. Halogenated
intermediates that are not accepted as substrates by these enzymes will
prevent the compound from arriving at the dehalogenase in a form that
can be metabolized. Also, if an enzyme preceding the dehalogenase can
bind a halogenated intermediate but not metabolize it, the halogenated
intermediate may act as an inhibitor of that enzyme, reducing the
metabolism of its normal substrate and potentially poisoning the cell. For
these reasons, the existence of an adventitious dehalogenase in an
organism is merely a prerequisite for effective destruction of a haloge-
nated pollutant.

To modify an organism for efficient dehalogenstion, the molecular
biologist can, in principle, select mutant forms of enzymes tolerant of
halogen-substituted substrates. Studies extending the substrate specificity
of an amidase suggest that mutation and seiection can casily modify that
portion of an enzyme's structure concerned with substrate recognition
and binding, without affecting the structure of the active site [10). Thus,
halogen substitution at some distance {ror that part of a substrate bound
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to the active site of an enzyme should be more easily tolerated. Since most
mutant enzymes acquiring a dehalogenation activity have altered active
sites, they are more difficult to select than enzymes simply tolerant of
halogenated substrates. Mutations affecting the active site of an enzyme
are less likely to occur and harder to isolate. In these mutants, a small
fraction of the protein determining the critical structure of the active site
is involved. It is well known that even minor changes in bond angles and
distances in an active site often strongly reduce catalytic activity,

Recent ad in mutagenesis and sel facilitate isolation of
halogen-tolerant mutants. Site-specific mutagenesis permits alteration of
only specific regions of DNA, improving the yield of mutants in a desired
gene. Timmis described various ways of performing in vitro site-specific
mutagenesis [11) and Kleckner et al. [12] described the uses of trans-
posons for site-specific mutagenesis. A continuous culture has been
adapted specifically for selection of mutants catalyzing dehalogenation by
Senior and co-workers [13,14). They grsw a carbon-limited culture of
Pseudomonas putida on propionate in the presence of a fivefoid excess of
2,2-dichloropropionate (dalapon). The propionate, called the carrying
substrate, sustained the culture. Any mutants able to dehalogenate
dalapon and use it as a carbon source would have a greater carbon pool
available to it, should grow faster and displace the parental type from the
chemostat. Adaptations of this technique in concert with site-specific
mutagenesis hold great promise for the adaptation of existing catabolic
pathways to recaicitrant analogs.

An elegant example of extension of a pathway by introduction of the
genes for enzymes degrading halogenated substrates was described by
Reineke and Knackmuss {15]. They observed that 8 Pseudomonas species
carrying the TOL plasmid (a self-replicating unit of DNA, specifying the
enzymes for the degradation of xylenes and toluic acids via catechol [16])
was abie to mewbolize both 3- and 4-chlorobenzoic acid to the corres-
ponding chlorocatechols. The enzymes apparently accept chlorobenzo-
ates as analogs of the corresponding toluic acids. The plasmid-specified
enzymes could not accept chlorinated catechols, however, and the further
metabolism of the chiorobenzoates was blocked at this step. Reineke and
Knackmuss [15] were also aware of a Pseudomonas strain Bi3 that was
able to mineralize 4-chlorocatechol, but which was unable to oxidize
chlorobenzoic acids to chlorocatechol. By introducing the TOL plasmid
into strain BI3 and selecting for growth at the expense of 3- or 4-
chlorobenzoic acids, they obtained a derivative strain that could minerai-
ize either of these benzoic acids. This strain apparently possessed
mutations in regulatory functions that allowed expression of plasmid-
encoded functions through catechol and chromosomal functions there-
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after. It was then used in further mutation and selection studies to extend
the range of substrates subject to dehalogenation. Bull's strategy was
used; s mutagenized culture was grown in a chemostat in the presence of
Jchlorobenzoate, a carrying substrate and a variety of other chlorinated
benzoates not normally used by the strain. The nonutilized substrates
wers chosen so that single dehalogenations would allow the organisms to
metabolize them. In this way, mutants were isolated that couid mineralize
3,5-dichlorobenzoic acid. Neither the TOL-bearing strains or strain B13
had previously attacked this compound. It must be recognized, however,
that most of these alterations required a detailed knowledge of the
molecuiar genetics of the catabolic pathway being manipulated. This
implies a substantial investment in basic research before similar manipu-
lations could be undertaken in uncharacterized species.

Mutants might be improved further by increasing production of the
enzyme of interest. This improvement can be accomplished by sciecting
constitutive mutants (mutations in regulatory genes that lead to continual
synthesis of specific proteins), recombining the genes for the enzyme with
strong promotors, as described by Timmis [12], and amplifying the
number of copies of the relevant genes in an organism by using multicopy
plasmids or gene duplications [11). All of these manipulations could
result in an increased carbon flux through the cell, allowing a simple
selection on the basis of enhanced growth rate.

Once a particular pathway has been developed, existence of trans-
missible plasmids suggests a strategy to introduce it to indigenous
organisms. Just as acquisition of the TOL plasmid extended the range of
substrates utilized by strain B13, acquisition of a plasmid with a suite of
genes specifying an entire catabolic pathway for a particular xenobiotic
might quickly acclimate microflora without requiring colonization by an
introduced organism. While the facility of plasmid transfer in nature is
not well documented, plasmid spread under laboratory conditions can be
explosive.

ECOLOGICAL CONSIDERATIONS

Barriérs to the development of pollution control technoiogies based on
genstic enginesring are more likely to be found in the process of bringing
an engineered organism to a polluted environment and having it function
successfully in that environment than in the process of developing the
organism itself. The genetic engineering industry was born from basic
research in DNA enzymology and plasmid biology that grew into a set of
tools for manipulating DNA. This industry is now integrating fermenta-
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tion technology and molecular biology for the production of previously
unavailable biochemicals. The development of pollution control techno-
logies would require a similar coordination of microbial ecology with
molecular biology. In contrast to fermentation technology, however,
microbial ecology at the moment is a science less able 10 make pre-
dictions. In particular, the microbial ecologist cannot yet evaluate the
possibility of success of efforts to establish engineered microbes in
contaminated environments. This situation is a consequence of the
complexity of the ecology of microbes and the small amount of attention
historically paid to this subject.

In to the development of the genetic engineering industry
producing novel biochemicals, pollution treatment technologies based on
engineering organisms are stailed temporarily by the uncertainties atten-
dant on gene transmission from introduced, engineered organisms or the
competitiveness of such microbes in the environment and their potential
for esuablishment. Few direct attempts have been made to evaluate gene
transmission from altered organisms to indigenous organisms or to
evaluate their potential for establishment in nature. One such study was
undertaken to evaluate the probability of escape of genetically debilitated
organisms used for research or commercial production of biochemicals
[17,18). This work demonstrated the fragility of organisms like X1776
when exposed to the environmental conditions typically found in tem-
perate climates. It also attempted to_evaluate the potential of such
organisms to colonize the mammalian gut. Since X1776 is debilitated by
design, it is understandable that this work failed to demonstrate establish-
ment. This does not necessarily reflect the potential of organisms
normally resident in aquatic and terrestrial environments, especially if
these organisms have had only minimal genetic alteration. Lack of
experimental information, however, does not allow a conclusion to be
drawn.

A number of companies exist that sell microorganisms claimed to
improve or enhance the biodegradation of various components of waste
streams in waste treatment facilities or of pollutants in situ in the
environment. This apparent source of information on the effectiveness of
introduced organisms has been found to be of little value. It is in the
interest of these companies to know whether organisms introduced intoa
resident microflora can colonize or transmit relevant genes to indigenous
microbes. Data on the use of one of these commercial microbes has
shown that esiablishment and effective biodegradation can cccur when
these organisms are introduced into a lab-bench acration basin lacking a
resident microbial population {19]. We are unaware, however, of any
information clearly showing the effectiveness of these organisms intro-
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duced into normally operating full-scale aeration basins or natural
environments having an active resident microflora. None of the infor-
mation called to our attention and purporting to demonstrate the
effectiveness of seeding with these products meets normal criteria for a
scientific experiment, especially with regard to the controls. Superficially,
most of these data appear to show small improvements in treatment when
a facility is seeded with these organisms. This is either not supported by
analysis of the data, or the experimental design is inadequate to conclude
that the effect was due to the added microorganism rather than other,
uncontrolled factors. From information that we examined it was im-
possible to determine whether these introduced microorganisms can
establish themselves and significantly enhance treatment in a normally
operating facility or a polluted environment.

Exploratory studies should be undertaken by interested scientists to
evaluate the colonization potential of introduced microorganisms in
habitats such as aeration basins, and an evaluation of gene transmission
1o resident microbes following sceding with an engineered strain. Such
experiments must be undertaken with adequate controls and carried out
in a manner that recognizes and measures changes in the performance of
the treatment facility dependent only on the introduction of the engi-
neered strain. Concomitant with this direct experimental approach, basic
research is needed to develop understanding of the factors affecting the
success of introduced microbes. Historically, the establishment of intro-
duced microorganisms has been studied in the context of infection and
diseass, with the single exception of the inoculation of soil with Rhizo-
bium. Of course, in this case the establishment of the introduced organism
depends on the presence of a special habitat, the legume root.

Many kinds of physical and biological factors have been recognized as
important for the success of an introduced microbe. Obvious factors
include the availability of adequate nutrients, acceptable pH, oxygen
tension, and presence or absence of light. Manipulation of these factors
should not be overiooked as a means to enhance degradation of a
pollutant. For example, degradation of Arctic oil spills apparently can be
accelerated by relieving phosphorus and nitrogen starvation of microbes
associated with them [20]. Additional factors of special relevance to waste
treatment and biodegradation include concentration of the pollutant,
occurrence of the pollutant in mixtures of more easily metabolized
and/or 1oxic compounds, availability of water, and sorption of com-
pounds and microorganisms to surfaces.

The relationship of the concentration of a compound in bulk solution
to its rate of biotransformation has been neglected frequently by the
molecular biologist interested in enhancing biodegradation through
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genetic manipulation. Most microorganisms used for studies of biode-
gradation are selected for their ability to degrade the compound of
interest and to do so in a manner that is convenient to study. They are
obtained from enrichment cultures with the target compound as sole or
principal source of carbon and energy at a concentration that can support
rapid growth. Because they can grow rapidly when exposed to abundant
substrates, these organisms are sometimes called “eutrophs™ (from the
Greek eutrophos, meaning well nourished). The complementary group of
slow growing organisms capable of surviving on very low substraie fluxes
(called oligotrophs from the Greek oligo, meaning few or scant, plus
trophos meaning fed) are not often isolated by this method.

