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CHAPTER 3

Environmental pollution of air, water and soil

RENATE D. KIMBROUGH
Toxiroiom Branch, Center for Disease Control. 

Department of Health anti Human Srn.< pj. 
Public Health Service, Atlanta. CA 30.'3Jt. L.S.A

3.1. Introduction

Men of the chapter* in this book touch upon environmental contamination by one 
or more of the compounds discussed. Pollution may be heavy in localized areas 
where Industrie* have discharged materials into waterways (Environmental Defense 
Fund. 19*"; Mowrer et al.. I9T?) or have deposited them into dumps that are leak- 
in;. If dumps, in addition to the PCBs and other persistent chemicals, also contain 
'Ohents. their spread becomes more likely. From suen point source*, contamination 
or the surrounding areas may be extensive and far reaching. In addition, ihcit or ?m< 
proper disposal of such chemicals (Dunphy and Hall. I9"8a. 19**M also greatly 
contributes to the contamination of the environment. Open*ended uses (Chapter 11 
a pesticide.-. flame retardants, additives in paints, to give a few examples, are 
another source. A number of reviews are available on this subject tl.ARC. I9*k. 
WHO. 19*6: SRC. !9*9i for polychlorinated biphenyl*. whilst much less informa* 
non is available on the other compounds. All of these compounds are only vers 
slightly soluble in water, but soluble in lipids and some organic solvents, have a low 
vapor pressure, and are stable and persistent. Once they have been released into the 
environment, they will reach the food chain where they are concentrated. Fish and 
wildlife are the moat consistent targets for such contamination, but livestock may 
also become contaminated and people gradually acquire body burdens of these 
materials. These chemicals are not very readily taken up by plants, and because they 
dissolve very poorly in water, they art primarily found in sediments of polluted 
lakes and rivers. They are also concentrated in municipal sewer sludge if they enter 
waste treatment plants. If such sewer sludge is used as fertilizer, it contributes fur-
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thrr 10 environmental contamination (Chapter 9A). Thc\ mav he released into the 
atmosphere com municipal incinerator. (Chapter 2). Their presence av ^on- 
taminaniv in commercial product'' (Chapter 2) iv an additional mhikc

7R

3.2. Polychlorinated biphenyls

Air
Monitoring data iv primarily only a' ailahlc for PCBv I’rhan areas oi large cities in 
Japan, such as Tokyo, contained 0.02 Mg m* PCBs. w hile medium-wed cities, such 
as Mat'itvama. had 0.002-0.005 Mg mV The air around electrical appliance lac­
tones and paper recycling mills had much higher PCB Ic'cls (up io t2 ..g m’i (Tai- 
sukawa. 1976; Tatsukavea and Watanahe. 1972).

In the United States. Ruiz and Vang (1976) round (hat the average concentration 
of PCBs in samples of ambient air from suburban locations was 0.1 ,ig ml

3.2.2. W oicr and sediments
A national survey conducted in the U.S. showed (hat the PCB levels in unfiliered 
water samples during 1971-1974 ranged between 0.1 and .V0 *ig 1 (Dennis. 1976). 
Klcinert (1976) estimated that the waters of Lake Michigan contain as much as 10 
ng/l 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 (0 1.6 pg/1. Surface water in Tokyo Bay in 1971 contained as much 
as 0.3 pg/t (Fukushima. 1974).

Eichner (1976) found that the PCB levels in the Rhine River and Lake Constance 
had increased slightly during the period 1973-75. from 0.01 to 0.075 Mg' I.

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

Nadeau and Davis (1976) found up to 2.8 mg I PCBs in the water and up to 6700 
mg/kg in the sediments of the Hudson River in the vicinity of a factory using PCBs. 
Dennis (1976) reported that bottom sediments from mater drainage basins 
throughout the L .S. and Puerto Rico contained from 1.2 to 160 Mg kg.

Sediments from 1445 sites in Japan contained less than 1 mg kg PCBs. while 
sediments in the rivers entering Tokyo Bay. where many factories using PCBs are 
located, contained up to 2.* mg/kg (Taisukawa. 19*6: Tatsukawa and Watanaoe. 
1972).

Biodegradation has been a minor factor in PCB destruction for those isomers of 
tetra* through.decachiorobiphenyl.

3.2.3. Soii
In 1972. in the United States, only 0.lro of samples contained detectable levels of 
PCBs. In urban areas. 12 of )9 soil samples from metropolitan areas (63r«) showed 
detectable levels. A PCB pattern corresponding to 54°> chlorine was identified in
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10** of the positive sample', and a pattern corresponding to noffl* recorded in 
,(,o# 0f the samples tLare> and Gotten. I97p). However. the actual number of 
sample analwcd wa* vniall in comparison to the si re ol the Limed States.

In Japan, a nationwide survey of soil samples from sues showed that 40*# of 
sample' had ltfSS ,han 0 ()l “I? 5 pCB, 24% had 0,01-0.10 flg g. 21% had 0.11- 1.0 

g. *% had 1.1 - 10 *ig g. ?% hac 10.1 - 100 ><g g and 5% haJ more than l(X>. I 
,.g (■ Av a result of contamination of soil and the atmosphere w nh PCBv detectable 
lesels have been recorded in vegetation: an analysts ot PCBs m unhulled nee Irom 
\\ sties in Japan in 1972 showed that 79% had less than Ohl ,,c g. 15% had 
0.01-0.10 t>i g. 3% had O.IJ-I.O n$ g and 3% had 11-10 0 „g g (Tar-ukawa, 

1976).

t*'

j..l. Older halogwaied compounds

Extensive background monitoring data tor halogenated terphensis, naphthalenes, 
diosins and furam are not available. The isolated instances w here environmental 
monitoring has been done have been in relation to special environmental contamina­
tion problems and have been discussed m the other chapters.

One open-ended use of polychlorinated terphenyls and biphem l« is in the invest­
ment casting industry. In the vicinity of one such factory in urban Chicago. Illinois, 
soil levels of 0.17-0.23 mg. kg were found 1000-1900 m away from the plant. The 
highest concentration was 13 mg. kg at a distance of 20 m from the plant. The 
chlorinated terphenyls most closely resembled Arocior 5460. Nkw likely, con­
tamination of the surroundings of the plant was from airbom particles (Stratton 
and Sotebee. 1976). Similarly, the polychlorinated terphenyls were also found in 
sewage sludge from a waste treatment plant which served an investment casting 
facility in Troy. Michigan.

Jan el al. (197S) have found 0.05-0.90 mg kg PCT in fat and 0.005-0.80 it ■: kg 
PCI in flesh of fish from Slovenia rivers flowing through industrial areas.

Trace amounts of PCT in the environment have also been reported from Japan 
tDoguchi. 1977), jn a gull egg from the Rhone delta in Europe (Metres and illes. 
19" 3) and in eggs and fat from herring gulls from the Bav oi Fund) -Gulf ot Maine 
area. Overall, however, the contamination of the environment witti chlorinated ter- 
phenvls is not nearly as extensive at the moment a> with chionnatea biphenyl*.
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CHAPTER tv.

Occupational exposure

RENATE D. KIMBROUGH 
Toxicology Branch, Center for Disease Control, 

Department of Health and Human Services. 
Public Health Service. Atlanta, CA 30333, U.S.A.

9C.1. Introduction

Reports of illness associated with exposure to chlorinated organic chemicals of the 
type discussed in this book date back to the latter part of the 19th century 
(Herxheimer, 1899) and the early part of the 20th century (Bettmann, 1901; Waucr, 
1918; Lehmann, 1905).

Extensive outbreaks following exposure to chlorinated naphthalenes occurred 
during World War 1, but it was not until the middle of the 20th century that occu­
pational illness from exposure to the other compounds has become a problem. 
Review of the available literature suggests a clinical syndrome that is produced by 
the halogcnated biphenyls, naphthalenes, dibenzodioxins and dibenzofurans. It is 
presently not known whether halogenated terphenyls may cause similar problems. 
Some of the signs and symptoms observed following exposure to toxic levels of these 
compounds have been noted frequently (Table 9C.1). In all instances, the skin 
lesion, eMordent, 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 neuropathy were less frequently reported. Other effects were occasionally 
associated with some outbreaks of occupational illness, but their significance is not 
well understood. Not all of the observed signs have been reported for all of the 
chemicals under discussion. Chloracne, weight loss and impaired liver function have 
been most frequently associated with exposure to toxic leveis of these chemicals.

As outlined in Chapter 7, 2,4,5-trichlorophcnol and all chemicals made from it 
may be contaminated with 2,3,7,8-tetrachlorodibenzodioxin. Pentaehlorophenol

Kimbrough fed.I Halogenated biphenyls, terphenyls. naphthalenes, dibenzodioxins and 
related products
<£ Eisevter/North-Holland Oiomedicai Press I960
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TAtLB 9C.I
Symptoms and ii|M npatitd ihn occupational exposure.

Dmm Lesion Chemical Reference*

General Wood shot eyes, lassitude, headache, 
abdominal pain, impotence, wci(ht 
lost, insomnia, alopecia, disturb- 
jtnee in taste

chlorinated naphthalenes 
technical pentachlorophcnoi

2,3,7,1-ictrachlorodibrnrodiosm 
chlorimied biphenyls

Good and Pentfcy. 1943
Bander and Bauer, 1951;

Behrbohm, 1959
Jinsek et al.. 1974
Jones and Aide*. 1939

Mu* chlorncne,
purilut

2J.7.I-TCDO
chlorinated bipltcnyh 
chlorinated naphthalenes 
resit, pentachlorophcnoi 
other tech, chlorinated phenols

Kimmini and Schidt, 1917
Jones and AMen, 19)0
Good and t'ensky. 1943 
llchihohm. 1959
Stinfily, 1940:

Du«ois and Cotomh, 195*

liver acute ycMow atrophy, hepasoeelhtlaf 
necrosis. mM llhiosis, fatty chanfe, 
abnormal liver function, 
porphyria cutanea tarda

chhwhtnted naphthalenes (toon-, 
pcntB', hesa )

2,3,7,|.TCDI>

reeh. pentacMorophenel 
polychlorinated biphenyls 

(abnormal Hver function tests)

Co*k*r. 1943

Bauer et al., 1991;
Bribery et al., 1994;
Goldmann, 1972;
Jirasek et al.. 1974

Trubaut et al. 1952; Gordon, 1939 
Ouw el al.. 1979

OltWh'l Irea anorexia, vomiting, 
hentorrhate

chlorinated naphthalenes

2,3.7,1-tetTachtofOdibentodioKM

Good and Pensky, 194):
Dwyer, 1949

Ho!maim, 19)7; GoMmann. 1972

ftrfphtral nervous sensory nenropathy, 
peripheral neuritis

2,3,7, l-tcteachlorodibenrodiosin Goldmann, 1972; Jiraseli ct al.,
1974

Respiratory system bronchitis,
reduced vital capacity

technical pcmnchioroplxnol 
polychkrrinased biphenyls

Bander and IVmrr, 1951
Wnrslmw et al., 1979

a. The symptom mi ii|M KmciI were observed by a number of other authors. The references bwil serve merely as examples,
b. Deplamttwallow wai repotted in blacks for chlorinated nnphlhnlcnrs by Cotter (1944).
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Occupational exposure 375

may be contaminated with more highly chlorinated dibenzodioxins, dibenzofurans 
and hexachiorobenzene. The polychlorinated biphenyls contain trace amounts of 
chlorinated dibenzofurans and chlorinated naphthalenes. Whether chlorinated 
naphthalenes arc contaminated with chlorinated dibenzodioxins and chlorinated 
dibenzofurans has not been established. In fact, little is known about the complete 
composition of the technical products that have caused outbreaks of occupational 
illness in the past.

The cases of chloracne which Herxlteimer reported (1899) occurred in a room 
where caustic potash was produced by the electrolysis of potassium chloride. The 
chlorine was reacted with calcium to give calcium chloride. Herxhcimer initially 
assumed that nascent chlorine had caused the dermatitis. Crow (1970a) pointed out 
(hat, although many authors clung to the nascent chlorine theory, the cause was 
halogenated hydrocarbons which originated from the tar lining in the absorption 
towers, or the anodes of tar, bitumen and charcoal that were used in the electrolytic 
manufacture of hydrochloric acid and similar substances. These tart were the 
sources of the cyclic compounds which became halogenated. Thus far, it has not 
been unequivocally shown whether specific isomers in the mixtures of chlorinated 
naphthalenes and biphenyls are the acnegenic agents and also cause some of the 
systemic toxic effects. Most chlorinated biphenyl mixtures are contaminated with 
2,3,7,ft-tctrachlorodibenzofursn which may contribute to their toxicity. Certainly 
the contaminants in 2,4,5-trichloropbenol and related products arc the agents 
responsible for chloracne (Kimming and Schulz. 1957). Most likely the contaminant 
hexachiorodibenzodloxin in pentachlorophenol causes chloracne.

9C.2. Chloracne

Depending on the severity of the exposure and the susceptibility of the individual 
workers, some will develop an occupational disease commonly referred to as chlor­
acne after having had exposure to the halogenated cyclic compounds mentioned 
above for several weeks or months. Following exposure to high concentration! of 
2.3.7,8-tetrachlorodibenzodioxins, the onset may be more rapid. Even after a single 
exposure to 2,3,7.8-tetrachlorodibenzodioxins, 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-tetrachlorodibenzo- 
dioxin usually occurs during the production of 2,4,5-triehlorophenol when the 
reaction overheats, resulting in the increased production of the unwanted containm­
ent 2,3,7,8-tetrachlorodibenzodioxin. This exothermic reaction may give rise to 
explosions (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 ia 
diameter with a central opening. The other dominant lesion is the comedo (Figs. 
9C.1, 9C.2). Usually these lesions start over the maxillary bone, then involve the
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entire race, the neck and ears. Often the nose and nasolabial folds are not as 
extensively involved, in males, the genitalia may be involved. Furthermore, lesions 
may be present on the back, arms and less, and other areas of the body, particularly 
where garments are in close contact with the skin. Depending on the seventy, the 
skin contains only a few lesions (Fig. 9C.I) or the lesions are so close together that 
they give the skin a rough, grayish-brown appearance. The comedones and cysts can 
become secondarily infected and large pustules may form. Cysts may rupture and 
cause foreign body granulomata.

The chloracne-typc skin lesion may be preceded by a faint rash which, in some 
cases, itches severely. In areas exposed to the sunlight, a photosensitivity-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 
exposed to the chloracnegenic 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 irritating effect of the 2,4,S-trichIorophenol 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.Z. A worker with acute extensive chioracne.

past has included Vitamin A add, UV light, X-ray, lancing and expressing of 
pustules. However, the beat treatment is prevention, although dermabrasion has 
also been effective (Crow, 1970a).

The manufacture of these chlorinated hydrocarbons and the coating of wires and 
condensers with insulating materials and other industrial processes should be done 
in enclosed systems. Protective dothing provided by and laundered by the company 
should be handed out fresh defly. Shower baths after work should be compulsory 
and supervised. Suffident shower fadlities should be available so that workers are 
not delayed. Schwartz and Peck (1943) suggested synthetic wetting agents instaad of 
soap as cleanser. They also recommended monthly skin examinations end liver 
function tests. In the United States, recommendations for a lower polychlorinated 
biphenyl standard were made by the National Institute of Occupational Health in 
1977 (NIOSH, 1977) which suggests proper hygiene procedures to avoid dermal 
contact and recommends that occupational exposure be controlled so that no 
worker is exposed to PCBs at a concentration greater than 1.0 pg/m* of air deter-
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mined as a time-weighted average (NIOSH, 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/m1 to 1.0 mg/m’ in 
many countries.

It is particularly important that no potentially contaminated clothes are taken 
home since chloracne has been transmitted by this vehicle to other members of the 
family.

A skin lesion exactly like chloracne can be produced on rabbit ears or hairless 
mice and the muzzle of rhesus monkeys. In cattle and horses, a microscopically 
slightly different skin lesion which is also called hyperkeratosis or X-disease 
develops following exposure to compounds that produce chloracne in humans. 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 a!., 1977). Prior to the ability to detect chloracnegenic compounds by 
chemical analysis, the rabbit ear lest 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 examination of human skin biopsies from chloracne cases or 
tissue sections from rabbit ears with hyperkeratosis show markedly dilated hair 
follicles that are filled with keratin. Eventually the entire follicular appendage 
becomes transformed into a sac of keratin (Pigs. 9C.4 and 9C.5). The sebaceous 
glands involute partially or completely. The epithelial cells lining the follicles and 
adjacent to them proliferate. Acanthosis is present and the individual prickle cells 
become enlarged. Polymorphonuclear leukocytes aggregate around hair follicles. 
This is followed by intrafollicular collections of leukocytes, microvescides and 
a be esses within the follicular wall. Subsequently the follicular wall is destroyed and 
an a be ess may develop. According to Shelley and Kligman (1957), who induced 
chloracne experimentally in 31 male adults with chlorinated naphthalenes, the 
sebaceous glands returned gradually months after the last application. Eventually, 
the epithelium lining the keratin-filled follicles atrophies.

Although on casual examination, chloracne resembles juvenile acne, the distri­
bution of chloracne is quite different as is frequently the age of onset. Juvenile acne 
la characterized by papular eruptions due to inflammation with the accumulation 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-tctrachlorodibcnzodioxin, hypertrichosis and hyperpigmentation was pro­
nounced (Jiraiek et al„ 1976; Bleiberg et a)., 1964).

For many years, it was believed that chloracne was due to external contact and 
not the result of systemic exposure to the acnegenic agents. However, this belief is 
refuted by two episodes of accidental poisoning following ingestion of the acnegenic 
compounds. In one episode, 'Yusho' rice bran oil became contaminaied with a
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Fig. 9C.J. Follicular »pptndl|c from • rabbit ear affected by a chloracnegenic ajem.

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

In 1943, six people fried vefetabies in a fat-like substance thought to have been 
hexachloronaphthalene which they found in the bomb ruins of Berlin in Germany 
(Hertzberi, 1947) and subsequently developed chloracne. Similar skin lesions can 
also be produced in primates by oral exposure to chlorinated biphenyls or chlorin­
ated dibenzodioxins (Barsotti and Allen, 1973; Allen et al., 1977). In rabbits, 
depending on the dote, application of acnegenic agents on the ear may either only 
result in local hyperkeratosis or at higher doses also produce a toxic effect on the 
liver (Kimbrough, 1977). Thus, local dermal application of these compounds, 
particularly the 2,],7,S-teirmchlorodibenzodioxin may also lead to systemic disease. 
More recently, occupational exposure to 3,4-dichloroaniline and some herbicides 
made from it, such as propanil (hf-(3,4-dichlorophenyl)propanamide) have also 
produced chloracne. In these instances, the toxic contaminant is tetrachloro- 
azobenzene or tetrachloroazoxybenzene (Morse et al., 1979). These compounds are 
not as stable as the chemicals discussed in this book, and hence may be less of a 
problem.
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9C.3. PrWMt of halogcnsled aromatics in human tissues and body fluids

Of all the chemicals discussed, only the chlorinated biphenyls have been measured 
with any frequency 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,S-letrachlorodibenzodioxin from a resident living in the Scveso 
area in Italy (Chapter 9B2). Brominated biphenyls are not as prevalent in human 
tissues as chlorinated biphenyls and are primarily found in the population of the 
stale of Michigan, U.S.A. (Chapter 9A). Since the chlorinated biphenyls are lipo­
philic, the highest concentration is found in adipose tissue, although proportionally 
lower concentrations are present in other organs as well as blood. The different 
chlorinated biphenyl tsotners 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 Ion and kidney disease may also affect 
this ratio. In order to determine the body burden of these compounds, adipose 
tissue would be the most suitable specimen for most of the haiogenated 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 limited 
value of blood levels as an indicator of body burden, they can give some idea of the 
levels of exposure. A person with a polychlorinated biphenyl blood level of 10 ppb 
(pg/I) might at the most have adipose tissue levels of a few ppm (mg/kg) or less, 
while those with blood levels of 100 ppb (ng/l) might have adipose levels anywhere 
from 20 to 30 ppm (mg/kg). Since the chlorinated dibenzodioxins and chlorinated 
dibenzofurans, particularly the 2,3,7,S-tctra- isomer, are so extremely toxic, illness 
would be expected to be present at lower concentrations than for chlorinated bi-

TABLI tc.2
Partial list of chemical companies where captations or tudden accidental release of tape quantities of 
TCDD has occurred daring the production of l.ej-trichtarophcnol and related products.*

Name of company Ptaoe Year Reference

Monsanto Nhro. W.Va., U.S.A. 1949 IARC. 1971
BadJsdw Amlin und Soda Ludwifskafen. Rhein, 1953 Hofmann, 1957

Fabrth
Philips Ouphar Ltd.

G.F.JL
Ameierdem district, Harlem, 196) DaMenip. 1974a. 1974b

The Netherlands
Grenoble. France 1966 Dugots and Colomb, 1956

Coalite and Chemical Bolaover. U.K. 1961 May, 1973
Products Ltd.

Hamburg. G.F.R. 1934 Schulz. 1957: Kimminaand

J CM ESA Sevan. Italy 1976
Schulz. 1957

Hay, 1979

a. Additional companies are listed by Hey (1979).

00A3S0



382 R.D. Kimbrough

phenyls. These chemicals are also more polar and it is possible 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, Italy, who was 
studied in this respect (Chapter 9B2).

Low background levels of PCBs can be found in blood and other tissues of the 
general population of industrialized nations (Chapter 9A). Such background levels 
need to be considered when occupational exposure is evaluated.

Since PCBs 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 chromatograms and comparing it to a known 
amount of standard (see Chapter 2). Because of these differences in quantitation, 
the differences in isomeric composition of the different PCB mixtures, and 
differences in individual susceptibility, 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 concentrations of 50 ppb (ng/g) :n blood were 
associated with abnormal liver function 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, volttalized, considerable respiratory exposure occurs 
(Table 9C.4). If PCBs are handled at room temperature as in the production and 
repair of transformers, dermal exposure may predominate.

Very little information is available linking PCB air levels to PCB blood levels. 
PCB adipose tissue levels or symptoms (Table 9C.3). Since PCB air levels may 
fluctuate a great deal, air monitoring may. not adequately reflect exposure.

No published information is available on (he 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
PCB concentration* in the occupational environment and in blood or worker! exposed to PCBs.

Duration of 
PCB exposure

PCB levels

Environmental
(mg/mh

Blood (ppb)

Effects reported Reference

Not known 10 - unbearable irritation Elkins. 1959

M mo. 5-7 - chloracnc Puccinclli. 1954
<1-30 yr. 0.2-1.6 370. avc. chtoracM, hyperpigmen­

tation, liver injury
Hasetawa et si.. 1972

3.5 yr. avt. not reported 120. avc chloracnc Kitamura et si., 1973

3.5-11 yr. 0.013-0.27 36-216 irritation, liver injury Levy et a!.. 1977

14 010. 0.1 - chiorucne, liver injury Meigs et a!.. 1954

2-23 yr. 0.32-1.44 >200 chloracnc. liver injury Ouw et al.. 1976

Up io IS yr. not reported 7-300 ehtoracne, elevated 
triglycerides

Kara et al.. 1974
Hara et al.. 1975

<1 74-1,900 no effect Karppanen and
Koiho. 1973
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9C.4. Polychlorinated biphenyls

Chlorinated biphenyls (PCBs) were introduced into industry around 1929 and in the 
early 1930$. They were primarily used as dielectric fluids in capacitors and trans­
formers. In capacitor plants, the chances 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 Jones and Atden (1936). These authors 
examined 17 of 23 workers that were engaged in the production of polychlorinated 
biphenyls. All of (he workers had chloracne. The chloracne involved the face, 
genitalia, trunk and extremities in many of the workers. Prior to the outbreak of 
chloracne in the plant, the electrical property of the chlorinated biphenyls had fallen 
below specifications and the color of the product had deepened. 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 to determine system>e health 
effects. In 1937, Drinker et al. reported their efforts to determine whether chtoria* 
ated biphenyls had systemic health effects. Their studies were prompted by three 
fatal cases of jaundice in workers who had been exposed to chlorinated naphtha­
lenes and chlorinated biphenyls. In only one of these three cases is the presence of 
chloracne mentioned. Exposure in all three instances was to tetra- and pentachloro- 
naphthalene and 104b chlorinated biphenyls. Drinker et al. (1937) mention and 
warn against the use of carbon tetrachloride as a solvent since it may have additive 
toxic effects on the liver. Following these studies, a tabulation of M chlorinated 
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 chlorinated biphenyls were reported in the literature. Most of these involved 
exposure to vapors which developed when polychlorinated biphenyls or mixtures of 
chlorinated terphenyls were heated (NIOSH, 1977).

At times, the skin rashes that workers developed were accompanied by puritus. 
Some of these workers had other complaints, such as burning of the eyes, nose and 
throat, dry throat, nausea and dizziness. Many of the workers were also exposed to 
trichlorobenzene. Meigs et ai. (1954) reported chloracne in workers who had had 
exposure to polychlorinated 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 chloracne were not reported. Only 
recently have better and more accurate methods of PCB quantitation been 
developed. Thus, Ouw et al. (1976) found air levels in a capacitor plant which 
ranged from 0.32 mg/ra3 Arodor 1242 (PCBs) to 1.44 mg/m3. 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 employed in an impregnating room and had 
heavy exposure while the remainder of the workers assembled Arocior dipped 
capacitor components and had less exposure. One worker suffered from chioracne 
and five complained of eczematous rashes. A few of the workers had abnormal liver 
function tests, elevated serum protein levels and others showed low levels of serum 
ai-globulin. These workers had a mean PC8 blood level of about 400 ppb 0<g/kg). 
The control group in this study had no detectable PCB blood levels. This lack of 
PCB background levels in the general population of New South Wales was 
explained by the fact that environmental pollution with PCBs in that part of the 
world is much lower.

In most studies of workers w ith chioracne. evidence of liver injury was also found 
and in one study, abnormal User function tests were present in workers who did not 
have chioracne (NIOSH, 1977). Elevated serum triglycerides have been found in 
exposed workers in the United States (Fishbcin et al.f 1979) and in Japanese studies. 
Similarly, Smith et a). (1978) found slightly elevated triglyceride levels and lower 
high and low density lipoproteins in workers slightly and moderately exposed to 
PCBs when fasting plasma levels were compared to controls. Similarly, Sak and 
Alders-(1977) observed significantly elevated serum concentrations of triglycerides, 
toul cholesterol and phospholipids in workers occupationally exposed to poly­
chlorinated biphenyls. Many factors can influence serum lipoprotein levels 
(Beaumont et a!., 1970), such as diet, excessive alcohol consumption, pregnancy, 
exercise, emotional stress, smoking, estrogens, other hormones and medications, 
such as salicylates. In addition, hypcrlipoproteinaemia also occurs in a number of 
common diseases, such as hypothyroidism, insulin-dependent uncontrolled 
diabetes, nephrotic syndrome, biliary Obstruction, pancreatitis, dysgiobutinemia, or 
auto-immune hyperlipoproteinemia. It would be of great importance to determine 
whether halogenated biphenyls and related compounds do generally also have such 
an effect as a few studies suggest, and at what exposure levels (his effect occurs.

Animal studies suggest that lipid metabolism in the liver may be affected by halo­
genated biphenyls (Kimbrough et a!., 1972).

Another effect of PCBs on the liver is the induction of mixed-function oxidases. 
This has been studied extensively in animals. Alvares et al. (1977) determined that in 
5 workers occupationally exposed to Arocior 1016, a PCB mixture primarily com­
posed of di-, tri-s tetri- and pentachlorobiphcnyls, plasma antipyrine half-life was 
significantly lower than in matched controls. These workers had been exposed to 
Arodor 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 results. Other 
health effects that have been reported more recently are eye and upper respiratory 
irritation. Thus, Warshaw et al. (1979) studied a group of 326 workers in a capacitor 
plant with a mean employment of more than 13 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 48r« of the workers, and I(Wk 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. In males, there were about twice as many smokers and exsmoken 
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 
restrictive pattern of impairment (FEV/FVOO.7). According to Warshaw et a). 
(1979), the prevalence of restrictive impairment in the capacitor workers is 
comparable only to (hat found in asbestos workers. The vital capacity in PCB 
workers that had no opportunity to be exposed to asbestos should be studied to 
confirm these findings.

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

Bahn et al. (197$) reported results of a preliminary investigation. This study 
consisted of a search of chart records of a group of 51 research and development 
employees and 41 refinery plant employees at a New Jersey petrochemical facility. 
Between 1949 and 1957, these workers had been exposed to Aroctor 1254, a PCB 
mixture composed of chlorinated biphenyl homologt from month to heptachioro* 
biphenyl. Three melanomas and two carcinomas of the pancreas were found. This 
incidence was significantly higher than the expected rats. Since exposure to other 
chemicals also occurred and since the cohort wes small, further studies are necessary 
to determine whether PCBs have caused cancer in humans. A retrospective 
mortality study conducted by the U.S. National Institute of Occupational Health 
(CDQ may provide additional information in the near future.

9C.5. Chlorinated naphthalenes

Following the early reports of chloracne which were caused by chlorinated tar 
products (Hcrxheimer, 1899; Bettman, 1901), the second episode of outbreaks of 
occupational chloracne occurred during the first World War following exposure to 
the chlorinated naphthalenes. Chlorinated naphthalenes (halowaxes) were used in 
the production of gas masks. Waucr (1918) referred to chloracne as 'peraakrank- 
heit\ The term ‘pema’ originated from 'perchloMerphthalin\ The chlorinated 
naphthalenes were also used to impregnate fabric and to make soles for shoes 
(Teleky, 1927). After World War l, this use of chlorinated naphthalenes stopped. A 
few years later, the chlorinated naphthalenes were used in the mining industry as 
water and fire resistant insulating material for detonators. This resulted in 
outbreaks of chloracne in 192$ and 1927 among workers that, produced such 
detonators (Teleky, 1927). Subsequently, around 1930, chlorinated naphthalenes 
(Mayers and Silver berg, 1938) and chlorinated diphenyls were used as insulating 
material for cables and condensers. In the United States, several hundred cases of 
illness following exposure to chlorinated naphthalenes were repotted. Among them 
were several deaths due to acute yellow atrophy of the liver (Jones, 1941; Sultbcrgcr 
et ai.. 1934, Flinn and Jarvik, 1936). However, such cases were isolated and it is 
possible that such additional factors as infectious viral hepatitis may have contri-
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buted to the disease. Since workers in many instances were exposed to mixtures of 
chlorinated naphthalenes 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 chlorinated substances which seemed to cause less health effects. During 
World War u; chlorinated naphthalenes and chlorinated biphenyls were extensively 
used in the shipbuilding 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, illness 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 naphthalenes 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- 
chloronaphthalenes in the manufacture of insulated electrical coils. In many of the 
industrial processes, the chlorinated naphthalenes were heated, producing vapors to 
which the workers were exposed. Although the fact that these compounds caused 
chloracne 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 and haematuria (Von Wedel et al., 1943). Other complaints were blood* 
shot eyes, lassitude, headaches, abdominal 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 to chlorinated naphthalenes for several weeks to several 
months before they became ill. In many instances, chloracne was not recorded in the 
case reports, and in some instances it was pointed out that it was not present. The 
following account by MeLetchie and Robertson (1942) gives a description of the 
typical clinical course of these workers:

“This 4]-year-old female was admitted with a history of nausea, vomiting, and 
jaundice of four weeks duration. She had been employed for the past six months at 
a process which exposed her to fumes of chlorinated naphthalenes. A number of her 
coworkers had developed an acneform dermatitis, but there was no other case of 
jaundice. About 8 weeks before admission, the patient began not to feel well and 
noticed that in the evening, her feet and ankles became swollen. Permanent puffi­
ness developed around the eyes. Two weeks later, she became breathless on slight 
exertion, jaundice developed four weeks prior to admission. Shortly after onset of 
jaundice, troublesome nausea developed. However, she did not lose any weight. 
Vomiting also occasionally occurred. The patient noticed that her urine was
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becoming darker while her stools were grayish in color. Physical examination on 
admission revealed a well-nourished patient which showed no signs of any great 
discomfort and was mentally 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 also slight edema around the ankles and puffiness of the 
tissues around the eyes. The physical findings were essentially negative except for a 
slight increase in the area of cardiac dullness and a slightly diminished liver dullness. 
The urine was dark brown and contained bile. On the third day after admission, th« 
patient became drowsy and the jaundice increased in intensity. Muscular twitching 
of all limbs developed. A patchy-brown discoloration of the skin over the arms and 
the chest was noted. The patient continued in coma, the pulse 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 then was 
marked edema of the loose retroperitoneal tissues. The liver was very small, shape- 
leu, collapsed under a wrinkled capsule, soft in consistency with few firm nodules 
scattered throughout. The nodules varied in size from a few millimeters to 2.5 cm in 
diameter. The liver weighed <50 grams (normal 1,500 grams). On section, the 
nodules were of a dull-yellow color. The intervening soft tiuue was mainly red. The 
gallbladder was normal; the stomach contained much dark-brown mucus. The 
kidneys were stained deep green, and the heart revealed moderate hypertrophy and 
slight dilitalion of the right ventricle. The cardiae valves showed chronic rheumatic 
endocarditis. On histologic examination, the liver showed a varying picture of acuta 
damage, fibrous proliferation and regeneration. Large areas of autolyzed, necrotic, 
hepatic parenchyma were noted. Islets of surviving epithetial tissue in areas with 
collapsed sinusoids where deed hepatocytes had been resorbed were noted. In theta 
areas, congestion, hemorrhage, and round cell infiltration was also present 
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 sres of necrosis in the pancreatic fat. No other findings of note were 
made."

The livers of the fatal cases reported by Cotter (1944) showed in many areas 
complete absence of hepatic cells, bile duct proliferation, hemorrhage, and an 
inflammatory reaction. None of his cases showed typical chloracne although one 
patient had 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 illness. 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 these 
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 to 
vapors of chlorinated naphthalenes. Peck (1944) noted an increasing incidence of 
acne-like lesions in electricians who were insulting cables on ships during the second 
world war. These cables had been coated with chlorinated naphthalenes and chloro-
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diphenyls. The chloracne 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.

Experimental 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 substances used contained only MV* 
chlorine, the incidence of chloracne was much reduced. In one of the companies, the 
health status of the workers was greatly improved when naphthalenes with only 
7-|9b of chlorine were substituted for those with higher percentages of chlorine. A 
number of experimental studies stimulated by the health problems observed in 
workers exposed to these chlorinated naphthalenes demonstrated that the penta- 
and hexachloronaphthalenes seemed to be the most toxic. This experimental work 
also indicated that mixtures of chlorinated naphthalenes with chlorinated diphenyls 
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 
triehlomaphthaJencs 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. Similarly, Shelley and 
KUgman (1957) tested a number of halowaxes for acnegenic potential in humans. 
The following mixtures of chlorinated naphthalenes were tested:

Mono- and diehloronaphthalenes (Halowax 1000), tri- and tetrachlor- 
naphthalenes (Halowax 1001), penta- and hexachlornaphthalene (Halowax 1014), 
heptachiornaphthaiene (Halowax 1052) and octachlornaphthalene (Halowax 1051) 
Of these, only the mixture of petua* and hexachlornaphthalene produced chloracne. 
The other four chlorinated naphthalene mixtures were without effect, however, 
Mayers and Silverberg (1938) reported a series of patients who had developed 
chloracne after being exposed to a mixture of tri- and tetrachlornaphthalenes. 
Again, no chemieai analysts of this particular mixture was done. On the other hand, 
studies in rabbits injected with mixtures of tri- and tetrachlornaphthalene. or tetra- 
and pentachlornaphthaJene or penta- and hexachlornaphthalene only showed liver 
damage when they were given the penta- end hexachiornaphthalenes, but not when 
they were given the mixtures of the other chlorinated naphthalenes. Thus, most of 
the clinical observations as well as the available experimental data seem to indicate 
that the penta* and hexachloronaphthalenes are the most toxic components of the 
mixtures of chlorinated naphthalenes.

9C.6. Contaminants (chlorinated dibtnzodioxin* and chlorinated dlbensofurant)

Chlorinated dibenzodioxins and chlorinated dibenzofurans are contaminants of a 
number of commercial products (Chapters 1, 2). The only documented episode of 
substantial exposure of humans to chlorinated dibenzofurans occurred in Japan,
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and these subjects were also exposed to polychlorinated biphenyls (Chapter 9BI). it 
is known that products such as pentachlorophenoi are contaminated with chlorin­
ated dibeozodioxins and chlorinated dibenzofurans, but in the published reports 
dealing with occupational exposure to technical pentachlorophenoi no efforts have 
been made to distinguish the effects of these trace contaminants from those of 
pentachlorophenoi per se. Through the efforts of Kimming and Schulz (1957), it is 
known, however, that to a large extent, illness caused by technical 2,4,5-trichloro- 
phenol and all products made from 2,4,5-trichlorophenol is actually caused by 
TCDD. TCDO is the most toxic isomer of the group of chlorinated dibenzodioxine 
(Chapter 5).

Occupational exposure to TCDD may occur in the production of 2,4,5-trichJoro- 
phenol and all products for which 2,4,5-trichlorophenol is used as starting material. 
In addition, exposure to commercial products contaminated with TCDO may also 
result in illness.

Two types of exposures have occurred in these occupational settings. Workers 
may be exposed daily to TCDD during normal production of 2,4,5-trichlorophenol 
and its end products. In this type of setting, ehloraene developed gradually in some 
workers after they have been exposed for several weeks or months. In addition, 
these workers may alio show systemic illness.

The other type of occupational illness hat a more sudden onset. When 2,4,5- 
trichlorophenol is produced from tetrachlorobenzene, unless the reaction is 
carefully controlled, it may overheat and result in an explosion of the reaction 
vessel. Once the temperature of the reaction exceeds 160*C, increasing amounts of 
TCDO are also formed. Exposure of workers to TCDD during the explosion and 
subsequently during clean-up operations has often been quite heavy and has resulted 
in the onset of ehloraene in a week or two, sometimes accompanied by systemic 
illness. A number of such episodes have been published in the literature and senna 
are listed in Table 9C.2. Clean-up crews and maintenance men are particularly 
endangered.

Acute symptoms occurring after such accidents have consisted of headaches, 
nausea and dizziness. Rarely, severe itching, redness and swelling of the fact or 
other areas of the skin may develop, and swelling of the eyelids with conjunctivitis 
may also be present. Within two or three weeks ehloraene develops and systemic 
illness, such at weight lost, easy ftligucsbtliiy and aching muscles, particularly in 
use lower extremities and chess, may be present. Other complaints often recorded 
were insomnia, irritability and loss of libido. The liver may become tender and 
enlarged, and sensory changes, particularly in the lower extremities, have bean 
observed. Total scrum lipids may be increased and the prothrombin time may be 
prolonged. Symptoms may be quite persistent, particularly the severe aches and 
pains which are manifestations of peripheral neuropathy and the fatigucabiUty 
(IARC, 1978; Bauer et at., 1961; Blciberg et il., 1964; May, 1975; Jensen end 
Walker, 1972; Oliver, 1975). Unfortunately, since ehloraene is the most obvious 
manifestation of TCDD poisoning, the systemic effects have been lets well studied
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and reported. While in some episodes, chloracne seems 10 be the only significant 
health effect (May, 1973) in most episodes, systemic illness 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 occurred in Niuo, 
West Virginia, in 1949 or the health effects observed in the Philips Duphar Co. in 
the Netherlands. The reports made by Bauer ei al. (1961). Schulz (1937), Bleiberg et 
al. (1964), Oliver (1975), Goldman (1972) and Jirasek et al. (1976) describe systemic 
effects in more detail. Most of the persons exposed in !ustrial settings were 
exposed to a mixture of chemicals, such as 2,4,5-trichloro, ..cnol, TCDD, 2,4,5- 
trichlorophcnoxyacetic acid, and, in the episode reported by Jirasek (1976), also to 
pentachlorophenol. It is, therefore, not dear 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 reported only in workers with chloracne. However. 
Jirasek et ai. (1976) cite 4 workers with systemic illness without chloracne. From the 
other published reports, it is not dear whether all exposed workers were examined 
for systemic illness or whether they were selected on the basis of chloracne which 
may have led to the prhaps erroneous assumption that in humans, illness caused by 
TCDD must always be accompanied by chloracne.