Most of the organisms used in basic molecular biology, e.g.. typical
Enterobacieriacese and Pseudomonadacese, are eutrophs unabie to
effectively catabolize single substrates at parts-per-billion concentrations,
even if they may grow on the same substrate at parts-per-million
concentrations. Many toxic or persi pollutants of n in the
environment are present at parts-per-billion concentrations and therefore
are more likely to be attacked by oligotrophs, if at all. There is very little
fundamental information regarding the biochemical adaptations of oligo-
trophs that permit them to succeed under low nutrient conditions, but a
basic outline of their characteristics has been published [21]). At least
cursory consideration should be given to the concentration of a targst
pollutant in a contaminated environment when planning the genetic
alteration of an organism to enhance its attack on the pollutant.

Another basic microbial adaption that should receive at least passing
attention is the tolerance of the engineersd microbe for environmental
stresses. Stresses of particular importance in waste streams and polluted
environments are reduced water activity and the presence of toxicants.
Any particular microbial species can tolerate only a limited range of water
activity. These limitations are well known and widely exploited for the
preservation of food (e.g., pickling brines and sugar syrups). In waste
streams and polluted environments. water activity may be reduced by
salts or partially water-soluble solvents (solvents can be biocidal both
from a reduction in water activity and by direct solvent action on
microbial membranes). Bacteria use at least two genetically controlled
strategies to function in reduced water activity environments [22]. The
first is the synthesis of enzymes that function normally only at elevated
ionic strengths. The second is the synthesis of internal solutes, especially
proline and glutamate, that raise the internal osmolarity so as to balance
the external environment, but without interfering with normal metabolic
functions. Because the latter adaptation probably involves fewer genes, it
appzars to be more amenable to alieration by genetic manipulation.
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Fungi, which are generally better able to tolerate reduced water activity
wnan are bacteria, may employ additional mechanisms.

Toxic substances in waste streams and polluted environments present
complex and little studied problems affecting biological treatment of
many waste and polluted environments. To approach this problem
requires an initia] assessment of the nature and abundance of the
toxicants. Next, their availability to the microbe must be considered,
since many toxicants may be sorbed, partitioned into nonaqueous phases
or compiexed. Degradation of a component of a polluted environment
could release the toxicant, a potentislly suicidal action from the microbe's
perspective. Since the abundance, variety and disposition of microbio-
cides in poiluted environments are often unique 10 each site, this factor is
usually ignored until & normally efficacious microbial treatment fails.
From the perspective of & molecular biologist, it would be useful to note
that microbes differ substantially in their tolerance to general chemical
biocides such as phenol, hypochlorite and various solvents, but the
genetic basis for tolerance has not been explored systematically. It is also
useful to note that bacteria employ & number of stratcgies to avoid heavy
metal toxicity, some of them specified by genes on plasmid DNA and
potentially transmissible to related strains. An example of the variety of
possible actions are the Hg**-reducing and Hg**-methylating activities of
bacteria. The success of these activities in the environment is suggested by
the case of isolation of mercury resistance functions from bacteria in
mercury-contaminated sediments {23).

Other considerations for the molecular biologist designing new pollu-
tion treatments include the occurrence of poliutants in mixtures of other
potential nutrients and the physical interactions of compounds. Mixtures
may be advantageous to the genetically altered microbe if they contain a
compound that can be used as & growth substrate to support the
cometabolism of another, presumably recalcitrant, component of the
mixture. Creation or extension of cometabolic capacity in bacteria
through mutation and selection, upecully site-specific mutation, is an
endeavor of enormous practical xmpomnce The same principle of
enzyme and pathway alteration dis in ion with extendi
adventitious dehalogenation reactions can be applied to the extension of
cometabolic transformations. The genes for enzymes catalyzing the
transformation of a utilizable compound may be mutated, and variant
strains may be obtained that retain the enzyme's active sites but have
acquired the ability 10 act on closely related substrates (cosubstrates) not
metabolized by the parenta] sirain. Since these mutant enzymes are likely
to be selected one at a time and the organism will not derive benefit from
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the transformation until the entire pathway has been aitered, a growth
substrate is necessary for the organism.

The principal difficulties created by occurrence of compounds in
mixtures involve inhibitory interactions of components of the mixture
with the microbe. Beyond components that are biocidal or that alter the
nature of the physical environment, compounds may be competitive or
dead-end inhibitors of essential enzyme reactions, thereby reducing
metabolic rates. Compounds also may act as regulators of metabolism
(coinducers and corepressors) that alter a metabolic pattern in an
unfavorable way. Examples of such action from studies of pure cuitures
of eutrophic bacteria (and hence of unknown relevance to mixed flora
and complex mixtures of compounds) include catabolite repression by
glucose or succinate in E. coli and P. putida, respectively,

Both problems and opportunities are created for microbes by theu'
interaction with interfaces, and by interfacial infl on bi
compounds. Particularly important are the solid-liquid interfaces found
in sludge, on the surfaces in trickling filters and rotating biological dise
reactors, and in soils and sediments. Burns has discussed influences
associated with interfaces affecting the microbial breakdown of pesticides
[24). These include potential increases and decreases in the rate of
transformation of compounds sorbed to a surface, enhanced tolerance of
sorbed microbial populations to transient changes in the aqueous envi-
ronment (pH, temperature and shock loadings), sequestration of com-
pounds and alteration in genetic exchange among microbes.

Adhesion of microbes to solid surfaces is an extremely common
occurrence. Simple models suggest that surfaces wetted with a water film
of thickness less than the minimum dimensions of a particle will deveiop
capillary forces sufficient to bind the particle to the surface (25]. These
conditions typically are found in soil and bind bacteria to surfaces. Such
forces may severely restrict the movement of an introduced, engineered
microbe into the soil column where its target compound resides. Adhe-
sion of microbes to surfaces in aguatic environments and in treatment
facilities usually involves a modification of the surface by deposition of a
glycoprotein, conditioning and modifying the properties of the surface.

Effects specific to the structure of the glycoprotein and microbe, and
general influences dependent on ionic strength, glycoprotein concentra-
tion and coverage of the surface all affect adhesion (for an excellent,
detailed discussion see Berkeley et al. [26]). The importance of microbial
adhesion to the success and spread of an introduced species is not known,
nor has the opportunity to manipulate adhesion phenomena by genetic
alterations of microbial glycoproteins been explored.
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CONCLUSIONS

From the preceding sections it is evident that development of improved
treatments for toxic wastes through genetic manipulations of micro-
organisms will require contributions from a number of disciplines and the
successful integration of this knowledge in a goal-oriented fashion. The
breadth of information needed to intelligently develop new treatments
is itself an impediment, since it is difficult for specialists to communicate
across such a broad range of knowledge. Newsletters, problem-focused
symposia and short courses might be used to coordinate the activities of
scientists in relevant disciplines.

The most pressing area of basic research is the need to evaluate the
potential of engineered organisms to colonize polluted habitats or to
spread new genetic information to indigenous microbes. Before genetic
intervention can be used to enhance colonization or plasmid spread, it
seems likely that further basic research will be needed to characterize
micr ystems, especially those present in treatment facilities. Because
the conditions in treatment facilities are better controlled than in open
environments, it is plausible to expect that the first applications of genetic
manipulation will come in this setting. Equally, the evaluation of
colonization or plasmid spread should be ecasier in the microflora
associated with a treatment facility than in the open environment. On the
practical side, the costs of defining environmental factors (such as the
presence and availability of microbial toxicants) can be justified more
casily when viewed as a step toward i improvement of the performance of a
waste treatment facility.

Whether new treatment technologies can be developed expeditiously
will depend on the outcome of these studies. The promise of incisive gene
manipulation urges timely exploration of this approach.
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CHAPTER 20

POTENTIAL ROLE OF GENETICALLY
ENGINEERED MICROORGANISMS TO
DEGRADE TOXIC CHLORINATED
HYDROCARBONS

George E. Plercs
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It is well known that microorganisms are capable of degrading a wide
diversity of organic compounds. Microorganisms have been shown to
degrade methane [1,2), fatty acids, benzene [3,4], naphthalene [5,6) and
various petroleum fractions [7,8]. Many synthetic compounds, such as
2.4-dichlorophenoxyacetic acid (2,4-D) [9,10]; 2,4,S-trichlorophenoxy-
acetic acid (2,4.5-T) [11]; DDT [12,13); 2-chloro-4-(ethylamino)-6-(iso-
propylamino)s-triszine (Atrazine) [14]; and some isomers of polychlo-
rinated biphenyls (PCB) [15-17] are also degraded by microorganisms.

If environmental microorganisms are capable of degrading a diverse
number of toxic chlorinated hydrocarbons, what is the purpose or reason
for employing genctic engineering methods? Because of several inherent
problems encountered when employing microorganisms to degrade toxic
chlorinated hydrocarbons, genetic engineering may benefit microbial
systems in four areas: stabilization, increased activity, multiple degrada-
tive activities, and health, safety and environmental concerns.
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POTENTIAL BENEFIT OF GENETIC ENGINEERING TO
MICROBIAL DEGRADATION

Stabilization

It has been shown that the ability to degrade some hydrocarbons is
encoded on extrachromosomal DNA (plasmids) {18,21). These plasmids
and, thus, their encoded activities can be lost under certain conditions.
Bacteria containing the TOL (toluene degradation) plasmid can lose the
ability to degrade toluene if they are repeatedly subcultured on benzoate.
The ability to degrade 2,4-D (Tfd plasmid) can be lost if strains are
repeatedly cultured in the absence of 2,4-D [20,21]. In bacterial strains
with unique degradative activities, these activities are best maintained if
the compound degraded is also incorporated into the maintenance
medium. However, sister cuitures mainwsined on media devoid of the
compound will often be cured of the plasmid (lose the plasmid-encoded
trait permanently) after several transfers, without affecting culture via-
bility.

The observation that environmental microorganisms can easily lose
plasmid-encoded degradative traits without affecting the viability of the
population (or culture) is important. Although thess plasmid elements
may confer a selective advantage to the microorganisms, their main-
tenance is not a requirement for the microorganism (i.c., they can live
equally well without the plasmid). Selective pressure must therefore be
placed on the host microorganism to maintain the plasmid-encoded trait.

There are severai genetic engineering mechanisms that may be em-
ployed to subilize a plasmid-encoded degradative trait. It has been shown
[22,24] that hybrid plasmids can be constructed to stabilize an element.
This could be accomplished by insertion of the desired element into a
region where replication is under the control of a conserved element.

Increased Activity

The copy number of degradative plasmids is generally low (1-3 copies)
{20], whereas the copy number of some other plasmids is higher [25,26] or
can be amplified [26.27], resulting in increased protein synthesis and,
ultimately, in increased activity. If the plasmid encoding the degradative
trait is not amplifiable, then increased plasmid copy number could be
obtained by inserting the degradative trait into a plasmid that is & high-

MONS 004715



GENETICALLY ENGINEERED MICROORGANISMS 317

copy-number plasmid or can be amplified. It also may be possible to
excise the segment of plasmid DNA that limits plasmid copy number and
thus achieve an increase in plasmid copy number. Activity could also be
increased by optimizing the promoter location of the degradative trait
[28].

Muitiple Degradative Activities

The fusion by Chakrabarty [29] of multipie degradative plasmids
[camphor (CAM), TOL and octane (OCT)), which are incompatible
plasmids. was the first demonstration of constructing a microorganism
with multiple degradative traits. Recombinant DNA techniques could be
similarly employed to insert elements representing muitiple degradative
traits into a single plasmid.

Heslth, Safety and Environmental Concerns

When a microorganism is considered for use in an industrial process,
the potential for adverse effects should be examined and addressed. The
potential for adverse effects applies equally to wild-type and engineered
strains. Based on information concerning the hazards of recombinant
DNA, it is unlikely that recombinant DNA techniques as applied to
microbial degradation will resuit in any additional biohazard. In all
probability, the host microorganism(s) will dictate the potential hazard.

Several techniques can be emploved to minimize the potential for
adverse effects. Nontransmissible plasmids are recommended, so that the
potential for a plasmid to escape its host will be minimized. If the size of a
plasmid can be reduced to the smallest size possibie without adversely
affecting the desired trait, superfluous genetic information and cryptic
genes can be removed, thus reducing the possibility of transferring
undesirable genetic information into the host. The host microorganism
can also be enfeebled, so that it can only survive under defined conditions
and is incapable of survival if it does escape. Lastly, containment systems
can be constructed to limit the potential for escape of a microorganism
into the environment. The additional advantages of containment devices
will be discussed in further detail in the following section.

Figure I shows the schematic representation of an idealized degradative
plasmid. In addition to those properties previously mentioned, the gene(s)
of choice would be flanked by specific sequences so that additions or
deletions to this region would be facilitated.
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ENZYME SITES
e,

Figure 1. ic rep ion of an idealized deg ive pl

PROBLEMS THAT MAY LIMIT THE SUCCESS OF
GENETIC ENGINEERING AS APPLIED TO
MICROBIAL DEGRADATION

Alkhough genetic engineering promises significant improvements, there
are several factors that, if not taken into account, could jeopardize a
genetic engineering program in the area of degradation. These are:
compatibility and coordination, unfavorable environmental conditions,
and adequate containment.

Compatibility and Coordination

Successful insertion of a plasmid into a psecudomonad host is no
gusrantee that the desired trait will be expressed. Plasmids in pseudo-
monads have been classified into incompatibility groups [24,29,30]. A ceil
containing & plasmid cannot accept a new plasmid if both plasmids
belong to the same incompatibility group. The problem of dealing with
incompatible plasmids can be solved by fusing the plasmids and then
transferring them (as a single plasmid) to a suitable host (2B). The
problem may also be addressed by constructing hybrid plasmids using
recombinant DNA techniques and then transferring the hybrid plasmid to
the appropriate host.

However, other problems may now be encountered that result in
unsuccessful cloning and no expression of the desired trai(s). It is
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imperative that the pathway or reactions encoded by the inserted plasmid
are compatible with the biochemical pathways encoded by the host
chromosome. Pseudomonas putida MT-2, which harbors the TOL
plasmid, can degrade toluene [31]. The TOL plasmid can be transferred to
E. coli, but no toluene-degradative phenotype will be expressed. It has
been shown in many cases that degradative plasmids are responsible for
only the first several biochemical reactions of the degradame pnhwny
[20), while the remainder of the pathway is ded by chr
genes. Therefore E. coli, which do not have the chromosomal genes
normaily found in Pseudomonas putida MT-2 (TOL®), are unable to
degrade toluene even when the TOL plasmid is present.
Coordinating biochemical pathways and their regulation mechanisms
is further complicated in pseudomonads because there are three docu-
mented pathways {or the degradation of aromatic compounds (ortho and
meta cleavage and gentisate pathways [32]). Successful strategies there-
fore must be based not only on selection of an appropriate host, but on
sound genetic and physiological characterization of host and inserted
element.

Environmental Conditions

A genetically engineered (or wild-type) microorganism that demon-
strates a high degradative ability under laboratory conditions may not be
successful when used in the field. Potential reasons for failure to degrade
in the field exist. Even a microorganism with a unique degradative trait,
which might be considered to confer some seiective advantage, wouid
have 1o compete with the resident microflora to establish a permanent
position in the microbial community. If the assumption is made that there
are 10%-10° bacteria per gram of soil, it can then be seen that a very large
number of bacteria would have to be added to this soil to achieve a
reasonable probability of establishing a “new™ bacterium in the com-
munity.

Assuming-a “new” microorganism could be introduced and established
in a given ccosymem, additional problems would also have to be
uddressed (e.g., temperature, pH, substrate concentration and oxygen
tension). Most microorganisms have relatively well defined operating
parameters. Since it is likely that at any given time one or more of these
parameters are apt to be outside the optimal range for activity, the
majority of the time the microorganism will have a reduced activity. (e.g..
a bacterium that degrades n-alkanes optimally at 30°C in an aqueous
medium would most likely perform poorly if exposed to an oil spill under
North Sea conditions). Because of generally unfavorable operating
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conditions and the difficulty that is likely to be encountered in estab-
lishing a “new™ bacterium in an ecosystem, broadcast application of
genetically engineered microorganisms to treat toxic chlorinated hydro-
carbons is not likely to be widely successful given our current state of
knowledge in this area.

Containment

It is probable that engineering systems can be fabricated to provide
additional containment and a means whereby operating conditions could
be controlled and optimized. Such a system could be developed and
applied to aqueous treatment schemes (e.g., landfill leachate, plant
effluent, hoiding ponds. collected runoff or municipal water). These
treatment systems would most likely incorporate additional features. such
ag pretreatment to concentrate toxicants to levels that would support a
higher microbial activity.

SUMMARY

There are considerable benefits to be derived from successful applica-
tion of genetic engineering to the microbial degradation of hazardous
compounds and pollutants. The benefits to this area will most likely
include stabilization of activities, increased rate of activity, increased
spectrum of activity and development of safe microbial systems. There
presently are technical restraints or problems to achieving these goals.
These restraints will be overcome as better cloning-vector sysiems for
pseudomonads and other degradative bacteria become available. Also,
with more information regarding the physiology, biochemistry and
regulation of these degradative bacteria, the realization of these goals will
come cioser to reality. It must also be stated that before such successful
“engineered ™ microorganisms are a reality, engineering information must
also be integrated and developed where necessary.
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4

Trace-level contamination by anthropogenic organic P isa
newly discovered, but widespread phenomenon. Since surface, ground-,
waste- and potable waters contain residuals of pesticides, solvents and
other manmade contaminants that can have deleterious impact on human
health and aquatic ecosystems, the concentrations may need to be
reduced significantly. Microbiological separation is one possivility for
removing trace-level organic compounds from water,

Two main mechanisms can bring about microbiological separation:
biodegradation and sorption. Biodegradation is a particularly advanta-
geous separation process, because the polluting compounds can be
mineralized completely to harmless compounds, such as CO,, H,0 and
Cl-. In addition. biodegradation is a self-perpetuating process that does
not require use of expensive chemicals, intense energy or sophisticated
technology. However. biodegradation requires appropriate micro-
organisms in sufficient numbers and an environment suitable for their
growth and metabolism. The second mechanism, sorption. does not
mineralize the organic pounds; i d, the pounds are scparated
from the water and sorbed into or onto the microorganisms. Ultimate
removal of the sorbed organic compounds is brought about by harvesting
or removing the microorganisms from the treatment system for subse-
quent disposal or treatment.

323
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This chapter describes some of the key concepts that control micro-
biological biodegradation. Microbiological sorption is beyond the scope
of the chapter. The approach is 10 use three examples that represent
different trace-organic problems and that illustrate different concepts and
treatment approaches. Use of examples should make the concepts and
possible treatment approaches more substantive and relevant. The three
exampies are (1) a contaminated groundwater source, (2) a contam-
inanted wastewater effluent, and (3) a leachate from a hazardous-waste
landfill.

CONTAMINATED GROUNDWATER

Groundwater, which serves as the supply of drinking water for about
50% of the U.S. population, can be contaminated from spills, leaching
and injection of harmful pesticides, industrial solvents and other
compounds [1]. Treatment to remove these compounds before the water
is used as a water supply or before being reinjected into the ground may
be necessary in some cases. The example considered here is a groundwater
having mineral and esthetic quality suitable for use as a drinking water,
but aiso having trace-level organics that need to be reduced in
concentration.