Jirasek et al. (1976) found that a number of their patients had porphyria cutanea 
tarda. In addition to the chloracne, hypertrichosis and hyperpigmentation were 
noted. Abnormal liver function test results (elevated SGOT and SGPT) were 
obtained for 11 of 10 patients. In more than half of the workers, total cholesterol, 
total lipids, and phospholipids were elevated. Urinary uroporphyrins were elevated 
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 urinary 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, a number 
of authors (Schulz, 1957; Bauer ei al., 1961; Jirasek et al., 1976; Oliver, 1975) 
observed a neurasthenic syndrome characterized by a lack of drive and vigor, sleep 
disorders, emotional instability and diminished libido or potency (Kleu and Coltz 
1971).

Bauer et al. (1961) studied three groups of workers in Germany who had 
developed chloracne and/or systemic illness after working in the production of 
chlorinated phenols. 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 pigment which stained partially positive for iron. 
A liver biopsy from another showed a gray pigment which was not positive for iron.

Among the long-term followup studies reported thus far in workers exposed to
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TCDD is one by Thiess and Coidmann (1976). Of the 53 original workers exposed io 
TCDD in 1953, 22 were still employed by BASF in 1976; 3 workers received partial 
compensation - I for persistent chloracne, I for residual paresis of the left leg, and 
1 because of deafness. Apart from residual scars, the other 18 workers had no 
persistent skin lesions in 1976, Causes of death were as follows: 2 - myocardial 
infarct, 4 - cardiovascular decompensation, 4 - carcinoma of different sites, 1 - 
mitral stenosis, 2 - suicide. 1 - bleeding of the esophagus. As mentioned, one 
worker had died earlier (Coidmann et ah, 1972). No information was given on the 
16 retired workers. This study illustrates how persistent the chloracne may be in 
some individuals.

Recently, a followup study was also conducted on the workers in Nitro, West 
Virginia (Zack and Suskind, 1980) in which the acute symptoms initially suffered by 
the workers were described. Aside from the 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 1953. The mortality 
experience of 121 of these workers who had developed chloracne following the 
explosion in 1949 was also reported. Among this group of workers, 32 deaths were 
recorded against 46.41 expected. There were 9 deaths from malignant neoplasms 
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 chloracne had completely disappeared in only 2 workers. Seven 
of the 11 still complained of epigastric pain, nausea and intolerance of alcohol. 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, 
Hardell and SandstrOm (1979) have reported an increased incidence of mesenchymal 
tumors in workers who were either exposed to technical 2,4,5-trichlorophcnoi or 
2.4,5-mchiorophcnoxiacetic add. The problem with all of these studies is that the 
number of cases examined is small. Hardell and Sandstrem tried to control for that 
by conducting a case control study where they matched 4 controls to each case by 
age, sex and locality. However, by excluding all control cases with cancer, they may 
have biased their study.

Another chlorinated phenol, pentachlorophenol, is used extensively as a wood 
preservative and fungicide. This product is contaminated with chlorinated dlbenao> 
dioxins and chlorinated dlbenzofurans, but usually with the hexa-, hepta- and octa- 
homologs (Chapter 2). Occasionally, workers engaged in the production of penta- 
chlorophenol have also developed chloracne (Balder and Bauer, 1951) and com­
plaints such as neuralgic pain in (he lower extremities, persistent bronchitis and eye 
irritation (Behrbohm, 1959). The bronchitis seems to be more prevalent in workers 
exposed to technical pentachlorophenol 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 creosotes. Pentachlorophenol 
per se is an uncoupler of oxidative phosphorylation and, like 2,4-dinitrophenoi. 
increases the metabolic rate, resulting in hyperthermia, profuse sweating and weight 
loss. A number of fatalities following exposure to pentachlorophenol have been 
described (Mason et al., 1965, Bergner et al., 1965). In these cases, absorption of 
several hundred mg of pentachlorophenol has usually occurred in severe or fatal 
poisoning and' pentachlorophenol blood levels as high as 10-20 ppm 0*g/g) have 
been measured soon after exposure. On the other hand, workers in wood-ireatuig 
plants may reach pentachlorophenol blood and urine concentrations as high as 
10-20 ppm without symptoms of toxicity (Casarett et ai., 1969). Simultaneous 
exposure to heat may make workers more susceptible to the toxic effects of penu- 
chlorophenol. Since pentachlorophenol is used extensively, detection of ppb (ng/g) 
concentrations of pentachlorophenol in blood or urine must be considered to repre­
sent background levels which are frequently detected in the general population 
(Bevenue et al., 1967; Casarett et al., 1969). In some fatal human cases, hepato­
cellular necrosis was observed (Truhaut et al., 1952; Cordon, 1956). Whether these 
effects resulted from the simultaneous exposure to toxic contaminants in penta­
chlorophenol has never been investigated (see also Chapters 2 and 5). Vacuolation 
of hcpatocytes was also noted in livers of infants who were accidentally exposed to 
technical-grade pentachlorophenol in a nursery (Robson et al., 1969).

9C.7. Chlorinated ter phenyls and hrominated compounds

Essentially no information is presently available on halogenated terphenyls and only 
one preliminary study on workers exposed to brominated biphenyls has been con­
ducted (Kay, 1977). In addition, Bahn et al. (1980) examined 35 workers of a total 
cohort of 86 men who had been engaged in the manufacture of decabromobiphenvl 
and decabromobiphenyl oxide. A total of 89 control subjects were chosen from steel 
workers and wire men. Studies of thyroid function revealed four cases of primary 
hypothyroidism in the 35 exposed workers and in none of the controls. This repre­
sented a prevalence of ll.49i» which is statistically significantly higher than the 
background incidence of 2.8tt 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.

The occupational diseases caused by halogenated biphenyls, terphenyls, naph­
thalenes* dibeniodioxins and dibenzofurans were reviewed. Occupational illness has 
primarily occurred following exposure to 2,3,7,8-tetrachlorodlbenxodioxin, chlorin-
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aied biphenyls and chlorinated naphthalenes. The health problems associated with 
exposure to these compounds include chloracne, liver disease, porphyria cutanea 
tarda, 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 techniques can be applied to solve our 
current pollution problems. The chapters in this book demonstrate that 
detoxication of hazatdous 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 to storage and 
destruction techniques. The book contains four sections:

t. incineration end watte tnenu|emem;
2. treatment recovery and destruction of polychlorinated biphenyls (PCS):
3. • cut study of the destruction of dioains: and
4. the biological detoxication potential of genetic engineering, microbial and en­

zymatic techniques.

Section 1 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 efficiency 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 
combustion 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, illustrate! the diversity of possible 
approaches to treating a specific type of waste and serves as a model for 
detoxication of other pollutants. Land- and ocean-based, molten salt, 
diesel, and cement kiln incineration have been tested. Plasma arc and 
other high-temperature processes have been explored. The treatment of 
PCB-contaminatcd transformer fluids illustrates the role of detoxication 
in recovery and reuse of valuable chemicals. PCB destruction by organo- 
metals, ultraviolet light, alkali metal alkoxidcs and chemical reduction 
are feasible and have been tested by numerous investigators.

No compounds, other than perhaps PCB, have achieved the public 
recognition and fear of polychlorinated dibenxodioxins. 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 afTect attempts to detoxicate hazardous waste. In 
addition, the'project demonstrates clearly that the technical expertise 
exists to solve even the most difficult pollution problem.

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

Although these biological methods appear attractive, many problems 
still must be overcome. In the meantime, we have available 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 societal discord and arguments. A 
number of solutions to diverse pollution problems are oilered in this 
book. 1 hope that these solutions can demonstrate what can be accom­
plished if we have the will to actually solve the problem of hazardous 
waste.

Jurgen H. Exner
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INTRODUCTION

Disposal of toxic wastes is a global 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 disposal and restricts what can be 
stored permanently 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 to storage and total destruction 
techniques.

Wastes can be detoxieated by chemical, physical or biological tech­
niques. These methods can also be used to modify wastes destined for 
landfill br total destruction by incineration. Preferably, detoxication 
allows recovery and reus* 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 it generated or located. The portability of detoxication 
equipment should allow its use during cleanup of abandoned dump sites. 
Detoxication of contaminated soil is especially attractive because in­
cineration or landlill 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 aflect
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the technical solution! that can be applied to solve pollution problems. 
There is no “typical waste," and theie are thousands of toxic chemicals. 
Our present legalistic industrialized society has attempted to characterize 
hazardous 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 wastes are those that can detonate 
or give off toxic gases by reaction with water or air. Toxicity is the most 
elusive criterion used in classifying hazardous wastes. The U.S. Environ­
mental Protection Agency (EPA) extraction procedure (EP toxicity) 
requires that chemical concentrations in the extract do not exceed the 
National 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 acute and chronie effects of 
chemicals. Generally, acute (short-term) criteria for otal, inhalation and 
dermal toxicity are considered to be death in humans at low doses, dermal 
LDn (rabbit) of less than 200 mg/kg, oral LD» (rat) of less than 50 
mg/kg, inhalation LDw (rat) of less than 2 mg/1, or any serious 
irreversible illness. The impact of chronic (long-term) toxicity effects 
poses exceedingly difficult questions because of uncertainties surrounding 
the no-effect 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 watte 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 chaptert 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 associated 
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 complexes. Consequently, 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 to 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 a wide variety of 
nonrecoverable hazardous wastes. In addition, incineration allows energy 
recovery as useful heat. However, considerable public opposition to new 
incinerators presently exists. One reason for concern is the potential 
emission of toxic combustion by-products such as polychlorinated di­
oxins and furans. Any understanding of the chemical processes, stability 
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 incineration of PCB. When PCB disposal was mandated, 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
chlorinated 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 ind -furxn emissions. Risk analyses of (he 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, a 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 proposed and tested. Plasma arc and other high-temperature 
processes were explored. PCB-contaminated waste oil was burned 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. Several 
approaches to removing PCB from 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 
chlorine from PCB to form dechlorinated coupling products and salt. 
Two processes based on this approach are available in mobile units. A 
second approach uses superoxides of sodium polyethylene glycoxide 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 to 
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 lead to 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 wastes. 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 most 
serious of these incidents, a release of a reactor contents containing about 
2 kg of tetrachlorodibenzodioxin (TCDD), led to the evacuation of the 
Italian town of Seveso in 1976. It seems appropriate, then, to describe a 
case study of a project that destroyed 7 kg of TCDD in a complex, 
hazardous waste. The experience gained during this project can be used as 
a model for other detoxication projects. The technical success 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 to 
serving as a model, this project teaches one other important point: the 
technical expertise exists to 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 degnde organic chemicals in aqueous waste streams. The application 
of selected microorganisms to detoxicate pollutants in hazardous waste or 
contaminated soils, lagoons or groundwaters is generating a great deal of 
interest. In addition to 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, disposal 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. Implemen­
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, as a society, have the will and make the commitment.
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CHAPTER 1

HAZARDOUS WASTE DETOXICATION AT 
CONTRACT WASTE MANAGEMENT FACILITIES

IT Enviroscicnce 
Concord, Californio 94520

i. Farricra
IT Corpomion 
Martinez, California 94S33

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

"‘Detoxication" refers to transformation of a toxic compound into • leu toxic product; 
"detoxification” is a reduction in the degree of poisoning of an organism, as in the 
detoxification of an inebriate [I].
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4 INCINERATION AND WASTE MaNACEMENT

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 AP H W M F. 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 each major treatment technology by unit operation. 
Emphasis is placed on the expected 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 landfill 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 philosophy of the 
facility is to recover useful chemicals (primarily oils) and energy values 
(combustion of waste solvents to generate steam) from wastes, to destroy 
toxic materials such as phenols, sulfides and cyanides, and then to dispose 
of remaining residues in a secure landfill or solar evaporation ponds.

Figure 1 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 I, 
except for the Benicia landfill and several solar evaporation ponds. The 
Martinez 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 I. The wastes 
primarily are delivered in 5000-gal vacuum trucks, logged in and
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t incineration and waste management

TaMt I. Indiltlria) Waala Catayorlaa Pracanad at NCTSC and RipraMiilfn Example*

Crovp Classification Example

1 Aqueous Inorganic Liquid
Nonmetailic salts NijSOd. NaNOj
Acid HF. HNO> HjS04. H,P04
Acid wiih heavy metals HNO, + Fe(NO,)1
Alkali NeOH
Alkali with heavy mauls N»OH 4 lead
Cyanide NaCN. KCN, CdICNIj, Zn(CN)2
Reactive (bleach, sulfide) Mercaptans. HjS, N»2S
Brine Naa

II Aqueous Organic Liquid
Biodegradable organic Acetone. MEK, eeetie eeid
General organic
Organic and heavy metals

Phenol

hi Organic Liquid
Light hydrocarbon Hexane, gasoline
Hydrocarbon with water Jet fuel
Chlorinated hydrocarbon Not accepted
Polychlorinated aromatics Not accepted
Other halogenated hydrocarbons Not accepted
Other substituted hydrocarbons Mereipune
Oil (heavy hydrocarbon) Crude oil with light ends
Organic with heavy mcul Tar with nickel catalyst

IV Slurry/Sludgc (Liquid/Solid)
Organic/organic
Organic/heavy metals

Waste oils

Aqueous/heavy metals Cooling tower sludge whh chromium
Aqueous/inorganic nonmetallic Aqueous calcium carbonate
Aqueous/ biological Biologfeal treatment plant sludge
Organic/ inorganic Oil spill cleanups
Aqueous/ organic Aqueous amines

V Solids
Organic High-molecular-weight alcohols
Inorganic Spent calcium chloride drying agent
Inorganic with organic Used insulation
Heavy metal Spent caulysts containing metals
Contaminated trash
Organic henry metal

Empty chemical bags

HONS 004415



CONTRACT WASTE MANAGEMENT FACILITIES 7

analyzed. Bated on the retultt of this analysis, an appropriate treatment 
method is selected, and the waste is discharged to storage, treatment 
tanks, 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 pretreatment 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 amenable to oil or chemical recovery are treated by 
conventional operations, such as filtration, settling, drying, evaporation 
and chemical reaction. These treatments yield oil and solvents usable as 
fuel. Wastewaters from these operations are placed in solar ponds for 
evaporation. Organic sludges are landfilled in Benicia.

Aqueous wastes containing phenols, mercaptans, 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 steam. Phenols, mercaptans and sulfides 
are oxidized by hydrogen peroxide to less hazardous compounds. 
Cyanides are oxidized by chlorine to carbon dioxide and nitrogen. 
Sludges are partially dewatered by gravity thickening in lagoons and 
vertical tanks to reduce aqueous loads to the landfill.

An incineration complex consisting of two high-tefhperature thermal 
oxidation trains is the major energy recovery/vapor emission control 
system for the Martinez facility. The primary incineration system 
(incineration I) is used to destroy vapors collected from treatment 
operations and holding tanks, waste solvents, waste oils, and other 
combustible and pumpable waste liquids. The much smaller incineration 
II backs up the primary system, and is used primarily to incinerate vapors 
collected from 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 concentrate and 
are removed and placed in the Benecia landfill.

Not all of the treatment and disposal processes mentioned above are 
truly waste detoxication technologies. All, however, are required to yield 
an effective economical contract waste disposal facility. Thus, the 
technologies employed at 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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I INCINERATION AND WASTE MANAGEMENT

Waste Pretreatmeni/Recovery

The pretreatment and recovery systems operate in a batch mode and 
fractionate and/or detoxicate certain types of wastes to 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 1). These wastes are either sent directly to 
the appropriate detoxication technology from vacuum trucks or trans­
ferred to the appropriate treatment system from onsite storage tanks.

Aqueous wastes from, pretreatment/recovery operations are sent 
directly to solar evaporation ponds or processed through the air/steam 
sparging system and subsequently tent to ponds at the lab analysis 
dictates. Organic/inorganic residues are ultimately landfilled at Bcnecia, 
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 System. The cyanide treatment system is designed 
to remove cyanide from liquid wastes by converting free cyanide to 
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: free (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 2.5-9 in the presence of 
free residual chlorine to CO: and Nj. The only combined cyanide that is 
not readily oxidized even by excess chlorine is sodium or potassium 
ferrocyanide. This complex, because of its stability, is not excessively 
toxic and is removed by precipitation 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 (CO:, N: and sometimes NHi) and
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It incineration and waste management

lo 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 sulfides 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 system, 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 a wastewater is 
excessively acidic, an appropriate amount of caustic is added. Once pH 
adjustment hat 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 also 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 23% HNO>, HjSOa, HF and 
H)PO<, are received onsite in 3000-gal vacuum trucks and stored in lined, 
horizontal steel ranks. 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 loads 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 handle chlorinated solvents.

The SRS is shown in Figure 2. It consists of a vertical, cone-bottom, 
waste solvent storage/ feed tank, a solvent evaporator tank, vapor
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condensers. and an overhead! receiver and auociated pumpt, piping, 
valves and venl collection equipment.

Solvent wastes are processed in the SRS on a batch basis. First, solvent 
wastes are loaded into the vertical cone-bottom tank. Solids settle 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 condensers and col­
lected 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 to remove trace levels of volatiles. 
Finally, the water is pumped to a solar evaporation pond.

Air/Steam Sparging System

The air/steam sparging system is used to strip volatile organic materials 
out of wastewater before ultimate disposal in a solar evaporation 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 heated tanks, an evaporator (oil 
dryer) and a chemical treatment system. Equipment 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 treatment 
tanks by a recirculating hot oil system that uses waste oil as fuel.

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

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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facility. In addition, the incinerator produce! ticam to be used in the 5RS 
unit and in the air/steam sparging system.

Vent System

The vent system is a closed system of storage and treatment tanka with 
associated piping that carries vapors from the tanks through venturi 
scrubbers to the incinerators (Figure 3). With incinerator I on-line, tank 
vapors and air (supplied through atmospheric dampers) arc 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 lank and 
correct any high- or 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 Tires or explosions.

Incinerator l

Incinerator I burns recovered waste fuels and vapors given off from 
holding and processing tanks. The heat produces steam 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 fuels in 
the SR5 system. This incinerator is shown schematically in Figure 3.

The incinerator is designed to operate at combustion chamber tempera­
tures of iSQQ-2000*F and flue gas residence limes on the order of 0.3 sec. 
These conditions assure adequate destruction of the nonhalogenated 
hydrocarbon liquids and vapors.

Incinerator II

Incinerator II prevents toxic and/or air polluting materials from 
entering the atmosphere by incineration and caustic scrubbing of vapors 
drawn through the vent system. This unit must be running any time 
incinerator I it not operating. Incinerator 11 consists of the equipment 
shown in Figure 3.
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14 INCINERATION AND WASTE MANAGEMENT

HAZARDOUS WASTE DETOXICATION AT APHWMF

APH WMF will be a fully integrated operation to detoxicate, destroy or 
reclaim approximately SO million gal/yr (330,000 ton/yr) of industrial 
hazardous wastes generated in the Ascension Parish, Louisiana, area. The 
site will be located in Ascension Parish, Louisiana, on a 1000-ac site 
bordering the Mississippi River, but will occupy only 130 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 bandied at the 
facility as determined by surveys of selected area industries. Table 111 lists 
typical compounds the facility is expected to process.

Figure 4 is a simplified flow diagram showing the interrelationships 
between major facility segments. The integrated nature of the facility is 
evident, with effluents, residues and energy from waste pretreatment, 
wastewater treatment and incineration being transferred from one process 
area to another to achieve destruction or detoxication of wastes in an 
economical 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 treatment operation. These analytical and treatment evaluation 
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 materials. Wastes amenable to oil and/or chemical recovery will be 
processed using the conventional operations, settling, drying, distillation 
and chemical reaction, as required with steam generated by incineration 
of wastes in the incineration system. This procedure will yield oil that can 
be used to fuel the incinerators, lube-oil blending stock, and industrial- 
grade chemicals and solvent*. Wastewater and organic sludges generated 
from the** operations will be processed or destroyed onsite.

Aqueous wastes containing small amounts of hazardous pollutants 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 a 
wastewater treatment plant on site. Organic material will be incinerated.
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Table II. APHWMF Walt Praftb

Group Classification

Perecsuegf of 
Total West* 

Represented by 
Each Category

1 Aqueous inorganics 0

II Aqueous organic liquids
Organic (acid)
Organic (alkali)
Organic (sail)

Percentage of total waste 17

III Organic liquids
Light hydrocarbons
Hydrocarbon with water
Chlorinated hydrocarbons
Substituted hydrocarbons
Oils (heavy hydrocarbons)

Percentage of total waste 33*

IV Sludges
Organic/organie
Aqueous/heavy maul
Aqueous/ inorganic nonmeial 
Aqueous/biological
Organic/inorganic
Aqueous/organic

Percentage of total waste 46

V Solids
Organic
Inorganic
Inorganic with organic
Heavy metal
Contaminated trash
Organic/heavy metals

Percentage of total waits 5

Approximate total warn <ton/yr) 350.000

•Include* *0.000 ton/yew want crcnkcate and lubt oil* from lire 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 Alters for dewatering dilute 
sludges and indirect steam dryers for further moisture reduction.
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Table III. Typinl Orpunk Ch cm kali Expidk to Re Preemd 
el APHWMF

Aldehydes/Alcohols/ Ketones 
Acetaldehyde 
Methanol
Methyl ethyl ketone

Chlorinated Aliphatics 
Carbon tetrachloride 
Ethylene dichloride 
Methylene chloride 
Trichloroethane

Chlorinated Aromatic!
Chloroioluene
Chlorobenxcne

Chlorinated Olefins
Vinyl chloride

Aromatics
Benzene
Toluene

Amines
Dipheny lamina 
Toluene diamine

Carboxylic Adds 
Propionic Acid

Phenols
Phenol

An incineration complex of three high-temperature thermal oxidation 
trains is the heart of the treatment facility. A broad profile of offsite 
organic wastes plus onsite residues from recovery/pretreaiment 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 e heat recovery boiler for steam 
generation. The incineration units will have secondary combustion 
chamber configurations designed to provide e minimum residence time of 
2 sec at 1000 or 1200eC. Flue gas from each incinerator will be treated 
separately to remove particulates and acid gases before discharge. The 
four-stage, sutc-of-the-ert gas cleaning technology includes wet scrub­
bing techniques (quench, venturi, packed bed) and wet electrostatic 
precipitation. Inorganic sludges and noncombustible materials will be
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11 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 
streams 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, utility supply and distribution, and 
effluent/emission monitoring.

Pretreatment and Recovery

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

1. Aqueous waste pretreatment include* several independent unit operations 
desifned to remove or destroy selected pollutants in dilute aqueous wastes

2. Slud|e-slurry processing consists of equipment to remove water from sludges 
and tlurries.

3. Chemical recovery provides equipment for fractionating organic liquid 
wastes.

4. Oil reprocessing is a complete multistage oil re-refining plant to convert 
various waste lubricating oils to lube blending stock and fuel

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

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

• improve ultimata disposal and treatment performance and reduce cosu;
• increase effective overall facility capacity:
» reduce the use of purchased fuel for incineration; and
• reclaim valuable chemical constituents of waste mixtures.

In addition to processing offsite wastes, this system enables treatment of 
wastes generated onsite, such as waste-activated sludge from the 
biological treatment system and aqueous effluents.
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Figure 5. APHWMF pretrcatment and recovery systems.

Aquaous Waste Pretreatment

The purposes of aqueous waste pretreatment are:
• removal from wastewater of regulated pollutants that cannot be removed by 

conventional biological wastewater treatment {mulling in detoxication of the 
wtsiewater);
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21 INCINERATION AND WASTE MANAGEMENT

• prevention of deleterious effects of toxic polluunts to the facility's biological 
wastewater treatment plant;

• prevention of air emissions or hazards caused by sewering volatile, flammable 
or odorous pollutants; and

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

In general, the pretreatment area will receive Class II dilute aqueous 
wastewaters that are not effectively treatable by biological meant (see 
Table II). The wastes are expected to contain priority polluunts, 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 pollutanu from water. The four basic preircatmcht processes 
include:

1. sitsm (tripping;
2. carbon adMrption witk in-plaec, nondestructive ucam or solvent regeneration:
}. liquid/liquid extraction: and
4. emulsion breaking and chemical treatment.

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

Steam Stripper

The steam stripper will treat continuously up to 80 gal/min of aqueous 
streams conuining 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, aqueous 
streams over a broad range of pH values will be acceptable 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 J). 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 a 
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 i 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 system is designed 
to treat up to 50 gal/min of wastewater based on a typical loading range 
of 0.1 -0.3 lb 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 lb/lb 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 parallel 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 
regeneration are incinerated.

Solvtnt 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.

Aqueous 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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hive higher witer solubility. Solvent extraction will be used for treatment 
of aqueous wastes with solute concentrations from 10 to about 0.1%.

Solvent extraction will be carried out at APHWMF in three 8000-gal, 
jacketed vessels. The raffinate will be pumped to 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 separate 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 equipment 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 to 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 end slurries containing a low concentration of solids are 
subjected to two dewatering steps—thickening and belt filtration (see 
Figure S). The solids content is increased from below several percent 
solids to an intermediate range of 10-15% solids by separating and 
removing moy. if the liquid in these two steps. In the thickening step, 
gO.OOO 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 avenge 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 avenge of 98% solids retention is expected.

Drying

The types of sludges identified in the APHWMF waste profile as 
applicable for direct dryers are (I) dewatered, waste-activated sludge from 
offsite sources; (2) other dewatered primary wastewater treatment 
sludges; (3) primary, oily sludges from American Petroleum Institute 
(API) Stonge tanks and the bottoms from refinery API sepantors; and 
(4) powdered carbon wet cake containing tnces 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 paddles 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 hollow paddles. 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 end/or modify selected wastes if the market or recycle value of waste 
constituents is greater than their potential value as fuel to the incinerator;
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• upgrade or separate selected wastes ureoim to that the overtll fuel will be 
enhanced; and

• recover and/or purify the carbon adsorption regenerant and the extraction 
solvent! from the pretreatment section (or 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 batch 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 from such viscous wastes as heavy tart 
and still bottoms or from contaminated solvents.

System I 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 II distillation is expected to handle the recovery of the carbon 
regeneration solvent and the extraction solvent from aqueous waste 
pretreatment. 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 lb/hr (20.000 
lb/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.

Oil Reprocessing

A separate system to reprocess 3-10 million gal/yr of waste oils will 
produce salable products from waste oils purchased from generators or
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collector*. All residues and effluents from waste oil reprocessing, which 
mny contain hazardous materials, will be transferred, treated and dis­
posed of in the appropriate area of the overall facility.

APHWMF will receive two 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 to recover fuel values in the prttreatmtnt 
(emulsion-breaking) incinerator or for potential 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-reflnery. 
A simplified flow diagram of the process is shown in Figure 5. The 
process begins with storage and settling 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 I 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 wastes, slurries and sludges. A secondary 
combustion chamber capable of handling pumpable 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 1 and 2.

The thermal oxidation systems in the APHWMF facility consist of two 
rotary-kiln incinerators (units 1 and 2), a third, pumpable liquid/slurry 
incinerator (unit 3), and associated waste feed and flue gas cleaning 
systems. The waste profile used to design the complex required a nominal
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duly capacity of 90 million Btu/hr from each of (he 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 II.

After wastes have been identified, categorized, and blended or segre­
gated, they are fed into the appropriate incinerator for thermal destruc­
tion. Incinerators I and 3 each contain a quench chamber that cools the 
gases, removes large panicles 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 SOi, HC1 and submicron paniculates. Following gas cleaning, 
each train has its own induced-draft fan and exhaust suck. Recycle and 
fresh makeup water are used in the quench and gas-cleaning systems, and 
purge water is sent to the heavy meuls removal system. Ash from the 
three incinerators is stabilized and landfilled.

Rotary Kiln and Stcondary 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 sutionary-hearth secondary combustion 
chamber. The roury kiln is an ~ I I-ft-diameter-by-40-ft-long. refractory- 
lined, horizonul, 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 to 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 locks. The liquid burners are fired cocurremly, 
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 slowly 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 line fraction drops into a dumpster box for trans­
portation to the stabilization area, and the oversize materials (burned out
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IS 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 burner 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 section, which 
ensures completion of the combustion process.

Next, the gas retention section allows hot gases to further mix and 
fragment. Completion of the combustion process is ensured 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 I $00* 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 I500*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 refractory due to the combination of heat and attack of salts 
and alkalies.

An average overall excess air level of 100% is designed into the system 
to promote complete oxidation and to provide a cushion for combustion 
surges such as those generated when bulk quantities of rapidly com­
bustible materials ere 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 approximately 150%. Although the operating 
temperatures dictate the level of excess air, because air is a heat sink, 
water in the feed also acts at a heat sink and therefore reduces the level of 
excess air at a given temperature.

Flue Gat Cleaning System

The flue gas cleaning equipment is designed to meet Resource Con­
servation and Recovery Act (RCRA) regulations for HCI and particulate 
removal. A pH-controlled scrubber is included to remove SOj. With the 
pH-controlled scrubber in the system, >99% HCI removal is achieved. A

MONS 004437



CONTRACT WASTE MANAGEMENT FACILITIES 29

venturi scrubber and wet electrostatic precipitators are incorporated for 
particulate removal.

After the quench chamber, the flue cases flow to a venturi scrubber. A 
pressure drop of 30-40 in. water column (w.c.) is maintained over the 
venturi for optimum particulate removal efficiency. A packed demister/ 
scrubber sized to remove water droplets, HC1 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 it also added to the demister through a distributor.

The driving force for moving flue gates through the entire system is 
provided by an 80,000-acfm induced-draft fan located behind the venturi/ 
demister. Three wet electrostatic precipitators connected in parallel 
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 to maintain the desired suspended and dissolved solids levels 
in the recycle water systems.

Waste Heat Boiler

Incinerator 2 is identical to incinerator I except that it has a heat- 
recovery boiler located between the secondary combustion chamber and 
the quench chamber. The boiler is used to extract energy from high- 
temperature combustion products to produce up to 368-psig steam with 
130*F superheat.

The energy-recovery technology that is being applied originated in 
Europe, where identical boiler systems have been in continuous operation 
for more than IS 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 
cleaned 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 Kiln 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. Environmental Protection Agency (EPA) RCRA 
incinerator standards published on January 23, 1981 (and proposed EPA 
incinerator standards). Compliance with current RCRA requirements 
includes achievement of: (1)99.9996 destruction and removal efficiency 
(DRE) of organic constituents; (2)99% HC1 removal efficiency; and 
(3) particulate emissions of less than 0.08 gr/dscf adjusted to 12% COr.

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, inert rock-like 
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 environmentally harmful species in the 
waste.

The inorpnic waste stabilization process used at APHWMF can be 
described pnerically as a cement-pozzolanic solidification process. In this 
process lime, fine-pained siliceous (pozzolanic) material such as fly ash 
and cement are added to the waste in specific combination and sequence 
to 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 inorpnic 
wastes'-and/or inorpnic residues (incineration ash, metals sludp 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

HONS 004439



contract waste management facilities ji

physicochemical characteristics of the waste, decreasing the surface area 
across which transfer or loss of contained pollutants can occur, minimiz­
ing the solubility of any pollutants contained in the waste and detoxicat­
ing contained pollutants.

Stabilization facilities receive the bulk of waste to be stabilized in the 
form of ash from the incinerators and as heavy metal sludge from the 
wastewater treatment area. The ash is received in dumpster boxes, and the 
heavy metal sludge is received as a water slurry via direct pipeline and at a 
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
tance procedures. Stabilized waste is transferred to the landfill by truck or 
pipeline.

The stabilization 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 it especially 
effective in treating all heavy metals, including arsenic and mercury and 
asbestos.

Stabilisation Technology

The APHWMF stabilization process (Figure 7) is carried out on a 
batch basis. Liquid wastes are stored in tanks fabricated of appropriate 
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 maintain homogeneous mixtures in the tanks.

The Aral stage in the process is to blend, homogenize and pretreat a 
variety of wastes available from storage. In this way, interactions between 
the various wastes can be employed to 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 art blended in a stock pretreatment lank. Solid 
materials are passed through a crusher to reduce the particle size. 
Appropriate quantities of lime and fly ash are blended thoroughly to 
prepare the mixture for the Anal 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

HONS 004440



I

MONS 004441

m
cm

uuTiO
N an

d w
aitc m

an
ac

c
m

c
kt



contract waste management facilities jj

needed it obtained by mixing in heavy metal slurry containing only about 
2-4% solids from heavy metals treatment. After the stock is thoroughly 
blended, samples art taken and tests are run in the laboratory to 
determine the characteristics of the batch and the formulation necessary 
to 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 according 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 landfill 
placement area via pipeline. At the landfill, the material is cast into a 
single monolithic man containing about one week's production. In about 
< hr to 3 days the material converts to a rock-like mass. Rainwater falling 
on uncured material runs off the surface without affecting the properties 
of the material. The placed material sets even if submerged in water. The 
placement procedure strives to produce a solid monolith to exclude 
environmental interactions with the placed material. The larger the 
treated monolithic mast, the greater the proportion of the waste isolated 
from any environmental interactions.

Stabilization 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 appearance—the stabilised product sets to form > hard, rock-like 
monolith. The material is nonflammable, nonodoroue, nonputretetbW and 
unattractive to vector*.

• Pcrmaability—the coefficient of permeability U lias than t - 10"* cm/scc, 
which is less than concrete and equivalent to compacted clay.

• Leaching—the eoaaealration of heavy metals in the leachate is typically lets 
than I ppm.

• Strength—the unconftned compressive strength is greater than 200 psi.
• Density—the density of the stabilised product ranges 65-85 lb/ft\

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 it not described here except to 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 wastewateis. 
The seven major areas are shown in Figure 8 and can be categorized into 
four systems:

1. a lyitcra for imimenl of wastewaters contaminated with specific inorganic 
compounds such as meisls (heavy metals removal):

2. a system for treatment of Wastewaters contaminated with orpnic compounds 
(pretreslmcnt, biological oxidation and carbon adsorption):

}. s system for handling stormwater: and
4. a system for retention of treated efHuent until its suitability for diseharp haa 

been proven by analysis (final effluent handling).

All areas will be integrated to provide treatment flexibility, since on 
occasion wastewater or effluent normally containing only inorganic 
compound! may become contaminated with organics or vice versa. Only 
the first two areas, however, are described here, since they employ 
detoxication technologies.

Technologies to Detoxicate 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 300-2000 ppm of dissolved metals and suspended 
solids from incinerator scrubber purge water. It will have the capacity, 
however, to treat other wastewater that may be contaminated with metals 
or suspended solids, such as landfill leachate and runoff. The major unit 
operations end detoxication technologies employed by this system are pH 
adjustment, flocculint aid addition, clarification, filtration and sludge 
handling.

All waste streams feeding the heavy metals removal area first flow into 
a main sump. From this sump, wastewater is pumped through three 
evaporative cooler/ sulfite oxidizers and into a cooling sump. Cooled 
wastewater from this sump subsequently flows into a pH adjustment 
bnsin, where the pH of the wastewater is adjusted by addition of caustic 
or acid to precipitate metal hydroxides. Alum is also added to aid in
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M 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 aid flocculation. The wastewater 
solution overflows into the flocculation compartments 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, overflows at the top. On exiting the 
clarifier, the supernatant liquor flows by gravity through one of six sand 
filters, where practically all residual suspended solids are removed. A 
backwash stream flows from the fillers 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.e., less than 3 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 paniculate 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 plale-and-frame filter 
press. The filter cake will be transported to stabilization.

Technologies for Detoxication of Organic-Contaminated Water

Process Sewer Pretreatmer.t. Aqueous wastes from the process sewer 
will be pretreated before they entpr the biological wastewater treatment 
system. The wastewaters expected to enter process sewer pretreatment 
come from operations such as tank cleaning, building and equipment 
washdowns, laboratory testing and sample analysis, truck washouts, and 
other miscellaneous operations. These wastewaters will pass through an 
oil/water/grit separator (see Figure 8, second line) and enter one of two 
holding units. Water conuined in such a unk will be analyzed to 
determine its treaubility. 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 
treatment will be used to remove nonbiodegradable and purgeable 
organics.
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Sanitary Sewer Treatment. Sanitary sewage from lavatories, change 
rooms and toilets will be degraded in a packaged biological treatment unit 
shown on the third line of Figure 8. Effluent from the unit will be 
disinfected with oaonc and then discharged into the biological wastewater 
treatment system.

Biological Wastewater Treatment System

The primary “end of the line" organic wastewater treatment unit at 
APHWMF is the biological wastewater treatment system. Wastewater 
from various areas will be detoxicated to reduce degradable organics, 
biochemical oxygen demand (BOD) and suspended solids. The principal 
unit operation of the system is an extended aeration 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 aeration 
system. Static aerators will be mounted on the bottom of each aeration 
tank on approximately 8-ft centers. Air will come from three blowers, and 
the flow to each aeration tank will automatically be adjusted 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 JO% aqueous urea solution into the 
neutralization tank. Phosphorus required for biological treatment will be 
supplied by metering 8J96 phosphoric acid into the neutralization tank.

Thickened sludge will be removed from the bottom of the clarifier by a 
suction withdrawal mechanism and will be pumped to the aeration tank 
distribution channel. Thickened waste-activated sludge (WAS) from the 
sludge thickener will be pumped to the WAS holding lank or to sludge 
dewatering/drying for dewatering. Supernatant from the sludge thickener 
will flow by gravity to 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. If 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-speciflcation aqueous effluents from all other wastewater 
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 each 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 loading of organics at the breakthrough point, and the 
concentration of suspended solids in the feed. The design ease 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 0.01 lb total organics/lb carbon at 
breakthrough.

Stormwater Impoundment

The third major handling system shown in Figure 8 is the stormwater 
impoundment area. 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.

Finn/ Effluent Handling

The remaining system shown in Figure 8 is final effluent 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, If retreatment is needed, the combined effluents will 
be pumped to a quarantine tank in the tertiary carbon treatment area. 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 stream 
will then be discharged to the Mississippi 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 ind 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 economically to hazardous 
waste management on a contract basis.
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CHAPTER 2

CHEMICAL PROCESSES IN 
THE INCINERATION OF 

HAZARDOUS MATERIALS

W. Ti«n| and W. Shaub
National Bureau of Standard! 
Center for Chemical Phyiica 
Chemical Kinetica 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 absence of environmental regulations or energy 
constraints, hardly any chemical expertise is necessary. Recent events [I] 
mandating incineration as a primary disposal tool for hazardous wastes 
and the possibility that hazardous substances may be formed in combus­
tion processes [2 JJ suggest the necessity for a closer look at the chemical 
basis of incineration. Such information can lead to 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

41
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point of view of elementary processes. We next attempt 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 list 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 considers the decomposition 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 species 
together with the alternative possibility of buildup to large species 
culminating in soot formation. Figure I gives a pictorial description. In a 
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 02 + 2Br2CjH3Cl — 
4HBr + 2HC1 + 6CO3 + 2H>0), 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 transferable to 
all conditions and systems. In seeking a more general solution, the 
required information base is correspondingly 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 elementary 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:
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where the r»te of destruction can be written ai dHz/dt = -k.^Hz. 
Bimolecular reactions deal with the attack of reactive species on a 
molecule:

R * Hi — produet(i)

and the rate of destruction is now dHz/dt - -k»(R)(Hz). The former is 
conceptually the simplest of all kinetic processes. It involves a molecule at 
a particular temperature having sufficient internal energy so as to cause 
rupture of its bond(s) within the time scales of the experiments. The rate 
constant kuni 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].