Groundwater Quality

Table 1 [2-5] gives the quality of typical groundwater found in the
Midwest. After softening, this water would satisfy conventional drinking-
water standards (6] and normal water-supply practice. Because a ground
water supply could become contaminated with pesticides, soivents,
phenolics or other organic chemicals that are not mentioned in the
drinking water standards (6], the U.S. Environmental Protection Agency
(EPA) and the World Health Organization (WHO) have proposed for
organic compounds the lower hazard limits listed in Tabie 11 {7]). The
hazard limits are all quite low (<! ug/1), and they may be reduced as
more health-related information becomes available. Table 1l shows that
contamination by hazardous organics can occur at such low concentra-
tions that the aggregate organic parameters listed in Table I could be
unaffected.
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Table 1. Inorgsnic and Organic Quality of Typicsi Midwestern Groundwater [2-5]

Concentration
Constltuent (mg/1)

Si0, 10

Fe(111) 0.09

Ca™ 92

Mg u

Na* 82

K* 1.4

HCO," 333

5ot 84

cr 9.6

NOy 13

Towi Dissolved Solids 4

Total Hardness, as CaCOy 369

Total Organic Casbon LS

Total Organic Mstter 4.7

Chemicai Oxygen Demand 6.0
Table 11. Proposed Lower Hazard Limits for Selected Organic Comp in Water [7)

Limit
(ug/1)
Compound per Compound

Trihai and Terach 1
Chiorinated Pesiicides (e.g.. lindane, DDT and dieldrin) 0.1
D Ch 1
Pentachiorophenols 1
Polynuclear Aromatics 0.1
Phenolics |
Dibutyiphthalates, Diphenyl Ether, Nitrotol i
Others 0.t

Concentrations in excess of the hazard limits can be found in otherwise
good quality groundwater. For example, Roux and Althoff [8) reported
that 1,1,1-trichloroethane, tetrachloroethylene and other related com-
pounds contaminated groundwater, including the public water supply, at
concentrations up to 1000 ug/1. Although the aquifer supplving drinking
water was deep, windows in the aquaciudes allowed these organic
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contaminants to travel {from industrial plants to the drinking water
supply. Lang et al. [9] reported the following groundwater concentra-
tions: vinyl chioride, 13.1 ug/1; trans-,2-dichloroethylene, 1.5 ug/1: cis-
1,2-dichioroethylene, 29 ug/1; 1,}-dichloroethylene, 1.0 ug/!; trichloro-
ethylene, 0.34 ug/!; and tetrachlorocthyiene, 1.2 pg/ 1. Clearly, otherwise
accepiuble groundwaters have become contaminated with hazardous
organic chemiculs present at l- to 1000-ug/ | concentrations.

Key Factors for Blological Scparation

Many of the compounds that can contaminate groundwaters are
biodegradable. Recent reports in the literature have presented evidence
that the following industrial chemicals can be biodegraded: tetrachloro-
ethylene, |,1-dichloroethylene, 1.2-dichloroethylene, vinyl chloride, 1,1,1-
trichloroethane, chloroform, methylene chiloride, carbon tetrachloride,
chlorob dichlorob naphthalene, styrene, bromo-and chlo-
romethanes, 1,1.2-trichloroethane, 1,),2-trichloroethylene, and 1.1.2,2-
tetrachloroethane {9-13]. It is well known that most of the pesticides can
be at least partially degraded [14]. Although many compounds are
biodegradable, having been biodegraded under laboratory or field condi-
tions does not guarantee that a compound will be biodegraded when
preseat in groundwater.

Two interrelated factors control how well biological processes can
achieve trace-organics separation in a groundwater. The first factor is the
concentration of organic matter. Low concentrations limit the amount
and type of biological activity that can occur. The sccond factor is the
availability of solid surfaces. When organic substrate concentrations are
low, the predominant form of microbial activity is found attached to solid
surfaces as biofilms [15,16].

Tabie | shows that littie organic matter is in typical groundwater
supplies, and the readily biodegradabie portion of that organic material is
often only a small fraction of the tota) [17]. Thus, the potential for
growing and sustaining microorganisms through organic-substrate utili-
zation is not great. Rittmann and McCarty [18] developed a model of
biofilm kinetics especially appropriate for cases like contaminated
groundwater. The model simultaneously considers mass transfer of
substrate {rom the bulk liquid to the surface of the biofilm. diffusion of
substrate through the biofilm, utilization of substraie by the bacieria
within the biofilm, growth of the biofilm due to substrate utilization. and
biofilm losses due to decay. Figure | illustrates that the model of a steady-

MONS 004725



TRACE ORGANICS REMOVAL 327

state biofilm predicts that the biofilm mass and reaction rate decline
rapidly to zero as the substrate concentration approaches a limiting value
Smine Which can be predicted from fundamental kinetic parameters:

b
Smm = Kn Yk -b “)
where K, = Monod half maxi locity ion (M,/LY)
Y = true vield (M,/M,)
k = maximum specific subsirase utilization rate (M,/M, - T}
b = firsi-order decay or biomass-loss coefficient (T*')

At substrate concentrations less than Syin. the biofilm loss rate is greater
than the biofilm growth rate, and any biofilm present will decay away.
Hence sieady-state biofilms can not persist when substrate concentration
is always less than Spia.

LOGy Lg¢

LOGg §

Figure 1. Example of relationship of sicady-state biofilm thickness (L() 10 substrate
concentration (S).
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Figure . Removal of acctaie and dichloromethance in sicady-state biofilm reactors.
Reuctors were 12 cm long = 2.5 cm diam, and the biofilm support medium way J-mm

ginss deads. T = 20°C.

Experiments with once-through biofilm rcactors have demonsirated
Smin- Figure 2, taken from the work of Rittmann and McCarty [10.19).
shows that substrate concentrations leveled off at Sn,, values when
acetate, a common metabolite, and dichloromethane, a widely used

MONs 004727



TRACE ORCANICS REMOVAL 329

industrial solvent, were used as substrates in separate reactors. Typical
values for Sp;s obtained for aerobic biodegradation of various organics
range from about 0.1 to 1.0 mg/1 [10, 19, 20].

The limitation of Spia S¢ems to suggest that compounds already present
at concentrations less than typical Sy, value may be impossible to
biodegrade. However, two further concepts present ways in which
biodegradation can occur. The (irst possibility is selection, enrichment
and application of specially adlpxed oligotrophic bacteria, which have
advantages and can survive in very low. ration envir ts.
Oligotrophic bacteria use an efficient metabolism and a high lfﬁnny for
substrates, and these characteristics allow the oligotrophs to survive and
function when other bacteria die or remain dormant. Although
oligotrophs have been studied very little, some attributes of bacteria that
have shown oligotrophic charactcristics were recently compiled [21]. The
outstanding features include extremely efficient utilization of muitipie
and varied compounds, constitutive production of transport enzymes
with high affinity for catalyzed substrates, inducible enzymes for catabolic
pathways and relatively slow maximum growth rates. The high affinity
for substrates would be mostly detected as a very low K, value. Equation
! shows that oligotrophic, biofilm-forming bacteria could have Sy,
values in the l-ug/] range if K, were reduced sufficiently.

Since little work has been performed with freshwater oligotrophic
bacteria, their potential usefuiness in trace-organic removal is speculative,
Basic questions have only begun to be asked. What strategies give
oligotrophs their advantage at low concentration? Can bacteria with
appropriate metabolic functions be adapted to oligotrophy? What is the
minimum concentration of a given substrate to which oligotrophic
bacteria are adapted? How can oligotrophic bacteria be best cultivated
and used?

A second and better-studied possibility for trace-organics removal
when substrate concentrations are already less than S, is called
secondary utilization. Secondary utilization is defined as the utilization of
a subsirate, called the secondary substrate, which does not supply
sufficient energy or carbon for the cells’ growth and maintenance
[20.22,23). Comectabolism, the partial transformation of substituted
analogs of primary substrates, is a8 subclass of secondary utilization. A
compound present at €Sy, concentration is an excellent example of a
secondary substrate, since the reason that no biofilm exists for
concentrations less than S, is that the rate of energy capture through
substrate utilization does not supply enough energy to meet even
maintenance requirements, Secondary substrate utilization can and does
occur, however, if the biofilm is zrown and sustained through utilization
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of a primary substrate, which is present at suitably high concentration to
support the bacteria. The primary substrate can be one compound or an
aggregate of many compounds. In fact, the primary substrate can be the
composite of many secondary substrates, none of which could sustain the
biofilm alone.

Figure 3 gives a relevant example of how secondary utilization can
work. A biofilm was grown using a feed medium that consisted of
laboratory deionized water plus mineral nutrients. No organic substrate
was added, and a biofilm was sustained through utilization of about 0.17
mg C/ 1 out of a feed total organic carbon (TOC) of 0.59 mg/1. When
sodium acetate was added to the feed, it was removed to concentrations
well below Spin (about 30 ug/ 1) as shown in Figure 3. The subsirate wasa
mixture of many organics, and might be represenative of the natural
organics found in a clean groundwater.

For treatment of a contaminated groundwater through secondary
utilization, the naturally occurring organic compounds may be able to
serve as the primary substrate. On the other hand, it may be necessary in
some cases 10 supplement the water with a primary substrate to ensure
that sufficient bacterial growth occurs. When treating a contaminated
groundwater that could be used as a potable source, added materials must
be chosen carefully so that they are not harmful themselves and do not
cause undesirable taste, odor or color. Simple mewbolites seem most
appropriate.

Although secondary utilization is a demonstrated and promising
concept for trace-organics removal, it raiscs some questions and has some
drawbacks. The first question concerns the availability of suitable
primary substrate to aliow growth of bacteria capabie oi biodegrading the
hazardous poliutants. Experiments were carried out to ascertain if biofilm
bacteria grown on a given primary substrate could also utilize other
secondary substrates [20]. Figure 4 presents typical data from these
experiments. The secondary substrates were fed for only a short time.
while the biofilm had been grown for the long term on only the primary
substrate, thymine. Although alanine and acetate, both common
metabolites, were readily utilized by the thymine-grown biofilm, phenol
and galactose were largely unutilized. Thus, not all compounds can serve
as primary substrates for bacteria that can metabolize a potential
secondary substrate. For the exotic, anthropogenic compounds, finding
an appropriate primary substrate naturally occurring in the groundwater
or to add to the water may be difficult; research along this line is
continuing.

A second and closely related problem is that very low concentrations of
anthropogenic compounds may not be as easily degraded by bacteria as
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Figure 3.  Secondary wtilization of acewate by biofilm bucteria grown on residual organics
in lsboratory deionized water plus minerals. T = 20°C.

are high concentrations. Boethling and Alexander [24] reported that 2.4-
D and 1-naphthyl-N-methylcarbamate plus 1-naphthol (Sevin®) were not
biodegraded at concentrations below 2.2 and 30 ug/i, respectively,
although they were degraded at higher concentrations. Rittmann et al.
[11) showed a similar threshold effect for dichloro- and chlorobenzenes
present below about 100 ug/l. These apparent threshold effects, which
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Figwre 4. Removal of secondary subsiraies and primary substraie by biofilm grown with
thymine as primary substrate. T 3 22°C; » = 610 cm/day.

show no degradation below some low concentration. may be caused by a
lack of enzyme induction or activation when little substrate is available.
Somewhat similar effects were reported for common metabolites, such as
swarch (25 pg/1), glycerol (20 ug/ 1), gluconate (10 ug/!), and mannitol
(20 ug/!) [25). The mechanisms for such thresholds are unknown, but
existence of threshoids in the 1- to i00-ug/! range couid severely hamper
application of biodegradation by secondary utilization. Fortunately,
work by Bouwer and McCarty [26] showed secondary utilization of
chlorinated benzenes present at about (0 ug/1 when a primary substrate.
acetate, was also continuously present. Perhaps the presence of a primary
substrate allows continued genetic expression and enzyme activity: more
work is necessary in this area.
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Two important engineering decision can affect process performances:
sclection of biofilm support media and reactor configuration. Biofilm
growth can occur on many surfaces, including glass beads, sand, carbon,
metal oxides and plastics. For removal of trace-level organics, activated
carbon seems to offer numerous advantages over other surfaces. One key
advantage seems to be an enhancement of bacteria! surface attachment,
especiaily for very thin biofiims that experience high shearing stresses
[27-29]). The reasons for improved attachment are related to the creviced
and hydrophobic nature of the activated carbon surface, but the
quantitative extent of such an advantage remains unknown.

A second advantage of using activated carbon as biofilm support
medium is that the activated carbon adsorbs and stores solutes that are
not immediately biodegraded. This storage is probably advantageous to
the formation of a biofilm, since more substrate is available 10 the
organisms at the surface, and this can help reduce Sy, limitations during
biofilm inception and growth. Backdiffusion and biodcgradation of
sorbed organics (termed bioregeneration by those interested in the
adsorption capacity of activated carbon) have been demonstrated to be
important [30-32]. Adsorption of organic solutes by carbon is aiso
advantageous in another way. A compound that escapes biodegradation
because it is nonbiodegradable by the biofilm or because its mass loading
exceeds the capacity of the removal kinetics of the biofilm can be
adsorbed to the carbon. The adsorption reduces the concentration of the
process effluent and sufficiently retards the compound’s travel through
the reactor (the chromatographic effect) so that the bacteria have an
increased opportunity to degrade the compound.

Selection of process configuration is also an important choice that can
affect overall process performance. in water and wastewater (reatment
practice, activated carbon reactors, which are not nccessarily used for
biodegradation. are operated in {ixed- and fluidized-bed modes. From the
viewpoint of biodegradation of low concentrations of organic
compounds, the fluidized-bed reactor can offer numerous advantages
over the fixed-bed reactor. Rittmann [33] has shown how fluidization of
the biofilm support medium reduces the Sp;, restrictions on biofilm
growth by uncoupling the steady-state mass of biofilm present at any
point in the reactor from the substrate concentration at that point. The
advantage of a fluidized bed comes about like this: in a fluidized bed
reactor, the solid medium is expanded and well mixed throughout the
reactor, which means that a particle of biofilm is sometimes near the inlet,
where substrate concentration is high. and sometimes near the outlet,
where substrate concentration is low. Rittmann [33] demonstrated that
mixing and periodic exposure to the high substrate concentration near the
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inlet allow the greatest total biofilm mass throughout the reactor and
distribute the biofilm evenly, which increases the biofilm's effectiveness.
In other words, fluidization allows biofilm to grow near the inlet and be
transported near to the outlet, where it brings about substrate removal,
even though the outlet substrate concentration is slready less than Sy

Figure § gives an example of how fluidization can improve process
performance [33). The feed concentration and detention time are the same
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Figure 8. Comparison of predicted process performance for biofilm reacior configura-
tions. S® = 3.3 mg/1: +* = 500 cm/day: Y = 0.142 mg VSS/g: bs 0.205 day'': D = 1.09
em?®/day; Dy = 0.87 cm?/day: dp = 3 mm: T  20°C.
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for each reactor, but the fluidized-bed reactor reduced the effluent
concentration to about 0.1 mg/ l, while the fixed-bed reactor reduced the
concentration 10 Sp,, about 0.7 mg/ 1. The improved performance of the
fluidized-bed reactor occurred because the biofilm mass was spread out
evenly throughout the reactor, while the liquid flowrate was still rather
“plug flow.” In this way, the best conditions—liquid plug flow. but
uniform biofilm distribution—bring about the maximum substrate
removal [33].

Figure 5 also shows that adding recycle, which may be necessary for
fluidization in some cases, begins to transform the nature of the liquid
flow from plug flow into complete mix. Since complete-mix (liquid flow)
reactors give the smallest substrate removal, use of recycie should be
minimized. A recycle ratio (QR/Q°) of about 10 results in a nearly
complete-mix regime and negates the benefits of fluidization [33].
Fortunately, aciivated carbon has a2 low mass density and often can be
fluidized without using excess recycle, provided the deention times are
less than a few hours,

Despite its advantages, fluidized-bed technology will not work if the
Smin fequirement is not met in the influent. Secondary utilization,
possibly including primary substrate supplements, is necesssry for flu-
idized bed removal of trace-level organic contaminants. If there is
sufficient primary substrate in the influent, fluidized beds obuwin the best
performance. On the other hand, fluidization does not allow growth when
there is no primary substrate.

WASTEWATER EFFLUENT

Effluent Quality

The effluents from municipal and industrial wastewater treatment
processes can contain significant concentrations of hazardous organic
chemicals. The sources of these chemicals include direct discharge into the
sewers, accidental spills, leakage into the sewers through infiltration and
production during chlorination. Aithough some of these compounds are
removed by biodegradation, sorption or air stripping during conventional
wastewater treatment, many compounds persist in the effluents.

Table 111 [34-37] lists some concentrations of anthropogenic com-
pounds detected in wastewater effluents. All are less than 100 ug/1, but
many compounds are well above the proposed hazard limits (see Table
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Table L. C lons of Anthropogenic Compounds D d in
Mounicipal Wastewster-Treatrment Effluents
Cencentration
Compound (ug/1) Reference
Chlorobenzens 4., 09 3438
1,2-Dichiorobenzene 1.9, 2.0 3438
1,3-Dichiorobenzens 0.6,0.3 148
|, 4-Dichlorobenzene 0.5.20 34.38
Sum of Dichiorobenzenes 5.6 36
1.2.4-Trichiorobenzene 0.5.0.2 34.35
Sum of Trichiorobenzenes 31, 36
Naphthalene 0.9, 0.2 3438
Styrene 4.7 M
Benzonitrile 12 M
Chloroform 5 71 3536
Dichlorobromomsthane 0.2 35
Chiorodibromomethane 2.2 38
Bromoform 0.5 35
Dichioromethane 24,29, 2.5-834 35-37
Trichloroethylene 1.5 33
Tetrachiorosthylene 13,39 3536
1.1,t-Teichlorosthane 63,90 3536
1.1.2-Trichlorosthylene 8.6 36
Lindane 0.05-0.08 37
p#-DDD 0.18 ”

I1). Aithough wastewaters are seldom reused directly for potable water,
they frequently are indirectly reused after discharge to a surface receiving
water or recharge of a groundwater aquifer. In addition 10 possible
harmful effects from indirect human consumption, these compounds can
damage aquatic ecosystems.

After secondary wastewater treatment, a wastewater effluent has
quality characteristics that classify it as a low-concentration medium. The
typical chemical oxygen demand (COD) and TOC of an effluent are
about 30 and 10 mg/ 1, respectively. Although greater than those found in
most groundwaters, the organic concentrations of wastewater effluents
are still low, and biological growth is still limited. Some years ago, efforts
were made to characterize the chemical constituents of sewage and
sewage-treatment effluents. The resuits of the characierizations give an
idea of what types of potential primary substrates are available.
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Table 1V, Concentration Rangss for Organic Clames Commoniy Present In
EfMuents from Blologies! W T

Range

Class (mg/1 as COD) References
Protsin/ Amino Acids 0-3 38-42
Fatty Acids 2-30 4348
Detergents 1-3 38.41,42.45
Carbohydrates 1-3 41,4246
Ether Extractables -3 41,42
Humic Acids 2-6 41,4246
Fulvic Acids 6-9 41,4246
Sum 13-64

Table V. Chemical Breskdown of “Typical® EfMuent
Afer Blologleal W T

coD
Chemieal Class (mg/1)

Proteins/ Amino Acids
Fatty Acids
Detergents
Carbohydrate

Esher Extractables
Humic Acida

Fulvic Acids

Sum 30

LW N O W

Table IV [38-46] summarizes the concentration ranges for the chemical
classes normally found in wastewater trestment effluents. The wastewater
effluents represented in Tabie 1V had rather widely ranging towl organic
concentrations. Table V gives & breakdown of the organic classes for a
“typical” effluent having a soluble COD of 30 mg/!. Table V was derived
from the data in Figure 4 after adjustments were made for the different
strengths. Most of organic materis] seems to be organic acids, which are
common metabolic intermediates, and humic and fulvic acids, which are
the biologically resistant products of natural decay. The values in Tables
IV and V suggest that the most likely primary substrates naturally
occurring in wastewater effluents are the organic acids, which amount to
about 9 mg/1 as COD in a “typical™ effluent.
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Blological Separation Processes

As long as the bacteria grown on the primary substrate can aiso utilize
the anthropogenic compounds of interest, a typical sewsge effluent
should have sufficient biodegradable organic material to carry out
secondary utilization in aerobic systems. Utilization of activated carbon
media and/or a fluidized-bed configuration should enhance removals and
reduce the hazardous compounds to sub-ug/| levels.

Natural organics seem 10 be adequate primary substrates for secondary
utilization of many trace contaminants {20,23,26]. On the other hand,
other compounds pass through the biological sysiems largely or com-
pletely undegraded. If, therefore, the contaminants of interest are not
biodegraded by the naturally selected microorganisms, special considera-
tion must be given to supplying a primary substrate. Perhaps in such cases
the only workable primary substrate is the contaminant itself. For the
groundwater example, it would be totally inappropriate, if not illegal. 1o
add a hazardous compound to the water to promote biologica! growth, as
a failure in the sysiem could result in a seriously contaminated water
supply. In some cases this restriction may not be necessary for wastewater
treatment.