Figure 1. Central mcchaniim for the disintegration of a polyatomic molecule under 
incineration conditions.
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For present purposes we will be interested primarily in the firs: :wo 
reaction types. Within these groupings, related 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 understood, 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 to bimolecular reactions is made more 
complicated by the multiplicity of possible reaction species. Thus, the rale 
of destruction depends on the constituents of the reactive systems, as 
opposed to the situation for unimolecular processes, where only the 
physical properties, principally temperature, are of concern. The two 
distinct types of bimolecular reaction of interest are addition 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 to 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 tate 
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 reactions. As 
has been indicated, the present data base is insufficient for derivation of a 
complete solution. In this and subsequent sections we will attempt 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 data 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 et al.
[9]. More importantly, with the existing values as a basis, it is possible to 
estimate with high accuracy the thermodynamic properties of practically
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Tibfe I. CalcublH n4 Uttntiin V.lum for Hols of Formation of SakatltMa4 Raaaanaa

Subitltutlon

-CH, -ci -F

C.k. UI. Ctlc. Ut. C.k. Ut.

1.2.3- -2.73 -2.26 ± 0.29 2.11 -111.39
1,2,4- -3.15 -3.31 ± 0.26 0.48 -1)4.46
IJ3- -3.74 -3.11 ± 0.33 -0.02 -111.79
UJ,4- -10.22 -10.02 -1.95 -150.52
I.2J.3- <10.64 -10.71 -3.05 -154.22
1.2,4,5- -10.47 -10.12 -3.65 -153.59
Pern*- -17.72 -17.10 -5.09 -188.28 -193.59 ± 0.35
Hex*- -24.53 -20.73 ± 0.62 —6.14 -S.6 * 2.3 -220.97 -228.49 ± 0.29

Tabla II. Tbannodfiwinlc Fan cl Iona for 2J,7J*Trlractilorodll»anxo^Oloxln

Imp.
rn

keal/mok

CJ n Ht-Hg AHf Lot K.

200 40.95 94.75 72.45 4.46 -81.83 -51.34 63.735
291.16 56.67 114.11 13.02 9.27 •82.49 -46.67 34.199
300 56.84 114.46 83.21 9.37 -8150 -46.43 33.815
400 69.94 132.67 93.33 15.74 •82.87 -34.33 18.755
500 10.39 149.44 102.90 23.27 -12.91 -22.11 9.694
600 11.53 164.15 111.96 31.74 -82.94 •10.02 3.651
700 94.10 179.00 12034 40.92 -82.78 2.12 -0.662
too 99J7 192.00 121.67 50.67 -12.51 14.23 -3.886
900 103.85 204.00 136.38 60.86 -82 26.30 -6.386

1000 107.06 215.12 143.71 71.41 -81.77 38.34 -8.377
1100 109.68 225.45 150.67 8125 -11.27 50.31 -9.995
1200 111.85 235.09 157JI 93.33 -80.72 62.25 -11.335
1300 113.66 244.11 163.65 104.61 -80.19 74.15 -12.463
1400 115.11 252.59 169.70 116.05 -79.67 86.00 -13.423
1500 116.47 260.59 175.49 127.64 -79.16 97.80 -14.247

til polyatomic molecules. In view of current interest in polychlorinated 
aromatics, we have been estimating the thermodynamic properties of 
many such compounds [10]. Table I summarizes estimated heat of 
formation data 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 II is a 
typical JANAF-type [7] data sheet for 2,3,7,8-tetrachlorodibenzo-p- 
dioxin. With such information and appropriate ancillary data from the 
literature, heat of combustion and adiabatic flame 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 300* 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 temperatures are required in practice to 
effect destruction shows that at the lower temperatures at least, equilib­
rium is not achieved 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 systems, 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 
reaction 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 a hazardous waste Hz in 
an incinerator can be described by the relation

-CHl/Cl « • <Ik„RJ[Hi]
i

where kuftj » unimoteeular me for decomposition
kw • bimoleeuiar nil constant for attaek of specie R, on Hi.

Rearnnginf, we can write

Htf r
/ -dHi/Hl » In Hit/Hi, * / [k— ♦ (IkkRJ)dt 
Hi, o i

where r is the residence time in the incinerator. The U.S. Environmental 
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 kuni, £khR, and T is in excess of 
9.212.
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Consider first the situation where unimoleeular processes are the 
predominant mode of decomposition. In this case, assuming a reasonably 
uniform temperature situation and the usual incinerator residence time of 
approximately 1 sec, and since 9.2)2 < k^ = A.exp(-E./RT), we arrive 
at the minimum temperature as tabulated in Table III. A. and E. values 
given here, cover virtually the complete range of such values.

Study of the rates of unimoleeular decomposition processes has long 
been a favorite pastime of chemical kineticists. Outstanding collections of 
information are given by Benson and O’Neal [II] and Robinson and 
Holbrook [6]. Comparison of the data in these reviews and the numbers 
in Table III clearly demonstrates 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 a number of hazardous materials. In 
other cases, the existing dau can be used for extrapolation and predic­
tion. An examination of the situation with respect to the rates of cleavage 
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 10l5-l0l6J/sec, where the range of values 
increase from dissociation, to polyatomic + atom, to polyatomic + 
diatomic, to polyatomic + polyatomic, one can determine readily from 
Table III the approximate conditions to achieve the appropriate destruc­
tion limits. Furthermore, except for resonance stabilization effects.

Table III. Tiapmlat (*K) Necessary to Aaaura 79.99% OaatnKtloa AaaumllVf 
Usbaelsnilar Mackaaisae and Arrhenius Rata Exprasaloa 

fk a Am axp(-E_/RT)] far Incinerator Residence Tima of -1 see

tm fkeal)
40 SO M 79 SI 91 ISO ns

10" 792 990 list 1.186 ISS4 1782 1910 2178
10" 724 901 1019 1271 1453 1634 1815 1980
I0,J 670 1)1 1006 1173 1341 1509 1676 1844
10" 622 771 9.14 >090 1245 1401 1536 1713
10'* 311 727 872 1017 1163 1308 1453 1599
10" U5 611 SIS 954 1090 1226 1362 1499
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Table IV. Stm Typical Bon4 Enargfaa of Polyatomic CompounOc [14-11]

R«4U»t» H F a Br 1 OH NH, NO, NO CH,

CH, 104 109 84 70 56 9) 87 60 44 88
CjH, 100 83 70 5J 93 86 60 44 87
IC,H, 97 101 83 70 55 93 87 46 86
<C,H, 96 84 71 55 96 88 45 82
C2H)( vinyl) US 99 68 107
CjHjfsIlyl) 90 72 56 82 77
C»Hj in 125 M 80 64 110 104 70 31 too
C,H,CH, i> 44 81 80
CH,C1 101 79
CHC1, 99 77
ca, 96 70 56 32 81
CHjO 104 44 44 41 88
C.H.0 IT 80
CHjCO 87 in 83 47 50 101 99 14
NH, 107 65 83

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 cleavage 
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 complex fragmentations is considerably less than for 
direct bond breaking. As was the case for bond-breaking processes, an 
important factor to remember is that these reactions involve localized 
properties. Thus, except for substitution near the reactive site, rate 
parameters can be considered to 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 to the bromides and iodides.
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Table V, Rata Eepreealone (/aac) for lha Daaompoaltloo of Alkyl Cbloridaa [II]

CjHjCl - c,h4 ♦ ho I0l)‘5t>p(-53,000/RT)
nC,H,Cl - C,H, ♦ HCI I0'3 *e*p(-55.l30/RT)
nC*H,a - C.H, ♦ HO 10‘3-2exp(-56,5000/ RT)

iC)H,CI - CjH* ♦ HQ I0ll‘exp(-3I,I00/RT)
•C,H,CI - C.H, • HQ l0l,cexp(-50.600/RT)

tc,Hfa - CgH, ♦ HO I0l3,exp(-45,000/RT)
iCjH,a - c$h,9 ♦ hg I0,,?cxp(-44.000/RT)

We next consider bimolecular channels for hazardous chemicals de­
struction. The greater complexities inherent in this situation have been 
discussed 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 fractions at various temperatures at 1 atm and equivalence ratios of
0.5, 1.0 and 2.0, respectively. It is immediately clear that, with respect to 
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 informational room temperature, from 
which certain inferences can be drawn. It should also 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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Fi(un I. Equilibrium OH. O uid H molt fractions it I Hm pressure for stochio- 
mtiric (0 • I) reaction with CH4 (----- ) C,H,<-----) in 3% Cl].

the rates with increasing haloge nation. 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 III 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, at 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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Flpm 3* Equilibrium OH. O and H mole frictions ai ) aim pressure for fuel-lean
(4r ■ 0.5) reaction with CH^C-—) and C*H*(--—) in 5% Clj.

lation are needed. The tempereture dependence that has been determined 
coven 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 (I /T)B 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 consider H-atom processes [19,20], We have noted previously 
that, under most hazardous waste incineration situations, the presence of
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Figure 4. Equilibrium OH and H molt fraction! at 1 atm pruwrc for fual-rich (0 a 
2.0) reaction with CHa(^—) and C,H J*—) in 5% C!j (0-alotn mole fraction it leu than 
10-*).

excess air makes it unlikely that it will be of importance. However, in the 
presence of man 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 to 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 attack. Indeed, 
variations appear to be small. The equilibrium concentration of H atoms HONS 
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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Tifelt VI, Typical Rum of OH Attack on Or|ink Subitratu |4]

Compounds

Rat* Const.
•t 2»I*K

(Uicf/mol'm)

Rats Parameters

A E
(Uter/moUet) (heal)

CH. S.4E4 2.4 X 10’ 3600C,H, J.6EI l.l X 10“ 2400
nC4H|0 I.SE9 1.4 X 10’ 1000>C.H„ I.7E9 4.1 X 10* 769
CHjF IE7
CH,CI 2.2E7 1.1 X 10* 2400CH.C1, 9E7
CHC1, SE7 2.4 X 10“ 2234
HCHO 7.2E9 4 X )0* 173CHjOH 4Et _ _
CHjCHO 9E9 4.2 x 10’ -310CHjSH I.IEIO 3.4 X 10* -790CH,NHj IJ2EI0 t X 10* -435

C,H, 3.4E9 7.2 X 10* -900
CjH* I.6EI0 2.4 x 10“ -1100
2C,H, 4.2EI0 6 X 10* -1100

CH.CHa 4.2E9 6 X 10* -800
CHQCHjO I.IE9 3 X 10* -900
CjCL lEt 6 X 10* 2400
C.H, 9EI
C.F, 1.3 El

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

A direct consequence of the above is a model involving hazardous 
waste destruction 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 data 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 a factor of three, this can be represented by:

OH ■ exp (-33.000/RT) mol/1

If we now examine the data 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 1 O’11 liter/ mol-sec. The consequence 
is that to obtain the pseudo-unimolecular rate constant of 9.212, we need 
a temperature of the order of 1230* K. If one now considers the results 
from Table III, it is seen that for bond cleavage reactions, unimolecular
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Figure 5. Equilibrium OH cenccmntion for vuriout reaction conditions u a func­
tion of temperature. A • CH,. 4 » 1.0. CK * 0%; B < CH„ 0 * 1.0, Cl) « !%t 
C a C.H* # • .5. Gj * 5Rc D * C,H„ * « 1.0, Clj * 0% E « C,Hk * • 1.0. 
Cl, ■ !%.

decomposition will be quite imporunt for compounds with their weakest 
bonds in the 80- to 83-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 attack is 
of major importance 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 to requiring similar extent of decomposi­
tion for the products that are formed. In genera), 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 carried 
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 particulate 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 
bums" 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 1-sec residence time 
provides a well defined parameter. The lack of accurate high-temperature 
information on OH and H rates makes calculated 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 stable in comparison to the pure aromatics. This 
difference emphasizes the provisional nature 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 
[I]. A suggested procedure for proof of the satisfactory performance of 
hazardous waste incinerators involves the selection 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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Tikli VII. Inciiwnbillly Rankings of Some Hazardous Compounds [21]

Rank Compound* Ralfonele
Rank

(AH,comb)
| H cxachlorobenitne All C-H bonds in excess of 9
2 Penuchlorobtnun. 110 keal. C-a bond! ~»5 keel; 7
3 Chlorobenzene OH addition is major destmc- 26
4 Benzene tion mode end is dependent 36
5 Naphthalene on substituents on unsaturated 37
6 Vinyl chloride structure 20
7 ChloromtthaiM C-H bonds ere in the 90* to 13
i Elhyleni diamiat 93-kcaI ran|«i all other 33
9 Dichlorophcno! bonds sre greater than SO kcal; 16

10 Resorcinol assume that OH abstraction 24
II ChJorotoloenc is controlling 29
12 Formaldehyde 21
1) Acetaldehyde 23
14 Aeroleia 30
13 Dimethylphtheleie Bond breaking processes in
It Mathytahyl ktiona the i0- to M-keal ranjc;
17 AUyl alcohol unimolecular decomposition
IS Chloroform is controlling mechanism
19 Bromomethene
20 Dinltrobenaene
21 Trinitrobcnzcne
22 Tribromomethane
23 H exachloropropenc
24 Hexaehloropentadient
23 Bromoaeetone
26 Hydrazine
27 Methylhydrazme
21 1,2-Dichloroathant Low energy pathway through
29 1,2-Diehloropcopena complex fragmentation into
30 . Hsxechlorocydohcxane stable molecules: A. «* 1012-
31 Di-n*butylphthalatt I014/scc, E_ - 43-33 kcal
32 Ethyl carbamate
33 1 J-Dibromo*2<h)oropropane
34 McthyUodide Fragmentation into radicals
33 12-Diphenyl hydrazine brought about by very weak
36 Nitroglycerine bonds; 40-53 keal range.
37 vV-Niirosodifthyl amine A-factor > 10,!/«c
31 2-Butanone peroxide

•The compounds are divided into groups purely for present convenience; when one con* 
liders all the compounds in the EPA listing there will obviously be many overlaps.
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behind this ranking it 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 stability. 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 benzene and hexachlorobcnzene.

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 lower 
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 (particularly the 
polychlorinated variety) are the most difficult to bum. 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 easy 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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belter understanding of how such compounds are formed could dictate 
the proper strategies for prevention. The above also holds for the effect of 
chlorine, both with respect to the effect in aromatization or the chlorina­
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 results 
must be handled with care. Thus, although the general trends with respect 
to stability and chlorination on the aromatic structure agrees with our 
expectations, 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. Senltan
Department of Chemical Engineering 
Mauachuteltt Innitute of Technology 
Cambridge, Maaaachuaetu 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 a costly operation. Therefore, developing a 
better undemanding of the fundamental scientific principles of CHC 
combustion is important 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 enisling 
combustion facilities such as rotary kilns, fluidised beds etc., mainly under the 
auspices of the U.S. Environmental Protection Agency (EPA). Except for specific 
operating guidelinca, these tests did not produce any fundamental data on CHC 
combustion.

2. The fundamental combustion characteristics of a number of CHC were studied 
mostly due to their flame inhibition characteristics. However, because chlorinated 
hydrocarbons are not as powerful as other halogenated species as inhibitors, they 
were not studied thoroughly.

il
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41 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 a 
number of proprietory designs and catalyst formulations for catalytic 
combustion of CHC.

Despite the lack of sufficient prior work in the literature, available 
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 undemanding of the chemical rates 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 
incomplete understanding of the chemistry involved, i.e., 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„HyClt (where x - I, y = 1 and z = 3 for CHClj), the 
overall combustion stoichiometry can be defined for y > z by:

C.HjCI, * (x ♦ Oj » xCOj ♦ iHCl ♦ H;0 (I)

For CHC compounds in which y < z, the formation of molecular 
chlorine must be considered as:
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C.HjCI, * xO, = xCO, ♦ yHCI ♦ i-ll a, (2)

In practical operations, the formation of CI2 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, ♦ JOj * CO, ♦ 2H,0 (3)

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

H,0 » O, * 2HCI ♦ 0.5 O, (4)

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 H20) 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,H).CI, . 1 CH4 (i- ♦ x ♦ 0, ■

(x ♦ j) CO, • rHCI ♦ (-j- ♦ H,0 (5)

where R « CHC-to-methaiu 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 1 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 (6) of the fuel-oxidant mixture, frequently defined as the ratio of 
actual to stoichiometric fuel/oxvgen ratios. This can then be written for 
Equation 5 as:
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•dual O]

Therefore, for d * I, the actual O] present in the system corresponds to 
the exact stoichiometric oxygen requirements based on Equation 3, and d 
> 1 and d < I correspond to fuel-rich and fuel-lean systems, respectively.

The products of combustion 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 operation of practical 
systems. One cannot examine combustion thermodynamics without due 
regard to the actual chemical kinetics and mechanisms involved; indeed, 
many of the pollutant emissions from incinerators can be traced to rate 
processes rather than thermodynamic limitations.

CHC Chlorine Content, S bjr Wttjht
HONS 004*71
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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. Examples of such pyrolysis reactions are the following:

CCI, * C(.) * 2 Cl, (7)
CH,C1, ' CIO * 2HCI (S)

CHCI, * C(i) ♦ HO ♦ O, (9)
CjHjCI « C,H« * HCI (10)

Table I 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 ean 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.

Toblt I. Bond Dissociation Energies of Compounds Rcbvul to CHC Combustion

Bond Strength 
(kcol/t-moUt 291* K)

Ptrsnt Complex H G

H* 104 103
Cl* 103 58
CHr 104 84
C,Hr 91 81
C,Ht- 93 81
C.H,- 92 81
C.H,- 110 95
C*HjCH,- 15 69
CCI,- 96 73
CH,CO- 86 82
CN- 120 97
OH- 119 50
C,H$CO- 74
CHjCI- 101
CHCI,- 96
C,HCI«- 94
CH-*CH- 108 91
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From a global point of view, the formation of HCI and Cl] would be 
expected to constitute the bulk of the chlorine-bearing species in the com­
bustion products. They are related to each other through the Deacon 
reaction discussed above (Equation 4). It is important to note, however, 
that in practical systems, Cl, concentrations above those predicted by the 
Deacon equilibria have been observed [4].

Depending on the mixture equivalence and H/Cl 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 ♦ Cl, = COCIj (II)

or carbonyl monochloride:

CO ♦ 0.30, ■ COO (12)

Although higher temperatures favor the presence of CO rather than 
C0C1] or C0C1, their potential production in chlorine-rich systems 
cannot be ruled out. Many CHC in mixtures with air have been shown to 
yield C0C1] readily in the presence of Fe, Cu, Zn and A1 catalysts at rela­
tively low temperatures [3], Carbon tetrachloride yields COCIj at a 
temperature as low as IOO°C in the presence of iron, while CHC1}, 
C2HC1j, CjHsCIj, C}CU have given recognizable amounts of phosgene 
around 300* C.

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

CM ♦ O,* 2 CCKs) (13)
o.sc,(i) * a, * cam) <ui

However, the products of Equations 13 and 14 can be converted to other 
species with the formation of HCl:

CCK») * H,0 * HCO ♦ HCI (15)
CCljts) ♦ H,0 « HCOC1 * HCI (16)

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-weighl pollutants as an integral part of an incinerator design 
and operation. In particular, combustion of CHC has been reported to 
have the potential to produce chlorinated dioxins, most notably the 
2,3,7.8-tetrachlorodibenio-p-dioxin (TCDD) [6,7], The exact conditions

HONS 004473



COMIUSTION CHARACTERISTICS OF CHC «7

under which chlorinated dioxin compound! 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 chlorinated 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 pollutants 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 4> from I decreases the flame tempera­
ture and therefore the rates of combustion, resulting in potential 
operating difliculiies. Third, the use of excess air will decrease the energy 
utilization efficiency, ft 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:

Clj * O, * 2CIO (17)
a, ♦ 0.50, = ci,a us)
0.5CI, ♦ O, • CIO, (19)

Additional chlorine reactions may involve the following:

co, ♦ a,« co ♦ a,o <»»
H-0 ♦ CIO « HOCI « 0.5H, (21)
H,o ♦ a, * Hoa ♦ ho (22)
Ha * H,0 « Hoa - H, (23)

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:

h ♦ Ha * h, ♦ a <24)
a ♦ hci * h * a, (25>

a, * a ♦ a (26)
HO * H ♦ C] (27)
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Dissociation of HC1 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 [8J.

Principal radical reactions also involving oxygen include:

a ♦ 0: « ClOj (28)
a ♦ CIO] • 200 (29)
O ♦ ClOj *00-0} (30)
0 ♦ CIO * 0-0, (3D

2ao * a * ao, (32)
200 * CljOj (33)

HO ♦ Oj » a ♦ HO] (34)
a ♦ HO, * HO ♦ 0, (35)
H - aO] * 00 ♦ OH (34)

Furthermore, some of the reactions that include carbon are:

O ♦ COO « CO ♦ 0, (37)
O ♦ CH, • HO ♦ CH, (38)

H ♦ CH,Q * HO * CH, (39)
0 * CH,Cl < CHjCl ♦ OH (40)

OH - CHjO > CH-O ♦ H.0 (41)
oh ♦ ca, « ca, ♦ hoo (42)

It should be remembered that the equations presented above are meant 
to illustrate some of the possible reactions in which chlorine and chlorine­
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 H2, to develop a better 
understanding of the CHC combustion process.

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

ao ♦ no * a ♦ no, (43)
era ♦ no, * oono, <44>

no ♦ a * noo (45)
2NOO * 2N0 ♦ O, (46)
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a ♦ Noa * no ♦ a, «7)
Ha ♦ NO, * HNO, * Cl (41)
NO ♦ CIO, * NO, ♦ ao (49)

NO, ♦ ao, « NO, ♦ CIO (50)
CH,a ♦ NO, « CH,C1 ♦ HNO, (51)

Ha ♦ NO, « HNO, « Cl (52)

Oearly, 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 II for the legend), together with some of 
the reactions that are 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 two-stage combustion under certain condi­
tions, it is relatively rare to find them at atmospheric pressure. The 
presence of two-stage combustion in CHC systems can probably be 
attributed to the relatively less strong GO bond in these compounds (see 
Table I). Low-temperature flames are then probably initiated by the 
formation of O radicals by pyrolysis, and then sustained by sets of chain 
reactions involving a degenerate branching step [9].

Because the C-Q bond is relatively weak, it is not surprising that 
chlorinated compounds promote low-temperature oxidation rates of 
conventional hydrocarbon systems when they are mixed together. Many 
CHC not only increase the preflame combustion rates of non-CHC, but 
they also 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 flame inhibitors, as they suppress
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Figure 2. Equilibrium constants for ructions relevant to CKC combustion (set 
Table 11).
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Table II. Reaction of Inlarcet la CHC Cbmkuatloa

Carbon Reaction [3]

1. O.JC^f) • C(.)
2. C(f) » Oil
3. C ♦ 0.30, » CO
a. C ♦ 0.3N, • O.JCjNj 
1. C ' 2H,0 a CO, « 2H,
4. C ♦ H,0 « CO ♦ H,
7. C ♦ CO, * 2CO

Nitrogen and Oyagen Reaction! [2]

13. O, a 1.30,
14. 0.3N, ♦ 0.30, a NO 
17. NO ♦ 0.30, a NO,

Sulfur Raaetiona (2]
21. OJS^f) a S(l)

21 SO, • SO r 0.30,
22. SO, a 3H, a H,S ♦ 2H,0

Radical Rcactioni with No Chlorine [2]
27. C » 0.3N, a CN 
21. CHe • CH, * 0.3H,
29. 2N ■ N,
30. N • 0 » NO
31. 20 • O,

Chlorine Reaction*

34. COO, « CO ‘ Cl,
37. COCI • 0.30, ♦ CO 
31. 2HC1 • H,0, • 2H,0 ♦ O,
39. CCle • C ♦ 20,
40. C,0, » 2C ♦ Cl,
41. CjCle » 2C ♦ 20,
42. C:C1» a IC • 30,
41. 2C ♦ O, a ICO
44. C * O, a CO,
45. 0.30, * 0.30, a CIO

I. CO ♦ 0.50, » CO,
9. CO ♦ HjO ■ CO, a H,

10. CHe a C a 2H,
II. Q.3C,H« « C a H,
12. HCHO a CO a H,
13. O.SC,H, a C a 0.5H,
14. I/J C,0, a l/J HjO a CO ♦ 1/3 H,

II. NO a 0.5N, • N,0
19. H, a 0.30} a H,0
20. 0.5N, • I.3H, • NH,

24. 0.5SO, ♦ 2/3 H,S » O.JS^g) 
a 2/3 H,0

23. HjS * HS ♦ 0.3H,
24. CO ♦ H,S * COS a H,

31 2H a H,
33. 0.5H, ♦ 0, * HO,
34. OH * O « HO,
35. OH a 0.5H, a H.0

44. 0.50, a 0, a CIO,
47. CO, a a, a CO a CI,0
41. CHjO] a H,0 • HCHO a 2HC1
49. O, a 20
30. HCI a H a Cl
51. H a HO a a ♦ H,
si h a a,« a a hcl
53. a a CH4 • HO ♦ CH,
54. a a CIO, a 200
33. O a CIO, a OO a 0,
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combustion rates at elevated temperatures, i.e., 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 converts 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 - O, - OH • O (JJ)

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 - HO (34)
HCl * H - H, ♦ a (35)
a, ♦ h - ho ♦ a <s«)

CHjCI ♦ H - CH, ♦ HQ (57)
HQ ♦ OH — HjO ♦ a (31)

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 detail. Although these topics are highly interrelated, they 
will be discussed in separate sections to enhance the presentation of the 
important features involved in the combustion of CHC.

Chemistry and Kinetics 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-iuge combustion phenomenon is frequently discussed in the 
tame context with “cool flames.'The underlying principles are probably 
similar, however, the relative temperature ranges can be quite different.

The general feature of two-stage combustion is that although an explo­
sive reaction occurs during the first stage of combustion, it falls short of 
proceeding to completion. Instead, the reaction is self-quenching, and a 
fraction of the total available enthalpy of combustion is released. Analysis 
of the intermediate products in non-CHC systems showed the presence of 
peroxides and aldehydes. 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 circumstances, the first stage terminates in 
complete combustion, l.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 diagram is shown in Figure 3. Regions to the right of the

Fiftire 3. Combustion phenomena associated 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 although there is 
an appreciable temperature increase along the first stage, the reaction rate 
docs 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 chemical 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 chloride at temperatures above 300* C in static and flow 
systems, discovered that the overall stoichiometry of the reaction tended 
to be:

CHjCI, ♦ O.JO, * CO ♦ 2HC1 (39)

but the products also included C02, H20, C2H2CU, C2HC12, C2C1«, 
C2H2C12, CHCIj, CCU, HCHO and Cl2. They noted the similarity of 
CH2C12 combustion to pyrolysis and suggested the following reaction 
mechanism:

CHjClj ♦ Cl - CHCIj ♦ HO (60)
[primary chain]

CHCIj ♦ CHjCI, - CHC1CHCI ♦ HCt ♦ Cl (61)

CHGCHC1 ♦ 02 - HjO ♦ CO ♦ CO, (62)
. [deecncratc branching]

CHCICHCI ♦ a - CjHCl] * HO (63)

CjHQ, ♦ Oj - 2CO ♦ Ha ♦ a (64)

ca, ♦ CH,a, - 2CHC1, <63)
CH,C1, ♦ HjO < HCHO * 2Ha (66)

wall wall
2CHjai - CHCljCHGj - CHCICCI, ♦ HCI (67)

[chain termination]
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Will
2CC1, - C,C1, (61)

It was also suggested that CHCQ 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 steps, 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 C2CI4 and HCHO, it fails to provide an explanation for the 
formation of species such as COG] and CIO under fuel-lean conditions. 
At 533*C, the maximum reaction rate was correlated with:

-^ICHsCld k[CHjClJi[OJM <*»>

A somewhat similar reaction mechanism involving simple inter­
mediates was postulated by Kaesche-Krischcr [15] for two-stage com­
bustion of CHjQ] and C]HC1). Accordingly, CHjClj combustion 
involved:

CHjCl, ♦ 0, - COj ♦ Hj * a, Am sup (70)

H, ♦ Clj - 2HC1 second step (71)

Similarly, two-stage combustion of trichloroethylene was postulated to

CjHClj ♦ 20i - HC! ♦ CO, ♦ CO ♦ CKO firn step (72)

co ♦ ci,o - co, ♦ ci. second sup (73)

Obviously the reactions demonstrated in Equations 70 to 73 are far from 
being elementary reactions. The simple oxidation mechanisms suggested 
above arc highly unlikely, in view of fast Hj-Gj and CO-Cl2 reactions. In 
the absence of any oxygen CHjGj quantitatively decomposes to C and 
HC1 as:

CHjCl, - C(l) » 2HC1 (74)

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 to CHjClj were postulated, with provisions 
made for the formation of higher CHC compounds such as:

CjHjCi, ♦ a - c,hci, ♦ ho <75)

CjHa, - c,Ha, ♦ a (7s>

C,Ha, ♦ a - CjQj ♦ HO (77)

CjOj — CjO, ♦ Cl (7B)

(Cjaj - (c«a«).(c»aj (7»)

Chlorine-photosensitized oxidation of trichloroethylene has been 
studied by Huybrechts and Meyers [17] at low temperatures and the
following reaction mechanism was proposed:

C’HOj * 0.50] » CHG]C0G [overall reaction] (10)

light
aa • za (ti)

a * C,HO, - CjHa, (S2)

CjHCla ♦ a, - CjHCj ♦ a (13)

CjHCl, ♦ O]' - CjHa.O, (14)

c,Ha,0] ♦ C]Hci« - c:Ha40]C:Ha, (uj

2C2HCI4O] - C]HC10,C,Ha. ♦ 0] (06)

or

2C]HCUO] - :C]HC1«0 ♦ O] (17)

C-HCUO - CjHQjO * a (SS)

C;HQ4 — termination (17)

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 simultaneously under actual 
incinerator operating conditions.
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As discussed above, CHC combustion involves many reactions, in 
series and in parallel. Although the specific reactions present in a given 
system may be difficult to 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 
actual combustor performance. Indeed, with respect to conventional 
hydrocarbons many compilations of such reaction sets exist [20,21]. Rate 
constants for various elementary reactions involving chlorine are given in 
Table III. These are mainly compiled from Kondratiev [21] and Baulch 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, Mo and W 
were reported to convert CHC compounds into combustion products in a 
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 as their relatively higher oxidation rates compared to conventional 
hydrocarbons, 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 dear, however, that reactions 
involved 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 (u»), 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

HONS 0QAi*8<*



Tafclt III. Rill ComUnls for Reactions Involving Chlorine [k « AT" iifi-E^RT) cmVmol»*tc] ^

Temperature I
Rm|i 9

RtuOon •»li*A n E. (*»>
90 IICI ♦ M - II ♦ Cl ♦ M 111! 0 71 1600-2100
91 O ♦ IICI - Oil * Cl 12.14 0 6.7 291-720
91 II * Cll,Cl, - IICI « Cll,Cl 13.04 0 6.1 294-440
9J II ♦ Cl, - IICI ♦ Cl 13.0 0 2.2 300-1100
94 II ♦ IICI - II, ♦ C) 13.4 0 4.3 294-1000
93 ii ♦ cio — on ♦ ci 111! 0.68 4.1
94 II ♦ CIO - IICI ♦ 0 12.77 0.67 13.
97 II • CCI, - IICI • CCI, 11.34 0.S 3.45
n II ♦ Cl ♦ M — IICI ♦ M 17.94 -1 0
99 Oil ♦ IICI - Cl • IIjO IZJS 0 1 200-500

100 Cl, ♦ M - Cl ♦ Cl ♦ M 13.37 0 46.9 1330-nat
101 Cl ♦ Cl ♦ M — Cl, ♦ M I4.J] 0 >1.1 195-520
101 Cl » O, - CIO ♦ 0, 13.17 0 0.4 100-400
I0J ci * cio, - cio ♦ cio 13.34 0 0 290
104 O ♦ Cl, - Cl ♦ CIO 12.40 0 1.7 174-401
103 O ♦ CIO — Cl ♦ o, 13.74 0 0.36 200-500
104 CIO ♦ CIO - prod veil 12.1 0 1.6 295-400
107 NOCi ♦ M — NO ♦ Cl ♦ M 13.11 0 32 400-1300
101 Cl ♦ COCI - CO ♦ Cl, 13.11 3.3 300-400
100 o • cii,a - oil ♦ cii,a 13.23 0 7.93 333-949
no o ♦ ecu - coci, ♦ a, 10.23 0 4.5 274-370
in O ♦ Cll, * CICIIjCI - 1 IICI ♦ CO ♦ Cll, 13.01 0 5.3 333-473
112 a ♦ ii, - iici ♦ ii 13.9 0 3.3 294-1000
in a ♦ cii, - iici ♦ cii, 7.04 1.97 1.5 200-300
114 a « c,ii» - iici ♦ c,n. 14.1 0 0.91 349-340
IIS Cl ♦ Cll,Cl - IICI ♦ cup 13.5 0 3.1 323-432
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116 Cl * ClljCI - Cl,Cl » Cll, 14.0 0 25.1 330-475
117 Cl * Cll,Cl, - MCI • CIICI, 12.4 2.96 273-563
in Cl * Cll,Cl, - Cl, • Cll,Cl 14 0 21.4 360-473
II* Cl ♦ CIICI, - IICI * cct, 12.14 0 3.35 266-593
120 Cl • CCI, - Cl, ♦ CCI, 13.93 0 20.0 303-423
in ci • c,ii,ci - iici ♦ ciijcicii, 13.05 0 1.5 301-435
in a ♦ c,n,a - iici * c,ii,ci 13.51 0 1.50 273-469
m a * c,n,a - iici « cii,ciici 11.35 0 1.40 301-433124 a • c,ii,ci - a, ♦ c,ii, 14.3 0 21.5 105-455
in a * c,ii,ci - iici ♦ c,n,a ii 0 3.0 654-740
IM a * c,n,a, - tin • ciijcci, 1195 0 1.9 121-421
127 a • c.u.ci, - iici ♦ cii^iici, 13.00 0 3.4 303-458
IK Cl • C,II,CI, - lid ♦ CIICICHjCI 13.10 0 3.1 121-432
129 Cl ♦ C,II,CI, - Cl, * C,II«CI 14.3 0 21.3 303-456
IN a » cii,cci, - iici ♦ c,n,ci, 1140 0 3.6 121-421
111 a ♦ citcijciijci - iici ♦ cci^h^i 1195 0 1.1 121-421
IM ci ♦ ciijciciici, - iici ♦ ciicicHa, 11.3 0 3.7 333-413
IM ci * c,n,a, - ci,c,ii,ci, 14.3 0 20.6 121-421
IM a ♦ cii^tca, - iici ♦ cncica, J2J0 0 3.55 323-423
111 a ♦ ciici,ciici, - iici * c,ua. 1110 0 3.4 321-431
IM Cl • C,II,C1, - MCI • C,IICI, 13.1 0 3.3 323-436
i» a « cjci, - a, ♦ c,ci, 14.3 0 19.5 160-460
IM c,u,ci - c,ii, ♦ ci 16.9 0 23.6 160-400
IN c,n,a, - c,n,a ♦ ci 21.5 613-751

4
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M 1NC1NEKAT10N AND WASTE MANAGEMENT

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

Burning velocity can most easily be related to the rate of combustion 
reaction by considering one-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 us can be obtained 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:

Us1
2ACpA T, 

0.L1 T,
txp [*E/RTfJ. (or » fim-ordcr reaction 0*0)

exp (-E/RTJ, (or a second-order reaction

where

1
L > 
E < 
A •

T-T,

thermal conductivity 
specific heat 
unbumt (as density 
heat of combustion 
activation energy 
rate preexponcnlial (actor 
initial concentration
initial and fiame temperatures, respectively

(Ml)

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, sueh 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 fiame 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 fiame 
zone [25], The burning velocity can then be given by the following 
expression:
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UfcJ , k, n >, D„
(Mi)

Here, kj it the specific rate, which can be considered to have an Arrhenius 
temperature dependency, resulting in the following expression for u^

u,' ~ up I-E/RTrJ (M3)

Equation M3 is of the form shown in Equations 140 and Ml, 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 zone 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 frequently, 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 to 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.e., inert nitrogen content is decreased) the 
flame temperature also increases due to decreased mixture heat capacity.
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11 INCINERATION AND WASTE MANAGEMENT

Figures 4 and 3 show how the burning velocity of CHjCl and CHjClj vary 
as a function of the mixture equivalence ratio, with the oxygen content of 
the air 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 negative effect of 
chlorine content on the burning velocity. It is important to note that for 
atmospheric air (21% OJ, burning velocities are extremely low (leu than 
10 cm/sec), which may result in flame stability problems. Both CHClj 
and CQ< failed to produce a stable Bunsen flame even when pure oxygen

Figure 4. Burning veioeuie* of CHjCl jo oxygen-enriched tir [30].
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Figure S. Burning velocities of CH-Gj in oxygen-enriched tir [30].
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was used, thus indicating burning velocities to be lower than those 
obtained for CHjCI and CH2CI2.

The burning velocity of trichlorethylene is shown in Figure 6. Unlike 
CHjG and CH2G2, C2HCIj does not have as sharp a peak in burning 
velocity. In fact the equivalence ratio seems to influence ub 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 chlorinated methanes 
and HG inhibited the burning velocities of propane/ air mixtures when 
present in quantities less than 196- They concluded that the order of 
effectiveness in reducing the burning velocity was HG < CHjG 
< CH2G2 < CHGj < CCU (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%.

Fituri t. Burning velocities of CjHC], in oxygen-enriched sir [15].
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Finn 7. Inhibition of propane-air noma by various chlorinated compounds [31].

They reported in order of inhibition effectiveness similar to that of 
Gamer 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 chlorine content of the CHC compound 
is increased for a given equivalence ratio. Furthermore, as the chlorine 
content of the CHC is increased, the resulting ub vs <t> 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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Mistw* Iqw4#

Flgura I. Burning vtlodtio of CHjD/CH^sir 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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Fiflirt I. Burning velocitiat of CHjClj/CH,,«ir 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 Cl2 or CCU increases the amount of premixed 
air required to suppress carbon formation in benzene/ air and kerosene 
mist/air flames. Gamer et al. [31] studied the effects of additives, such as 
CHjCl], CHCIj and CQn. on the sooting characteristics of n-heptane/ 
and methylcydohexane/air diffusion flames, and concluded that as the 
proportion of chlorine in the additive molecule is increased, so is the 
effectiveness of the compound in promoting the rate of soot formation. 
Carbon formation in premixed chlorobenzene air flames was investigated 
by Scully and Davies [36], who reported higher soot yields from the 
chlorobenzene 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 1.7,
1.73 and 1.73 for chlorobenzene, chlorotoluene and benzylchoride, 
respectively. In comparison, the critical O/C ratios were 1.7S for benzene 
and 1.71 for toluene.
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The sooting ispecu of CHC end their influence on the behavior of 
conventional hydrocarbon* it 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 to 
two relevant events: (I) 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 ethylene* 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 (4J in accordance with the combustion stoichiometry shown in 
Equation 3.

The negative sloping trends of the data are consistent with the 
nonsooting aspects of methane-air mixtures (R = 0.0) and the expected 
tooting characteristics of the CHC. At low CHC/methane ratios, all 
chlorocarbons appear to induce soot at about the same equivalence ratio.

Fl|ure 10. Sooi formation limits of chloromethanes in methane and air.
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Ftfttri H. Soot formation liroiu of chlorocthylenci in methane and air.

However, as the mixture is made proportionally 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 to be proportional to the 
chlorine content of the compound. The higher the chlorine substitution in 
a given series, the lower the critical equivalence ratio at which soot 
formation is first observed.