Adding a compound to the water {or the purpose of promoting growth
of bacteria able to degrade that compound can be effective for achieving
very low effluent concentration only through use of a nonsteady-state

hnology. A dy-siate biofilm reactor is one in which the biofilm
in the reactor undergoes net growth or decay, and it is different from the
previously described steady-state reactors, in which biofilm growth is
continuously balanced by losses. Operated in 8 nonsteady-state mode, a
biofilm reactor is fed a high-concentration feed for a relatively short time,
such as one week. During that time, the biofilm grows to a relatively large
thickness. Subsequently, the normal, low-concentration feed is applied.
Since the large biomass is already present and its decay and other losses
are typically much slower than was the growth, the biofilm can utilize the
input substrate for a relatively long time, even though the feed concentra-
tion is less than Sp;,. Once biofilm losses have reduced the biofilm's
capacity 10 an unacceptable level, the cycle is repeated. A biofilm
operated in this mode is nonsteady-state because it grows when the high
concentration feed is applied and decays when the low-concentration feed
is applied. To operaie such a system, several parallel units would be
required; while one unit would be in the growth mode, the other units
would be treating the wasiewsater.

Figure 6 [47] illustrates how nonsteady-state operation was able to
achieve effluent concentrations well below Sy, The biofilm was grown
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Figure 6 N dy-staie biofiim reduction of acetate concentration 1o below S, when

influent concentzation is reduced from 7.6 to 0.76 mg/) of acetate. T = 20°C; » s 400
cm/dsy [47)

with a feed acetate concentration of 7.2 mg/!, which grew a biofiim
capable of reducing the effluent concentration to Spy;,. about 0.66 mg/ 1.
When the feed concentration was reduced to 0.72 mg/ 1, the biofilm,
aiready present, was able to reduce the effluent concentration10 0.1 mg/ |
or only about 15% of Spia. Even lower concentrations could be achieved if
the feed concentration were lower,

LANDFILL LEACHATE
Quality Charscteristics

The quality of landfill leachate is as varied as the material that is
disposed of in landfills. A noteworthy example is the leachate collected
from the southern sector of the Love Canal landfill site at Niagara Falls,
New York {48). Table VI lists selected characteristics of the Love Canal
leachate.

Compared 1o the groundwater and wasiewater effluent examples. the
Love Canal leachate is about 400-4000 times more concentrated in terms
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Table V1. Selected Characteristics of Landfill Laachate from Love Cans) {48)

Value

Parameter (mg/1)*

pH 56
TOC 4,300
coD 11.500
Total Dissolved Solids 15,700
Sulfate 240

Sulfide Q.1

Towi Phosphate, as P 0.1
Sodium 1.000
Calcium 1.500
Iron 330
Methanol 9
Toluene 39
Chlorotoluene 26

Benzene 145
Chiorobenzene 12
Benzyl Alcohol 29
Chlorobenzyl Alcohol 2
Phenol "
Chiorobenzaldehydes 26

'Except pH

of total and specific organics. Problems of trace levels would seem to be
eliminated, since more than ampie COD is availabie for growing bacteria.
Even anthropogenic compounds are present at fairly high concentration.
However, many trace-level compounds are present in the leachate, and
the ultimate treatment goal is still to reduce the concentration to Jess-
than-hazardous levels.

Blological Separation Processes

The first factor in treating leachate is that it must be contained and
treated in & controlled reactor. First, the leachate cannot remain in the
ground, because it may escape and seriously contaminate a groundwater
aquifer. Second, a treatment reactor is necessary because successful
treatment is very unlikely in situ. The problems with in situ treatment are
numerous: (1) the microorganisms are not well distributed and will not
adequately come into contact with leachate spread under many hectares
of landfill: (2) gas production (CH., CO,, H;,S) in the landfil! can create
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dangerous explosion and unstable land conditions; and (3) little or no
process control over temperature, pH, and electron acceptor can be
effected. Therefore, in situ treatment is an unreliable alternative,

The most promising biological treatment scheme for landfill leachate
involves anaerobic methanogenesis. A methanogenic process is advanta-
geous for five obvious reasons:

1. The leachate is aiready anaerobic.

2. Methanogenic processes require no nnuon 10 supply oxygen. To supply
enougihr oxygen to mest the oxygen req of serobic activated siudge
trestment of the Love Canal leachais would cost about $0.40/m” of leschate,
not including capital recovery.

3. The anserobic process produces 10-20 times less biological sludge than would
an aerobic process. Low Illldlt production means major cost savings, since

sludge handling and ¢ | for aerobic operations typically requires half of
the operating budlct.
4. The lack of sludge production during L i3 means that

additions (N and P) can be relatively low. Table VI shows that the Love Canal
leachate has no P and probably litie inorganic N. Aerobic treatment wouid
require addition of about 340 § N/m’ and 70 g P/ m’. while the requirements
wuh nnnmhc trestment wwu b: lo-zo times less.
S. M [ h s, whiell can easily
btcaplmdnd\mdlcrunwmput quip hnl‘ g3, OF B
The +

‘of Love

ns
Canal leachate would generate about $0.60/m’ of electrical power.

Besides the obvious benefits of methanogenesis, the anaerobic process
can be the most appropriate for leachate decontamination because
degradation of certain anthropogenic organics is enhanced in the
anaerobic environment. For example, the breakdown of chlorinated
hvdrocarbons is greatly increased in an anaerobic environment {50.51],
where the original organic matter, metabolic products (such as reduced
flavins) and reduced inorganics (such as iron and sulfur) serve as electron
donors and electron-transfer agents. The resuit is that chlorinated
hydrocarbons are reductively dechiorinated, with hydrogen replacing the
chlorine. Since the dechlorination step often limits biodegradation of
chlorinated compounds, the anaerobic environment is often idea! for
enhancing biodegsadation of many of the most critical conmaminants.

Numerous reports [13,50-53] have shown that degradation of
halogenated hydrocarbons requires an anaerobic environment. Partic-
ularly pertinent is the work of Bouwer et al. {13], in which low
concentrations (less than 1 mg/!1) of halogenated one- and two-carbon
hydrocirbons were degraded anacrobically, but not aerobically. Even
without biological activity, the brominated compounds were dehalo-
genated, aithough not nearly as quickly as with methanogenic activity:
others have also shown that strongly anaerobic conditions can bring
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about reductive dehalogenation when microbial activity is not present
(50,51}, and dehalogenation is correlated to a negative Ey. Thus, the use
of an anacrobic treatment process enhances microbiological and possibly
chemical degradation of many of the contaminants of most concern.

It must be pointed out that halogen-substituted aromatic rings seem to
be resistant to anaerobic attack, but require aerobic hydroxylation to
dehaiogenate them [50]. Recent work at very low concentrations [11,13]
has reinforced this idea: halogenated hydrocarbons were degraded
anaerobically, but not aerobically; chlorinated aromatics were degraded
aerobically, but not anaerobically. Should a bic dehalogenation of
aromatic compounds be found feasible in the future, the anaerobic system
should be capable of compietely degrading the resuiting aromatic
products [54].

Methanogenic processes have been used for treating high-strength
industriai wastes, as well as sewage sludges. The anaerobic filter (49] has
been gaining popularity because it offers the advantages of a fixed-film
system: process stability and high loading rates. It has been used to treat
wastewater resembling hazardous landfill leachate. DeWalle and Chian
[55] used a fixed-bed, complete-mix anaerobic filter to treat a landfill
leachate having 8 COD of 32,000-54,000 mg/1], and they reduced the
COD to 1000 mg/! with 8 7.5-day detention time at 25°C. Suidan et al
[30] treated high strength phenolic wastewater with & fluidized-bed
anaerobic filter at 35°C.

A most important factor for use of anaerobic fiiters is the chemical
characteristics of the wastewater, since certain characteristics could cause
operating problems. The first problem is toxicity. Numerous inorganic
compounds that can be present in leachate are toxic to methanogens {56].
Among the most likely to be problems are sodium, sulfur and heavy
metals. An excessive sodium concentration, such as 3500 mg/ | or more, is
inhibitory to methanogens, and more than 8000 mg/! can be strongly
inhibitory or toxic. Reduced sulfur compounds in solution—H,S, HS-
and S¥—are toxic at 200 mg/ |, while soluble heavy metals, such as Cd,
Zn and Ni, are toxic at mg/! levels. If the metals and sulfur are
reasonably well balanced in the feed, metal sulfides precipitate in the
anacrobic system, rendering both types of toxics harmless. Too great a
quantity of sulfur or metals, which could easily occur in a leachate, would
create toxic conditions preventing the methane-producing bacteria from
functioning properly.

Organic materials, such as found in leachate, can also be highly toxic,
and their toxicity often occurs at low concentrations. For instance,
chloroform is toxic at 2-100 mg/], cyanide at [-200 mg/l, methylene
chloride at 20 mg/ 1, and ethylene dichloride at 32 mg/ ! [57.58]. In some
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cases, the anaerobic systems seem to acclimate, but acclimation is not the
rule.

The second problem with methanogenic treatment is pH control. In its
essence, anaerobic treatment is a two-step process. In the first step,
anserobic bacteria break down complex organic compounds through
fermentative pathways, producing mostly short-chain organic acids, CO,
and Hj. In the second step, methanogens utilize the first-stage products
and produce methane gas. Treatment, or COD removal, occurs because
the electron equivalents of the original organic matter end up in methane,
which is easily stripped from the water. If the methanogens are unable to
utilize the acide produced during the first stage as fast as they are
produced, the buffering capacity of the system is neutralized by the acids
and the pH falls. Since methanogens are sensitive to low pH, a decrease
below about pH 6.5 still further slows the mcthanogenic reaction and
hastens the ultimate failure of the system.

The anaerobic process is appropriate for leachate treatment because (1)
the leachate is already anaerobic and has enough organic material to
sustain anaerobic conditions; (2) it enhances degradation of many con-
taminants; and (3) it can make treatment an energy-producing enterprise.
On the other hand, anaerobic treatment may not be able to degrade
certain aromatic compounds, and it may not produce an effluent with
suitably low concentrations of total organics or specific compounds. A
prudent approach is to follow anaerobic treatment with a simple aerobic
process, such as a rotating biological contactor (RBC) (59,60]. The
anaerobic unit provides most of the COD removal, while the aerobic
system polishes the effluent and removes compounds unaffected by the
anaerobic process. Costs of aerobic treatment are minimized because
most of the COD is removed during anaerobic treatment.

SUMMARY

Biodegradation of anthropogenic organics present in waters is a
complicated and not very well developed field. However, several factors
are clear. When the contaminants are at very low concentration, special
consideration must be given to providing enough energy for the bacteria
to sustain themselves in the system. Biofilm processes seem most appro-
priate, since the bacteria are kept in the reactor by attachment, and
biofilms predominate naturally with low rations. S dary
utilization, nonsteady-state operation, and activated carbon attachment
are methods 10 promote bacierial growth when concentrations are very
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low. In combination with these three methods, fluidized-bed treatment
offers advantages for obtaining very low effluent concentrations.

For landfill leachate, which is often anacrobic and contains rather high
organic strength, anaerobic methanogenic processes offer the benefits of
decreased operating costs and enhanced degradation of many hazardous
contaminanis. Caution must be exercised to prevent toxicity te the
anaerodic microorganisms, and postireatment with a simple aerobic
process may be necessary to polish the effluent and degrade halogenated
aromatics.

Although some concepts and techniques are known today, much basic
information about biodegradation of trace-level organics is lacking, such
as:

® phyiiological response of bacteria 10 very low concenirations of substrates;
® relationship beiwesn pmn-ry and secondary subsirates:
* 1oxicity of trace-leve! organics to blologml processes:
® ability 10 apply ¥ pp
® consequences of partial dqndauon. nnd
. among of microargani: y 10 compietely degrad
compounds.
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CHAPTER 22

PEROXIDASE FOR REMOVAL OF
HAZARDQUS AROMATICS FROM
INDUSTRIAL WASTEWATERS

Barbara N. Alberti and Alexander M. Klibano,

Laboratory of Applied Biochemistry
Department of Nutrition and Food Science
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Most phenols and aromatic amines are toxic, and many are known or
suspected human carcinogens [1-4). They are inherent in the wastewaters
of a variety of industries, including coal conversion, petroleum refining,
resins, plastics, textiles, dves, organic chemicals. paving, roofing, iron and
steel. For instance, phenol, cresols and xylenols are produced by high-
temperature carbonization of coal, a process that will inerease in impor-
tance as alternative supplies of fossil fuels diminish.

There are a number of methods currently being used to remove these
types of pollutants from wastewaters: microbial degradation, adsorption
onto activated carbon, chemical oxidation, solvent extraction, membrane
processes and irradiation [2,5-7). Unfortunately, these methods, despite
their usefulness, have some serious drawbacks, such as high cost, low
efficiency, incompleteness of purification and formation of hazardous by-
products [7]. Therefore, new approaches to the problem of wastewater
treatment are necessary.

We have proposed the use of the enzyme horseradish peroxidase to
treat wastewaters containing phenols and aromatic amines [8.9). Our
method is based on the enzyme's ability to catalyze, with hydrogen
peroxide, the oxidation of a variety of phenols and aromatic amines
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{10,11], thus generating the corresponding phenolic and aromatic amine
free radicals [12).

These {ree radicals diffuse from the active center of the enzyme into
solution {13] where they can polymerize to polyaromatic products
(10-12). These high-molecular-weight polymers (see Figure | as an
example), unlike their monomeric precursors, are water-insoluble and can
be separated with relative ease by filtration or sedimentation.

We have tested this approach on more than 40 phenols and aromatic
amines [8.9). In most cases, on addition of horseradish peroxidase and
H,0;, a solution containing the pollutant immediately becomes colored,
followed by gradusl separation of a precipitate. To quantify the degree of
enzymatic water purification, we use the parameter “removal efficiency™
[11,14], which is defined as the percentage of chemical removed from
solution under given conditions.

Table | shows the removal efficiencies {or some of the phenols and
aromatic amines we tested. While many of the removal efficiencies are
very high (> 99%), some are significantly lower. Moreover, certain
phenols and aromatic amines (e.g., nitrophenols) cannot be precipitated
enzymatically. Fortunately, we have discovered an effect that helps to
climinate these problems.

If easy-to-remove pollutants are mixed with hard-to-remove ones, the
former aid in the precipitation of the latter. Apparently, peroxidase
oxidation of some compounds, such as phenol and aniline, yields
products of relatively low moiecular weight. These products are appre-
ciably soluble in water, and therefore the pollutants have low removal
efficiencies. However, if the same pollutants are mixed with compounds
such as benzidine or !-naphthol, which polymerize to high-molecular-
weight products (and have high removal efficiencies), the [ree radicals
from both types of pollutants react with each other to farm high-
molecular-weight mixed polymers that precipitate readily. This can be

Figure 1.  Struciure of aniline black. thc major product of peroxidase-catalyred
oxidation of aniline with Hy0; {10}

MONS 0047438



PEROXIDASE FOR HAZARDOUS AROMATICS REMOVAL 351

Table I. Removal of Aromatlc Amines and Phenols from Water by
Horseradish Peroxidsse and H,0,"

Removal EfMciency”

Pollutant (%) Reference
Benziding 99.94 8
1.¥-Dimethoxybenzidine 99.9 [y
3,)-Diamnobenzidine 99.6 ]
3,¥-Dichiorogenzidine 9.9 8
3.3'-Dimethyibenzidine 99.6 8
{-Naphthylamine 99.7¢ 3
2-Naphthylamine 98.3¢ 8
S-Nitrosl-naphthylamine 99.6¢ ]
N.N-Dimethyinaphthylamine 93.2° This work
Phenat 88.3¢ 9
2-Methoxyphenol 98.0¢ 9
3-Muthoxyphenol 98.6' 9
4-Methoxyphenol 89.1° 9
2-Methylphenol 86.2° 9
3-Methyiphenol 98.3¢ 9
4-Mathyipheno! 85.0¢ 9
2-Chiorophenol 99.8¢ 9
3-Chisrophenol 66.9 9
4-Chlorophenol 98. 9
2.3-Dimathyiphenol 99.7¢ 9
2.6-Dimethyiphenol 82> 9
Aniline 72.9¢ 9
4-Chloroaniline 62.5° 9
4-Bromoasiline 84.5* 9
4-Fluoroaniling 864’ 9
1.3-Disminopheno} 98.6' 9
Diphenylamine 80.5 This work
1-Naphthol 99.6¢ 9
2-Nitroso-1-naphthol 98.9¢ 9
4-Phenyiphenol 99.9¢ 9
8-Hydroxyquinoline 99.8° 9
* Conditi 100-mg/! aq fution of a phenol or an aromalic amine; 3-hr treatment

at room temperature: pH 5.5: 100 units/l peroxidase, | mAf H,0; (unless otiwrwise
indicated).

*Aromatic amines and phencls were determined using the specific assays by Butt and
€S mM H;0, 1000 units/) peroxidase.

‘1 mM H:0,, 1000 units/! peroxidase. pH 4.0,

‘The same as in footnote d. but a1 pH 5.5,

{The same as in footnote d. but as pH 7.0

*11 shouid be painied out that tresiment with either peroxidase or H Oy alone resuits in no
precipitation and no | of the chemi from water under the conditions used.
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illustrated by our finding [9] that, whereas the enzymatic removal
efficiency for phenol is 74.6%, in the presence of 8-hydroxyquinoline,
benzidine and 3,3-dimethoxybenzidine, the removal efficiency for phenol
increases to 99.8, 99.5 and 99.7% respectively.

In fact, we found that this phenomenon could even be extended to the
removal of nonphenolics and nonaromatic amines, which normaliy are
not substrates for peroxidase. For instance, naphthalene does not react
with peroxidase and H;0; at all. However, in the presence of 100 mg/1 of
2,3-dimethylphenol, more than 60% of the naphthalene precipitates. The
results are even more spectacular with azobenzene, a common inter-
mediate in the chemical industry and a suspected carcinogen {4). Azo-
benzene does not react with horseradish peroxidase and H,Os. However,
in the presence of 2.7-naphthalenedio! and I-naphthol, 99.9 and 99.3% of
azobenzene, respectively, can be precipitated on peroxidase treatment (20
mg/] azobenzene, 100 mg/! naphthalenediol or naphthol, 4 mM H,0,,
300 units/l peroxidase, pH 4.0, 48-hr treatment).

The discovery of the enhanced enzymatic removal of poorly or
nonremovable compounds in mixtures of pollutants has an important
practical implication. Real industrial wastcwaiers always contain many
different pollutants. Hence, even if only a few of them are easily
precipitated by peroxidase, they will facilitate the removal of the others
by the enzyme and hydrogen peroxide. The significance of this is
documented by our experiments with wastewater from a chemical plant.

TREATMENT WITH A CRUDE ENZYME
PREPARATION AND OTHER PEROXIDASES

Since our enzymatic treatment is designed to have a practical applica-
tion, it is important to minimize the cost. In all of the experiments
described above, a partially purified horseradish peroxidasé obtained
from a commercial supplier (Type I, Sigma Chemical Co., St. Louis,
Missouri) was used. However, we also examined the possibility of using a
crude enzyme preparation made from horseradish roots bought at a local
supermarket. The roots were minced in a blender, suspended in water,
stirred and pressed through cheesecloth. The juice was used as a
peroxidase source and its enzymatic concentration determined using the
standard guaiacol assay {17).

Table 1l compares the removal efficiencies of several different phenols
precipitated by the crude enzyme preparation and the commercial
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Table [1. Removal of Phenols from Water by Purified and Crude Peroxidases®
Removal Eficiency®

(%)

Phenol Sigms Enzyme Crude Enzyme pH
Phenol 376 898 pE ]
3-Methylphenol 853 99.6 40
4-Methyiphenol 98.5 95.6 58
2-Chiorophenol 99.7 9.7 70
2.3-Dimethyiphenoi 9.6 99.3 40
I-Naphthol 97.4 9.6 40
2-Nitroso-1-naphthol 96.0 95.0 4.0
$-Hvdroxyguinoline 99 9.7 7.0
*Conditi 100-mg/| phenols; 1000 units/1 peroxidase: 2.5 mAf 4,04, 21-he tresiment at

room temperature.
*The phanols were assayed by the method of Emerson {16 (except for 4-methylphenol,
which was assayed in accordance with Arnow [18] as described by Klibanov et al. [9)).

peroxidass. In all cases, the results were comparable, demonstrating that
the efficiency of this process does not depend on the purity of the enzyme.