The results arc 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, 0 and H radical scavenging charac­
teristics of chlorine and chlorine-bearing compounds in the early stages of 
the flames are all 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 is clear that chlorine-bearing compounds promote boih 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 to 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 to 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 paniculate 
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 overlooked.
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CHAPTER 4

IMPACT OF THE RESOURCE 
CONSERVATION AND RECOVERY ACT 

ON THE DESIGN OF 
HAZARDOUS WASTE INCINERATORS

John N. Clark and Jama* J. Cudahy

IT Enviroaeicnct 
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 [2J], Between 1981 and 1985, possibly 
50-100 new industrial and commercial HW incinerators may need to be 
designed and insulted to meet the disposal pressure caused by RCRA [2], 

Subtitle C of RCRA requires “cradle-io-grave”accounttbility for HW 
materials. Wastes will be tracked and regulated from their generation 
point through storage, transportation, and final treatment and/or dis­
posal. One of the key Subtitle C sections is Section 3004, “Sundards for 
Owners and Operators of Hazardous Waste Treatment, Storage and 
Disposal Facilities.” This section includes sundards 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.

93
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SUBTITLE C HISTORY

The proposed Section 3004 incineration regulations, first published in 
the December 18, 1978, Federal Register [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 particulates. 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 
[3], the incineration performance and design standard approach had been 
replaced with a proposed three-phase regulatory program.

The May 19, 1980, Phase 1 standards were interim status standards 
(Part 263), which regulated the operation of existing HW incinerators. 
The general requirements for incineration in Pan 263 basically involve 
improving existing incineration facility operating procedures. Some of 
the required improvements involve stanup, waste analysis, monitoring 
and inspection. The intent of the interim sutus sundards was to 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 II incineration regulations.

Phase II incineration sundards 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 sundards 
involve principal organic hazardous constituent (POHC) destruction, 
exhaust gas HO removal and maximum particulate emission limiution.

The Part 264 sundards 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 associated 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 initiate new 
rulemaking for existing HW incinerators [3]. In the meantime, existing 
HW incinerators will be regulated by the Part 263 interim sums rules[6].

The Phase III HW incineration standards are to be based on an 
extensive evaluation of trial burn data from new and existing incinerators.
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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 HI regulations will be issued only when adequate technical 
support for these standards can be established firmly. Establishing the 
technical support data for the Phase HI standards could take five or more 
years of intense development activity.

A regulatory impact analysis (R1A) is now being compiled for the Part 
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 II regulations. These changes may incorporate risk assess* 
mem procedures and the use of risk assessment procedures to 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 points of these 
standards, summarized in Table I. have had significant impact on the 
design of HW incinerators.

Tibls I. Summary of Ptrfortnanct Standards from Part 264 of tba RCRA 
Hazardous Wasta Incuwralioa Rafuialloas (d)

StCtiM Standard/ Crltarta Requirements

264.343* POHC DRE POHC destruction of 99.99% by weight basad on waste 
POHC feed rates and combustion gas POHC emit* 
lion rate measured after air pollution control 
equipment

264.343b HO removal 99% HQ removal required when incinerating 
hazardous waste containing more than 0.3% 
chlorine

264.343c Paniculate amission Paniculate emissions after air pollution control 
equipment must not be greater than 0.09 gr/dsef 
when corrected to 12% CO;
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Continuous measurement of the concentrations of POHC, HQ and 
particulates in a suck gas is currently beyond the sute-of-lhe-art. 
Therefore, compliance with the performance standards given in Section 
264.343 can only be measured during a trial bum by using esublished and 
newly developing suck sampling techniques.

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

Tallit II. RCRA Trial Rum Requirements [4]

Trial Bum Phut

Trial bum plan must include:
Analysis of wastes (hat of combustion, viscosity. Appendix VIII constituents) 
Detailed description of incuteretioa system 
Detailed trial burn teat schedule
Detailed trial burn test protocol (relevant test parameter variation)
Description of emission control equipment end operating conditions during trial 

bum tests
Procedures for rapid waste shutoff and incinerator shutdown during test 

burn equipment malfunction

Trial Bom Review and Approval

Possible EPA request for additional information 
EPA determination of:

POHC
Trial burn plan is likely to achieve objectives
Trial bum will not present imminent hazard to humans

Trial Bum Testing/Analytical Requirements 

POHC and organic chlorine waste feed
Exhaust gas emissions of POHC CO), CO, HQ. paniculate and hazardous combustion 

by-products
Quantitative analysis of scrubber water, ash residues, and other residues for POHC
POHC mass balances
Calculation of POHC DRE
Calculation of HO removal efficiency
Computation of paniculate emissions
Identification, sources and control of fugitive emissions
Measurement of everage, maximum and minimum temperatures and air feed rates 
Continuous measurement of CO in exhaust gas .
Certification by applicant that test results and submissions were performed as per the 

approved test bum plan
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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 bums, are to be selected by the EPA permit writers from the 
RCRA Appendix VIII constituents present in the wastes to be incinerated 
[6]. Appendix VIII is a list of about 370 organic and inorganic hazardous 
chemicals flrst published in Pan 261 of the May 19, 1980, Federal 
Register [5]. The Appendix VIII constituents have been defined by the 
EPA si substances that scientific studies have shown to have toxic, 
carcinogenic, mutagenic or teratogenic effects 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 VIII constituents are chemieal 
groups such as isomen or nits. For example, the constituent listed as 
chlorinated benzenes represents all the possible 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 feed 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 VUI 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 each POHC designated by 
the EPA permit writer, although the number of Appendix VIII con* 
stiiuenu that will be designated as POHC is not specific in the regula­
tions. The DRE during the trial bum is determined for each POHC 
according to:

DRE « —R——sat x 100%
Wi« O)

whtrt * mm feed rate of a POHC in the wen* stream feeding the incinerator
* man emission rate of the same POHC present in exhaust emiuions before 

release to the atmosphere
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Ai can be teen from Equation I, each ORE it bated on the weight of feed 
rate of each POHC into the incinerator and the emittion rate of each 
POHC in the HW incineration combustion gat 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 suck 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 
eleetrosutie precipiutors or baghouses), uncombusted POHC that arc 
adsorbed on soot and particulate will be removed from the combustion 
gas along with the paniculate collected by the APC equipment.

Considerations Related to 99.99% DRE

There are many complex considerations associated with the design of 
hazardous waste incinerators so that a DRE of99.99% 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 important. 
These two important criteria, however, are only part of the design, and 
attention to time and 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 a HW incineration to incor­
porate both turbulent mixing and flame contact is important.
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In addition to the consideration* 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 uncombusted 
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, 1981, 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 incinera­
tors must therefore have some idea of the TOS of different Appendix VIII 
and other chemicals during the design process.

EPA has recommended heat of combustion as a TOS indicator [12], 
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 Shaub point out that, according to the heat of combustion TOS 
indicator, acknowledged 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 13 chemicals with 
various parameters such as the autoignition temperature (AIT) and the 
heat of combustion [12]. Table III summarizes the results of the statistical 
analysis. The laboratory DRE data were expressed as T99.99/2, the 
temperature necessary to achieve a 99.99% DRE for a particular chemical
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Tabla III. Ramin o< Uocm tUir-tow Analjrala (of Conflation of T .99.99/2

X Parameter Y Parameter

<*>
Correlation
Coefficient R>

Autoi»niiion Temperature (*C) T 99.99/2 0.94 0.88
Ionization Potential (<V) T 99.99/2 0.80 0.64
Heel of Ion Formation (kj/mol) T 99.99/2 0.74 0.33
Molar Heal of Combustion (J/mol) T 99,9912 0.62 0.38
Activation Energy (U/f-mol) 7 99.99/2 0.42 0.19
Heat of Combustion (J/g) T 99.99/2 0,39 0.13
Filth Poinl (*Q T 99.99/2 0.22 0.03
H«ai of Forma lion g> 291* C (kJ/mol) T 99.99/2 0.21 0.04
Free Energy 9 298*C (kJ/mol) T 99.99/2 0.08 0.006

TaMt IV. Approximate ONo of TOS Accorglnt to AIT lot Variant NoauabatUaM 
Organic FandSaa

Family Bull TOS
Polynuclear Aroma lica Naphthalene Highest
Biphenyie Biphenyl
Aromatice Benzene
Aromatic Ring N Pyridine
Met ha ms Methane
Sliaishl Cham Paraffin Ethane
Straight Chain Okfini Ethylene
Hydrazines Hydrazine Lowest

at a 2-sec residence tine. The T99.99/2 was calculated based on 
laboratory-derived, first-order kinetic constants, assuming Arrhenius 
temperature dependence for the reaction rate constant.

As can be seen from Table III, 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 nameless combustion. However, because of the 
lack of T99.99/2 data under flame combustion conditions, the validity of 
AIT ai 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 VIH 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 af Group Substltutioii on Thermal OaMallon SlakOHjr

Croup Substitution

Thermal Oxidelioa Stability

Hi|k Mttiium Low

F. Cl X

O
II

Br. CN. CNO, OH. NH,. C-OH, K X X

CH,. NO, X
0
II

C,H,. C-O-C OCH,. C,S. SO< X

enough to define more clearly the impact on TOS of the seven groups 
classified as high and medium. As a general rule, except for chlorination, 
multiple substitution appears to lower TOS. Halogenated organics are a 
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
[II]:

1. Chlorinated eromttics such si chlorobenzene, PCB and chloronaphihelens 
appear to have the hishest TOS values of any of the Appcndie VIII 
constituents.

2. Halosen substitution seems to increase TOS in the followins order 
F > a > Br.

3. Halofenetion docs not increase the 'I OS of all organic compounds. 
Halogenaiion of straighMhain olefins, for example, may result in a TOS
decrease.

4. For aromatic compounds. TOS appears to increase with increasing halogen 
substitution up to maximum halogen substitution.

Table VIsumma riles the published AIT values for organic Appendix 
VIII constituents [14,13], 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.

HO Removal (Section 264.343b)

According to RCRA, an incinerator burning HW containing more 
than 0.3% chlorine must remove 99% of the HC1 from the exhaust gas [6]. 
For HW incinerators that are fed waste profiles containing organic
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Tafclo VI. AIT Vclmo of Appoidlx VUI ComUliKfiti (10)

Phenol 715.
Dichloromethane 662.
o-Dichlorobenzene 641.
Chlorobenzene 6.U.
Diphenylamint 6.14.
Chloromethane 632.
Hexachlorobutedienc 61*.
Aniline 615.
Resorcinol 601.
Cresylie Acid 500.
Benzyl Chloride 513.
Phthelic Anhydride 5M.
1.2,4-Trichlorobcnzene 571.
Acetophenone 570.
Creaol 550.
2-Chloronaphthalene 551.
I ,2-Dichloropropenc 357.
Dimethyl Pkihtlou 356.
Formic Acid 530.
Hydrocyanic Acid 53S.
2-Pieolinc 531.
Bromoomhane 537.
Nephiholene 326.
Acetonitrile 524.
Acrylamide 524.
Methyl Ethyl Ketone 515.
Benzene 401.
1.1,1 •Trichiorocthane 486.
Nitrobenzene 482.
Toluene 462.
Pyridine 482.
Acrylonitrile 481.
Melcie Anhydride 477.
Vinyl Chloride 472.
1,1-Dichlorocihenc 458.
Vinylidene Chloride 458.
U j-Trichlorocthcra 457
Ethylene Oxide 42».
leobotyl Alcohol 427.
Formaldehyde 424.
Methyl Methacrylate 421.
! .2-Dichloroethenc 413.
Epichlorohydrin 41!.
Trichloroethylene 410.
Di-fi-butyl Phthalatc 403.
Acetyl Chloride 390.
Allyl Alcohol 378.
Creosote 336.

HONS 004509



IMPACT OF RCRA ON INCINERATOR DESIGN I0J

T.W. VI, toMlna.4

Ethyieneimine 322.
Propyl Amine 31$.
) .2,3*Trichloropropane 304.
Acrolein 27$.
Nitroglycerin 270.
Hydrazine 270.
Hydrogen Sulfide 2M.
Nicotine 244.
Paraldehyde 23$.
BentotrrcMoride 211.
Crotonaldchyde 207.
Methyl Hydrazine 194.
Dimethyl Sulfate ]$$.
Acetaldehyde IS S.
1.4-Diosaiie 110.
Phosphine 100.
Carbon Disulfide 90.

chlorine level* 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 HQ removal data for eight full-scale chemical waste 
incinerators. Seven of the eight achieved 99% or greater HQ removal 
efficiency, and the eighth system came close [16].

The HQ 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 I832*F, 145% excess air and incinerating
0.50 wt % organic chlorine will not be required to wet-scrub HQ and will 
produce a combustion gas containing about 130 ppm, of HQ. The same 
facility incinerating 0J1 wt % organic chlorine will, however, be required 
to wet-scrub the combustion gas to a suck level of 1.3 ppm, of HQ. 
Typical water scrubbing systems can generally get down to a measured 
level of about 20 ppm, of H Q. Demonstrating removal of HQ 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 precipiution and plugging of equipment. For these small 
systems, an HQ emissions limiution based on stack concentration rather 
than removal efficiency makes more sense.

For systems with higher waste organic chlorine contents, the 99% 
performance sundard is readily achievable. The main impact of the HQ
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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 2i4J43c)

The January 23, 1981, HW incineration regulations include a particu­
late emissions limitation performance standard [6]. This standard states 
that an incinerator burning HW must not emit particulate matter 
exceeding 0.08 gr/dsef when corrected to 12% carbon dioxide (CO2). 
Particulate concentrations in the exhaust gas of 0.08 gr/dsef corrected to 
12% CO2 are achievable. To be met consistently, however, careful waste 
characterization, feed control, flue gas preconditioning and selection of 
the optimal gas cleaning and mist elimination systems are required. 
Venturi 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 efflciences.

In the January 23, 1981. particulate performance standard, no detail is 
given on how CO2 should be determined for particulate correction. This 
important area needs clarification because of the possibility of CO2 
absorption in alkaline wet scrubber solutions before exhaust gas 
sampling. Since sampling of hot combustion gas for CO2 is complex and 
hazardous, sampling after the wet scrubbing system is recommended if 
reliable CO2 exhaust gas concentrations can be determined. An example 
is given below to illustrate the importance of correct CO2 determinations. 
For accurate CO2 sampling (6% CO2 * correct value)

0.04 jr 12% 0.0S {r
----------x---------* ----------- corrected 10 !29cCOj (2)

dsef 6% dtef
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For inaccurate COj determination (5% CO} - incorrect value)

0.04 it 12% 0.096 It
----------X « ------------- corrected to 12%COj (3)

dsef 5% dsef

RCRA OPERATING AND MONITORING REQUIREMENTS

The January 23, 1961, HW incineration regulations specify monitoring 
requirements that must be performed by a permitted incinerator during 
normal operation [6], These requirements include areas that typically 
have not been monitored during waste incineration and therefore will 
need to be developed by industry and equipment vendors. According to 
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 264.345e). 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 J45b2)

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 VII 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.

Tabic VII. Typical W'asta Cataforics for a HW Incinerator

Primary combustion chamber organic liquids 
Secondary combustion chamber organic liquids 
Aqueous organic liquids 
Solidi/bulk
Solids/drums or fiber packs 
Sludges/bulk
Sludges/dnims or fiber packs
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Air Feed Raft (Section 264J47al)

The January 23,1981, regulation states that the incineration permit will 
have acceptable limits for the air feed rate based on trial bum data. The 
permitted air feed rates must be monitored on a continuous basis (Section 
264.347al) [6]. This operating requirement seems to be concerned writh 
combustion retention time. However, air feed rate is poorly defined and 
must be redefined in a 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 to measure. To alleviate this situation, air feed rate permit limits 
could be replaced by some retention time indicator that could be mea­
sured more easily and would be reasonably simple and accurate. EFA 
could investigate the feasibility of the following directly proportional 
retention time indicators:

• incinerator combunion 111 flowrate,
• major induced or forced draft fen flowrate or motor current, end
• incineration system pressure drop

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

Carbon Monoxide Mosiitoring (Section 2(4.347x2)

Analytical equipment does not exist for the continuous determination 
of specific Appendix VIII constituents in a stack gas. EPA therefore plans 
to monitor the organic destruction efficiency of RCRA-permitted 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 (ND1R) is the analytical method 
referenced by the EPA for continuous monitoring of CO in exhaust gases. 
The analytical method and instruments, however, must be selected 
carefully for operation under the specific waste gas conditions. Other 
analytical techniques, such as gas chromotography with flame ioniation 
detection and electrochemical transducer methods, should be considered. 
The analytical techniques should be considered. The analytical techniques
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should be evaluated relative to the exhaust gas characteristics for the 
following factors:

• pirticulftit interference,
• water vapor interference,
• system durability (resistance to corrosion),
• maintenance requirements, and
• gat sample preparation requirements.

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 gaseous com­
pounds. Among likely candidates are nitrogen oxides, sulfur oxides, 
hydrocarbons, oxygen and CO], Technology exists today to continuously 
measure these compounds in a combustion 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 5

USING SOLIDIFICATION AS A WASTE 
DETOXICATION PROCESS

Robert B. Pojaeek
Roy F. Weston, Inc.
Woburn. Massachusetts 01801

For tome reason, solidification has not widely been thought of as a 
detoxication process. Some may argue that this process simply prepares a 
wane for landfilling in a secure facility. However, solidification has been 
used successfully for waste detoxication for more than ten years. There 
are many feasible solidification processes. These processes are either 
commercially (i.e., privately owned) or genetically available. They can be 
utilized at the waste generation site or at a 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 reawakening in interest for this often misunderstood 
technology.

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

any mctline. technique, or process which is designed to change the physical, 
biolo|icsl character or composition of any huardous waste or to render such 
waste nonhaxardous, safer for transpon, amenable for recovery, amenable for 
storage, or reduced in volume.

Solidification is not a disposal technique. Beyond the physical encapsula­
tion properties that are inherent in most processes, some processes 
chemically bind or “fix' certain inorganic species to the crystalline
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matrix. The quicklime process generates greal heal, 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 are leached from them. These toxics ate then able to 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
ters 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 mailer. Under the present 
regulations, no amount of any treatment can automatically make these 
wastes nonhazardous. The applicant must petition 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 
to an EPA Regional Administrator. The petition must include:

1. petitioner's name and address;
2. statement of petitioner's intrrrtt in the proposed action;
1 description of the proposed action; and
4. statement of the need and justification for the proposed action, including any 

supporting mu. studies or other information.

The information to be supplied under point 4 above constituted the 
major portion of a delisting study. The report should address the 
following points, as specified 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 
genetically hazardous:

1. name and addrtil of the laboratory facility pcrformini the umpling or teati of the 
wanes;

2. names and qualifications of the persons sampling and testing the waste;
3. dates of sampling and testing;
4 loeation of the generation facility,
5. description of the process and feed materials producing the watte and an assessment 

of whether such processes, operations or Teed materials can or might product a waste 
that it not covered by the demonstration;

6. description of the waste and an estimate of the average and maximum monthly and 
annual quantities of the waste covered by the demonstration;

7 discussion (where applicable) of the factors delineated in 40 CFR Part 2*1.11(a)(3);
fi. description of the methodologies and equipment used to obtain the representative 

samples;
f. description of the sample handling and preparation techniques, including techniques 

used for extraction, containerization and preservation of samples;
10. description of tests performed (including results);
11. names and model numbers of the instruments used in performing the tests; and
12. generators certification statement.

EPA has reviewed a number of delisting petitions concerning solidtflca- 
lion 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 regulations 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 its 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 to demonstrate O&M control in five 
critical areas:

!. warn collection and prescreening,
2. waste p re treatment,
3. addition of solidification agent,
4. mixing, and
$. handling and/or disposal

Each of these areas 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 treatment 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 
retarding 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 receives no surprises with respect to waste stream 
characteristics.

Waste Pretreatment

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

Addition of Solidification Agent

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

• cumrn or lilicau-baied,
• linc*buid,
• thermoplastic-based,
• orfuuc polymer-bawl,
• ctrimic-beaed, and
• encapsulation

Each of these processes has its own requirements for addition of the 
solidification agent. A wide variety of different feed equipment is utilized. 
The amount of additive probably will be dictated by cost-effectiveness 
(after meeting the minimum specifications of the EPA structural integrity 
and EP toxicity leaching tests). Other specifications may be required, 
depending 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 situ at 
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 system does not accidentally "freeze up" with 
solidified material.

Handling and/or Disposal

To repeat a statement made above, solidification is not a disposal 
technology. If the end product is sampled and found to be “hazardous." 
the material 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, a landfill designed to a 
lesser specification may be all that is required for proper management. 
There are a 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 aggregate, 
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 treatment. Offsite regional 
treatment offers economies of scale and the possibilities for use of other 
wastes for neutralization and pretreatment. A potential problem is that 
the waste will be mixed with other wastes, and there is the question of 
futu.e joint liability. Wastes must also be manifested u’ith 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 technology vendors operate exclusively in 
one mode or the other. Other vendors operate in either mode, to suit the 
needs of a customer. Legal and economic factors must be weighed 
carefully by the waste generator before deciding W'hich route to take.
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In the tret 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 to 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 waste 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 
unheeded. The public repeatedly asks ihe questions:

• What will be nlcised to the environment when the solidified product is not placed in 
e fully contained landfill?

• How much of each toxic component will be released per unit mass?
• What will happen to the mass and the rate of leaching over lime?

It is easy to become confused over the leaching data submitted to 
regulatory officials by many vendors. Over time, a 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 constant. How is one to compare the data 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 representativeness or 
precision. The American Society for Testing and Materials (ASTM) has 
established a subcommittee of their D34 Waste Disposal Committee to 
look into these questions.

Some progress has been made by .-.STM to examine the leaching test 
and the physical constants that will be necessary to provide answers to the 
first two public questions. However, this process is slow and not 
necessarily directed at providing siting assisunce. Someone other than 
vendors needs to 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 thv treated waste is like cement. The 
layperson is used to seeing cement crack on roads and bridges and will 
strongly 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 
years. Encouragement is needed to bring the technology to the point 
when the public's questions can be answend with endibility. A quote, 
which appeared in the Federal Register (October 8, 1980), sets the tone 
for this movement:

Hazardous waste management is a new and developing field. The relatively 
recent concern with the dangers presented by the disposal of hazardous waste 
hi* spawned new effort* in the scientific and engineering community to 
develop new technologies that arc capable of recycling, treating and safely 
disposing of these materials. EPA wants to encourage innovation in haz­
ardous waste management. In devising regulations, therefore, it is important 
to avoid rigid approaches that stifle the development of new technologies.

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 data on the process 
proposed for each of the waste types or mixtures handled by each facility. 
A detailed O&M manual must be submitted before plant operation to 
serve as an independent chirk of operations by the regulators entrusted in 
monitoring the facility. A concerted effort must be made now to move in 
this direction before the adverse 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-waste 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 complete.

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.

Decontamination of PCB-contaminated transformer fluids continues 
as an active area 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 treatmen' plants are available to treat at the waste site fluids
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containing 100-1000 ppm of PCB. The organometal processes can 
convert the transformer fluid to 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 elevated 
temperatures, has been tested in a pilot plant at a Philadelphia utility. 
Much of the current effort is being directed toward chemical treatment of 
PCB-contaminalcd soil by spraying the reagent on the soil. The results 
and environmental consequences are unclear at this lime. Microbial 
degradation of PCB-contaniinated soils is being pursued by several 
investigrtors.

Brunnellc, of General Electric, reported on a simple, phase transfer- 
catalyxed process for destroying PCB. PCB solutions can be treated with 
small amounts of the methyl ether of polyethylene glycol 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 IOO*C and 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 
technology is available, finally, to carry out the intent of the regulations. 
Also, this area of work demonstrates clearly that many different ap­
proaches can be taken to solving pollution problems.
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CHAPTER 7

FEDERAL POLYCHLORINATED 
BIPHENYL REGULATIONS

Mirprtt VtU« and Glenn Kuntx
U.S. Environmental Protection Agency 
Office of Peetieidee and Toxic Substances 
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 
Department 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 Council 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 to 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 essential applications that involve 
minimal direct human exposure [1],

Once this report was issued, programs aimed at correcting the PCB 
problem were begun. In 1971 Monsanto, the sole domestic commercial 
producer of PCB, voluntarily restricted sales of PCB to “closed-system 
uses," thereby limiting sales to manufacturers of transformers and
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capacitors [2]. Monsanto 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 92-300). 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 feed 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 chemicals is PCB.

Section 6(e) of TSCA specifically requires EPA to regulate the manu­
facture (including importation), processing, distribution in commerce, 
use, disposal anc labeling of materials containing PCB. These mandates 
were implemented in a phased manner, with the marking and disposal 
rules to be promulgated first. Accordingly, in February 1978 EPA 
regulated the disposal and marking of PCB (40 CFR Section 761, Federal 
Register 43:7130). This rule required the marking of many PCB items still 
in service, and set up a system 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 44:31314).

Therearefour “exceptions’* to the bans instituted on May 31, 1979. Tne 
first two are very broad; the remaining two apply only to specific 
situations. First, TSCA applies, by statute, only to those uses of PCB that 
are not considered “totally enclosed." EPA, in the May 31, 1979, 
regulation, considered the following uses “totally enclosed": (I) use 
(except servicing) of intact, nonleaking PCB transformers and PCB- 
contaminated transformers; (2) use (except servicing) of intact, non-
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leaking PCB capacitors. Second, EPA set a standard of SO ppm PCB 
concentration, below which most PCB are 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: (I) servicing of transformers, electro­
magnets and mining equipment; (2) use of PCB in heat transfer systems, 
hydraulic systems and railroad transformers; (3) use as a mounting 
mcd 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:

1. An unreasonable risk of injury to health or the environment would not result.
2. Good faith effort! have been made to develop a chemical substance that docs not 

present an unreasonable risk of injury to health or the environment and that may be 
substituted for PCB.

Activities Sinee Promulgation

Exemptions

More than 400 petitions for exemptions from the prohibitions of TSCA 
Section 6(c)(3XA) have been filed. Approximately 40 of these seek 
exemptions for the manufacture of PCB at concentrations greater than 30 
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 I, 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 submitted 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 good cause as to why the 
petition was submitted after the filing deadline. Of those petitions 
accepted, only those activities that EPA determines were underway before 
the dates the bans went into effect will be allowed to continue until EPA 
rules on the pending 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 until EPA rules 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 made because it had become apparent that few other 
nations were actively seeking to develop adequate disposal facilities 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 disposal 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 I, 1979, an exporter 
must obtain an exemption from EPA before be may initiate his export.

Food and Feed Amendment

On May 9,1980, EPA proposed to amend the Ban Rule to prohibit the 
use of PCB items (including PCB large high- and low-voltage capacitors, 
PCB transformers, PCB-contaminated transformers, PCB heat transfer 
systems, and PCB hydraulic systems) in facilities manufacturing, 
processing, or storing fertilizers or agricultural pesticides. EPA issued this 
proposed rule under the authority of Section 6(a)(S) of TSCA. FDA and 
the U.S. Depanment of Agriculture (U'SDA) published similar proposals, 
with each agency's proposal covering its area of legal rcponsibility in 
order to cover the entire food, feed and agricultural chemical industry.

On May 6, 1981, EPA published t Federal Register notice placing the 
proposal in abeyance. This decision was mao-. :.n pan because of the 
October 30, 1980, decision of the U.S. Coun 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 
Regisu ", 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 to authorize the continued use of 11 
nomotally 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 regulated. 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 Issues

The February order dealt with the issue of totally 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 slay is for a period of 18 months a nd 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 to 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 
Advance Notice of Proposed rulemaking (ANPR) and must promulgate a 
final rule within six months of receipt of the EEI study. (The ANPR was 
published March 10, 1981.) Finally, the parties must make a progress 
report to the court on October 1, 1981.
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Tht 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 court 
stayed its mandate with respect to this portion of its decision for IS 
months and ordered EPA to undertake two parallel 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 
incinceratcd or disposed of in EPA-approved landfills, or held for such 
disposal. On May 20, 1981, EPA published an ANPR relating to the 
possible exclusion of manufacture of PCB in these processes from the 
prohibitions of TSCA Section 6(eX3XA). 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 along 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 further action and its 
schedule for such action.

ENFORCEMENT

When the first PCB rule, covering marking and disposal, became 
effective in April 1978, EPA began 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 compliance 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. Most of the cases have involved violations of marking, storage 
and disposal requirements. In many instances, EPA's activities required 
cleanup of spilled PCB material in addition to the payment of civil 
penalties. A number of hazardous waste eases also have involved PCB: in 
those instances, joint injunctions have been sought under TSCA and 
other EPA statutes.
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TSCA it » 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, and 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 occur in two ways: (I) 
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 strategy, compliance monitoring inspections are 
allocated among the 11 economic sectors and industries 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 allocations 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 disposal 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 to 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 program while conducting regular PCB 
inspections. A more intensive monitoring effort is directed at utilities and 
food and feed facilities through a review of randomly selected records 
required by the Interim Measures Program.

DISPOSAL

Incinerators and Boilers

The key to success for EPA': program of regulatory control of PCB is 
the availability of adequate disposal facilities. Many of EP A’s efforts have 
been directed toward 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 administrators 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 other 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 could 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 removed 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

In promulgating the disposal regulations, EPA allowed approval to be 
granted for alternative methods that are equivalent to incineration. The 
alternative 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.

Mar.v researchers and entepreneurs have sought solutions to the 
problem of PCB disposal using a wide range of techniques, including 
chemical destruction, catalytic de:ompos:i; n and a variety of thermal 
destruction methods other than conventional 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 EHA 
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 VII.

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 
transportation of the wastes. Finally, because PCBX is mobile, it should 
minimize oppoaition 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 lb PCB) is incinera­
tion. However, no incinerators were available at the lime the Ban rule was 
promulgated. Anticipating that an incinerator would be approved by 
January I, 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 1,1981. 
The extension included a provision that the authorization subsequently 
could be extended at the discretion of the Assistant Administrator for 
Pesticides 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 distributes 
publications and answers questions to help people understand the Toxic 
Substances Reguittiions. They may be reached by calling the toll-free 
number 800-424-9063 during Washington business hours, or the local 

umber, 534-1404.
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CHAPTER S

TREATMENT AND DESTRUCTION OF 
POLYCHLORINATED BIPHENYLS AND 

POLYCHLORINATED BIPHENYL- 
CONTAMINATED MATERIALS

Leo Weitzman
Acurex Waste Technologies Corporation 
Cincinnati, Ohio 4S230

Polychlorinated biphenyls (PCB) were among the earliest classes of 
compounds to be identified as hazardous and to 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 fy the present attitude 
toward PCB, there is a shortage of facilities available for their legal 
disposal or destruction. This chapter evaluates the legal, technical and 
regulatory status of PCB and their control. It evaluates 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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fluidi, and a! hydraulic fluids. Between 1930 and 1973, 1.233 billion 
pounds of PCB fluids were sold in the United States. Of this amount, 77% 
(963 million lb) was used for electrical equipment, largely by the electric 
utility industry.

In 1976 the Toxic Substances Control Act (TSCA), PL 94-469, estab­
lished a framework for regulating hazardous chemicals. PCB were 
specifically identified for regulation by TSCA. In the May 31, 1979, 
Federal Register [I], 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 nonendosed 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 broken down into the following categories:

• PCB solids consist larjrty of shredded capacitors, drained transformers and other 
PCB-eontaminated solid materials. These may be landfilled at present.

• PCB liquids encompass liquids contaminated with PCB at a concentration of 300 
ppm or greater. The only legal method of disposal Is destruction in high-cmciency 
incinerators or cement kilns.

• PCB-eontaminaled liquids are oils containing 30-300 ppm PCB. They legally may he 
burned in high-cfficiency boilers or be landfilled.

As can be seen, the PCB regulations permit PCB and PCB materials to 
be landfilled or burned only in special incinerators, cement kilns or 
boilers. They also allow the Regional Administrator to approve other 
alternative technologies to be used it he finds that they do not “present an 
unreasonable risk of injury to health or the environment" and if “its level 
of performance is equivalent to Annex 1 incinerators or high efficiency 
boilers.' This is somewhat difficult to interpret, as it docs not define what 
specific criteria the alternative technologies must 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 detoxication 
technology. The specific combustion technologies to be discussed h.re are
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• Liquid injection incineraion,
• Roury kiln incincraion,
• High^fficiency boilen (for 50 10 500-ppm PCB).
• Cement kilnt.
• Fluidized bed incinerator,
• Molten tall 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 a (perceived) risk has been the most 
difficult problem to overcome. Basically, the people in the vicinity of the 
disposal facility perceive themselves as being exposed to an added risk 
and object to the facility. Even if the people are convinced that the facility 
will destroy the PCB completely, they object to “the danger of shipping 
the PCB through their neighborhood." The problem boils down to the 
statement “waste disposal facilities are needed, and are a good idea, but 
not near where I live." It might be added that people five or more miles 
from a proposed facility have been known to object to it because they feel 
that it is too close to 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 direct result of this concern is 
a concern for decrease in the property values. After all. a perceived risk 
does make this property less desirable. The ideal PCB destruction 
technology is one that is capable of oeing moved to or located at the site 
where the PCB wastes are being stored.

2. Verification of destruction is best summarized by the statement: 
"We're sure you can destroy the PCB during the test when all these 
scientists and engineers are running the process, but hew can we be sure 
you will destroy them during operation—we all know that breakdowns 
occur?" In addition, there are the problems associated with hazardous 
products of combustion. (HPC): those materials, such as chlorodibenzo- 
furans and chlorodioxins, that form or are suspected of forming when 
PCB are burned. Combustion is largely an uncontrolled chemical process. 
As a result, almost znv organic material can conceivably be formed. 
While such an extreme concern seems unwarranted, it must, nevertheless, 
be considered in the selection 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. Caseous emissions are released from 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 gaseous emissions 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 TECHNOLOGIES

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. either I200*C, 2-tec dwell time and 3% excess oxygen, or 1600*C, 1.3-sec dwell lime 
and 2Se excess oxygen:

2. combustion efficiency of 99.9£: end
3. PCB emissions less then 1 mg/k| PCB destroyed; 99.9999% destruction removal 

efficiency (DRE).

Only the last condition applies to cement kilns, as the temperature, dwell 
lime and excess oxygen in the kiln are all greater than these minima. 
Cement kilns are considered to be an acceptable method of destroying 
PCB. In 1976 a series of tests was conducted at St. Lawrence Cement in 
Canada [2], These tests showed that the destruction 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 were 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 
date, largely because of local opposition.

The chlorine from the PCB is converted to hydrogen chloride, which 
ther. combines with the alkali in the cement. As a result, cement kilns do 
not require auxiliary equipment for HQ removal. The sodium, potassium
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and calcium chlorides formed are emitted with the paniculate in the gas 
stream. They are captured by the air pollution control equipment or 
emitted to the environment through the suck.

PCB regulations permit the us: of high-efficiency boilers for the 
destruction of PCB-contaminated mineral oil—less than 500 ppm PCB. 
The restrictions placed on the boiler are:

1. The boiler ir raied at a minimum of 30 million Btu/hr.
2. The carbon monoxide in the flue sob » 30 ppm or leis for a natural |aa- or oil-fired 

boiler, or 100 ppm or lest for a coal-fired boiler.
3. The excels oxygen in the tuck is greater than 3%.
4. The waste is leu than 109c by volume of the loul fuel feed.
3. The waste may only be fed when the boiler is at iu full operating temperature—not 

during runup or shutdown.
6. The boiler must be monitored continuously for carbon monoxide and exceu oxygen. 

If leu 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 fuel and waste must be monitored every 
13 minutes.

8. If the CO and Oj values fall below the (pacified amount, waste feed must cease.
9. Approval for such bums must be given by the EPA Regional Administrator.

The regulations require additional reporting and monitoring condi­
tions. Although the number of boilers 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-contaminated soil, may be landfilled. 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 equipment. Landfilling, of PCB solids is illegal and 
likely 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 problems are a large part 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 (CDBF) can be formed. These results have 
beer, corroborated in field tests, although these tests have only shewn the 
CDBF to be in the ash. CDBF have been identified in the suck gases in 
very low concentrations. Tests on incinerators have identifies dioxins in 
the suck gases. This unceruinty regarding highly suspect classes of 
chemicals has made the regulatory authorities extremely cautious and has 
delayed the issuance of permits for the incineration of PCB. The nine 
combustion technologies are summarized in Tabic I.
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Tab It 1. Typas of Combustion Equipment for PCI Dastruction

Type ef 
Equipment

Applicable
Waste Type Com menu

Liquid Injection 
Incinerator

Liquid PCB. PCB-contaminated 
oils, some aqueous PCB materials

The most developed incineration 
systems can achieve in tacets of 
99.9999% DRE

Rotary Kiln 
Incinerator

All physical forms Very highly developed; can 
achieve in excess of 99.9999% 
DRE

High-Cfficiency
Boilen

PCB<ontaminated waste 
oils (500 ppm)

Tests show better than 99.99% 
DRE

Cement Kilns Liquid PCB. PCB-contaminated 
oils

Tesu have shown in excess of 
99.999991% DRE

Fluidited-Bed
Incinerator

Liquid PCB. high-viscosity 
systems, shredded PCB-saturated 
papsr

Only pilot-scale tests have been 
done; may not be capable of 
reaching high temperatures; 
scrubbers for HO may not be 
required at times

Molten-Salt
Incinerator

Liquid PCB. shredded PCB- 
saturated paper

Experimental, not fully tested 
yet

Pyrolysis Too iow temperature, not 
generally applicable to PCB

Ocean-Based
Incineration

PCB liquids. PCB-contaminated 
oil

Only developed and tested for 
liquid injection; may eliminate 
siting problem but siting of land- 
support facilities may be a 
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 implemen­
tation of a technology. This is shown by comparing technology classes to 
the four problems in implementation of PCB destruction technology 
discussed earlier

1. Liquid-phasr i vs tarns are smaller tlian gas-phase systems and, thus, can be taken to the 
souret of the PCB.
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2. Uquid-phtit chemical reactions err controlled much more easily than are gu-phaM 
reactions such as combustion. The condition for the destruction can thus be more 
readily duplicated and hence predicted with greater reliability.

3. Liquid-phase reactions can be run in a batch mode, so that discharges can be analysed 
before release.

4. Bees use of their smaller volume, liquid-phase systems lend to have only small 
quantities of air emission.

To chemically destroy PCB, it is not necessary’ to break completely the 
biphenyl structure. The degree of hazard, and chemical and biological 
stability or 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 structure requires a very high energy of 
activation, and therefore, requires a much higher temperature than does 
dechlorination. On the basis of this analysis, we can. thus, draw conclu­
sions:

1. If we want to brook the biphenyl structure, only tome form of combustion can provide 
the necessary conditions.

2. If dechlorination of the molecule is adequate, low-temperature wet chemical processes 
can be used.

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

1. lodlum/naphthalene/mrahydrofuran dechlorination or veriiiion. thereof;
2. lodium metal dechlorination;
3. sodium/polyethylene glyeol (NePEG) deehlorinetion;
4. oxidative processes such as wet oxidation or ultraviolet (UV)/ ozonation: and
3. catalytic dchydrochlorination

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

Sodium Triatmenis

The first three processes are very similar in nature. They are all based on 
variations of the use of metallic sodium to dechiorinate organics, a 
proced ure that is well known. In fact, this method has been used to analyze 
organics for chlorine. The use of sodium/ naphthalene/ tetrahydrofuran 
system was brought to the attention of EPA by Goodyear Tire and Rubber 
Corporation of Akron, Ohio. They have used it for dechlorination of 
~ 100- to 150-ppm PCB-contaminated hydraulic and hezt transfer oils. It is 
applicable to the similar dechlorination of any PCB-contaminated oil.

HONS 00454d



131 rCB TREATMENT. RECOVERY AND DESTRUCTION

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 letrahydrofuran 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 telrahydro- 
furan (THF) solution of naphthalene to the cooled slurry. The reagent 
takes about an hour to form and is added to 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 vacuum-stripped to recover the THFand 
naphthalene, and further distilled, leaving the sodium chloride, sodium 
hydroxide and the nonhalogenated polvphenyls as still bottoms, which are 
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 
to 10,000 ppm (1%) PCB during tests. SunOhio and Acurex have 
succeeded in bringing the final PCB concentration in the oil to below 
detectable limits, about I ppm.