We also studied whether peroxidases from sources other than the
horseradish root can be used to precipitate phenols and aromatic amines.
We examined two commercially available peroxidases (from Sigma),
lactoperoxidase from cow’s milk and chloroperoxidase from Caldario-
myces fumago. Treatment by lactoperoxidase and H,0, (800 units/mi
enzyme. 2 mmol H;30;, pH 5.5, 24 hr) of 100 mg/! benzidine, |-naphthyl-
amine, phenol, aniline, 2-methoxyphenol, |-naphthol, 4-phenyliphenol,
3-methyiphenol and 2-chlorophenol resulted in removal efficiencies of
90.8, 35.1, 0, 0, 31.6, 32.0, 38.3, 15.4, 13.7%, respectively. The only
compound from the above list that can be precipilated enzymatically by
chloroperoxidase is benzidine. Therefore, it appears that, although
lactoperoxidase and chloroperoxidase are capable of precipitating certain
phenols and aromatic amines, the efficiency of their removal is too low to
be of practical value. However, since peroxidases are ubiquitous in
microorganisms and plants, it seems likely that a bacterial peroxidase
may be found that has a very broad substrate specificity similar to that of
the horseradish enzyme. Such a peroxidase potentially would be even less
expensive than horseradish (see cost analysis below) and be available in
virtually unlimited quantities. The search for such an enzyme is currently
underway in our laboratory.
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TREATMENT OF WASTEWATER FROM
A CHEMICAL PLANT

To demonstrate the practicability of our method, we used it to treat
“real” aqueous effluent obtained from a chemical plant that produces
triaryl phosphates (used as flame retardants). The waste sample contained
more than 150 different chemicals, inciuding various phenols. cresols,
xylenols, isopropylphenol, rerr-butylphenol and some nonphenoiic com-
pounds such as triaryl phosphates and inorganic phosphate. The total
phenol concentration was 105 mg/l.

Usually this chemical plant treats its water by a two-step process. First.
the water is subjected to bacterial degradation, which takes severai days
and red the phenol by 85-90%. Then, the remaining phenolis
are removed by adsorption onto activated carbon. The initial step,
bacteriai treatment, is carried out in open ponds. Since bacteria do not
degrade phenols at low temperatures, it is impossible to use such a
method during the winter. For this reason, we carried out our treatment
of the industrial sample in cold and room-temperature environments.
Also from a practical standpoint, it was desirable to work in a pH range
of 6-8, because lower pH tends to cause the corrosion of steel columns
with activated carbon and other metal containers.

One liter of the wastewater was adjusted to pH 7 and put in a
refrigerator. Then, 100 units of peroxidase and 2.5 mmotl of H,0, were
added to the cold solution. After 40 hr in the refrigerator, the system was
assayed for phenois [9]). As a result of our treatment, the phenol
concentration decreased from 105 to 3.7 ppm, equivalent to a removal
efficiency of 96.5%. Even at 25 units/! peroxidase and 2 mmol H,0,, the
removal efficiency was approximately 85-90%. The crude peroxidase
described above was as effective as the purified enzyme, and treatment at
4°C and room temperature yield about the same removal efficiency.

ECONOMIC CONSIDERATIONS

We have attempted to assess the economic feasibility of our method. A
precise analysis is not possible at the present time, but a rough estimation
can be made. The current wholesale price for horseradish is about 35¢/1b
[19], and one pound contains about 15,000 units of peroxidase [20].
Treatment of 1000 liters of water (at 25 units/| peroxidase) wiil cost 58°.
The current price for H,04 is 21¢/1b of 35% solution. Treatment of 1000
liters containing 105 ppm phenols (at 2 mmol H;0;) will cost [1°.
Therefore, the total cost of materials for the enzymatic treatment of 1000
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liters of water is 69¢. It is interesting to note that since the growth
productivity of horseradishes is about 8000 1b/ac (1 harvest/yr) (21] the
area needed to provide enough peroxidase to treat 1000 liters of
wastewater is 0.84 m.

For comparison, we also examined. the chemical cost of the FMC
process (22], an existing, commercially available method that uses H,0,
and an iron catalyst to remove phenol. This treatment oxidizes phenol to
CO; and H;0. However, it cannot be used with most substituted phenols
nor with aromatic amines. Still it is interesting to estimate its cost as we
did with our method. Since HyO; and Fe?* completely oxidize phenol, a
14-fold molar excess of H,0, is required [22]. To treat 1000 liters of water
containing 105 ppm phenol, approximately 4 Ib of 35% H,0, is needed at
a cost of 84%. Therefore, even without the cost of Fe®, the price of
materials for our enzymatic treatment is comparable with that of the
FMC process.

CONCLUSION

We have demonsirated that treatment of wastewaters with horseradish
peroxidase and H;0; causes the precipitation of phenols, anilines and
some other organics. Our preliminary cost analysis indicates that this new
enzymatic approach to water detoxication may be economically feasible
and cost-competitive with conventionai methods. (One should also note
that the precipitate formed as a result of enzymatic polymerization of
pollutants can, in principle, be burned and the energy obtained can be
used for heating.) It is hoped that as industry continues to tackle the ever-
growing problem of wastewater treatment, the enzymatic process de-
scribed in this work will be seen as a feasibie and attractive alternative,
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neutralization 10
nitrogen oxides 68

obstacles to detoxication 262
oil reprocessing 11,24
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oligotrophs 309,329
optical density 283
oxidation 8,10
rates 69

oxygen transfer 229
ozonation 140

paniculate removal  28,95,104

pentachlorophenol oxidation 230

personnel protection 270

phasestransfer in PCB destruction
120

exemptions to regulation 122
cxport 124

extraction 140,219
extraction from soil 218
generic treatment 201,205
in Canada 186,188

in stack effluents 178,181
incineration 119
incineration criteria 134
incinerators 128,133,136

in environment 186,233
metal treatment 137
oxidation 231

phenols, enzymatic degradati 349
phenols, products of oxidation 350
phosgene combustion 66
photodecomposition in eavironment
24
photolysis 235,237
experimental 273
operation 285
products 238
reactor design 284
photoreduction 281
pilot-plant UV reduction 22!
plasma, definition 189
plasma torch 119,191
plasmid
compatibility 318
fusion 317
TOL 308316319
transfer 306,316
polychiarinated biphenyl
adsorption 140
alternative treatment
analysis 193,218
analysis in stack effluents 160,163
catalyzed procsss for destruction
210
chemical treatment 137,140
combustion technologies 133,136
content in stack effluents 181
dechlorination 137
destruction by plasma 193
destruction by sodium 204
destruction in boilers 128,133,135,
136

122,132

P | decomposition in oil
223
photolysis products 238
products of chemical treatment
212,213
production of UV reducti 219,
224
pyrolysis 256
radical chain reaction 206
rate of photoreaction 220221222
regulation 122,126,13),144
regulatory cutofl 126
removai (rom mineral oil 129
siting of trestment facilities 133
soil 216
structure (44
summary of treatments 119
toxicology 187
transport 234
treatment requirements 204
treatment with aprotic solvents
202,212,218
use 186
use near food or feed 124
water quality standard 122
wet air oxidation 139
precipitation 34
pretreatment  8,18,36
principal organic hazardous
constituent (POHC) 55,95
process control in solidification 111
products of combustion 133,135,145
products of PCB treatment 212213
pyrolysis 63.74
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rats constamis 78
i hani i i L]
reaction paths, PCB reaction with
anion radicals 208
reaction products from TCDD 280
recovery 8,18,23,29
and reuse xiii
residence time 46,47
Resource Recovery and Conservation
Act 93
Appendix VIII Chemicals 97
risk sssessment |78
Rolling incinerator
rotary kila 26

119,146

safety 270,295
of microbial degradation 317
sampling process 296
sampling of stack effluents 150,152,
Imn
scaleup 280
of PCB destruction 2!1
sscondary combustion 26
secondary utilization 329
Sherman mechanism 206
siting of PCB treatment facilities 133
siting of waste treatment facilities 114
sludge processing 22
sodium mewsl 201212
soil decontamination 120
soil PCB 218
solidification agents 112
solidified waste uses 113
solvent extraction 21,277
soot formstion 86
mechanism 89
stability, thermal oxidation 46.55,36,
9

stabilization 30,32

stabilized waste characteristics 33

stack effluents
chlorinated dioxin content
chlorinated furan content
PCB contemt 178.181
risk of breathing 178
sampling 150

179.180
179,180

INDEX 341

stack effluent samples
cleanup 157
extraction 156
liquid chromstography 157
stack monitoring 107
stack samples, accuracy of analysis
153,111
steam stripping 20
siripping 11,20
substrate concentration, minimum
326
substrate, primary 330,338
SunOhio process 119,137

tetrachlorodibenzodioxin

snalysis 27!

column chromatograpny 172

combustion product 67

destruction, isopropyl alcohol in

280

formation 253

health 270

in environment 255

in Ensco effluent 169

in Rollins effMuent 167

in stack gas effluent 175

in wildlife 255

isomer distribution

no absorption 283

oxidation 231

rate of decomposition 279

reaction products 280

safety 270

thermodynamics 45

toxicity 246.247

wastes from destruction 292

See aiso chlorinated didenzodi
tetrachlorodibenzofuran

in Ensco effluent |70

in Rollins effluent 168

isomer distribution 176
tetrahydrofuran, solvent in PCB treat-

ment 204,208

thermal oxidation 99

stability 46,55.56.99
thermodynamics 44

of combustion 62

171-178
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threshold effect 331
toxicity xiv
definition 302
Toxic Substances Control Act (TSCA)
122,132,203
transformer fluids 119
treatment
of hazardous waste, definition 109
onsite 113
regional 113
trial bumm 96
trichlorobenzene destruction by
plasms 196
trichlorophenol, dioxin for
278

L4

turbulent flow 284
turbuient mixing 98

ultraviolet light 140,216
decompasition 277

iamps 285

interfersnces 283

reactors 216

unimolecular decomposition 42,47,
Lx]

waste heat boiler 29

waste pretreatment, in solidification
112

waste segregation, in solidification
112

waste
141

wastes from TCDD destruction 292

wastewater 336

public

ingustrial 354
wastewater treatment 34
biological 337

cnzymatic 354
water aciivity 309
wet oxidation {39

catalyzed 227

chemisiry 228

radicals in 228

o-xylene oxidation 230

yusho 188,203
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