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-glycolate-oxygen solution" to destroy PCB. In the Franklin 
Institute process, the reagent is prepared by dissolving socium into 
polyethyleneglycol-400. The reagent ir then added to the contaminated oil. 
and air or oxygen is bubbled through the system. The reaction is run at 
130* C. Destructions similar to that using the Goodyear process have been 
reported. 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 National Laboratories. The Franklin 
Institute is now investigating the applicability of this process to PCB- 
contaminated soils.

At the University of Waterloo (Ontario), Smith and Bubbar [7] have 
applied the sodium naphthalide reagent to destruction of undiluted PCB 
containing up to 55% Cl. They treated a PCB (Arotlor* 1254) remaining 
5-.58vr total chlorine, achieved 99.8%, which left approximately 2000 ppm 
PCB after six hours at room temperature. A higher 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- 
Caulin homogcnizer or other high-shear mixer. Dispersion is assisted and 
stabilized by the presence of a dispersion aid such as calcium stearate; 
dispersion is carried out under a nitrogen blanket. The sodium particles 
range from submicron to 200 u 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 dehalogenation 
reactions, only about 10% excess sodium is required; additional savings 
may be realized by eliminating the naphthalene and ether required by the 
other processes, although a small amount of naphthalene may be employed 
to “activate" the sodium surface. This approach has not. however, been 
successful in achieving the low final PCB concentration required by HPA.

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

Wtt Oxidation

Briefly, wet oxidation is accomplished by adding air or oxygen to an 
aqueous mixture of organics under pressure and elevated temperature. 
Pressure serves the dual purpose of keeping the aqueous phase in liquid 
form and increasing the partial pressure of the oxygen so 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 oxidation are very 
wide and range from a low of about 300* F for simple 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 et al. [ 11] 
decomposed pentachlorophenol in such a system. The results 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, wet oxid: ion 
could, at best, be considered a pretreatment step.
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UV Light/Ozonation

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

Adsorption and Extraction

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 furfural to have potential 
application. Neoprene has also been used in an attempt to adsorb PCB. 
Napier found this to be ineffective. These concentration techniques must 
be used in conjunction with other methods for destroying PCB.

Chemical treatment techniques are summarized in Table 11.

Table It. Types of UeeM-Pbase Systems for PCB Destruction

Type of 
Chemistry

Applicable
Wade Typt Comments

Sodium
NaphthaJidc

Liquid PCB, PCB-conuminaird 
oil

This is well established chemist/}'; 
the process has been optimised 
commercially for PCB contami­
nated oil; cosu arc very high 
when pure PCB are treated; can 
be mobile-mounted; no emis­
sions: low* effluent volume: po­
tential for fire is moderate: 
cannot tolerate free water

NaPEG Liquid PCB. PCB-comaminated 
oil, possibility for PCB<oniami- 
nated soil, possibility for PCB 
solids

In laboratory state: development 
under EPA grant: potentially 
useful in the presence of water, 
requires oxygen and process can 
release hydrogen; p.am safety 
factors need invtstipting

Sodium Metal PCB-contaminated oil Untested as yet but may be 
promising from theoretical con­
siderations

Oxidative
Processes

PCB<ontaminated soils, PCB in 
•n aqueous stream

Degree of destruction is a func­
tion of temperature and pressure; 
for PCB destruction, estimated
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Table II, continued

Typ* of 
Qitmtary

Applicable
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 
potential; UV-ozonation has had 
limited laboratory-scale success

Catalytic
Dchydro-
chionnition

Was not successful Evaluated by EPA project, found 
not to produce sufficient level of 
degradation

Adsorption on 
Ncoprena 
Rubber

PCB-comaminated oils This process is being marketed: 
tested at Oak Ridge National 
Laboratories: wash found not to 
be effective for adsorbing the
PCB from the oil

Adsorption or 
Extraction

PCB*contaminaied materials New area: tested at Oak Ridge 
National Labs: about 20 
solvents tested; furfural found to 
have potential

CONCLUSION

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

Liquid-phase destruction systems appear to embody those attributes 
that best satisfy 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 disposal of PCB-coniaining materials. The guidelines for 
disposal are:

143
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• Liquids containing <30 ug PCB g arc not regulated.
• Liquids and solids containing $0-300 UK PCB/g may be deposited in an EPA- 

approved landfill, incinerated in a high-efficiency boiler (producing >30 
million Btu stcam/hr) or in an EPA-approved incinerator.

• Capacitors and liquids containing 300 tig 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 to thermal degradation (which 
makes them ideally suited for use as dielectrics 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 regulation. The molecular 
structures of PCB (Figure 1) are quite similar to those of the chlorinated

Polychlorinotsd Biphenyls

Chlorincled Dibenzo-p-dioxins

Chlorinated Dibenzofurons

Fifure l. Molecular structure! of PCB, chicrinaied d»benzo-p-diox.ms and chlorinated 
dibenzofurans.

MONS 004549



INCINERATION OF PC» 145

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 TCB 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 [4,3], 

The resistance of PCB to 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 incinerators used for disposing of PCB 
must be operated at very high temperatures. Even under such conditions, 
however, it has not been established that emissions of toxic compounds, 
such as CDD and CDF, are essentially precluded. Recently, EPA 
conducted test burns of PCB at two chemical waste destruction facilities 
in the United States in an effort to assess the efficiency of incineration as a 
destruction technique for PCB. This chapter describes the two inciner­
ators used in these tests and the relevant 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 sucks of the two incinerators during these tests are 
discussed. Finally, the levels of CDD/CDF that were determined to be 
present in the suck effluents are reported, and the results 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 facilities employed for the PCB destruction tests 
described here are located at El Dorado, Arkansas, and Deer Park, 
Texas, and are operated by Energy Systems Company (EN'SCO) and 
Rollins Environmental Services, respectively. The two incinerators, which 
are somewhat similar in terms of operating capabilities, are depicted 
schematically in Figures 2 and 3. A detailed 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 
provide a basis for discussion of the various types of samples that were 
collected during the monitoring tests.

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

lures 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 here), 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 incinerslion of low-heat-capacity wastes. No. 2 fuel oil is also 
used to provide heat for burning materials 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 wastes arc controlled 
by a venturi scrubber. Lime is injected to neutralize the scrubber water, 
which is then admitted to settling ponds, where the water is analyzed and 
subjected to further treatment, if necessary, before discharge into the 
Houston ship channel. Exhaust gases are also routed through absorption 
traps and a mist eliminator before entering the 30-m exhaust slack.

The incineration system used by EN'SCO is also capable of combusting 
both solid and liquid wastes. This incinerator consists of a rotary' kiln, in 
which combustion temperatures of I200-1500°F are attained, and in 
which the retention time for solid material is approximately 1 hr and the 
gas retention time is approximately 4 see. Liquid wastes, water and 
natural gas can also bi. 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 destroyed in this region. Molten slag resulting 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 see, 
while the temperature is typically 1400°F. The total residence time for 
gases in both chambers is about 4.5 see. The scrubber at the EN'SCO 
facility is also a venturi jet type. Gases evolved from the combustion 
chamber are quenched with lime and caustic solution as they enter the 
bottom of the scrubber. This treatment removes particulates and neutral­
izes acidic gases such as HC1. Spent scrubber liquor is transferred to a 
holding tank which then overflows to a sludge lagoon. Spent scrubber 
solution is available for recycling. After neutralization, the combustion 
gases pass through the venturi section of the scrubber, in which recycled 
scrubber water is sprayed to facilitate particulate 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 follows.

Test 1

For test I, each incinerator was operated under the conditions at which 
incineration is normally conducted. Temperatures in this case were not 
necessarily maintained at 1200*0 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 combusted 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 I200*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 
incinerated during test 3 included liquid PCB wastes and PCB-containing 
capacitors, mixed with diesel fuel. Again, temperatures were maintained 
at the levels required for PCB incineration.

SAMPLING PROCEDURES AND TYPES 
OF SAMPLES COLLECTED

The sampling procedures and apparatus utilized in the monitoring tests 
at the Rollins and ENSCO incinerators have been described in detail in 
documentation prepared by TRW [7], and only those aspects which relate
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to the samplet ultimately analyzed by Wright State University will be 
summarized briefly here.

Stack Effluent Samples

Stack effluents were collected by using a modified EPA Method 5 
sampling train, shown schematically in Figure 4, which consisted of a 
glass probe (capable of being heated to 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 containing 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 inserted between the probe 
and impingers, so any particulates collected entered the impingers and

Flcuri 4. Modified method V train used to sample combustion effluents from the 
ENSCO and Rollins incinerators.
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FLOW DIRECTION

Clast

Disc Plug

Ftgvr* 5. Schematic of aorbent trap employed in the modified method V train.

were immersed in the liquids. The impingers were cooled by immersing 
them in an ice bath to condense moisture from the stack effluent stream. 
The sorbent traps were also cooled by circulating chilled water 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 well as the probe and the impingers, were interconnected using 
standard glass ball and socket joints, u hich were not greased for these 
tests. All components of the sample train were rigorously cleaned, using 
standard procedures, before use.

On termination of a suck sampling .event, the probe was removed from 
the stack and, the train was dissassembled. The nozzle and glass probe 
were rinsed with approximately 100 ml of acetone and 100 ml 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**-!ined cap.

'Registered trademark of E. 1. du Pom de Nemours and Company. Inc., Wilmington, 
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 
collected impinger liquids. Rinsings of connector 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- 
tiling 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 result 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.

Solids and Liquid Sample*

Concurrent with the stack sampling, samples of appropriate solidt and 
liquids relevant to the incineration process (feed materials, combustion 
products, emission control equipment samples) were also collected by 
simple grab sampling. Such samples were collected at appropriate 
intervals during the incineration tests, and were placed in prerinsed amber 
glass bottles and sealed with Teflon-lined caps. The time and resources 
allotted to Wright State University for this project by EPA permitted 
analyses of very few of the latter samples, and none of the data relevant to 
these are presented here.

ANALYTICAL METHODOLOGY 

Sample Handling and Preparation

Samples collected as described above were shipped from the sampling 
sites to the Brchm Laboratory, Wright State University. Certain liquid 
samples from the sampling trains (probe rinses and impinger samples) 
contained two distinct layers: in one case, suspended solid material was 
visible. After allowing such samples to stand for a period sufficient to 
effect complete separation of the layers, each layer of these samples was 
removed to a separate ember glass sample container f.tiea with a Teflon-
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lined lid, >o that each phaae could be analyzed separately. 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 dean amber 
glass vessel fitted with a Teflon-lined cap. Each individual sample was 
thoroughly mixed before removing an aliquot for analysis in an effort 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 to sample) and the solid 
sorbents were agglomerated and difficult 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 total 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 dau for the 
XAD-2 resin and Florisil traps should also be mentioned. It was observed 
that the glass frits of the traps received 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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gat stream 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 a pronounced red-brown 
coloration on the frit and on the glasa wool plugs at the other end of the 
solid sorbent bed, but the sorbent itself appeared to have retained 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 plup 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 traps originating 
from test 3, at the ENSCO site, the frit was covered with an oily residue 
(gray in color) but again the resin appeared to 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 end was found to contain 
insignificant concentrations 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 end Testing

At the outset 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 
complete survey of combustion effluents for all classes of CDD and CDF 
had not been reported by any laboratory in the United Suites. Related 
studies [S] reported 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 Rollins/
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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 ,7Cl«-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 acceptable (usually a minimum recovery of 30% 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 ample 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 nme 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 ample was analyzed before and after addition 
of a known quantity of an unlabeled CDF standard. The methods 
ultimately 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 amples 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 
73 CDD and 133 CDF isomers which are possible, 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 umples 
and preliminary separation of the compounds of interest are as follows.
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Table I. CDD aa4 CDF Uomtr Standards Availabb at lha Brahai Laharatary at 
the Time of the ENSCO ut Rotliaa Smtia

IChlofodibeozO'^dioaia 
2ChlerotiNni»Hie«s 
2,7*Dkh)oredibento-^ipxin 
24*Diehlorodibtnzo-p"dioxin
1,2.4-TriehJofodibeiuo-^dioxm 
Teirachlerodibenxo*^<4ioxiRi (all 22 

itomtn)
^Q^Tetraebloredibentp^dioam
l}C»2.3.7,l-Tctr*ch)orodilMnzo-p-dioxin
’4C-2,3,7,t>Teir»chIorodib«ruo-/v4ioxin
l,2,3,7,l>P«ntach)oro4ib«fizo-f-dioxm
l,2,4,6,7,9‘HexachlorodibeM0^4ioxm
1.2,3,4,7,1-Hexaehlorodihtfito^-Bioxm
1 ^,3,4,6,7-Hexaehloro4theiao^dioxta
l.2.3,4,6,7,S»H«ptxchlorodibmo-p-4ioxin

3,Clcl,2J, 4,6,7, t*Hcptachlorodibeiuo^» 
dioxin

Otachlorodibenzo-p-dioxin 
)7Of-Ociach)orodibenzo>/»-dioxin 
2,4>Dichloro4ibtnzofuran 
3,6-DicMorodibenzofuran 
2,l*Dich)orodibentofuran
1,2,4-T richlorodibeiuofuran 
1.2,4 J>Tetraehlorodibf nxofuran 
2.3,7,1-T etraehlorodihenxofuran 
1,2,4,7,S*PemachlorodibcftzefuraA 
1,2.4,6,7,9-Hexachlprodibeniofuran 
1.2,3,4,6.l,9*Heptachlprpdibentpfurait 
Oeiaehlerodibenxofuran

Extraction

Liquid Samples. Measure the total volume of the liquid sample. 
Transfer approximately half of the total sample (or up to 40 ml) to a 
precleaned 125-ml amber glass bottle. Add appropriate quantities of the 
internal standards [37Clr2,3,7,8-TCDD and 31CU-1,2,3,4,6,7,8-hepta- 
chlorodibenzodioxin (HpCDD)]. Add 40 ml of petroleum ether, 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 3-13 g), place this in a precleaned glass 
thimble, and add appropriate quantities of the internal standards (31CV
2,3,7,8-TCDD and ”0,-1^,4,6,7,8-HpCDD), directly to the sample in 
the thimble. Insert the thimble into a precleaned soxhlet 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 3 ml 
using a Snyder column. Transfer the concentrate to a precleaned 123-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 JO 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-m) portions of 20% KOH, bidistilled 
water, concentrated H2SO4 (except in this case agitate mixture for IS 
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 S g of anhydrous sodium sulfate to the washed extract and allow it 
to stand, to remove residual water. Transfer the extract to a centrifuge 
tube and concentrate to near-dryness by placing the tube in a water bath 
at 33° C, and passing a gentle stream of filtered, prepurified N} 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) I M NaOH, 1.0 g silica, 4.0 g silica containing 44% (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 43 ml 
hexane. Collect the entire cluate snd concentrate to a volume of 1-2 ml in 
a centrifuge tube, as before.

Construct a disposable LC minicolumn by cutting off a S-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 I g of 
Woelm basic alumina, which has been previously activated for at 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% CH2Cl2-in-hexane, and also 
transfer the rinses to the chromatography column.

Elute the column with 10 ml of 3% (v/v) CH2Cl2-in-hexane and retain 
the eluate for PCB analysis. Elute the column with 10 ml of 30% (v/v) 
CH2Cl2-in-hexanc and retain the eluent for analyses for CDD and CDF.
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Elute the column with 5 ml CH2CI2 end retein the eluate to check for 
retention of CDD and CDF on the column.

Concentrate each of the retained fractions to a volume of approxi­
mately I mi by heating the tubes in a water bath while passing a stream of 
prepurified N} over the solutions, as described above. Quantitatively 
transfer the concentrated fractions into separate 1-ml microreaction 
vessels, splitting each fraction so that half goes into each of two 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 0.3 ml CH2CI], and reconcen­
trate just to dryness.

Approximately 1 hour before gas chromatographic/mass spectrometric 
(CC/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 sample matrix constituents having 
very long GC retention times, then additional sample cleanup or frac­
tionation is required using high-performance liquid chromatography 
(HPLC). The HPLC used for this purpose is described below. The sample 
is injected into the HPLC apparatus and appropriate 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 generally 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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it used. This technique utilizes s 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 from 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 from CDD (based on the known 
isotopic abundances of )SC1 and J,C1 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 should 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 II, while the sequences of GC 
and MS opetations are shown in Tables 111 and IV for the two runs. 
These procedures permit the monitoring of ion masses characteristic of 
each 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 30-m wall-coated open tubular fused- 
silica GC column provides optimum separation and minimizes overlap of 
individual compounds. As mentioned earlier, of the 73 possible CDD and 
133 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 
extracts cannot be assigned to a specific isomer. Thus, in arriving at a 
quantitative estimate for a given class of CDD or CDF, the areas of the 
mast chromatographic peaks appearing at the appropriate retention 
times, and having the appropriate mass spectral response, were summed
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Tebb II. Ian Mann Monitored U(in| SIM CC/MS for SimnJtaneoue DiwaliHn 
of Mono- Ihrougll Octachiorinated Dlbemo-p-diaiim and Dlbaniofarana

Class of Approximate
Chlorinated Number of Monitor** Monitored Theoretical Ratio

Dlbtntodioslit Chlorine m/i for m/i for Exacted on loab
or Substituents Dfbmiofurans Dfbento^-diosin* of Isotopic

Dibtntofuran (X) CnH^OCI, CtjHg.,OjClg Abundeuce

Mono- 1 202.019* 218.013* 1.00
204.016 220.011 0.35

Di- 2 233.980* 231.974* 1.00
237.977 253.972 0.69

Tri- 3 269.941* 285.940* 0.99
271.931 287.937 1.00

Tetri- 4 303.902* 319.897* 0.77
303.199 321.894

327.883*
1.00

(236.933)* 0.21
[238.930]* 0.20

Pcnta- 3 337.8*3* 333.838* • 0.57
339.160 355.855 1.00

Hcaa- 6 373.821 389.81* 1.00
373.818 391.813 0.87

Hepta- 7 407.712 423.777 1.00
409.779 423.774

431.7*3*
1.00

Octa- s 441.743 457.731 0.80
443.740 459.733 1.00

‘Molecular ion peak.
“’de-labetad TCDD end HpCDD standard pakl.
Mont ihtt can be moniiered in TCDD eneiyees for confirmation purpotei.

and compared to the corresponding area 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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Ml NiltciiMt ifNUm m
l.» lwn mi ipOt val« m
200 Df(ta UMf. ptRfFMi In JJO'C too S
4. JO Oft* mImmi flw )• MS m S
Ml KM ptnpt*** It HM| ■ IIM ppm;

Dm m nrii mm • 0. IS m« SOS s 202.010 Man* Cl Iiim
20*010 MmpCI flMM
211.01) Mnna Cl Omaina
202.011 MnfCI Oniw
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TaWt IV. StqmiKt nl Opnalloni In CC/MS (MS—15) AnalfiH of CDD nf CDF In Sxond InjKllon of Sumpt* Eakoct
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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 monitorin( sequence was 
applied to the sample extracts to estimate the quantities of total PCB of 
each class that were present.

Immediately before analysis, each sample extract was diluted to the 
desired volume (typically 10-50 pi) and I- to 10-pl 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 CC/MS analyses reported here.

Parameters for LJtGC/HRMS Analysis of Sample Extracts

Instrumentation. 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. lea Masses MeaHarsd Using SIM CC/MS far Slmaltaneeaa 
Determination of Mona- through Dscachlorinalsd PCB

Oaa of
CMoriMttJ

PCB

ill(A

low MooMontf (■/<)
for PCB [CnHI#^aj

Mono- J 181.039
190.036

Di- 2 222.000
223.997

Tri- 3 235.961
237.938

Teira- 4 289.922
291.919

Pcrna- 5 323.880
327.177

Hexa- 6 339.841
361.839

Hrpta- 7 393.802
396.800

Octa- 1 427.763
429.761

Nona- 9 463.722
463.719

Deca- 10 497.683
499.680
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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 1.8-m » 2­
mm i.d. glass column packed with 1.5% OV-IOI on Gas ChromQ 
(100/120 mesh). The carrier gas was helium at a flowrate of 30 ml/min. 
The temperatures were injector, 250*C; column, 220*C; transfer lines, 
285° C.

Conditions for the Mass Spectrometer. Ionizing voltage was 70 eV; 
static resolution was 1:12,500 (10% valley); source envelope pressure was. 
5 • I O'5 torr; analyzer pressure was 5 ■ 10“* torr, source temperature was 
250°C; membrane separator temperature was 2I5°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

Instrumentation. A Perkin-Elmer Sigma III 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 lb head pressure. The column temperature was programmed from 
190 to 220*0 at 5*C/min, hold at 220*C for 20 min. The interface 
temperature was 250* C. Splitless injection was used.

Conditions for the Mass Spectrometer. SIM mode 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

Instrumentation. A Varian Model 2021 Microprocessor Controlled 
High-Performance Chromatograph was equipped with CDS-II1L Data 
System.

Parameters. Pressure was maintained between 10 and 230 atm. A 25-mI 
injection loop was used. The guard column was a 37->i Vydac SC reverse- 
phase, 4.0 cm * 0.4 cm i.d. The analytical column comprised two Du Pont 
Zorbax-ODS columns, each 23.0 cm « 0.6 cm i.d. The temperature of the 
guard column was 20° C; in the analytical column, 30* C. Detectors were: 
fixed UV, 234 nm, 0.01 absorbent units full scale (AUFS); Varichrom 
UV-Vis: TCDD, 233 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:

• ni|ent*|ndi potassium hydroxide, anhydrous sodium sulfate and sulfuric 
acid (J. T. Baker Chemical Co. or Fisher Scientific Co., Fairlawn, NJ)

• distilled-in-glass methanol, hexane, methylene chloride and benzene (Burdick 
and Jackson, Muskegon, MI)

• Omnisolve-quality, low-boiling petroleum ether (Matheson, Coleman, and 
Bell, Cincinnati. OH)

• Activity Grade I Woelm basic alumina (1CN Pharamaceuticals, Cleveland,
OH)

• bidistillcd water from all-glass distillation apparatus (Brehm Laboratory)
• prepurified nitrogen (Airco, Inc.. Montvale. NJ).

Sundards employed in this work were obtained from the following 
sources:

• l-chiorodibenzo-p-dioxin (Analabt, Inc.. North Haven, CT)
• 2-chiorodibcnzo-/>>d»oxin (Analabs, Inc., North Haven, CT)
• 2.7-dichlorodibenio-p-dioxia (Analabt, Inc., North Haven, CT)
• 2J*dichJorodibcnso»p*dioxin (Analabt, Inc.. North Haven, CT)
• 1.2.4-trichlorodibcnxmp-dioxia (Analabt. Ihc., North Haven, CT)
• l.2J.4-tcirachlorodibeu»>fdioxia (Analabt, Inc., North Haven, CT)
• ’’CU-2J.7.I-TCDD (KOR lioMpts. Csmbridft. MA)
• 2.3,7,8»TCDD and other TCDD isomers (Dow Chemical Co., Midland, MI, 

and H. R. Buscr, Swiss Fcdsral Research Station, Widenswil, Switzerland)
• 1,2,3,7,8-PCDD (KOR Isotopes, Cambridge, MA)
• 1,2,3,4,7,8-HxCDD (Dr. A. Poland, University of Rochester, NY)
• 1.2,4,6,7,9-HxCDD (Dr. A. Poland. University of Rochester, NY)
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• rarM3.4A73>HpCDD (KOR Itotopn, Cambridge, MA)
• OCDD (Analabs, Inc., North Haven, CD
• )TCl|*OCDD (KOR Isotope*. Cambridgt, MA)
• 2,44ichlorodibcntofuran (All CDF obiained from Food and Drug Adminii* 

tration, Washington, DC)
• 2,l«dieh)orodibenxofuran
• l,2.4*irichlorodibentofuran
• 1,2,4.8'tetrachiorodibentofuran
• 2J,7.8-ietrachlorodibenxofuran
• 2.3,6,8'tctrachlorodibenxofuran
• l.2.4,7,|*peniachlorodibentofuran
• 1.2,3,5,7,9-hexachlorodibeniofuran
• [.2J,4.3.8.9-heptachlorodibenxofur»n
• octachlorodibeniofuran

Quality Assurance

Ai it the case for all analytical programs conducted in our laboratory, 
all analytical measurements 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 reported here was also 
provided on a continuing basis for CDO determinations because of the 
incorporation of known quantities of labeled TCDD and HpCDD 
internal «t»ndards 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 reported 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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Table VI. Result* of Analyses of Rollliu Incinerator Slack Effluent Sample* foi TCDO (PCI DdlrMilm Ttah)

Tret end 
lampla Train 

Number

TRW
Sample
Nambrr

Native TCUU Dclectrd
In Entire Sample 

(ng)

Minimum
DattcIsMe
Quantity

Cl)Sample Type m/i 320 m/i 322 Average Recovery*

1; l 6-0511 Impinge?* 1.61 l.»? 1.79 0.4) 100
1; l 1*0312 Probe waah 3.16 4.51 3.84 0.43 100
1; 1 1-0313 XAU-2 rcain 0.33 2.09* 1.31 0.43 100
1; 1 6-0M4/4-05IS* Floritil 0 0 0 0.70 44
2; 1 UNO) Impingcr* 0 0 0 0.27 75
2; I HKOI Probe waah 1.32 1.52 1.42 0.27 129
2; 1 XAU-2 retin 0 0 0 0.38 107
i • 6-0609 Floritil 0 0 0 0.41 79
3; 2 1-0643 Impinge?* 0 0 0 0.90 100
3; 2
3; 2

6-0644
6-0645

Probe wath* 
XAU-2 retin 0 0 0 0.30 10

* i 6-0646 Floritil 0 0 0 0.35 58

* Baaed on hCV2i)«M'TCDD added at internal standard.
* Upper layer (apparently hexane fraction) only.
* loccmplcttly resolved interference at m/i 322 mailt in elevated tignal.
* Camp oat te.
' Sample contained only one layer, which appeared to be the acetone*water layer; upper hexane layer observed in other umpire was completely

abeem.
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Telde VII. Ilfftiitli of Amljwt of Itolllm Inclnrtolnr Slock Effluent Simple* for TCDF (PCR n<Hi«cllM Tnli) S

Test and 
Sample Train 

Numbers

TRW
Sample
Nnmber Sample Type

Quantity of 
Total TCDF

In Entire 
Sample*

<"«)

Apparent 
Number 

of TCDF
Isomers*

Quantity of 
Apparent

2,3,7,6*TCDF* 
(»g>

hf fntomus 
Detectable 
Quantity of 

TCDF
(ng)

Percent
Recovery’

i; I *4*11 Impinge?* 15 6 0.7 O.Og lOtv
1: 1 6*0312 Probe wash SO 7 0.5 0.13 100
i; 1 60S*) XAD-2 resin 3.0 1 0.J 0.13 100
1; l M5I4/.45I3' Florisil 0 0 0 O.Og 1
l; l 6-0403 Impinges* 6.0 6 0.1 01 72
2; | 6-0606 I'tobe wash 14 1 1.4 1.0 122
t1 t-MOTIt-OMI1 XAD-2 resin 1.0 6 0.23 0.07 100
2; 1 6-0609 ITorisit 0 0 0 0.09 IS
);2 6-066) Imptnget* 0 0 0 02 too*
)i 2 6*0644 Probe wash’ 0 0 0 0.5 60
Ji 2 6*0643 XAD-2 resin 2.0 g 0.2 0.1 71
3. 2 6-0646 Florisil 0 0 0 0.4 30

1Based on MMumHioR of the irtii of ill mats chromatographic peeks observed in e selected TCDF reienlion lime window, while monitoring mfi JM 
end JIM. Il is assumed that the liiMruincnt response determined by calibrating with an eutbentic 2.3.7,1-TCDF standard is the same for all TCDF 
Isomers.

kTkf number of discrete mass chromatographic peaks observed in the TCDF window. Sinee all TCDF isomers are not available for determination of 
GC retention limes, it is not known whether or not each peak represents mota than one isomer. The numb*? cited n therefore the minimom mmbir 
of TCDF isomers that can be present in the sample.

' Determined on the basis of Ibe mass chromatographic peak which has a retention time corresponding to that of the 2J,7,|-7CDf isomer. Other 
TCDF isomers may also be included in this peak.
’ Based on *’C1**3.3,7.I*1CDD added as an internal standard.
* Upper layer (apparently hexane fraction) only.
I Compoahe.
’Sample contained only one layer which appeared to be Use acetone-water layer, upper hexane layer observed in other samples was completely
absent.
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Table VIII. Results of AmlpM of F.NSCO IntlMnlw Stash Efllutiri Samples for TCDU (PCS Destruction Tests)

Test and
Sample Train 

Number

TRW
Sample
Number Sample Type

Native TCDU Detected
In Entire Sample 

fnt)

Minimum
Delectable
Quantity

(««>
Percent

II eraser y*m/i J20 m/e 322 A mage

l; l* 6*0522 Pmhe wash 0.617 0.149 0.131 0.062 146
l; 2 6*0529 XAD 2 min 0.011 0.122 0.103 0 062 104
1; 2 6-03.10 XAU-2 tesin 0 0 0 0.073 IS
1; 2 6*0531 llorisil 0 0 0 0.062 121
r, 1 6*0360 Impingcr* 0.400 0.331 0476 0 22 43
2; t 6*0561 Probe wash 0 0 0 0.23 99
* 1 6*0562 XAU-2 resin 0 0 0 0.31 134
2; 1 6*0563 riorisil 0 0 0 0.66 57
3; 1 6-0574A Impingcr* 0 0 0 0.35 71
3: i 6-057411 Probe wash 0 0 0 0.21 91
3; 1 6-0574C XAD-2 min* 0 0 0 0.20 94
3; 1 6-05741) Floriiil (1 of 2) 0 0 0 0.20 122
3; 1 6-0374C Florisil(2of 2) 0 0 0 04$ 46

'SMC* m ,’CI<-U.7.I-ICUU added at internal standard.
*lmpin|Bf Mat pie Irani this series was broken when received by Wright State. 
• Upper layer (apparently hexane fraction) only.
Mhe other XAl>*2 resin tiap was not received by Wright State.
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T*Mt IX. Remits of Analysts of F.NSCU Incinerator Slack Effluent Sample* foe TCDF (PCX DninKrtm T«*ta)

Teel and . 
Sample Train 

Nnmhen

mw
Sample
Number Sample Type

Quantity of 
Total TCDF

In F.ntlre 
Sample*

("II

Apparent 
Number 

of TCDF 
Isomers*

Quantity of 
Apparrnt

2J,M-TCDF*
<"|l

Minimum
Definable
Quantity «f 

TCDF 
(nl

Pcttenl
■erovevy*

Is 2* 64)20 I’rnhe wnth 0 0 0 i SO
Is 2 6052* XAO-2 rnin 0 0 0 2 »
I; 1 6 0).10 XAD-2 rnin 0 0 0 0 1 71
1: 2 64)Jl FJoriiil 2.9 4 0 5 0.4 ioa
2s 1 64)60 Impiepr1 4.0 ) 1.0 0.) 4)
2s 1 60)61 Probe Waih 0.5 2 02 00* 7)
l 1 64)62 XAl)>) resin I.S ) 0.J 00) 100*
2: 1 6 05ft) norieil 0 0 0 0M 100
.«s 1 64574A impiepr1 0 0 0 0) 100*
y: 1 64)7411 Probe waih 0 0 0 02 w*
y. i ft 0S74C XAD>2 ream* • 0 0 0.01 100
J; 1 - 64)741) rkwbil<lcf 2> 0 0 0 04 SI
)s 1 60S74E MorieU(2af» 0 0 0 00* 0)

* Hated an summationrd tire arcat nlail nunclifwMl»|ri|ilikptakiibMmlini wlttMd TCDF rdtitiiniliiM window, m/» )M
Ml )06. M it assumed llrat the lustiumcul itipmi Mirmuiwl by ratibtMing wirb an iMhtMit 2,).?,I-TCDF M*wUil h the tame for ai ICOF
•Ml MTU.

hl he number al ditcrelr ma«« rhiinnatotrapbic |Kiki(ikKrvfd in the TCDF window. Since all TCDF iinimre are im*i available for determination mt 
OC reltmimt limn, it It now known whether or aal each peak repraeatt amre than one isomer. 1 ha number cited ia ihetclore the minimum number 
o( TCDF itomett which can be preteni hi the tamp)*.

* Drier mined an the bania of the man cbrnmaiagraphic peak which hai a mention lime carrespuodini 10 that of the 2.J.7.I-TCDF iearner. Other 
ICOF learners may aim he iiictudtd in this peek.

* Dated on ’’CVU.M'ICUD added at an internal ttandard.
' Impinarr sample from this tetiee wae broken when received by Wright Slate.
1 Upper layer (apparently beaane Iraetianl only.
•The ether XAIM min trap wa* not received by Wtighl Slate.
^htcavcry couhi not be determined on baeie of law rcaoletioe MS analysis became of unresolved inierfcrcnce at m/< lit,
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INCINERATION OF PCS 171

Ai mentioned earlier, the total TCOD results 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 isomen. Some information on this topic was obtained however, for 
TCDD and TCDF from capillary-column HRGC/LRMS measurements. 
These results are discussed below. The data for total TCDD and TCDF 
shown in Tables VI and VII (Rollins tests) indicate that these compounds 
were detected in the train samples from tests 1 and 2, but generally were 
not found in the train samples from lest 3. The same observations are 
applicable to the ENSCO data (Tables VIII and IX). One possible 
conclusion that can be drawn from these observations is that the 
“normal" chlorocarbon wastes incinerated by these two plants are the 
source of the TCDD (since these were burned in both tests I and 2), 
whereas incineration of the PCB (which were the only chlorocarbons 
burned in lest 3) did not yield TCDD. There is no obvious rationale for 
the curious pattern of the TCDD results (for example, 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 dam.

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.

Isomaric 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 
determinations, 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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172 PCI TREATMENT, RECOVERY AND DESTRUCTION

Figure 6. Selected-ion mat* chromatograms obtained by HRGC/LRMS for 12-isomer 
TCDD standard mixture. Maaaes monitored were: * * 236-259; # a 319-322; 0 * 
327-328. Numbering of peaks corresponds to 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 CC/MS run. Corresponding 
displays obtained 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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INCINERATION OF PCI I7J

Flgur* 7. Selected-ion monitoring mars chromatograms obtained from HRGC/LRMS 
analysis of Rollins test 2, train I probe wash sample (TRW No. 6-0606) showing TCDD 
isomer paaks. Numbering and symbols are given in Figure 6. ”C4-2.2,7,I-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 completely resolved from the other 21 
TCDD isomers, and identification of these isomen is unequivocal using 
the experimental conditions employed here. These isomen and their 
relative quantities (percents of the total TCDD) are listed in Table X for
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174 PCI TREATMENT, RECOVERY AND DESTRUCTION

Figure S. Selected-ton monitoring mass chromstograms obtained from HRGC/LRMS 
analysis of ENSCO teat 2. train I impinges sample (TRW No. 6-0560) showing TCDD 
isomer peaks. Numbering of isomer peaks is given in Figure 6.1,Cla-2J,7,S-TCDD was 
added as an internal standard. Symbols: * a 319-322: > a 327-321.

the two samples indicated. Several of the other isomer peaks shown in 
Figures 7 and I also correspond in retention time to specific isomers 
included in our 12-isomer mixture, but other data obtained in this 
laboratory indicate that these isomers are not uniquely resolved from 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 also resolved from most other TCDD isomers.
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INCINERATION OF FCI IT]

TiUi X. TCDO lumen Determined In Slack Effluent Samplaa from 
Incinamlion Tcctl at Rolllna and ENSCO

Teel and 
Sample

Train Numbers

TRW
Sample
Number Origin

TCDD
leomere
Delected

Percent of 
Toial 

TCDD

2; 1 6-0606 Rollins 1.3.6.1- 25
Environmental 1.3,7,9 22
Services 1.3,6.9 9

1,2,7,9 9
Others* 35

2; l 6-0560 ENSCO 1.3.6.1 20
1.3,7,9 18
1.3.6.9 3
1.2.7.9 5

Others* 54

•TCDD arc also observed at retention times corresponding to the 1 ,3.7.8-. ],2,6.8* and 
I.2.6.9- isometl, but these isomeie are apparently not completely resolved from several 
other TCDD isomers which could also account for these peaks.

-TCDD are also observed at retention times corresponding to the 1.3.7.8-, 1.2.6.1- and 
I.2.3.4- isomers, but these peaks may also be accounted for by several other isomers.

and since no mass chromatographic peak was detected at the 2,3,7,8- 
TCDO retention time, it is therefore possible to state that, within the 
limits of detection applicable here (200 pg) 2,3,7,8-TCDD is not detected 
in the effluent samples 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 samples 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, although a 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 ‘apparently" 2,3,7,8-TCDF 
are listed in Tables VII and IX, 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 (tout 
penta- through octachlorinated) were determined in representative 
Rollins and ENSCO samples. Examples of mass chromatograms typical
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17* PC» TREATMENT. RECOVERY AND DESTRUCTION

of those obtained in the course of these complete GC/MS scans are 
shown in Figures 9 and 10. Figure 9 shows the mass chromatograms 
resulting from injection of a mixture of three TCDF standards. The 
corresponding mass chromatograms for 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

Figure 9. HRGC/LRMS mail chromatogram results obtained for calibration standard 
containing teirachloridibeniofurans (2J.7.8*, 1,2,4,8- and 2,3,6.8-TCDF). Symbols: * » 
303-304; * « 303-306.
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INCINERATION OF PCI 177

Figure 10. H ROC/ LRMS mass chromatogram obtained in analysis of TCDF in Rollins
test 2, train I probe wash sample (TRW No. 6-0606. Symbol: ff * 303-306.

CDF. The CDD and CDF isomer standards utilized in obtaining the 
calibration data included:

• l-chlorodibenio-p-dtoxin:
• 2.7-chlorodibewio-^-dioxin
• 1.2.4-triehlorodibenxo-p-dioxin;
• 2.3,7,8-teirachlorodibeittO-p-dioxin and all 22 TCDO isomers;
• j:04*2,3J.S-t«irachlorodibenjo^-dioxm:
• 1.2.3,4,7,1-hexachlorodibenzo-f-dioxin;
• 1,2,3,4.6,7.1-hcptachlorodibetuo-p-dioxin;
• octachlorodibenso-p-dioxin;
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171 PC» TREATMENT. RECOVERY AND DESTRUCTION

• 2,4-dichlorodibtnsofuren:
• 1,2,4-triclllorodibenzofurin
• 2.3,7. t-utrachlorodibciuofuran;
• l,2,4.l*icinehl«rodibtniofunn:
• 1,2,4,7,1-ptnuchiorodibcnzofuran;
• 1,2,4,6,7,9-hcxachlorodibenzofuran; and
• octachlorodibcnzofuran.

The quantities of total CDD and CDF of the various chlorinated classes 
in two representative samples [the test I, train 1, probe wash sample from 
Rollins (TRW number 6-0582). and the test 2. train 1. 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 Biphcnyb

In the limited time permitted for the analyses of samples collected in 
this survey, it was possible to analyze only a single sample for PCB 
content. The sample analyzed was a Florisil trap sample from Rollins 
test 2, train 1 (TRW number 6-0609), and the results are shown in Table 
XIII. 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, several 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 employed 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 health resulting from emissions 
from these incinerators) are described in detail elsewhere [II], and only 
the general approach and conclusions 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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INCINERATION OF PCI 179

Table XI. HRGC/LAMS Dau on Total COO u4 CDF (Tatra- through 
Octachlorinaled) fai TtH I, Train I, Pro* Wa«Ji Sa^ (TWR Number MStt) 

from Incineration Taati at Aottlm

CDD/CDF*

Number of 
Apparent 
Women*

QiuMitr of
Total CDD/CDF 

D«tfct«4 In
Tol.l Sample

<nt)‘

Minimum
Delectable
Quantity

<»t)
Percent

Recovery*

TCDD
PCDD

•
4 4 0.3

I001

HxCDD 2 I 0.5
HpCDD 1 2 2 too'
OCDD 1 5 3
TCDF 7 S 0.2
PCDF 6 30 0.3
llaCDF 4 25 0.5
HpCDF 2 12 2
OCDF 1 10 3

•Prefix designation* arc: T a ictra*; P a pent*-; Hx a hexas Hp* * hepia; 0 * octa-.
*Since only a limited number of COD and CDF i to man art available (tee Tablet I and II), it 
it not pomibte to demonstrate for most of the daises of COD and CDF that all isomcn of a 
given chlorinated group (for example, the pentachlorinated isomers: there are 14 PCDD) 
art completely resolved by using the CC conditions employed here. Therefore, it is not 
certain that each peak of the family observed for a given chlorinated group corresponds to a 
tingle isomer. Hence, the terminology “apparent" is used which designated the number of 
OC peaks observed for a given chlorinated group of CDD and COP.

* 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 two internal standards
added to the samples prior to processing. These standards ate 37CV2J.7,g-TCDD, the 
recovery of which was assumed to be indicative of the recoveries of native PCDD and 
lower-chlorinated CDD (that is. mono* through penta-CDD). and 1.2.3,4,6,7.S-
HpCDD, the recovery of which was assumed to be indicative of the recoveries of native 
HxCDD and higher-chlorinated CDD (that is, hexa- through octa-CDD). No isotopically 
labelled CDF were evailable. and so the recoveries of CDF could not directly be assessed. 
However, recoveries 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/ 
HR MS and are reported in Table VU.

f Refen to recovery of ^Cl-labeled standards mentioned in footnote d.

described here. These data, in turn, were used in calculating the miss 
emission rates Tor 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 calculations 
ultimately yielded an estimate of theTCDD/TCDF concentrations in the
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Table XII. HRCC/LRMS Data on Total CDD and CDF (Tatra. through 
Octachloriftated) la Test 2, Train I. Impintar Samp)* (TWR Number MMt) 

from Incineration Teats at ENSCO

CDD/CDF*

Number of 
Apparent 
Isomers*

Quantity of
Total CDD/CDF 

Detected In
Total Sample

MinlmunT
Detectable
Quantity

<ng)
Percent

Recovery

TCDD t IDS'
PCDD 1
HxCDD 2
HpCDD 6 100'
OCDD 8
TCDF 3 4 0.5
PCDF 6 20 1
HxCDF 2
HpCDF 6
OCDF 8

* Prefix designations arc: T * ictra-; P « penta-; Ha * Hex*-; Hp- « hepta; O * octa-.
‘Since only a limited number of CDD and CDF isomer* are available (ice Tables I and II). it 
is not possible to demonstrate for most of the classes of CDD and CDF that all isomers of a 
given chlorinated group (for example, the pemachlorinatcd isomers; there are 14 PCDD) 
are completely resolved by using the OC conditions employed here. Therefore, it is not 
certain that eaeh peak of the family observed for a given chlorinated group corresponds to a 
single isomer. Hence, the terminology “apparent” is used which designated the number of 
CC peaks observed for s given chlorinated group of CDD and CDF.

1 Results are corrected for recovery on the basis of recovery of added internal standards.
4 Recoveries for CDD were estimated on the basis of recovery of two internal standards 

added to the samples prior to processing. These standards arc 3’CV2J,7.I*TCDD, the 
recovery of which was assumed to be indicative of the recoveries of native PCDD and 
lowcrchlorinated CDD (that is. mont> through penta-CDD), and J,CL*I.2J.4.6,7.8- 
HpCDD, the recovery of which was assumed to be indicative of the recoveries of native 
HxCDD and higher-chlorinated CDD (that is, hexa* through octa-CDD). No isotopically 
labelled CDF were available, and so the recoveries of CDF could not directly be assessed. 
However, recoveries of CDF are probably on the ume order as the corresponding CDD.

•Not determined in the HRCC/LRMS analyses; these data were obtained by LRGC/ 
HRMS and are reported in Table VII.

r Refers to recovery of 3,CWa baled standards mentioned in footnote d.

breathing tones 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,S-TCDD [13,14], EPA concluded that the risk of additional cancers 
in the population exposed to the emissions from the ENSCO incinerator 
ranges from 1 to 4 in 10,000,000. Similarly, the risk of additional cancers

HONS 004505
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Table XIII. HRCC/LRMS Dm on PCI la Tot 2, Traia I, Florlag Sampi. 
(TRW Number I4MI) from Incineration Taat at Rolllaa

Clam of
Chlorinated PCB 
(No. of Chlorine 
Substituents)

Number of 
Apparent 
leomen*

Quantity of
PCI Detected

In Total Sample 
(ngl*

Minimum
Detectable
Quantity

(»f)
Monochlorinated (1) 0.1
Dichlorinaied (2) 3 to 0.3
Trichlorinaied (3) 8 !5 0.3
Tauachlorinated (4) 4 3 O.S
Peniachlorinated-

Decachlorinated (5-10) C

* Only a limited number of PCI aomen are available lor uie in eatabfiehing CC memion 
limaa and wnaiiiviiiaa far PCI, and ao ii could not be demonstrated that all isomers of a 
given chlorinated class are resolved using the CC conditions employed here. Therefore, it is 
not certain that each peak of the family observed for a given chlorinated group corresponds 
to a single isomer. Hence, the terminology "apparent" is used, which designates the number 
of CC peaks observed for a given chlorinated group of PCI.

‘ Assumes that the sensitivities of all isomers of a given chlorinated class arc the same. These 
data an not corrected for recovery, since no isotopically labelled PCI wen available to 
establish recoveries for the method used.

* Some Clj-Cl|| PCI an probably present, but then wen too many interferring MS peaks 
to nliably determine these.

in the popuhuion 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.
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Sean Nunbar

Figure 11. Selected-ion mail chromatograms obtained from HRCC/LRMS anaiysii of 
a mixture of mono*, di-, tri- and tetmehlormated PCB suodardt. Symbols: * * IBS-192; 
r c 222-225: 0 * 253-291; A a 2S9-292. Soe Table V for listing of isomer masses 
corresponding to eacb PCB class.
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Figure 12. Selected-ion ruim chromatogram* obtained from HRGC/LRMS analyvi* of 
ENSCO te»t 2, iratn 1 Florisil umple (TRW No. 6-0609) for teirachlorinated PCB.
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CHAPTER 10

ULTIMATE DISPOSAL OF 
POLYCHLORINATED BIPHENYLS
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Department of Civil Engineering 
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Polychlorinated 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 !200°C or a 1.3-sec dwell at 1600°C. These combinations are 
difficult to achieve in incinerators, yet 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 capable 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 system possesses properties 
conducive to ultimate destruction of organic halogens such as PCB. A lest 
was conducted to qualify this belief, and a further 3400,000 test program,

185
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funded by the Ministry of the Environment of the Province of Onurio, is 
presently under way for toxic waste destruction at the Royal Military 
College in Kingston, Ontario.

PCB COMPOSITION AND USES

PCB is the name given to a series of aromatic organochlorine homologs 
and isomers having the chemical composition C|}H|o.nCl„. PCB is a 
double benzene ring linked by a C-C bond and having 10 possible 
chlorine 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 excellent 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 
minimal.

Commercial production of PCB started in 1929,48 yean after the Tint 
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* 1234, which has an average chlorine 
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 plus an 
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

HONS
004591



ULTIMATE DISPOSAL OF PC* 117

locations, including both polar icecaps. Of local 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 4S ppt, the sediment has 72 ppb and certain fish more 
than 2.3 ppm. Ontario citizens have the highest PCB residues in Canada: 
males have 1.123 ppm and females, 0.839 ppm in adipose tissue (3],

The major routes of PCB into the environment are leaks from sealed or 
partly sealed systems, spills 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 global 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 levels. 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 10*. Concentration factors for water, sediment, and 
plankton in Lake Ontario are 1:2500:10s [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 articles 
[13].

PCB are truly pervasive in the environment and will remain so for a 
long period of lime. Temporal trends show no discemable 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 to metabolism can result in PCB 
accumulation and a toxic response. Synergistic effects of other con­
taminants and environmental stresses are not fully understood, but they 
may intensify the toxic effects of PCB.

In zooplankton 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 A*m 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 Aig/l caused decreased shell growth in oysters and higher 
mortality rates in shrimp and several types of fish. Reproductive success 
of Atlantic salmon 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 spleens 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 [II],

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 to 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 
number of cells in the liver whereby the bulk of the organ was increased. 
These reactions are similar to effects of known hepatocarcinogcns prior to 
the appearance of carcinoma. Among yusho patients, 9 of 22 deaths in 
subsequent years were caused by malignant neoplasms, suggesting a 
possible excess of deaths from 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 25 
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 amount 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 dear that 
an effective method of disposal is urgently required.

TLASMA 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 earth, plasmas are 
much leu 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 themselves 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 deal 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-voltage 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 little 
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 plasma.

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.

Fifurt I, Reaction vessel system.
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The reaction vessel is fabricated from stainless 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 stream. 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 liicr/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 injected into the

Figure 2. Schematic of PCB test equipment.

MONS 004596



192 PCS TREATMENT. RECOVERY AND DESTRUCTION

Figure 3. impinger network.

plasma, then recombination: of new molecules from the atomic specie; 
formed should be predictable cased on kinetic equilibrium. The computer 
model is used to predict the composition of products formed from waste 
feedstocks and the amount of plasma energy required 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 matter. 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 suitable 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 glycol impinger system, with a rated capture efficiency of 99.6%. 
The gas was 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-beam infrared spectrophotometer was used for 
quantitative analysis of the product gas for CO, CO2 and CH<. The gas 
flowed continuously through the I-cm cell at 8 liter/min, with analyses 
performed at 1-min intervals. Each wavelength was scanned approxi­
mately IS times during each analysis. An Intel 8080A microprocessor 
then applied Beer's law to the measured absorbances and the absorbance 
constants stored in memory to 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 ml/min, 
through the 13-ft « I /4-in. copper chromatographic column packed with 
5% S.E. 30 on Chromosorb P. The isothermal temperature settings were 
29S* C for the injector, 263° 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 I2S4 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 
12S4 and the limits of detection. From a standard solution of 68 mg in S 
ml of spectranalyzed hexane, five 10-til and three 1.0-mI samples of 
solution were analyzed. The effective lower limit of detection was judged 
to be 10 mS °f Aroclor 12S4.

A typical chromatogram of a 10-jil injection is shown in Figure 4, 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 made to the destruction of the Aroclor 
1254.
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Flgurt 4. Chromoiogram of 10 pi Aroclor 1234.
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Flgurt 5. Chromatogram of impingcr residue.

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. It 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 impingcr 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 (ECO). A gaa 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 
methanol 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 chlorine 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-structured com­
pounds such as chlorobenzenes can be used to test the ability of the 
experimental apparatus to capture chlorine compounds.
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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 5 ppm. If 
the computer model is accurate, hydrogen chloride 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 
chloride eliminated carbonic acid interference, which is prevalent at high 
pH values, and provided tout chlorine mass information.

For the testa using trichlorobenzene in methanol, where no neutrali­
zation it 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 70% of the chlorine could be accounted for in the 
scrubber reservoir. However, with neutralization, using sodium hydrox­
ide, more than 96% of the man 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 0.00013 of the mass of trichlorobenzene 
fed to the system during each test. It is perceived that this material enters 
the scrubbing system as a result of the shutdown procedure rather than 
short-circuiting 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 i destruction efficiency 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 calculations support the theoretical change in enthalpy predicted 
for the feedstocks 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 Aroelors. Chromato­
graphic separation of the 12 chlorobenzenes is easily accomplished using 
capillary column CC, and their quantification is easily possible. Thus, 
material balances and destruction efficiencies could be readily determined 
while minimizing the risk of social displeasure 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 ml 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 
extraction procedure. Extraction efficiency was better than 99%. and 
impinger trapping efficiency 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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CHAPTER 11

CHEMICAL DESTRUCTION OF 
POLYCHLORINATED BIPHENYLS IN 

TRANSFORMER OIL
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General Electric Research and Development Center 
Schenectady, New York 12301
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General Electric Apparatus Service Shop 
Philadelphia, Pennsylvania 19124

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 fraction 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 interaction* of a number of sodium/electron carrier/solvent 
systems with 10C oils containing 123-800 ppm of Arodor* 1234 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 situ, e.g., by simply stirring together the PCB-conuining oil, 
finely dispersed sodium, catalytic quantities of an electron carrier (such as 
benzophenone or naphthalene) and an ion-compiexing solvent, such as 
diglyme (DCM). Using various specimens of PCB-containing IOC 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 dielectric fluids 
were used in the manufacture of ordinary, liquid-filled, industrial, utility 
and distribution transformers. The more widely used of these was IOC oil. 
This is a specially refined mineral oil derived from naphthenic base crudes 
from certain wellfields. It was selected for its arc-quenching ability (i.e., 
its ability to consume hydrogen atoms generated by corona via addition 
reactions rather than H]-producing 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 13-30% (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 dielectric fluid) and a variety of manufac­
turers' trade names, such as General Electric's "Pyranol" and Westing- 
house's “lnerteen." Askarels, being more expensive than IOC oil, were 
used only where the fire hazard was considered sufficient to warrant the 
extra cost, for example, in transformers for indoor commercial or 
industrial use, or in transformers used on railroads. Virtually all of the 
askarels used consisted of mixtures of PCB (usually. Aroclors 1234 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-fllled 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-eating wildlife around the world. As a result, in the early 1970s 
there were (I) 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 facilities 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 30 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, already mandate special 
ultimate disposal procedures for somewhere between 300 and 600 million 
gallons of the IOC oil that is currently in service in transformers or 
transformer systems, because of contamination with more than 30 ppm of 
PCB. Since IOC 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; a 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 that a
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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 30 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 30 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 1:1 
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 [3] it becomes evident that a number of types of
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chemical reactions can occur in such systems. These generic types of 
interactions, summarised in Table 1, include the reversible formation of 
1:1 (Equation 1) and sometimes 2:1 (not shown) adducts belween the 
sodium and electron carrier; a variety of forms of attack on the solvent 
system, including hydrogen abstraction, alkoxide elimination and metal- 
lation processes (Equation 2); reductive dechlorination of the aromatic 
halide, presumably via electron transfer followed by fragmentation, 
which produces inorganic chloride and aryl radicals (Equation 3); 
occasional reduction of the aryl radical by hydrogen abstraction or 
metaliation (Equations 4 and 3); and a variety of radical recombination 
processes (Equations 6-9). The reported data [4] on the interaction 
between preformed sodium naphthalcnide 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).

Table I. Generic Types el Reactions Knew* lo Occur During Inter actions Among 
So4ium Metal (Na), Cation Carriers (8), Electron Carriers (C),

aa4 Aromatic Chlorides (ArCI) In Organic Media __________________________

Adduct Formation

Na ♦ xB ♦ C - NtS/ ♦ C* in
Solvent Attack. Metalltiion

•C * RH — *R, R-, CR", etc. (2)

Dechlorination

C ♦ ArCI - C ♦ Cl“ ♦ - Ar (J)

Aryl Radical Reduction

•Ar ♦ RH - R * ArH w
•Ar ♦ C* - C ♦ Ar* <♦ H?0 - ArH) (5)

Ary) Radical Recombination

2 -Ar - Ar, (4)

Mixed Radical Recombination:

■Ar ♦ R — ArR (V
•Ar * -C* - ArC (♦ H,0 - ArCH) (S)
R ♦ C* — RC (* H:0 - RCH) (9)
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Several paper* have described light- [6], radiation- [7] or peroxide- 
initiated [8] free radical chain reaction* between alkali, isopropanol and 
PCB to 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 II) and attack of 
the latter on PCB (Equation 12):

M«2CHOH • OH’ = H,0 • Mt-CHO' (10)

MtjCHO- ♦ Ar - ArH ♦ MfjCO' (II)

MejCO" ♦ ArCt — Cl" ♦ Mr.CO ♦ Ar (12)

The process of Equation 11 is obviously analogous to 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 attacking PCB molecules at low temperatures.

The question of how well an anion radical-mediated PCB destruction 
process might perform in a medium that was predominantly IOC 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 I) 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 
5), which would mean that incompletely dechlorinated PCB molecules 
would still appear in the gas chromatogram as PCB, albeit of lower 
degrees of chlorination, rather than as constituents of a nonvolatile resin.

ASSESSMENT OF SODIUM ADDUCT-PCB 
INTERACTIONS IN IOC OIL

To assess the pattern of interactions among sodium adducts, PCB and 
IOC oil, 0.5 M solutions of various 1:1 and 2:1 adducts were prepared by 
stirring together under nitrogen the appropriate quantities of sodium 
metal (40% dispersion in light mineral oil, from Matheson, Coleman, and 
Bell), the selected cation-complexing solvent (dried over a Unde 4A 
molecular sieve), and the selected electron carrier. The resulting intensely 
colored solutions were then added, a few milliliters at a time, to 100-ml 
portions of askarel-contaminated IOC oil, with stirring under nitrogen at 
room temperature. After the color disappeared from each 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^O, Oj or carboxylic acids. The colors of 
subsequent portions of the adducts generally persisted for 1-5 minutes, 
except in the case of the 1:1 sodium-benzophenane adduct (sodium 
diphenylketyl), which reacted more slowly.

The titration curves obtained by plotting % PCB removed as a (Unction 
of the relative amount of adduct added exhibited the general features 
shown in Figure 1. In most cases, as illustrated in the lower pan of Figure 
I, the initial flat was followed by a pseudo-linear decline of PCBtlrith 
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 sodhrm- 
benzophenone adduct (upper curves. Figure 1), disappearance of species 
in the Clt-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 lower homologs. Evidently, this 
reagent was far more reactive with higher- than with lower-chlorinated 
biphenyl homologs, and some constituent of the reaction system, pre­
sumably benzhydrylate (by analogy to Equation II), was capable 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 from partial reduction of PCB, the first notable feature of the 
titration curves shown at the bottom of Figure I 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 naphthalenide/THF with PCB in heat 
transfer oil [2]. The second significant feature was their roughly linear 
(rather than hyperbolic form), indicating that the relative 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 IOC oil solutions containing 120and 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 IOC oil

MOMS
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Fl|iirt I. Changis in PCI levels resulting from liiraiions of IOC oils containing Aroctor
I25S (-------). 120 ppm. or Arodor 1260 (---------), MO ppm. with 0.3 M solutions of
sodium sdducls of benzophsnont (Bz) or naphthalene (Np) in digiyme or tetrahydro* 
furan, rcspcetivdy, at room temperature.

are shown in Table II. Generally speaking, the relative activities in 
attacking the leu reactive PCB species (rather than unidentiiied 
components of the 10C oil), as indicated by the quantities of the adduct 
solutions that had to be added to achieve complete removal of '.he PCB, 
were roughly comparable for the 1:1 sodium:naphthalene adduct, the 2:1 
sodium:biphenyl adduct and the 2:1 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 removal of the more highly chlorinated PCB homologs by 
the 1:1 sodium.-benzophenone adduct, and decidedly lower for the 
removal of the lower homologs (i.e., all PCB) by that adduct.
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Tibli II. AppratimsM Efbctivtntm of Various IJ M Sodium Adduct Solutions In 
Destroying PCI* in IOC Oil at Room Temperature

Adduct
Former*

N«*Adduct
Relio Solvent*

pcb
Type*

PCB
Cone.
(ppm) •iPCB/XN*

% Soln. for 
a PCB 

(v/v)

Bz 1:1 ETH 1260 800 0.06* f
Bz 1:1 THF 1260 800 0.04' f
Bz 1:1 DCM 1260 800 0.08* f
Bz 1:1 DCM 1254 120 0.4 • f
Bz 1:1 TCMT 1260 800 0.9 * r
Bz 2:1 TCMT 1260 800 0.7 * »I0
Np 1:1 THF 1260 800 O.OJ 20
Np 1:1 CLM 1260 KOQ 0.02 >20
Np 1:1 DCM 1254 120 0.002 >25
Np 2:1* DGM 1260 800 0.05 8*
Bp 1:1 THF 1260 800 0.002 » 20
Bp 2:1 GLM 1260 800 0.02 15

'As measured by disappearance of gas chromatographic peaks in range characteristic of 
Cl«~CIg biphenyls. Unless noted (e), all such peaks disappeared at approaimately same 
rate.

kK«y. Is, beniophanonr, Np, naphthalene. Bp, biphenyl; ETH. ether, THF, tetrahydro- 
furan; DCM. diglyme; TCMT, l;2 tetraglyme-toluene; OLM. glyme.

'Arodor 1260. mainly mixture of Cj-O; biphenyls; Aroclor I2S4. mainly mixture of
,0.-0*
'Ratio of moles PCI lost per mole adduct sodium added determined from approximate 
slope near middle of titration curve.

• Data for peaks in CU-CIs biphenyl range only.
'Not yet demonstrated that any quantity of the 1:1 N»-Bi adduct solution sufficient to 
remove the lest highly chlorinated PCB homotogt.

'Presumed adduct formed by dispersing solid Na*in-naphthalcne dispersion (Coronet 
Chemical Co.) in diglyme; formed black suspension rather than solution: reactions with 
PCB/ IOC required several hours rather than minutes.

Several rather poorly reproducible experiments using tri- or tetraglyme 
(which are apparently harder to obtain in consistent purity) suggested 
higher APCB/ANa ratios than exhibited in runs using DCM as the ion* 
complexing solvent; conversely, somewhat lower ratios were shown by 
monodentate complexers such a THF or diethylether (Table II).

The overall conclusion drawn from these experiments was that if one 
desired to destroy the PCB in IOC oil with reasonable 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 regardless 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 dielectric
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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 IOC 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 eitperiments, various types and levels of electron carriers, cation- 
complexing solvents, and commercial sodium dispersions were added to 
Aroclor 1260-containing IOC 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 
IOC/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 at all. Evidently, in media consisting of 
IOC oil containing only 1-3% 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 ihe 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.e., 
most of the sodium was consumed by reactions with constituents of the 
IOC oil rather than with PCB, hence, large excesses of sodium were still 
required for complete PCB removal.

Reaction of the sodium with PCB and IOC oil depended not only on 
the presence of the anion carrier, but also on that of the electron carrier. 
In parallel experiments using IOC oil containing 800 ppm Aroclor 1260. 
5% DCM, and 0.23% sodium with or without 0.32% naphthalene, 
elimination of the PCB required an hour in the first case and a week in the 
second. Even in that latter case, an electron carrier may have been
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involved: most IOC oils are known to contain some alkyl naphthalenes, 
and the reaction medium in this case did exhibit the typical deep green 
color of a 1:1 naphthalene adduct by the end of the week. We have also 
learned, from another laboratory where this process was being checked, 
that some Texaco IOC 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 either benzophenone or 
naphthalene as the electron carrier, without revealing any significant 
differences in reaction rates or efficiency of PCB removal. In both cases, 
the CI4-CI7 biphenyl isomers all disappeared at roughly the same rate 
without evidence of stepwise reduction, and the reactions proceeded 
without ever 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-containing IOC oil, all taken from 
transformers returned for service work, is summarized in Table 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 CI4-CI7 biphenyl peaks of the Arodor 1254 or 1260, there 
remained some weak peaks in the retention range covered by the G2-CI4 
biphenyl peaks of Arodor 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 to 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 IOC 
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 lb of a 
20% dispersion of sodium in mineral oil (Coronet Chemical Co., Newark, 
NJ) and a solution of 1 lb 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, 1 ppm.
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Table III. Reductions in PCI Unk Resultini from Sllrrlni Randomly 
Selected SpKlmim of Ih4 rci-Containing IOC Oil with 
Dlglyme, Naphthalene and Dispersions of Sodium Melal 

<0.24* w/v; 0.10 Af) Under Nliroftn at 24*C

Initial
Aroclor

1261
(ppm)

% (V/V) 
Dig)) me 
Solution 
Added*

Initial
Naphthalene 
in IOC Oil*

(M)

Reaction
Time
(min|

% Reduction in PCI

Lower reaks‘ Higher Peeke*
<1% of Initial (99% of Initial

1266) 1266)

930 3 0.023 30 92 too
434 3 O.OIS 30 98 100
434 3 0.015 30 98 100
410 3 0.015 40 98 100
410 3 0.015 40 92 100
mo 3 0.0.30 30 98 too
IftO 3 0.030 30 too 100
IKO 5 0.025 30 100 100
1 HO $ 0.025 30 99 100
372 3 0.030 10 98 100
172 3 0.020 30 100 )DO
272 5 0.025 30 98 100
372 s 0.025 30 98 100
336 2 0.010 30 99 100
336 2 0.010 (O 96 100
226 3 0.015 10 99 too
333 l Q.0I0 IS 92 91
222 1 0.010 30 99 100
222 2 0.020 IS 100 100

‘Naphthalene introduced into IOC oil by adding 1-5% (aa indicated) of 0.5 or 1.0 M 
tolution in diglyme.
‘Electron capture gac chromatographic peak! mainly in range characterietic of trichiorobi- 
phenyle; tome, hut not all. corresponding to positions of peaks in Aroclor 1016.

‘ Peaks mainly in range characteristic of penta-, heaa- and heptachlorobiphenyls.

A portion of the resulting Na-treited, but unwished, oil. which was 
initially almost clear except for the NaCl haze, and no more colored than 
the original 10C oil, was allowed to stand with exposure to air for several 
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 water without gas evolution to 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 to those of linear polymers with molecular weights of 310 and 
620, respectively. (On the same columns, IOC oil itself gave an asymetrical
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peak, having a centroid and a maximum at pointi corresponding to 
polymers of molecular weights 242 and 161, respectively; the actual 
average molecular weight of IOC oil is about 230.) 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 ISO and 350. The 
Ultraviolet (UV) spectrum of the resin resembled that of an alkyl 
benzene, with a sharp maximum near 272 rim, but with some broadening 
on either side. The nuclear magnetic resonance (NMR) spectrum indi­
cated an aromatic/aliphatic proton ratio of 0.43. The infrared spectrum 
revealed prominent carbonyl and hydroxyl (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 metallaiion and coupling 
products of various constituents of the IOC oil (e.g., via processes like 
Equations 2 and 9), rather than from those of the PCS.

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 polybiphcnyl gels 
indicates that aryl radical recombination reactions (Equation 6) must also 
be unimportant. According to classical polymer gelation theory, gelation 
in a 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 
are only 100-1000 ppm. Accordingly, we conclude that most of the 
radicals generated by the removal of the chlorines from the PCB 
molecules must be consumed via mixed radical recombination processes 
(Equation 7 and 8), and hence that the PCB conversion product must 
consist of an extremely complex mixture of molecular species, each 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 from 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 tt room temperature in simple process equipment and hence 
are suitable for small-scale, decentralized operations. A minimal objective 
of such operations would be to render scrap transformer oil acceptable 
for sale as fuel. Still undetermined is whether the IOC oil treated by this or 
any of the alternative PCB-rcmoval 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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CHAPTER 12

UGHT-ACTIVATED REDUCTION OF 
CHEMICALS FOR DESTRUCTION OF 
POLYCHLORINATED BIPHENYLS IN 

OIL AND SOIL

Judith F. Kitchens, Williun E. Jonas, III, 
George L. Anspsch 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, halogenated organics have 
been used in a wide variety of products, including pesticides, plastics, heat 
transfer fluids and dielectrics. Ecological damage caused by halogenated 
organics in the environment waj first brought to public attention in J962, 
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 devastating damage to certain species of wildlife and, ulti­
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 dielectrics in transformers and capacitors, 
and as heat transfer agents in heat exchangers from 1929 through 1978. In 
1978 the L'.S. Environmental Protection Agency (EPA) published its 
proposed rules, which prohibited the manufacture, processing, distribu­
tion and use of PCB except in totally enclosed systems [2]. However, the 
problem that still remains is how to safely dispose of the billions of
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gillont 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 Kcpone; 
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 dehalogenaiion of complex chlorin­
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 cleavage 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 either 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 dehalogenaiion 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 
reactor and a 64-lamp pilot unit. These reactors are shown in Figures 1 
and 2. Both reactors contain low-pressure UV lamps 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-m fritted stainless steel spargers. 
The pertinent reactor parameters are:
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Number of Lamps
Tube Unit

1
Pilot Unit

64
Capacity (liters) 0.600 40
Light Path Length (mm) 5.33 6.35
Radiant Energy at Lamp Sleet* 

Surface (mW/cm2) 36.300 29.400
Hydrogen Flowrate (liter/ min) 0.26 1.9

Figure 1. Single-lamp LARC reactor.
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Flfim 2. Pilot LARC read or.

Both units are capable of flow-through or bath-recycle operation.
Analysis for PCB and PCB degradation products was performed on a 

Hewlett-Packard 5880 or Varian 3700 gas chromatograph (CC) with 
electron capture detector (ECD) for PCB and flame ionization detector 
(FID) for biphenyl. The following gas chromatogaphic conditions were 
used:

• column: 1.93% OV 17/1.3% OV 210 on Anakrom Q;
• ttmparaiurt: injection port—300*C: oven—programmed from 133 to 223*C at 

20*C/'min: ECD or FID—300*C: amt
• carrier sac niirostn at 23 ml/rain

Before GC/ECD, the PCB-containing solutions were diluted with ben­
zene to 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. Several solvents were evaluated for their
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ability to extract the PCB from toil without previous treatment and for 
their ability to act as a LARC solvent. A clay soil containing approxi­
mately 2000 pg/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 characteristics for LARC, the low-molecular- 
weight alcohols were found to be the most suitable extractants. Methanol, 
ethanol and isopropanol all yielded >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 treatment. 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 83% 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.

Figure 3. Schematic of extractor/LARC procedure for removal of PCB from »oil.
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• IACT!0»* TIME

Figure 4. LARC degradation of Aroclor 1242 in variout solvents.

The met of LARC reduction of the various Arociors (1242, 1254 and 
1260) extracted from soil were investigated. Isopropanol was used for the 
extractions, tnd 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 5 and 6. The plot of In Cj C vs reaction time 
shows an initial and final degradation rate. The rate constants calculated 
from these plots are:
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k. ,
Aroclor (min'1) (min’)

Single Lamp Reactor 1242 0.080 0.0206
1254 0.086 0.046
1260 0.112 0.032

Pilot Reactor 1260 0.238 0.036

The initial degradation rates appear to increase with increasing chlorina­
tion of the biphenyl, i.e., with higher Aroclor number. The final degrada­
tion rates are 23-50% of the initial rates. Dechlorination of Aroclor 1260 
initially proceeds about twice as fast in the pilot unit as in the single-lamp

13 23 30 «0 SO SO 70
REACTION time (MIN)

Figure 5. LaRC degradation of Aroclor 1242, 1254 and 1260.
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RIACTIOK TIMS SHIM)

Figure 4. Comparison of degradation rates of Aroelor 1260 in the single-bmp and 
pilot reactors.

reactor. This increased degradation in the pilot unit is due to the higher 
light flux and optimized temperature and flow pattern.

Several experiments were conducted to determine the practical upper 
concentration limit for LARC degradation of Arodor 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 to 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:

• t) V light-sb»orbing oil degradation products art present in many transformer fluids.
• Most of the oils art not good hydrogen sources.
• Some of the oils are too viscous for adequate dispersion of the hydrogen gas.
• The PCB degradation product is a yellow-brown polymer substance that also 

absorbs 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 to 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 evaluated to decrease the viscosity of the 
transformer oils and to provide a good hydrogen source to aid the LARC 
reaction:

Constituents Ratio
Oil:Hexane:lsopropano) 5:3.73:1.23
Oil:lsopropanol:Hexsne:r>iethvlether K: 1:0.5:0.5
Oit:Tcirihydrofuran 7:3
OiliTctrshydrofuran K;2
Oil;Tetmhydrofuran 9:1
Oil:Tcirahydrofunn:Bauc Methanol K:l.5:0.5
Oii:Tctrshydrofuran:Uopropanol ‘.2:1

For these experiments, clean mineral oil was used as the oil. The oil 
mixtures were spiked with Arodor 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 
letrahydrofuran further improved the PCB degradation rate over that of 
the hexane formulations. The rates for Arodor 1260 degradation did not 
vary with the amount of tetrahydrofuran added in the tested 10-20% 
range. The addition of basic methanol also did not improve the PCB 
degradation rate over that of the 9:1 oihtetrahydrofuran mixture. The 
addition of isopropanol to the oihietrahvdrofuran mixture significantly 
improved the initial degradation rate (Figure 7).
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Figure 7. LARC degradation of ArocJor 1260 in oil.

The reaction mechanism appears to be rapid dechlorination of the PCB 
with concurrent formation of hydrochloric acid and a nonchlorinaied 
yellow-brown substance that is believed to be a polyphenylene. No 
evidence of chlorinated furans or chlorinated dibenzofuran was found in 
mass spectra 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 solvent 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 I. Continued LARC degradation oI Aroclor 1260 elter extraction of poly­
phenylene product.

interfering product end 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 yellow-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 evaluation.
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CHAPTER 13

CATALYZED WET OXIDATION OF 
HAZARDOUS WASTES

R. A. Millar and R. D. Fox
IT Enviroiciencc 
Knoxville, Tennewee 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. Economies 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 total control over the cost and proper disposal or destruction of their 
wastes. Therefore, a hazardous waste treatment process that is capable of 
destroying and/or detoxicating low-volume waste streams at reasonable 
cost to the waste generator is desirable. There are a 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 a 
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 to 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 [ 1] which demonstrates the 
use of nitrate and bromide or iodide ions in an acidic solution to catalyze
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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 example, thermal incineration, which requires 
temperatures up to I200°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 * Oj - R' ♦ OOH (I)

R'» O, - ROO’ (2)

ROO' • RH - ROOH ♦ R' P)

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 (313° 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 1000-2300 
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-nitrate catalyst, and examination of the 
literature on the reported mechanism for wet combustion of orpnics in 
aqueous solution to obtain an understanding of how the CWO process 
achieves faster destruction rates for waste orpnics.

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 system accelerates the 
transfer of oxypn into solution through the complex reactions of the 
oxides of nitrogen and their solubility in the aqueous catalyst solution:

2 NO * O; V* 2 NO; (<)

2 NOj * H-0 HNO; ♦ HNO, (5)

H:0 * HNOj ♦ 2 NO ** 3 HNO- (6)

HNO; * HSiW NOBr ♦ H,0 (7)

These reactions and subsequent reactions with bromine/bromide species 
provide the formation of radicals for the oxidation of waste orpnics. The 
principal radical species used in CWO is not the product of oxypn- 
orpnic reactions found in wet combustion systems, but is postulated to 
be a bromine anion radical. This radical is a strong oxidant capable of 
abstracting hydrogen 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. 
It is postulated that the formation and use of the bromine anion radical is 
responsible for the increased destruction rate of organic compounds by
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CWO. When the three roles of the catalyst system (oxygen fixation, 
radical generation and organic oxidation are tied together, it becomes 
apparent that the bromide-nitrate catalyst system reactions depend on 
maintaining the proper relationship between liquid catalyst species, 
gaseous catalyst species, oxygen and the organics to be oxidized.

EXPERIMENTAL RESULTS

The data were generated from experiments in a titanium reactor [3]. 
The experiments consisted of batch reactions with a variety of organic 
compounds over varying conditions of time, temperature 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 I. 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 certain organic wastes, the operating 
temperature and pressure are low enough to permit waste treatment using 
conventional 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 suble and 
require higher temperature and longer reaction times to achieve accept­
able destruction rates. Two polychlorinated biphenyls (PCB). tetrachlor- 
odibenzo-p-dioxin (TCDD) and the CWO reaction conditions are listed 
in Table II. Although the temperatures and reaction times are much

Table I. Orsanic Destruction bt Catalysed and Conventional Wet Oxidation'

Reaction Time 
(min)

Organic Destruction

W et Oxidation CWO

Acetonitrile 30 5% »%
Diphenyl Hydrazine 30 19% 73%
Pentachiorophenol 30 i* 99%
o-Xylene 60 54% 94%
DDT 60 10% 60%

'Reaction temperature: 165'C; catalyst mixture: 0.5% Br*. 5.0% NO}*, 0.25% Mn.
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T>M» II. CWO Dotructloa Rmm for HwNra Wuim

Tcmpcrslurt
rc>

Ruction Him

(min)
FirciM

Destruction
Aroctor 1016 200 120 87,1
Aroclor 1254 250 120 97,0
TCDD 200 240 99.5

higher for these wiste 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 waste and 
eliminates the problem of finding a disposal company capable 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 waste treatment 
alternative, especially for small waste generators who wish to maintain 
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
lyst. 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 to 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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Polychlorinated biphenyls (PCB) are potentially 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 « 10* kg 
[I]. 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 sludges at the bottom of riven, 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.

233
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Atmospheric transport plays a major role in the worldwide 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 to have an important atmospheric component. 
PCB released directly into the atmosphere adsorb onto particulates and 
art transported with the pretailing winds. Particle fallout and precipita­
tion deposit the PCB on land or into a body of water. PCB were 
presumably released 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 plants [4], In general, 
laboratory photodecomposition of lower-chlorinated PCB isomers in 
both polar and nonpolar solvents reveals a potential parallelism to the 
environmental mechanisms that could effectively degrade these con­
taminants [7],

PCB are similar to many chlorinated pesticides, which art known to 
bioaccumulate to high concentrations in the higher trophic levels. Com­
mercially prepared PCB exist as seven complex mixtures that contain a 
tout of at least 54 chlorinated hydrocarbons (biphenyl). If introduced 
into the aquatic environment as combinations of the seven mixtures, the 
system may be considered to be an aqueous 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 for 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 wavelengths >390 
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 consequences exist. Most PCB species are
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nonvolatile and hydrophobic in aquatic environments. Thus, they will 
either duster as aggregates of drops in water or reside at the surface in the 
hydrophobic, 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 would be subject to hydroxylaiion 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 sunlight allows environmental replacement 
of chlorines 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 lo bond to 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 chlorodibcnzo- 
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 important photochemical reactions that are 
known to occur when PCB are discharged into the aquatic environment 
over relatively long periods of time.

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 ISO- 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 singlet, double and triplet multiplicity, the 
carbon halogen bond undergoes fission, giving rise to aryl and hydrogen 
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 fistion, an alternative reaction between the excited state and 
nucleophilic species can occur, giving the appropriate substitution prod­
uct at the C-X bond.

Pholochemically induced degradation of isomers and commercially 
synthesized mixtures of PCB has been reported [10,11]. Reaction rate 
comparisons in oxygen-saturated and degassed solutions 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 mela and port positions.

It is possible that fission of the ortho chlorine substituents is due to 
stabilization of the transition state by complexation of the leaving 
halogen atom with the system of the other phenyl ring. Thus the ortho 
position, being closest to the ring, would facilitate cleavage. Substitution 
by the solvent could occur via nucleophile attack on the triplet or attack 
on a radical cation. Photolysis of PCB in aqueous solutions showed that 
dehalogenation and substitution products were accompanied by chlo­
rinated biphenylenes and the highly toxic chlorinated dibenzofurans.

Figure 1. Photochemical dehalogenation of 2.2‘.4,4'-tetrachlorobiphenyl [9].

ct Cl

Cl
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Thus, photochemical degradation can both detoxify PCB in aqueous 
conditions due to 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 mechanism are shown in Figure I.

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 reactant 
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 
concentrationa 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 calculates 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 psre-chlorobiphenyls in aquatic systems. Con­
centration variations 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. Concentration variations of 4<ch!orobiphenyi 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: (I) chlorine is replaced by hydroxy groups in aqueous 
systems, (2) chlorine is replaced by hydrogen (reductive dechlorination) in 
nonpolar systems, and (3) chlorine is replaced by hydroxy groups in polar 
systems. From the results above it is apparent that dechlorination of 
biphenyls in aquatic environments proceeds very slowly, with consump­
tion of ortho- and pera-chlorobiphenyl. The results of this study also 
show that highly chlorinated biphenyls are more stable under the 
influence 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 
aqueous systems.
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Figure 3. Concentration variations of 2.2',4.4'6.6'-hex*chlorobiphenyl and 4,4'- 
dichlorobiphenvl.

The environmentsl significance of the formation of chlorinated di- 
benzofurans is threefold: (I) orrho-chlorobiphenyls can be hydroxylated 
by radiation (sunlight) when they are syspended in aqueous media; (2) the 
products are convened to chlorinated dibenzofurans; and (3) rates of 
formation of chlorinated dibenzofurans by this process are the same as 
their rates of degradation, leading to steady concentrations. The chloro- 
dibenzofurans formed from chlorobiphenyl under photochemical condi­
tions lead to oxygenated products in six months. Dechlorination of PCB 
exposed to sunlight was also observed to a certain extent. Irradiation of
2.8-dichlorodibenzofuran 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 tome chlorodibenzofurans. However, it teems 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 15

CHL0R0D1BENZ0DI0XINS AND 
CHLORODIBENZOFURANS: AN OVERVIEW

Thomas 0. TJsman
Brehm Laboratory and Department of Chemistry 
Wright State University 
Dayton, Ohio 43439

Chlorodibenzodioxins (CDD) and chlorodibenzofurans (CDF) are two 
sariea 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 to the position of chlorine substituents on the rings are shown in 
Figure I. The number of chlorine atoms in the molecule can range from 
one to eight; therefore, a large number of positional isomers are possible. 
The total 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 I.

In the past few years, widespread concern has arisen with respect to 
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 [I], the potential 
for extensive environmental contamination by these compounds is very 
great. Moreover, CDD and CDF generally are quite stable, chemically 
and thermally, and are reasonably soluble in several common organic 
solvents (selected physical properties of two representative chlorinated

343
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9 I

Chlorinated Dibenzo-p-dioxin

9 i

Chlorinated Oibenzofurons

Figure 1. Generalized structures of CDD end CDF.

Table I. Number* of CDD and CDF Isomers as a Function of the 
Number of-Chlorine Substituents

Number of
Chlorine Atoms

Number of
CDD Isomert

Number of 
Isomert

I 2 4
2 10 16
3 14 28
4 22 38
5 U 28
6 10 16
7 2 4
8 i 1

dioxins are shown in Table 11). There is some evidence to suggest that the 
CDO 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 
status of knowledge of the CDD and CDF, as a prelude to discussions of
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Ttklt II. Ftipial Frapnta of Tw« Cklwtuairi DIoiIm

2J.7J-TCDD OCDD*

Empiric Formula CuH^O, Ci;CI|0)

Percent by Weight
C 44.7 21.2
0 9.95 7.0
H 1.25
a 44 1 hi. 7

Molecular Weight 322 459.8

Melting Point (*C) 305 130

Decomposition Temperature (*Q >700 >700

Solubilities (g/t)
o»Dichiorobenzenc 1.4 1.85
Chlorobenaene 0.72
Anisole 1.75
Xylene 2.3*
Benzene 0.57
Chloroform 0.57 0.50
n*Oetanol 0.041
Methanol 0.01
Acetone 0.11
Diounc

2 • I0-*
0.38

Water

a Octuhlorodibenza-p^ioxin.

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 consulted for 
additional details [1-3],

TOXICITY AND HEALTH EFFECTS 
OF CDD AND CDF

The toxicity of chemical compounds is usually 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 scale 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-world exposures. Moreover, since toxic 
response is a function of the pharmacokinetics and the adaptive charac-
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tcrittici 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 lead 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-letra- 
chlorodibcnzo-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 LDjo 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 IV). 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 LDjo 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 to be 
similar to those for the more toxic CDD, that is, 1 — 100 jug/ kg for the 
most sensitive animal species.

Table III. Taxklties of Selected Poisons*

Substance Molecular Weight
Minimum Lethal Dose 

(mol/kg)

Botulinum Toxin A ».0 ■ 10s 3.3 ■ IO'11
Tetanus Toxin i.o » ios 1.0 ■ io-17
Diphtheria Toxin » io4 4.2 « IO*12
:.3.7.S-TCDD* 122 3.1 ■ IO"*
Saxitoxm .*"2 2.4 > 10-'
Tctrodotoxin 319 2.5 ■ IO-*
Bufotoxin* 757 5.2 ■ IO'7
Curare 696 7.2 ■ I0'7
Strychnine 33d 1.5 ■ 10 *
Muscarin* 210 5.2 • IO'*
Diisopropylfluorophosphatc 184 . 1.6 ■ I0 >
Sodium Cyanide 49 2.0 ■ IO"4

'Source: Pland and Kende |4], These data were compiled by Mosher et al. [5], and the 
values indicate only relative toxicity. It should be noted that the values deal with different 
species, routes of administration, survival times and. in one case, mean lethal dose rather 
than minimum lethal dose. £xeept where noted, administration was by the intraptritonaal 
route in mice.

*LDm on oral administration in the guinea pig.
'Intravenous injection in the cat.
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Tabte IV. A cult Tiikhla of Chlorodibeaiadiaihit |IJ

N«mNr and Foittom 
of Chlorine Substituents

LD»

Cuinee Pip Mice

2,8-Di- >300.000
2.3,7-Tr*. 29,444 >3.000
2.3.7.I-T«tra* 0.6-2.0 284
l.2.3,7.l-Penta- 3.1 33S
l.2.4,7.l-Pema- 1.125 >5.000
1.2.3,4.7.8-Hexa- 72.5 825
1.2.3.6.7.1-Hexa- 70-100 1.250
1.2.3.7.1.9-Hexa- 60-100 >1.440
I.2,3,4,6.7,S-Hepta- >600; 7.110
1,2.3.4,6.7,8.9-Oeta- >4 ■ 10*

' Ail vaiun «rc (or oral druct; ten period is 30 days.

Table V. Summary of Toxic EffeeU of 2J.7J-TCDD oo Sereral Aiilwal Spaeles' |l.t]

Mookeyt
Mice Guinea Pip. (Female)

Thymus involution 4

Spleen Reduction (white pulp) ♦ * ♦

Bone-marrow Hypoplasia ♦ *♦ ♦
Liver, Mefulocytosi*/ Degeneration - -
Bilt-duct Hyperplasia £ ±

Testicular Defeneration ♦♦ ♦♦♦ N, A
Renal-petvn Hyperplasia - ♦♦ *
Urinary-bladder Hyperplasia 
Adrenal-coniea) Atrophy

**

(Zona Clomerulyj)
Hemmorhagc

** ■

Intestinal * * -
Adrenal - ♦* -

Ascites ♦♦ - •*

Cutaneous lesions - - —

•Key: -no effects; * mildly affected: ** imoderately affected: — severely affected.

A luminary of the observed biological effects of 2.3.7,g-TCOD on 
mice, guinea pip and monkeys is presented in Table V [1,6], While the 
effects and their severity vary to some extent 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
mental effects in offspring have been observed. In some animal species.
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2,3,7,8-TCDD is feloioxic (or embryotoxic), teratogenic and even car­
cinogenic [t]. A particularly apparent response to this compound ob­
served in rabbits, monkeys and man is an acnegenic eruption (termed 
chloracne in man).

TCDD causes marked alteration of normal enzyme activity in certain 
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 [I], 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 [I],

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 fat and liver, with smaller amounts in the spleen, bone, heart, lungs, 
testes and kidney [)]. Moat TCDD is apparently not metabolized by the 
rat, or at least 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 as a 
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 
years was the explosion that occurred at the Icmesa trichlorophenol plant 
located in Seveso, Italy, where TCP and 2,3,7,8-TCDD were dispersed 
over a wide area. Approximately 3000 persons were exposed in this 
accident [1.2], Shortly after 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 tarda, 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 certain 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 VI. Arrlrirnt* in Chemical Tlmli Manufacturing TCr J7J

Date Manufartmrr Country Personnel Injured Cauet of Accident

1999 Mnnsnnio US. 117 Overheating leading to cipioaroo
1932/193.1 llochi infer \V. Germany 37 Exposure during menu lac toring protest
193.1 lladische Anilin imhI Soda

Fabrik AO (HASP)
W. Germany 55 Overheating leading to ttploaion

193.1/1971 Rhone Poulenc Prance 97* Exposure during manufacturing precise
1939 Hooker U.S. Staff employees Overheating
I960 Diamond Shamrock U.S. Figure unknown Overheating
1995 Philips Duphar Holland 50 Overheating leading to explosion
1994 Spolana Crechostovakia 72 Exposure during manufacturing process
1994 Dow Chemical U.S. 30 Exposure during manufaaormg proeeaa
1999 Coalite and Gicmical Products U.K. 79 Overheating leading to expiation
1970(7) Rayer SV. Germany 3 Exposure during manufacturing process
1972/I97J Oremk/Unt Austria 50 Exposure during manufacturing process
1979 lemesa (OivnutlAn) (inly 106 children Overheating
llrfme 1979 lltnnipson llaywaid U.S. Overheating leading to expiation

■ luchnliag 17 injured in a 1939 explosion and 21 in 1996. Source: A. Hay,MAccidents in Trichlorophonol Plants: A Need For Reslbiic Surveys to 
Aacetlnin Risks In llenilir. in "llcallli Elfccts of llalngenatcd Aromatic Hydrocarbons", W. J. Nicholson and J. A. Moore. Eds. Amt N. f. Atmd. 
Sit, J20:I-73U (I979).

»

i

HONS 004652

C
ffLO

R
O

D
ttEXZO

O
tO

Xt*S AN
D C

N
LO

R
O

M
IC

KtO
niAN

I



}M DESTRUCTION OF DIOXINS

and CDF in humans ilso have nol been determined, in pert because of the 
complicating factors caused by the many other haiardous organic 
compounds to which man is exposed.

The most notable reported episode involving human exposure to CDF 
occurred in Japan in 1961 as a consequence of the accidental contamina­
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 31 of the 
exposed population had died; 11 of these were identified as resulting from 
malignant neoplasms of the stomach, lung, liver, breast or lymphatic 
system, 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 8-) 
positions chlorinated, were preferentially retained in human tissues [8], 
This is one of the few instances in which such compounds have been 
implicated unquestionably 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 nol 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 compounds 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 manufacturint procesi generates 
these compounds as by-products, and which are widely used in the environ­
ment (pesticides, wood-treating producu. etc.):

2. uncontrolled manufacturing processes, which result in releases of CDD and 
CDF (explosions of reactors):
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3. improper disposal of chemical manufaciuring waiter or product! containing 
CDD and CDF (landfilli, waterway!);

4, incineration of municipal, commercial and industrial wastes;
3. ordinary combustion processes (wood-burning and others); and
6. accidents (nret, spills, etc.).

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 material used in the manu­
facture of a series of industrial and agricultural chemicals, notably the 
herbicide 2.4.J-T, and the related products, silvex, ronnel and hexa- 
chlorophene, a bactericide. PCP is extensively utilized in wood-preserv­
ing processes. CDD and CDF that have been delected in various chloro- 
phenols and related pesticide products are listed in Table Vll. 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 
exemplified 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 diphenyl ether, may be an intermediate in this reaction. 
Similar condensation reactions can account for the formation of hexa- 
(HxCDD), hepta- (HpCDD) and ocuchlorodibenzo-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 result from manu­
facture of these chemicals. Obviously, improper disposal of such chemical 
wastes can lead to extensive environmental contamination. Prominent 
examples of this that have received recent attention 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 Tabid VIII. Applications of excessive 
quantities of herbicides contaminated with TCDD, as in South Vietnam 
during the conflict there and at 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, Italy, can also 
result in elevated levels of TCDD in plants and animals (including 
humans) present at such sites (Table IX [9]).

As already noted, CDF are also preseni as contaminants in some PCB
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I'iimImH
am Dtitcitd" CDF Detrclrd*

Irna- Onto* liras- llr pin- Oelt* Trtrs- Tenia- llraa- llrpla- Oris-

ict . - - . - 4 * *
IcliacMvtopbeiiul ♦ ♦ ♦ 4 ♦ 4 44 44 4
m» - ♦4 44 - • * 44 44
2..U-T «» Nt) 44 - - NO NO NO NO ND
Silwa ♦ Nl) - - ND NO ND NO NO
2,«-D* - NO 4 - - _ - . ,

t:rb»n . Nl> - 44 NO NO NO NO NO
Semite - Nl) 4 " * NO NO ND NO ND

*Cyncc*U«ttaft range*; ♦ ♦ * >UI ppm; * * 0.5-10 ppm; - s <0.5 ppm; NO * not determined. 
*Reces< analjiei by Wright Slate Univeriiiy.

HONS 004655

D
cm

vcTiox or d
io

xin
s



CHLORODI1ENZODIOXINS AND CHLORODIBENZOFL'RANS 253

2,4,»T

1,2,4,# TETRA- COOH
CHLOROBENZENE '

Cl

Cl

2,3,7,8-TCDD

Figure 2. Reactions involved in synthesis of 2.4.5-ihctilorophenol and related products 
(2.4.5-T and derivatives) showing formstion of 2.3,7,8-TCDD as a by-product.

formulations [2]. In addition, it is known that pyrolysis of PCB at certain 
temperatures (obviously lower than the temperatures 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’-hexaehlorobiphenyl, 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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(PCP) PENTA- PCP, No Solt
CHLOROPHENOL ----------------------

OCDD

Figure 3. R sections involved in synthesis of PCP nnd derivatives showing formotion of
sctachlorodibeniodioxin is • by-product.

result of i transformer fire in the basement of a large office building. Soot 
samples and wipes of surfaces in nearby areas showed rather large 
concentrations of CDD and CDF, as indicated by the data shown in
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T»Mt VIII. Lmb of TCDD in B artow Environmental and 
Biological Sample* Analysed by the Brehm Laboratory of 

Wrtgbt Stale University______

Sampl. Dncrlplioa N.llv. TCDD Dtitcua

Hazardous wttte landfill loil/iludge.
Ntw York suit 300-199.000 ppt

Trichlorophenol manufacturing wane.
Kill bottom. Arkansas 22.000 ppt

Blood sample from workers involved in 
cleanup of orrto-chlorophenol spill in tank car
derailment, missouri 7-28 ppt

Blood sample from Vietnam wieran 41 ppt
Bovine 10 ppt
Municipal refuse-fired incinerator.

New York state
(on particulate emissions) 15 mg/hr

Soot from wood-burning Fireplace 0.65 ppb
Agent Orange 0.1-60 ppm
2.4>D (several manufacturers) 0.2-1.3 ppb

Table IX. TCDD Leveli in Wildlife in Sevtao, Italy. Area FoMowtug TCP Accident*

Aalmal

No. of 
Samples 
Analysed Tissue Positive

TCDD Level (ng/g)

Average Range

Field Mouse 14 Whole body 14/14 4.5 0.07-49
Hare 5 Liver 3/5 7.7 2.70-13
Toad l Whole body I/I 0.2
Snake 1 Liver I/I 2.7

Adipose tissue 16.0
Earthworm* 2 Whole body 1 '2 12.0

‘Source: Fanelli et al. [9], referenced in Esposito et al. [I]. 
“Each sample represents a 5*g pool of earthworms.

Table X for a wipe sample [10]. In still another instance, incineration of 
wood-treatment 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 CDD/ CDF (see Table XI). Another 
chapter in this book [11] presents a more detailed discussion of the recent 
assessment of destruction of PCB by incineration under conditions where
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Cl Cl

Cl Cl

C'<§M§)-C'
Cl Cl

1,3,4,7,8-panto- CDF 
(proposed)

Flgam 4. Ructions luding to formation of CDF from pyrolysis of 2.2’. 4,4',5.3’-hr xi- 
chlorobiphenyl.

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 acceptable.

ANALYSES OF CDD/CDF IN 
ENVIRONMENTAL SAMPLES

The extraordinary toxicity of some CDD and CDF dicutes the need 
for analytical capabilities that can detect and quantify picogram quanti­
ties of CDD and CDF. At the same time, great analytical methods 
specificity is required, because several other prominent conuminants that 
persist in environmental 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 3-4 years, and it is now possible to 
reliably determine parts-per-trillion levels of CDD and CDF in many
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Table X. Ranks of HRCC/LRMS Analyik at Wipe Sample from Ana 
Cootaariaated by Transformer Fin far Tetri- nraa|h 
OctscMorlaalld Dlbenio p dlatlaa and Dlbmiofunm

CDD/CDF* Appamt Itonin'

Quantity of 
CDD/CDF Detected

(n|/wlp.)

MMmum Detectable 
Quantity 

(n| par tooimr)

TCDD ND
,?a4-2j,7.i

ND 0.10

PCDD ND ND 0.10

HxCOD ND ND 0.20

HpCDD I.2J.4.6.7.8- 0.65 0.20
I.2J.4.6.7.9- 0.45 0.20
Total
,7a4-l.2J.4.6.7.8-

i.i 0.20

OCDD I.2J.4.6.7.J.9-
”a,-OCDD

1.0 0.20

TCDF 1.2.4.B- 2.0 0.10
2J.6.S- 3.1 0.10
2J.7.I- 9.6 0.10
Other isomen (8) 35.8 0.10
Total 50.4 o.to

PCDF IX4.7J- 5.2 0.10
Other isomen (13) I1.S o.to
Total 17.0 0.10

HxCDF 1X4,6,7.9- 1.6 0.20
Other isomen (12) 43.6 0.20
Total 452 020

HpCDF IX3.4.6X9- 2.7 0.20
Other isomen (4) 4.6 0.20
Total 7.3 0.20

OCDF 10.3.4.6.7.8.9- 7.3 0.20

■PCDD • pcnta-CDD; HxCDF • hexa-CDF; HpCDF • hepta-CDF; OCDF • oeia- 
CDF.

'Sit text far dUcuuion.

type* of eDvironmental and biological sample*, 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
lytical procedures now applied for definitive determinations of ODD and 
CDF isomers entail the following:
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Tebl# XI. HRCC/LRMC Amlytkai Remits for CDD/CDF In Ash Sample from 
_____________________ Incineration of Wnm Confining PCP*

CDD/CDF
Totel Number of 
Apparent Isomers

Total DttKtd
Mbiltauai DrtactaM. 

Conmitr.t.4 
("!/»)

MCDF 3 75 0.1
DCDF 8 25 0.3
TrCDF 8 15 0.6
TCDF 7 7 0.3
PCDF 5 8 I
H.CDF 5 5 I
HpCDF 2 6 1
OCDF | 2 1
MCDD 1 1 0.1
DCDD 4 5 0.3
TrCOO S 2 0.6
TCDD 4 4 0.2
PCDD s 32 I
HxCDD 5 8! I
HpCDD 2 117 1
OCDD 1 198 1

* Recent analyse* by Wright Suit University.

1. extraction of CDD and CDF from the sample matrix using organic solvents,
2. preliminary separation of CDD and CDF from other constituents of the 

matrix, which also have been extracted (including other chlorinated materials) 
using acid-base treatments and liquid chromatography with alumina, silica gel 
and/or other suitable columns:

3. further fractionation of the CDD and CDF using normal and reverse-phase 
high-performance liquid chromatography (HPLQ: and

4. analyses of the prepared extracts containing CDD and CDF using captUary- 
column gas chromatography/mass speeirometry (CC/MS). Both low- and 
high-resolution mass spectrometry may be used in this analysis, depending on 
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 (pans-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 process 
wastes, which are shown in Table XI. Interestingly, the TCDD isomen 
detected in this sample were 1,3,6.8,- 1,3,7,9-, 1,3,7,8-and 1,2,3,4-TCDD.
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No 2,3,7,8-TCDD was found. Similar analyses have recently been 
accomplished by the Brehm Laboratory on suck 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 deuilcd 
analytical techniques are also described in another chapter in this 
book [II].

ENVIRONMENTAL TRANSPORT AND NATURAL 
DEGRADATION OF CDD

Considerable work has been done in an effort to assess the extent of 
degradation and transport of CDD in the environment [I], although the 
conclusions from these studies are not entirely dear. Although bio- 
degration of TCDD does not seem to be a particularly imporunt process, 
both TCDD and OCDD appear to be effectively photodegraded by both 
natural sunlight and artificial ultraviolet (UV) radiation [I]. Transport of 
TCDD in soil, water and air has been investigated, but since the results 
depend on so many environmenul 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 bioacsumulate 
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 baseline data on con­
centrations of CDD/ CDF in the environment, however, except where 
high levels of CDD/ CDF-are anticipated because of massive contamina­
tion episodes sueh 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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ndiolysis, ozonolysis, catalytic dechlorination and biological treatment. 
Several of these techniques and their application to such chlorinated 
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 CDO and/or CDF.
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CHAPTER 16

SELECTED LEGAL ASPECTS OF A 
DIOXIN DETOXICATION PROJECT

Kant A. Storaur
Syntax (U.S.A.). Inc.
Palo Alio, California 94304

On a iummer afternoon in 1974, Godfrey Moll, Plant Manager of the 
Syntex Agribusiness chemical production facility in Verona, Missouri, 
rapped on the aide of an old 20-foot-tall steel tank, which had been sitting 
idle on the premises for many yean. 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 sludge material. 
Moll calculated from the size of the tank that it contained approximately 
4300 gallons of this material, which was the consistency of heavy motor
oil. Laboratory analysis of the sludge increased his surprise considerably: 
the 4300 gallons of sludge contained approximately 343 ppm of dioxin.

It soon became evident what had happened. In the late 1960s North 
Eattcm Pharmaceutical 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 hexachlorophene. One step of that manu­
facturing process, which involved the purification of trichlorophenol 
(TCP), apparently produced dioxin as an unwanted by-product.

261
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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 essentially removed 
from the market by the Food and Drug Administration (FDA) and soon 
thereafter NEPACCO allowed its corporate charter to lapse.

In short, in violation of its lease, NEPACCO had apparently simply 
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, wss 
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 area was safely secured, Syntex 
turned its attention to finding a suitable way to resolve the problem.

The overriding consideration for Syntex in searching for and selecting a 
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 allowed to transport the wastes 
across state lines. At one point, the possibility of incineration at sea 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 Enviroscience 
(formerly known as Dow/Hydroscience) to undertake a three-phase 
program. Phase I was a technology review by IT Enviroscience to 
discover feasible methods of onsite reduction and recommend a method 
for further development; phase II 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 Blue 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 5 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 to recommend would involve photolysis, two 
experts in this speeialty 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 I have stated, safety of the public, its employees and the surrounding 
area was Syntex' primary consideration. This consideration weighed 
heavily against any process requiring operation at high temperatures or 
pressures. The process ultimately proposed by IT Enviroscience was 
extraction of dioxin from the NEPACCO wastes followed by ultraviolet 
(UV) 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 a 
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 Syntax' 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 yean 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 
manufacture 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 to Syntax: 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 wutes 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 liaison and rapport with 
responsible 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 held as the development 
of the process progressed, to keep EPA officials in Washington, DC and 
[he 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 decrease 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.
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In a iccond, related, area, there was considerable legal activity involved 
in obtaining the requisite federal, state and local permits. For example, 
approximately S5 days before processing was scheduled to begin, a 
regulation was promulgated under the Toxie 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. Again, the spirit of 
cooperation and openness between Syntex and EPA had made it possible 
to overcome a problem that otherwise might have halted or delayed the 
project.

A third area of legal activity involved the protection of confidential 
proprietary 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 sueh information. 
Considerable negotiation and correspondence enabled a mutually satis­
factory resolution of these 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, so no further legal activity was necessary with regard 
to sueh issues at 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 responsible for removing or addressing 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 collegia] 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 dialog among lawyers, analytical chemists, industrial hygienists 
and others. Sueh a system had to meet several conflicting demands. On 
one hand, the samples had to be sufficient in number to rebut allegations 
of dioxin release or injury, have suflicient sensitivity to meet legal 
standards and be frequent enough, with short analytical turnaround 
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 detoxication processing, or increase unacceptably the possibility of 
obtaining misleading false positive results. The pooled expertise of several 
disciplines, based on extensive discussion, was necessary to balance 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 
again it was decided to clean up the materials rather than to focus efforts 
on pointing out Syntex* lack of responsibility 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 efTort, commented that the program 
"represented the highest degree of corporate care and concern." The 
Chamber of Commerce for a nearby town passed a resolution thanking 
Syntex for its "caring attitude . .. and moral and unselfish stance." 
Finally, 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, 0. D. Ivin, 
M. N. Win tnd R. A. Mill*

IT Enviroicwnce 
Knoxville, Tennessei 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 
Otange and trichlorophenoxyacetic acid herbocides. The 2,3,7,1-teira- 
ehlorodibenzo-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 a 
chemical plant in Verona, Missouri. The waste resulted from 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 
contents 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 gal 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 engineers; 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 [5], 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 personnel 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 
nonroutinc 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 a well ventilated 
hood. The minimum air velocity at the face of the hood was 100 ft/min, 
and under normal working conditions the velocity ranged 120-200 
ft/min. Liquid and solid wastes were placed into a plastic bottle. 
Glassware was placed into metal cant. Slightly contaminated materials, 
such as gloves and towels, were placed into a 25-gal drum. Used coveralls 
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 a Hewlett- 
Packard 2720 with flame ionization detection (FID). A 10% OV-101 on
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80/100 mesh Chromoiorb WHP glass column, 10 ft » 2 mm, was used at 
230* C Nitrogen flowrate was 30 ml/ min; detector temperature was 
270*C, injector temperature was 230* C, and the sample volume was 2 jil. 
TCDD retention time was 9.3 min.

GC/electron capture detection (ECD) analyses were carried out on a 
Hewlett-Packard 5710 with a uNi detector. A 1.591 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 I ti\ using an autoinjector.

High-pressure liquid chromatography (HPLQ 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 ISO data package, which 
permits continuous acquisition during chromatography. Analyses were 
carried out with a 6-ft « 2-mm glass column packed with 3% OV-101 on 
80/100 mesh Chromosorb WHP. Conditions for qualitative analyses 
were: !20*C for 2 min, 120-250*C at 8*C/min; injector, 290*C; separa­
tor, 290* Q helium flow, 30 ml/ min; sample volume 2 itl Quantitative 
analyses were carried out isothermally at 250* C.

Isopropyl alcohol (IPA) in hexane was analyzed on a Perkin-Elmer 
Sigma 3 FID, using an 8-ft » K-in. 100/120 mesh Porapak stainless steel 
column. The column temperature was I50*C; detector, 200*C, injector, 
200* C; and the Nj flowrate was 25 ml/ min. Ultraviolet (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 I, 80-200 mesh or 
Fisher A-540. Silica gd was Fisher ACS reagent. 100-200 mesh. 
NEPACCO waste was hand-delivered to the Knoxville laboratory.

TCDD Standard

TCDD (>99%), 6.1 mg, obtained from the Dow Chemical Company, 
was transferred quantitatively into a 50-mi 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 Sample*

Several procedures were used throughout the course of the work:

1. Basic alumina. 4.0 g. was added to 4 ml of n-hexanc in a I- ■ 10-cm glass 
column. To a 5.0-ml aliquot of a hexone extract of the NEPACCO waste. 7t,2 
mg/1 (336 Ml) TCDD was added, and tha hexane was collected. A 20-ml 
aliquot of 2% v/v methylene chloride/hexane was placed on the column and 
collected. No TCDD was detected in this fraction. TCDD was eluted with a 
20-mi portion of 50% methylene chloride/ hexane, and the solution was 
concentrated to 6.3 ml (4.4 g). TCDD concentration was 56 mg/1, 352 Mg. * 
recovery of W%.

2. A l- * 10-cm column w picked with 1.0 I of silica fd end 4.11 of 44% w/ w 
niifUric add/iilia |«L A MCDfld column. I . 30 cm. wu packed with 6.0 | 
Fuhcr A-540 alumina, which had bun aciivitcd it 130* C for 20 hr. A imall 
layar of inhydroui lodium sulfato wol placed upon the alumino. The 
photolysis residue was reduced in volume by shout 2.0-2J times. To this 
eoncommta wu sddad 2(0 si of a 66-mgf I solution of TCDD in htuna. 
Analysis by CC/FID |avs 0 m|/l TCDD in Ute spiked solution. A 2.0-ml 
aliquot wu placed on tht acidic silica ftl. and the material waa tlutad directly 
onto the alumina column with 4] ml of hexant. The alumina columa wu 
eluted with 20 ml of 20% »/* methylene chloride/hexene. The solvent wu 
evaporated to drynus in a 3-mi cone-bottom vial and diaaoivnd in 2 ml of 
banana. A 100-fold dilution of thin samplt pave 72 u(/l(>7%) of TCDD by 
CC/ECD.

Analysis of NEPACCO Wnsts Extracts

Into a 123-ml separatory funnel waa placed 8.04 g (~5.8 ml) of 
NEPACCO waste, then 30 ml of 13% 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 wu added to 
a second 123-ml separatory funnel. The volume of the hexane layer wu 
determined- with a graduated pipet, and the hexane layer wu analyzed by 
GC/FID. The caustie layer waa extracted five more times with 30-ml 
portions of hexane. Each hexane layer wu analyzed; however, extracts 
3-6 were reduced in volume by 3-16 times before GC/FID analysis. All 
remaining extract* were combined to yield 66 ml of hexane extracts, 
which contained 40 mg/1 TCDD (2640 tig) by GC/FID and 33 mg/1 by 
GC/MS. Column chromatography by method 1 gave 43 mg/1 of TCDD 
by GC/FID. Addition of the six extract analyses gave 2760 tig 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-pg/l solution. A I- « 10-cm column was packed 
with 2 g of silica gel and 2 g of 44% H2S04/silica gel, then 3.0 ml of the 
photolysis solution was placed on the column and eluted with 35 ml of 
hexane. The sample was concentrated to 3 ml, and a 67-yl sample was 
injected onto the HPLC. Fractions of the eluate were collected over the 
time interval consistent with retention limes of a standard (5-8 min). The 
eluate was collected in a 25-ml volumetric flask which contained 1 ml of 
hexane. The solution was then washed with enough 1% w/w aqueous 
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 I-ml 
portions of hexane. The combined hexane layers were reduced to 0.1 ml 
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 magnetically, 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 a 20-ml sample with 10 ml of water. The 
water and the water in the scrubber were analyzed by ion chromato­
graphy on a Dionex Ion Chromatograph using a 0.0024-M sodium 
carbonate/0.003-Af 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.

Mlniplant Operation

Into a 4-liter, jacketed, glass resin kettle equipped with an agitator 
("crow's foot") and condenser, was placed 1050 ml of 15% 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-Iiter, 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 1PA, 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 
intervals. After 3.5 hr, the light was turned off. a condenser was placed on 
the photolysis reservoir, and the brown solution was distilled by heating 
with water/ethylene glycol. Distillation began at 59s 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 a brown aqueous 
layer (—2400 ml) and a black oil at the bottom.

RESULTS AND DISCUSSION 

Composition of NEPACCO Wastt

Characterization of wastes is the basis for any rational waste treatment 
process. Knowledge of the waste composition provided the key to 
successful treatment in this ease. The tank contained the distillation 
residue from trichlorophenol purification. Presumably, trichlorophenol 
had been manufactured by treatment of tetrachlorobenzene with sodium 
hydroxide in ethylene glycol at 150 and 200° C. Therefore, by-products 
from trichlorophenol production, phenols and TCDD were expected, and 
analytical procedures were based on these expectations. Solvent extrac­
tion of the waste gave a base-soluble fraction and a neutral organic 
fraction containing TCDD. GC/MS analysis of these fractions revealed 
42 different components. Figure I, the reconstructed GC/ MS chromato­
gram of the base-soluble fraction, shows a variety of hydroxyl and
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Figurt I. RteoMtntettd gat chromatogram for fraetioa of want extracted into 
methylene chloride/ benzene.

ethylene glycol derivatives of tetrachlorobenzene. The major portion of 
the btse-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 diethvlene glycol, ethylene giycol and diethylene glycol derivatives of 
tetrachlorobenzene, tetrachlorobenze, and TCDD. These compounds are 
consistent with the manufacture of trichlorophenol by hydrolysis of 
tetr.' chlorobenzene.

TCDD 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 concentration in the
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Fl|«n J. Recoimrucied gas chromatogram for bue-tolublc fraction ifttr extraction 
with 15% McQj/PhH.

waste was 343 ng/g; however, collection of a representative waste sample 
from the lank was complicated by the dangerous nature of this waste and 
extreme difficulties in obtaining representative, homogeneous samples.

rrocess 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 underdevelopment 
and involved high pressure, a safety consideration. 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 solvent. 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, photolyttc 
dissociation of the carbon-halogen bond must occur efficiently.

The ability to separate dioxin from other chlorinated waste compo­
nents is highly solvent-dependent. Figure 3 shows UV spectra of 
NEPACCO waste extracts in hexane, tetrachloroetbylene and o-xyiene. 
At dioxin concentrations of 1.2 mg/1, xylene and tetrachloroethylene 
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 chlorinated waste 
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 
chlorodioxins in the presence of hydrogen donors [11,12]. Pure TCDD in 
methanol decomposed 30% in 4-8 hours when exposed to simulated 
sunlight [13]. In addition, di- and irichlorodibcnzodioxins degrade faster 
that TCDD [13]. Chlorinated dibenzofurans, compounds closely related 
to dioxin, also are reduced by dechlorination and polymer formation [ 14], 
Thus, the literature data demonstrate that TCDD is dechlorinated by U V 
light. However, photolysis rates can be affected by light-absorbing 
impurities, radical inhibitors and, of course, fouling of (he 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 reaction vessels with 
medium-pressure mercury-vapor lamps immersed in water-cooled wells.
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Figure 1. IV ipcctro of TCDD extract! of NEPACCO wane; (A) hexane: IB) tetia- 
ehloroethviene: (C) o-nylcnc.

The photodecomposition rate is pseudo-first-order over a concentration 
range of five orders of magnitude. However, early work showed a marked 
rate 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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Figure 4. Rate of dioxin disappearance on UV irradiation.
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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 
isopropyl alcohol, to the solution. The presence of isopropyl alcohol 
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 NEFACCO 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 ofTCDD and the other chlorinated organics in the hexane 
solution to 1>'V light successively dechlorinates these compounds. Figure
6. the reconstructed gas chromatograms of photolysis solutions at 
different irradiation times, shows the disappearance of many chlorinated 
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 ofTCDD and follows similar first-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 1PA and traces of 2- 
chloropropane and acetone were present. The hydrogen chloride formed 
during photoreduction remained in solution. Photolysis of NEPACCO 
waste extracts yielded about 3.6 times the theoretical amount of hydrogen 
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-scale 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 scaleup data from 2 liters to 2000 gal, a factor of 
>3000. The full-scale 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 0.26, a tank height-to-diameter ratio of 
1.32, an impeller tip speed of 1348 ft/min, and a Reynolds number of 5.3 
» 10*. 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 lip speed of 1360 ft/min, and a Reynolds 
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 IIV light in the 
200- to 320-nm region. Dioxin's absorption bands are at 235 and 306 nm.

Figure S. Reconstructed gas chromatograms for IOC? isopropyl alcohol, hexane photo­
reduction otter (A) i: min: (B) 21 min: (C) 300 min.
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Molar extinction coefficients are about 4.5 « 10* M'1 -cm'1 and 6 « 10* 
A/'1 -cm'1 at 235 [17] and 306 [II] 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 from the light-well. This high solution absorptivity dictated the 
choice of the photolysis reactor design. Photochemical and safety con­
siderations led to the use of annular How 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 reactor are described by:

C.C;*'V;i:,.t‘V II)

whtr* c9 * initial dioxin concentration 
i * reaction time 
f • pumping rate 

V„ x reservoir volume 
Vr « reactor volume 
k * reaction rate constant

Antiysi* 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 transport of dioxin 
from the bulk solution 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 
prov ide turbulent flow in tbe 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 b: 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 
hv 99.79% in 22 hours.

Oparation of Destruction Process

At the conclusion of the laboratory and miniplant experiments, the 
third phase of the project—engineering, construction 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:

• Issk-proof pumps and piping connections;
• minimization of pumps by pressure transfers;
« separata diked process areas;
• ; vent system witk pressure reliefs;
• '.ame arrestors: and
• an emergency blowdown tank.

Careful attention to operating procedures and redundant instrumentation 
minimized the potential for misoperaiion and spills.

Detailed engineering design provided the final aid to plant construc­
tion. During the construction phase, the process and engineering were 
reviewed extensively by IT Enviroscience, Syntex and an EPA task force. 
A series of public meetings explained the process to 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 additional 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/1, with optimum photolysis times of about 20 hours. About 
700 process samples, many at the ppb dioxin level, were analyzed to 
control the processing. Air sampling at the single process vent confirmed 
that no dioxin (less than 0.01 pg/m3) 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 
to full-scale plant was successful. Procedures developed for handling the 
very toxic dioxin prevented personnel exposure and environmental 
contamination. None of the extensive contingency procedures needed to 
be implemented. About 7 kg of dioxin were destroyed 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

Chula J. Sewyer
Syniex (U.S.A.), Inc.
Pilo Alio, 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 (TCOD) was a significant challenge. Syntex Agribusiness Inc. 
engaged the consultant services of IT Envirosciencc. Inc., to heip develop 
a unique extraction-photolysis process to remove and subsequently 
destroy the dioxin from a complex, tar-like sludge residue. This residue 
was the resultant still bottoms from a high-vacuum distillation of 
trichlorophenol (TCP). The material had been generated by a firm, the 
N-rth 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 consultants, and several members from various govern­

:*9
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mental agencies all worked to help plan, design and refine this process. 
More than 13 lb 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 I 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 treating 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 to sound whenever 
levels greater than 23% 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 leaks, to determine solvent vapor levels associated with 
possible drips or spills, and to serve as a calibration check for the fixed, 
continuous alarm system. Additional 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 from stationary sources was used to 
analyze for dioxin using both filter and impinger techniques. Results of 
these studies confirmed emission levels 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 
< 0.003 ug) were found at any of these fixed sampling points. Finally, as 
will be discussed further below, personal monitoring was conducted by 
filter cassettes and personal sampling pumps. Again, no dioxin was 
detected.

In terms of liquid or aqueous waste emissions. Table 1 summarizes 
typical waste analyses for the three process-generated waste streams. The 
neutralized oil and the still bottoms streams w ere kept isolated in separate
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Tiblt I. Summary of Typiesl Environments! Wist* Simms from 
Dioxin Dstoxicstton Process

Approximate Composition

W*SU

Quantity

s*l lb
Dioxin
(ppm)

Other
<%>

NEPACCO wastes 
fed to process

160 1841 343 50% trichiorophenol: 50% ethylene 
glycol derivatives

Neutralised oil and 
still bottoms 
residue after 
processing

175 1937 0.2 50% trichiorophenol: 50% ethylene 
glycol derivatives: hexane traces

Neutralized water 
after processing

672 641! <0.002 13% Na^SO*; 1-3% isopropyl alcohol 
and ethylene glycol derivatives: 84­
86% water

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 located proximal to the 
detoxication process area wherein further natural degradation of any 
remaining low-level TCDD residues could occur by ultraviolet (UV) rays 
from sunlight. A separate 10.000-gal storage tank was available to 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 houso were approved by 
EPA for treatment in an onsite wastewater system. Solvents used in 
processing, when they became contaminated, were detoxicated in the 
extraction photolysis process, and the resultant material 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 contaminated work clothing, boots, 
gloves or goggles, or spent analytical operations, (e.g., disposable labora­
tory' clothing, gioves and burettes) were kept isolated, and contained in 
marked 55-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 all 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 all 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 hygiene protocols during each 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 (analytical limits of < 0.003 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 reached.

The process operators were required to wear supplied uniforms, 
chemical-resistant gloves, chemical safety goggles, safety shoes 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 first-line respiratory protection 
for any emergencies, particularly under conditions where aerosolization 
of dioxin might be expected to occur. Four SCBA unit; each capable of 
}0 mir. minimum air-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 might result in 
exposures to organic solvent 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 manner. 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 personnel 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 isolated work area.

HEALTH

A comprehensive medical examination was conducted on all detoxica­
tion operation personnel before start-up. Table II summarizes the key 
parameters for medical examination and evaluation. Certain employee 
medical health anomalies, based on a physician's analysis and evaluation 
of :ne 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

Table II. Employee Medical Hislory/Physlcni Examination 
Selected Evaluation Parameters

History of nervous disorder*, drinking habits 
Evidence of preexisting chronic illnesses 
Evaluate skin/liver function
Assets suitability to wear respiratory protective equipment
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shutdown of the detoxication process, all the process operators and 
supervisors were given postprocess physical examinations as part of 
Syntcx' 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 completed 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 National Institute for Occu­
pational Safety and Health (NIOSH), the Occupational Safety and 
Health Administration (OSHA), the Missouri Department of Natural 
Resources and FDA participated with key Syntex managers in ongoing 
review meetings, detailed process flowsheet analysis and a final onsite 
walk-through of the detoxication facility before granting sunup ap­
proval. Numerous safeguards were integral to the basic design of the 
process, including moderate-temperature and ambient-pressure process­
ing. totally enclosed process operation, diked and sumped process area, 
nitrogen transfer operations, isolated cooling water sources, small batch 
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 
llame arrestors, and vented to a caustic scrubber system. All reaction 
vessels were connected to a bump tank via individual reactor pressure- 
relief devices. The entire process was color-coded for ease of reaction 
vessel and pipeline identification, and the photolysis light system was 
designed to shut down automatically in the event of an emergency.

Before startup, detailed standard operating procedures were drafted 
and compiled for all aspects of the batch detoxication process in a format
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similar lo that used in regular in-plant manufacturing processes. Analyt­
ical methods and procedures were developed and formalized for routine 
in-process 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 a locked sample box at the perimeter of 
the detoxication process area, 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 superv isor.

Detailed safety training programs were conducted to educate all 
process workers 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 tested 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 firefighting exercises before startup.

A comprehensive contingency plan was drafted and approved by EPA 
in the event of a major spill, fire, explosion, tornado or offsite 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 emergency 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, 
to assure the local people of the safety of the operation, and that public 
health and o'.ner considerations had been considered and more than 
adequately net. Comprehensive decontamination procedure protocols 
were developed for final cleanout of all proevss piping and vessels, with 
subsequent wipe test analyses to be conducted to verify that decontamina­
tion was complete. ,

Additional safety precautions included 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 Syntex plant, lo absorb any liquid discharges. Other security 
measures required 24-hour guard duty at the entrance tc the plant site, 
limited plant access for non-Syntex 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 to 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 results from laboratory samples 
analyzed by IT Enviroscience and Syntex personnel were made available 
to EPA. EPA established its own perimeter and area monitoring 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 expertise working toward a 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 evolving field of 
hazardous waste management. Successful completion of this project 
demonstrates that technical expertise coupled with corporate responsi­
bility can interact to solve some of the difficult hazardous wastes 
problems that face us today. The complex system of environmental and 
personal monitoring controls required for this detoxication process 
confirm, through the absence of any negative environmental impacts, the 
effectiveness of the precautions taken.
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BIOLOGICAL DETOXICATION: GENETIC 
ENGINEERING, MICROBIAL AND 
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CHAPTER 19

OPPORTUNITIES FOR DEVELOPMENT OF 
NEW DETOXICATION PROCESSES 

THROUGH GENETIC ENGINEERING

Jimu B. Johnston and Sustn G. Robiiuon 
Institute for Environmental Studio 
Univenily of Illinois 
Urbane. lUinoia 61101

The U.S. Environmental Protection Agency (EPA) Advanced Envi­
ronmental Control Technology Research Center (AECTRC) at the 
University of Illinois has conducted a planning study to assess the 
opportunities and problems of developing new pollution control technol­
ogies using genetic engineering. The goal of this study was to document 
the scientific basis for the genetic engineering approach to pollution 
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:

1. description of problems potentially amenable to the genetic engineering 
approach:

2. description of (be genetic engineering technologies available for creation of 
new solutions to these problems;

J. selective description of factors limiting natural hiodegridative processes, espe­
cially those that potentially may be manipulated by genetic engineering to 
create new pollution control technologies.

Each of these papers was reviewed by nationally recognized experts. In 
May |9$l these experts were brought to the University of Illinois to 
participate in a workshop that was organized around 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 relevant to biological detoxica­
tion of pollutants is assembled 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 may 
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 
pollutants 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 s molecule frequently increase mam- 
maiian toxicity. Therefore one important mechanism of detoxication is 
the removal of the most toxic substituents. Primary' biodegradation, a 
simple, biologically catalyzed change 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 hvdroxylamineand sequen­
tial methvlation of mercury (Hg‘2) 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 alter 
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 of 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 environment much leu 
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 identified two groups of 
dehalogenases, one whose primary function appeared to 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 aerobes catalyzing the hydrolytic 
displacement of halide from aliphatic acids (hydrohalidases) and enzymes 
in anaerobes catalyzing removal of HC1 from DDT (dehydrohalidases). 
Hydrohalidases tint are specified by plasmid-borne genes have been 
reported in MoraxtUa sp. [4,3], 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, able 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. Examples include 
the dioxygenase that removes fluoride from orrAo-fluorobenzoate [7] to 
produce catechol and the lactonizing enzyme that displaces chlorine from 
4-chloro-cfr.cir-muconic acid to yield c/j.cu-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 to 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 pollutant 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 dehalogenation, 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 selection can easily 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 from that part of a substrate bound

HONS 004703



NEW PROCESSES THROUGH CENET1C ENCINEERINC JSS

to the ective 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 
halogenaied substrates. Mutations afTecting 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 advances in mutagenesis and selection 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 [II] 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,M]. They grew a carbon-limited culture of 
Pseudomonas putida on propionate in the presence of a fivefold 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 
chcmostat. Adaptations of this technique in concert with site-spedflc 
mutagenesis hold great promise for the adaptation of existing catabolic 
pathways to recalcitrant analogs.

An elegant example of extension of a pathway by introduction of the 
genes for enzymes degrading halogenated substrates was described by 
Reineke and Knaekmuss [15]. They observed that a 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 able to metabolize both 3- and 4-chlorobenzoic acid to the corres­
ponding chlorocatechols. The enzymes apparently accept chlorobenzo- 
ates at analogs of the corresponding toluic acids. The plasmid-specified 
enzymes could not accept chlorinated catechols, however, and the further 
metabolism of the chlorobenzoates was blocked at this step. Reineke and 
Knaekmuss [15] were also aware of a Pseudomonas strain B13 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 mineral­
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 dehaiogenation. Bull's strategy was 
used; a mutagenized culture was grown in a chemostat in the presence of 
3<hlorobenzoate, a carrying substrate and a variety of other chlorinated 
benzoates not normally used by the strain. The nonutilized substrates 
were chosen to that tingle dehalogenations would allow the organisms to 
metabolize them. In this way, mutants were isolated that could mineralize
3,3-dichlorobenzoic acid. Neither the TOL-bearing strains or strain BI3 
had previously attacked this compound. It must be recognized, however, 
that most of these alterations required a detailed knowledge of the 
molecular 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 selecting 
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 BI3, 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

Barriers to the development of pollution control technologies based on 
genetie engineering 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 bom 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

MONS 004705



NEW PROCESSES THROUGH CENETIC ENGINEERING 3*7

tion technology and molecular biology for the production of previouily 
unavailable biochemical*. The development of pollution control techno* 
logiei 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 to 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 contrast to the development of the genetic engineering industry 
producing novel biochemical*, pollution treatment technologies based on 
engineering organisms are suited temporarily by the unceruinties atten­
dant on gene transmission from introduced, engineered organisms or the 
competitiveness of such microbes in the environment and their potential 
for esublishment. Few direct attempts have been made to evaluate gene 
transmission from altered organisms to indigenous organisms or to 
evaluate their potential for esublishment in nature. One such study was 
underuken to evaluate the probability of escape of genetically debiliuted 
organisms used for research or commercial production of biochemical* 
[17,18]. This work demonstrated the fragility of organisms like Jf 1776 
when exposed to the environmenul conditions typically found in tem­
perate climates. It also attempted to evaluate the potential of such 
organisms to colonize the mammalian gut. Since Jfl776 is debiliuted by 
design, it is undersundable that this work failed to demonstrate esublish­
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 
experimenul 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 componenu of waste 
streams in waste treatment facilities or of polluunu 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 into a 
resident microflora can colonize or transmit relevant genes to indigenous 
microbes. Data on the use of one of these commercial microbes has 
shown that esublishment and effective biodegradation can occur when 
these organisms are introduced into a lab-bench aeration 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. TTiis is either not supported by 
analysis of the dam, 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 
to resident microbes following seeding 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 
disease, with the single exception of the inoculation of soil with Rhi:o- 
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 overlooked 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 toxic 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 aj 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 substrate fluxes 
(called oligotrophs from the Greek oligo, meaning few or scant, plus 
irophos meaning fed) are not often isolated by this method.

Most of the organisms used in basic molecular biology, e.g.. typical 
Enierobacieriactot and Pseudomonadactot, are eutrophs unable 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 persistent pollutants of concern 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 target 
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 engineered 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 
appears to be more amenable to alteration by genetic manipulation.
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Fungi, which are generally better able to tolerate reduced water activity 
man 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 initial 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 potentially suicidal action from the microbe's 
perspective. Since the abundance, variety and disposition of microbio­
cides in polluted environments are often unique to each site, this factor is 
usually ignored until a normally efficacious microbial treatment fails. 
From the perspective of a 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 a number of strategies 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 HgJ*-reducing and Hg,*-methylating activities of 
bacteria. The success of these activities in the environment is suggested by 
the ease 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 pollutants 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 a 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, especially site-specific mutation, is an 
endeavor of enormous practical importance. The same principle of 
enzyme and pathway alteration discussed in connection with extending 
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 to act on closely related substrates (cosubstrates) not 
metabolized by the parental strain. 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 altered, 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 cultures 
of eutrophic bacteria (and hence of unknown relevance to mixed flora 
and complex mixtures of compounds) include catabolite repression by 
glucose or succinate in £ coli and P. putida, respectively.

Both problems and opportunities are created for microbes by their 
interaction with interfaces, and by interfacial influences on xenobiotic 
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 develop 
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 aquatic 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 
microeeosystems, 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 easier 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 
easily when viewed as a step toward 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

Gtorji E. Pint*
Batlelle Columbu* Laboratories 
Columbus, Ohio 43201

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 [S,6] and 
various petroleum fractions [7,8], Many synthetic compounds, such as
2.4-dichlorophenoxyacetic acid (2,4-D) [9,10]: 2,4,5-trichlorophenoxy- 
acetic acid (2,4.5-T) [II]; DDT [12,13]; 2-chloro-4-(ethylamino)-6-(iso­
propyls mino)-r-triazine (Atrazinc) [14]; and some isomers of polychlo­
rinated biphenyls (PCB) [13-17] 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 genetic 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 exirachromosomal 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 cultures maintained 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) ia important. Although these plasmid elements 
may confer a selective advantage to the microorganisms, their main­
tenance is not a requirement for the microorganism (i.e., 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 several genetic engineering mechanisms that may be em­
ployed to stabilize 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 [23,26] 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 a high-
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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].

Multiple Degradative Activities

The fusion by Chakrabarty [29] of multiple 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 multiple degradative 
traits into a single plasmid.

Health, 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 result in any additional biohazard. In all 
probability, the host microorganism(s) will dictate the potential hazard.

Several techniques can be employed 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 possible 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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Figure I. Schematic representation of an idealized degradative plasmid.

PROBLEMS THAT MAY LIMIT THE SUCCESS OF 
GENETIC ENGINEERING AS APPLIED TO 
MICROBIAL DEGRADATION

Although genetic engineering promisee 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 pseudomonad host is no 
guarantee that the desired trait will be expressed. Plasmids in pseudo* 
monads have been classified into incompatibility groups [24,29,30]. A cell 
containing a 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 trait(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 
£ coll, but no toluene-degradative phenotype will be expressed. It has 
been shown in many eases that degradative plasmids are responsible for 
only the first several biochemical reactions of the degradative pathway 
[20], while the remainder of the pathway is encoded by chromosomal 
genes. Therefore £ coli, which do not have the chromosomal genes 
normally 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 for 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 selective advantage, would 
have to compete with the resident microfiora to establish a permanent 
position in the microbial community. If the assumption is made that there 
are I O'-1 O’ 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 ecosystem, additional problems would also have to be 
addressed (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, holding ponds, collected runoff or municipal water). These 
treatment systems would most likely incorporate additional features, such 
as 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 hazardoua 
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 systems 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 closer 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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Trace-level contamination by anthropogenic organic compounds is a 
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 possibility 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], H20 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 compounds; instead, the compounds are separated 
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.

223
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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 to 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 
examples 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 also having trace-level organics that need to be reduced in 
concentration.

Groundwater Quality

Table I [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, solvents, 
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 Table 11 [7], The 
hazard limits are all quite low (<l ng/1), and they may be reduced as 
more health-related information becomes available. Table II 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.

HONS 0047k3



TRACE ORGANICS REMOVAL 329

T«M« I. Inorganic m3 On»nlc Qinllly of Typkil MHwmn Croundw.itr [2-91

Constituent
Concentration

(mg/1)

SiOj 10
Fe(lU) 0.09
Ca2* 92
Mg1' 34
Ns* 8.2
K* 1.4
HCOj- 333
SO,1- 84

cr 9.6
NO,' 13
Total Oi(solved Solids 434
Tout Hardness* as CaCOs 369
Total Organic Carbon 1.5
Total Organic Matter 4.7
Chemieai Oxygen Demand 6.0

Table 1!. Proposed Lower Haaard Umfta for Selected Organic Compounds In Water [7)

Limit
(«i/i>

Compound per Compound

Thhalomethanes and Tetnchloromethane l
Chlorinated Pesticides <e.g.. lindane, DDT and dieldrin) 0.1
Dichorobenzencs. CMoroethers 1
Pentachlorophenols I
Polynuclear Aromatics 0.1
Phenolics 1
Dibutylphthalates, Diphenyl Ether, Nitrotoluenc 1
Others 0.1

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, tetrachloruethylene and other related com­
pounds contaminated groundwater, including the public water supply, at 
concentrations up to 1000 ug/1. Although the aquifer supplying drinking 
water was deep, windows in the aquacludes 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 chloride, 13.1 Mg/1; tram-,2-dichloroethylene, 1.3 Mg/1: cij- 
1,2-dichloroethylene, 29 Mg/I: 1,1-dichloroethylene, 1.0 Mg/I: trichloro­
ethylene, 0.34 Mg/1; and tetrachloroethylcne, 1.2 Mg/1. Clearly, otherwise 
acceptable groundwaters have become contaminated with hazardous 
organic chemicals present at 1- to I000-ms/I concentrations.

Key Factors for Biological Separation

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, U-dichloroethylene, 1,2-dichIoroethylene, vinyl chloride, 1,1,1- 
trichloroethane, chloroform, methylene chloride, carbon tetrachloride, 
chlorobenzene, dichlorobenzene, naphthalene, styrene, bromo-and chlo- 
romethanes, 1,1,2-trichloroethane, 1,1,2-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 arc 
biodegradable, having been biodegraded under laboratory or field condi­
tions does not guarantee that a compound will be biodegraded when 
present 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 second 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].

Table I shows that little organic matter is in typical groundwater 
supplies, and the readily biodegradable portion of that organic material is 
often only a small fraction of the total [17], Thus, the potential for 
growing and sustaining microorganisms through organic-substrate utili­
zation is not great. Ritlmann and McCarty [|g] developed a model of 
biofilm kinetics especially appropriate for cases like contaminated 
groundwater. The model simultaneously considers mass transfer of 
substrate from the bulk liquid to the surface of the biofilm. diffusion of 
substrate through the biofilm. utilization of substrate by the bacteria 
within the biofilm. growth of the biofilm due to substrate utilization, and 
biofilm losses due to decay. Figure 1 illustrates that the model of a stead y-
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state biofilm predicts that the biofilm mass and reaction rate decline 
rapidly to zero as the substrate concentration approaches a limiting value 
Smjn, which can be predicted from fundamental kinetic parameters:

where = Monod half maxi mum-velocity concentration (M,/L3)

Y a true yield
k a maximum specific suhstriic utiliration rale (MM, - T) 
b e first-order decay or biomass-loas coefficient (T')

At substrate concentrations less than Sm,. the biofilm loss rate is greater 
than the biofilm growth rate, and any biofilm present will decay away. 
Hence steady-state biofilms can not persist when substrate concentration 
is always less than Smi„.

Fi|ure I. Example of relationship of steady-state biofilm thickness (L,) to substrate 
concentration (S).

(i)

l

LOG,, S
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Flgvra 2. Removal of acetate and diehloromethane in steady-state biofilm reacton. 
Reactors wore 12 cm Ions ■ 13 em diam. and the biofilm support medium was 3-mm 
(lass beads. T * 20* C

Experiments with once-lhrough biofilm reactors have demonstrated 
Sm,„. Figure 2. taken from the work of Rittmann and McCarty [10.19], 
shows that substrate concentrations leveled off at S„i, values when 
acetate, a common metabolite, and diehloromethane, a widely used
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industrial solvent, were used as substrates in separate reactors. Typical 
values for Smj,, obtained for aerobic biodegradation of various organics 
range from about 0.1 to 1.0 mg/I [10, 19, 20].

The limitation of seems to suggest that compounds already present 
at concentrations less than typical Sn,n value may be impossible to 
biodegrade. However, two further concepts present ways in which 
biodegradation can occur. The first possibility is selection, enrichment 
and application of specially adapted oligotrophic bacteria, which have 
advantages and can survive in very low-concentration environments. 
Oligotrophic bacteria use an efficient metabolism and a high affinity 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 characteristics were recently compiled [21]. The 
outstanding features include extremely efficient utilization of multiple 
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 
I shows that oligotrophic, biofilm-forming bacteria could have Smn 
values in the 1-m(/1 range if K, were reduced sufficiently.

Since little work has been performed with freshwater oligotrophic 
bacteria, their potential usefulness 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 substrate, called the secondary substrate, which does not supply 
sufficient energy or carbon for the cells' growth and maintenance 
[20.22.23]. Cometabolism, the partial transformation of substituted 
analogs of primary substrates, is a subclass of secondary utilization. A 
compound present at <Smin concentration is an excellent example of a 
secondin' substrate, since the reason that no biofilm exists for 
concentrations less than S„,j,, 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 ;rown and sustained through utilization
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of • 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 (TOO of 0.39 mg/1. When 
sodium acetate was added to the feed, it was removed to concentrations 
well below Smin (about 30 jig/1) as shown in Figure 3. The substrate was a 
mixture of many organics, and might be representative 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 to 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 metabolites seem most 
appropriate.

Although secondary utilization is a demonstrated and promising 
concept for trace-organics removal, it raises some questions and has some 
drawbacks. The first question concerns the availability of suitable 
primary substrate to allow growth of bacteria capable of biodegrading the 
hazardous pollutants. 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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FI furs 3. Secondary utilisation of acetate by biofilm bacteria frown on residual organics
in laboratory deionised water plus minerals. T * 20*C.

are high concentrations. Boethiing and Alexander [24] reported that 2.4- 
Dand I-naphthyl-A'-methylcarbamate plus l-naphthol(Sevin*) were not 
biodegraded at concentrations below 2.2 and 30 mS/ 1 • respectively, 
although they were degraded at higher concentrations. Rittmann et al. 
[I I] showed a similar threshold effect for dichloro- and chlorobenzenes 
present below about 100 Mg/1. These apparent threshold effects, which
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Ft flirt 4. Rtmoval of secondary substrates and primary substrate by biofitm frown with 
thymine as primar>' substnie. T * 22* C; v ■ 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 
starch (23 mil), glycerol (20 ml I), gluconate (10 mb/ I). and mannitol 
(20 mb/ 0 [25], The mechanisms for such thresholds are unknown, but 
existence of thresholds in the I- to 100-mB/ 1 range could severely hamper 
application of biodegradation by secondary utilization. Fortunately, 
work by Bouwer and McCarty [26] showed secondary utilization of 
chlorinated benzenes present at about 10 ml I when a primary substrate, 
acetate, w as 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: 
selection 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 bacterial surface attachment, 
especially for very thin biofilms 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 to the 
organisms at the surface, and this can help reduce Sm;n limitations during 
biofilm inception and growth. Backdiffuaion and biodegradation 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 also 
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 treatment 
practice, activated carbon reactors, which are not necessarily used for 
biodegradation, are operated in fixed- 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 Smin 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 panicle 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 already less than Smj„.

Figure 3 gives an example of how fluidization can improve process 
performance [33]. The feed concentration and detention time are the same

F1|un S. Comparison of predicted process performance for biofilm reactor confi|ura- 
lions. S" * 3.3 flip/1: a* * 500 cm/dey; Y * 0.142 r»| VSS/e; be 0.205 day'1: D * 1.09 
enr/day, D( » 0.87 cm2/day; dp * 3 mm: T * 20#C.

30" l!\
l\

COMPLETE-MIX REACTOR 
FIXED- BED,ONCE- THROUGH
FLUIDIZED- BED, ONCE- THROUGH

\ FLUIDIZED-BED, RECYCLE 
RATIO *1.0

lX--^

o1 S* 0 I 2 3 4 3 G 7 S 9I0IIIZ
DETENTION TIME,MIN
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for eich reactor, but the fluidized-bed reactor reduced the effluent 
concentration to about 0.1 mg/1, while the fixed-bed reactor reduced the 
concentration to Snl„, 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 biofllm distribution—bring about the maximum substrate 
removal [33].

Figure S 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 recycle 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, activated carbon has a low mass density and often can be 
fluidized without using excess recycle, provided the detention times are 
less than a few hours.

Despite its advantages, fluidized-bed technology will not work if the 
Snia requirement is not met in the influent. Secondary utilization, 
possibly including primary substrate supplements, is necessary for flu­
idized bed removal of trace-level organic contaminants. If there is 
sufficient primary substrate in the influent, fluidized beds obtain 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. Although 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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Tafck III. ConemrilioM of Anthropogenic Compounds Detected in 
Municipal WastewelCfTreatiocfit Effluents

Compound
Concentration

(Mt/l) Reference

Chlorobenzene 4.]. 0.9 34.33
l.2*Dtchlorobeiuene 1.9. 2.0 34.33
1,3*Dichlorobcnzene 0.6.0.3 .■>4.33
t ,4-Dkhlorobcnzene 0.3.10 .'4.33
Sum of Dkhlorobenzencs 5.6 36
1.2.4. T richlorobenzene 0.5.0.2 34.33
Sum of THchiorobeiuenet 57. 36
Naphthalene 0.9. 0.2 34.33
Styrene 4.7 34
Benzonitrilc 12. 34
Chloroform 2.3, 7.1 35.30
Diehlorobromomethane 0.2 35
Chlorodibromomethane 12 35
Bromoform 0.5 35
Dkbkromcthatie 2.4. 2.9. 2.3-Z.4 33-37
Trichloroethylene 1.5 33
Tftnchloroethylane 1.3. 3.9 33.36
I.M'Tnehloroethane 6.3* 9.0 33.36
1.1 J-Trtehlorocihylcne 1.6 36
Lindane 0.03-0.08 37
P'P'-DDD 0.13 37

II). Although wastewater* 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 to 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 results of the characterizations give an 
idea of what types of potential primary substrates are available.
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T»kW rv. Conuntnllan Rui|M for Or|»nk Qiwii Commonly rrmaH In 
EfllotnU from liolo|lcil Waittwattr Trmlnwnl

Gate
Range

(mg/1 as COD) Reference*
Proiain/Amino Acids 0-1 31-42
Fatty Acids 2-30 43-46
Detergents 1-3 31.41.42.45
Carbohydrates 1-3 41.42.46
Ether Extractable* 1-3 41.42
Humic Acids 2-4 <1.42.46
Fulvic Acids 6-9 41.42.46

Sum 13-64

Table V. Chemical Breakdown of Typical" Effluent
After Biological Waetewater Treatment

Chemical Gam
COD
(m«/l)

Proteins/Amino Adds 3
Fetty Adds 9
Detergents 2
Carbohydrate 2
Ether Extractable* 3
Humic Adda 3
Fulvic Adds 6

Sum 30

Table IV [38-46] summarizes the concentration ranges for the chemical 
classes normally found in wastewater treatment effluents. The wastewater 
effluents represented in Table IV had rather widely ranging total organic 
concentrations. Table V gives a breakdown of the organic classes for a 
“typical" effluent having a soluble COD of 30 mg/1. Table V was derived 
from the data in Figure 4 after adjustments were made for the different 
strengths. Most of organic material 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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Biological Separation Processes

As long as the bacteria grown on the primary substrate can also utilize 
the anthropogenic compounds of interest, a typical sewage 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-Mg/1 levels.

Natural organics seem to be adequate primary substrates for secondary 
utilization of many trace contaminants [20,23,26}. On the other hand, 
other compounds pass through the biological systems largely or com­
pletely undegraded. If, therefore, the contaminants of interest art 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, to 
add a hazardous compound to the water to promote biological growth, as 
a failure in the system 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 for 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 
technology. A nonsteady-state biofllm reactor is one in which the biofllm 
in the reactor undergoes net growth or decay, and it is different from the 
previously described steady-state reactors, in which biofllm growth is 
continuously balanced by losses. Operated in a nonsteady-state mode, a 
biofllm reactor is fed a high-concentration feed fora relatively short time, 
such as one week. During that time, the biofllm 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 biofllm can utilize the 
input substrate for a relatively long time, even though the feed concentra­
tion is less than Smj,. Once biofllm losses have reduced the biofllm's 
capacity to an unacceptable level, the cycle is repeated. A biofllm 
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 operate 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 wastewater.

Figure 6 [47] illustrates how nonsteady-state operation was able to 
achieve effluent concentrations well below Sm,„. The biofllm was grown
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Flgurt 4. Nonitudymu bioTilm (eduction of acetate conccnmiion 10 below Saw, when 
influent eoncenuoiion ie reduced from 7.6 to 0.76 nt|/1 of eceute. T = 20*C; » * 600 
cm/dejr [47],

with a feed acetate concentration of 7.2 mg/1, which grew a biofilm 
capable of reducing the effluent concentration to about 0.60 mg/1. 
When the feed concentration wai reduced to 0.72 mg/1, the biofilm, 
already present, was able to reduce the effluent concentration to 0.1 mg/1 
or only about 16% of S,*,. Even lower concentrations could be achieved if 
the feed concentration were lower.

LANDFILL LEACHATE 

Quality Characteristics

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 to the groundwater and wastewater effluent examples, the 
Love Canal leachate is about 400-4000 times more concentrated in terms
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T>bh VI. SdKted Charaeterietlo «I Landfill Lsachati from Lon Canal (41]

Parameter
Value 

(mt/i r

pH 5.6
TOC 4,300
COD 11.500
Total Dissolved Solids 15.700
Sulfate 240
Sulfide 0.1
Total Phosphate, as P 0.1
Sodium 1.000
Calcium 1.500
Iron J30
Methanol 19
Toluene 39
Chlorotoluene 26
Benzene 14.5
Chlorobenzene 12
Benzyl Alcohol 29
Chlorobenzyl Alcohol 26
Phenol II
ChlorebenaMehydes 26

'Eacapi pH

of total and specific organics. Problems of trace levels would seem to be 
eliminated, since more than ample COD is available 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 less- 
than-hazardous levels.

Blologieal Separation Processes

The first factor in treating leachate is that it must be contained and 
treated in a 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 (CH4, C02, H]S) in the landfill 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. Tils leacluM ii already anaerobic.
2. Methanoianie proceuea require no aeralion to lupply oaygen. To tupply 

enouih oaygen 10 meat the oaygen requirement! of aerobic activated iludge 
treatment of the Love Canal leaehata would com about SO.40/ m1 of leachate, 
not including capital recovery.

2. The anaerobic process produces 10-20 times less biological sludge than would 
an aerobic process. Low sludge production means major cost savings, since 
sludge handling and disposal for aerobic operations typically requires half of 
the operating budget.

4. The lack of sludge production during methanogenesis means that nutrient 
additions (N and P) can be relatively low. Table VI shows that the Love Canal 
leachate has no P and probably little inorganic N. Aerobic treatment would 
require addition of about 340 iN/st' and 70 g P/m*. while the requirements 
with anaerobic treatment would be 10-20 times lest.

3. Methanogenesis produces a valuable product, methane gas, which can easily 
be captured and used to run pumps or equipment, heat buildings, or generate 
electricity. The methane gas produced through anaerobic treatment of Love 
Canal leachate would generate about 30.60/ mJ of electrical power.

Betides 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 
hydrocarbons is greatly increased in an anaerobic environment [30.31], 
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 result is that chlorinated 
hydrocarbons are reductively dechlorinated, with hydrogen replacing the 
chlorine. Since the dechlorination step often limits biodegradation of 
chlorinated compounds, the anaerobic environment is often ideal for 
enhancing biodegradation of many of the most critical contaminants.

Numerous reports [13,30-33] have shown that degradation of 
halogenated hydrocarbons requires an anaerobic environment. Partic­
ularly pertinent is the work of Bouwer et at. [13], in which low 
concentrations (less than 1 mg/1) of halogenated one- and two-carbon 
hydrocarbons were degraded anaerobically, but not aerobically. Even 
without biological activity, the brominated compounds were dehalo- 
genated, although 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 
[20.il], and dehalogenation is correlated to a negative Hh. Thus, the use 
of an anaerobic 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 
dehalogenate 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 anaerobic dehalogenation of 
aromatic compounds be found feasible in the future, the anaerobic system 
should be capable of completely degrading the resulting aromatic 
products [34],

Methanogenic processes have been used for treating high-strength 
industrial 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 
[33] used a fixed-bed, complete-mix anaerobic filter to treat a landfill 
leachate having a COD of 32,000-34,000 mg/1, and they reduced the 
COD to 1000 mg/1 with a 7.3-day detention time at 23* C. Suidan et al 
[30] treated high strength phenolic wastewater with a fiuidized-bed 
anaerobic filter at 33* C.

A most important factor for use of anaerobic filters 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 [36]. 
Among the most likely to be problems are sodium, sulfur and heavy 
metals. An excessive sodium concentration, such as 3300 mg/1 or more, is 
inhibitory to methanogens, and more than 8000 mg/1 can be strongly 
inhibitory or toxic. Reduced sulfur compounds in solution—HjS, HS* 
and S:‘—are toxic at 200 mg/1, while soluble heavy metals, such as Cd, 
Zn and Ni, are toxic at mg/1 levels. If the metals and sulfur are 
reasonably well balanced in the feed, metal sulfides precipitate in the 
anaerobic 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/1, cyanide at 1-200 mg/1, methylene 
chloride at 20 mg/1, and ethylene dichloride at 32 mg/1 [37,38]. In some
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easel, 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, 
anaerobic bacteria break down complex organic compounds through 
fermentative pathways, producing mostly short-chain organic acids, COj 
and Hj. In the second step, methanogens utilize the first-stage products 
and produce methane gas. Treatment, or COO 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 acids 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 methanogenic 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. Cosu 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 concentrations. Secondary 
utilization, nonsteady-state operation, and activated carbon attachment 
are methods to promote bacterial growth when concentrations are very
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low. In combination with these three methods, fluidized-bed treatment 
otters advantages for obtaining very low effluent concentrations.

For landfill leachate, which is often anaerobic and contains rather high 
organic strength, anaerobic methanogenic processes otter the benefits of 
decreased operating costs and enhanced degradation of many hazardous 
contaminants. Caution must be exercised to prevent toxicity to the 
anaerobic microorganisms, and posttreatment 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:

• physiological response of bacteria to very low concentrations of substrates;
» relationship between primary and secondary substrates;
e toxicity of tnet-level orianics to biological processes;
• ability to apply tieatmtnt concepts to rtalworM applications;
• consequences of partial degradation; and
• interactions among communities of microorganisms nscessary to completely degrade 

compoundi.
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CHAPTER 22

PEROXIDASE FOR REMOVAL OF 
HAZARDOUS AROMATICS FROM 

INDUSTRIAL WASTEWATERS

Barbara N. Albartl ana Altxaadtr M. KUbano. 
Laboratory of Applied Biochamiatry 
Department of Nutrition and Food Science 
Matsachuietu Institute of Technology 
Cambridge, Maaaachutetu 02139

Mott phenols and aromatic amines are toxic, and many are known or 
suspected human carcinogens [l-4].'They are inherent in the wastewaters 
of a variety of industries, including coal conversion, petroleum refining, 
resins, plastics, textiles, dyes, 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 increase 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 [2,3-7]. 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 free 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 I 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 gradual 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 1 shows the removal efficiencies for 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 
eliminate 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 molecular 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 I-naphthol. which polymerize to high-molecular- 
weight products (and have high removal efficiencies), the free radicals 
from both types of pollutants react with each other to form high- 
molecular-weight mixed polymers that precipitate readily. This can be

9 9 9
OXCO-CCCrCCCrO,

Figure 1. Structure of aniline black, the major product of peroxidase<ataly*cd 
oxidation of aniline with H^Ov [10],
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Table I. Removal of Aromatic Amines end Phenols from Water by
Horseradish Ptroiidai* int H|0)a

Pollutant
Removal Efficiency*

(%J Reference
Btntidine 99.94 8
3,3’*Dimethoxybenzidine 99.9 8
JJ‘*Diaminobcnzidine 99.6 8
3.3**Diehlorobtnzidine 99.9 8
3,3'-DiiMihylb«uidiiw 99.6 8
UNaphthylamine 99.7* 8
2-N*phthyl*mi« 98.3* 8
3-Nitro»l«naphihy!amine 99.6* 8
A'.iV'Dlmethylnaphthylamine 93.2* This work
Phenol 85.3* 9
2>Methoxyphsnol 98.0* 9
3-M«lhoxyphensl 98.6* 9
4.Methoxyphenol 89.1' 9
2*M«thylphtnol 86.2* 9
3-M«ihylphcnol 95.3* 9
4>M*thylphtiiol 85.0* 9
2-ChJoropbcnol 99.8' 9
3-Chlorophenol 66.9' 9
.-Oilorophtnol 98.7* 9
2.3-Dimetfcylphenol 99.7* 9
2.6.0iimihylph«nol 82.3* 9
Aniline 72.9' 9
4*QHorosnUine 6Z5* 9
4-BromoanHine 84.3* 9
4>FluoroamUnt 86.4' 9
1.3-Dtaminopheno) 98.6' 9
Diphonviamine 80.5' Thil work
1-Napmhoi 99.6* 9
2*Niiroso-l-naphthol 98.9* 9
4-Phenylphenol 99.9* 9
8-Hydroxyquinolint 99.8' 9

'Conditions: 100-mg/l aqueous solution of a phenol or an aromatic amine; 3-hr treatment 
at room temperature; pH 3J: 100 units/1 peroxidase. I mAf HjOj < unless otherwise 
indicated).
‘Aromatic amines and phenols were determined using the specific assays by Butt and
*5 mM 1000 units/l peroxidase.
*1 mM H*0). 1000 units/! peroxidase. pH 4.0.
rThc same ss in footnote d. but at pH 5.5.
J The same as in footnote d. but at pH 7.0.
1 It should be pointed out that treatment with either peroxidase or H?0; alone results in no 
precipitation and no removal of the chemicals front 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-dimeihoxybenzidine, the removal efficiency for phenol 
increases to 99.8, 99.3 and 99.7% respectively.

In fact, we found that this phenomenon could even be extended to the 
removal of nonphenolics and nonaromatic amines, which normally are 
not substrates for peroxidase. For instance, naphthalene does not react 
with peroxidase and H:02 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-O;. However, 
in the presence of 2.7-naphthalenediol and l-naphthol, 99.9 and 99.3% of 
azobenzene, respectively, can be precipitated on peroxidase treatment (20 
mg/1 azobenzene, 100 mg/1 naphthalenediol or naphthol, 4 mM H202, 
300 units/1 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 wastewaters 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 peroxidase obtained 
from a commercial supplier (Type 11, 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 II compares the removal efficiencies of several different phenols 
precipitated by the crude enzyme preparation and the commercial
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Tiblt II. Rnnoni of Pkuiolo from Wnor by PurifM 10O Crudo PlroiMusa* 

R.movil Elllclaiicy*
<%)

Phenol Sigma Enzyme Crude Enzyme PH
Phenol 87.6 >9.8 3.5
3-Methylphenol 13.3 99.6 40
4-Methylphenol 98.5 95.6 5.5
2*Chloroprt«noi 99.7 99.7 7.0
2J»Dimethylphenoi 99.6 99.3 4.0
l-Naphthoi 97.4 99.6 4.0
S-NitroMKl-naphthol 96.0 95.0 4.0
S-Hydroxyquinoiine 99.9 99.7 7.0

'Condilioni: lOO-mg/l phenols; 1000 uniis/l peroxidase; ’.5 mM HsOj. II-hr treaimem at 
room temperature.
‘The phenols were assayed by the method of Emerson [lb] (except for 4-mcthylphenol, 
which was assayed in aeeordanee with Arnow [18] as described by Klibanov et al. [9]).

peroxidase. In ell cases, the result! 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- 
myees fumago. Treatment by lactoperoxidase and H,Oj (800 units/ ml 
enzyme. 2 mmol HjOj, pH 5.5, 24 hr) of 100 mg/1 benzidine, 1-naphthyl- 
amine, phenol, aniline, 2-methoxyphenol, l-naphthol, 4-phenylphenol, 
3-methylphenol 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 precipitated 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 hat 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 120 different chemicals, including various phenols, cresols, 
xylenols, isopropylphenol, rerr-butylphenol and some nonphenolic com­
pounds such as triaryl phosphates and inorganic phosphate. The total 
phenol concentration was 105 mg/1.

Usually this chemical plant treats its water by a two-step process. First, 
the water is subjected to bacterial degradation, which takes several days 
and reduces the phenol content by 85-90%. Then, the remaining phenols 
are removed by adsorption onto activated carbon. The initial step, 
bacterial 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 mmol of H]Oj were 
added to the cold solution. After 40 hr in the refrigerator, the system was 
assayed for phenols [9]. As a result of our treatment, the phenol 
concentration decreased from 105 to 3.7 ppm, equivalent to a removal 
effiriency of 96.5%. Even at 25 units/1 peroxidase and 2 mmol H,Oi, 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*/lb 
[19], and one pound contains about 15,000 units of peroxidase [20]. 
Treatment of 1000 liters of water (at 25 units/1 peroxidase) will cost 58*. 
The current price for HjO- is 2l*/lb of 35% solution. Treatment of 1000 
liters containing 105 ppm phenols (at 2 mmol H302) will cost 11*. 
Therefore, the total cost of materials for the enzymatic treatment of 1000

HONS 004752



PEROXIDASE FOR HAZARDOUS AROMATICS REMOVAL 33S

literi of water is 69*. It is interesting to note that since the growth 
productivity of horseradishes is about 8000 Ib/ac (1 harvest/yr) [21] the 
area needed to provide enough peroxidase to treat 1000 liters of 
wastewater is 0.84 m2.

For comparison, we also examined the chemical cost of the FMC 
process [22], an existing, commercially available method that uses H202 
and an iron catalyst to remove phenol. This treatment oxidizes phenol to 
CO] and H20. 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 H202 and Fe2' completely oxidize phenol, a 
14-fold molar excess of H2Oz is required [22]. To treat 1000 liters of water 
containing 105 ppm phenol, approximately 4 lb of 35% H202 is needed at 
a cost of 84*. Therefore, even without the cost of Fe2*, the price of 
materials for our enzymatic treatment is comparable with that of the 
FMC process.

CONCLUSION

We have demonstrated that treatment of wastewaters with horseradish 
peroxidase and HzOj 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 conventional 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 feasible and attractive alternative.
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