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' ABSTRACT 

This document presents the current state of kncwledge about the production, 

usage, and distribution of polychlorinated biphenyls (PCBs) in the United States. 

The inforiTBtion presented is derived fron detailed studies on the production and 

first tier user industries, the past and present generation and disposition of PCB-

oontaining wastes, environmental transport and cumulative loads, potential alterna

tives to PCBs usage, inadvertent losses to and potential formation in the environ

ment, and current regulatory authorities for PCBs control. These results indicated 

that, although PCBs content of industrial wastes can be reduced through various 

approaches (treatment, substitution, etc.), there exists a potentially severe future 

hazard in the form of large amounts of PCBs currently contained in land disposal 

sites. Further definition of this and other aspects of the PCBs problem, and 

determination of ways to minimize the hazard, are reconmended. 
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SECTICXN I 

INTRODUCTION 

1.0 OVERVIEW OF THE PCBs PROBLEM 

The term polychlorinated biphenyls (PCBs) refers to a family of organic 

chemicals which have been produced and marketed in this country for 45 years 

as a series of relatively conplex mixtures under the trade name Aroclor. Each , 

of these mixtures contains a number of chlorinated biphenyl isomers out of an 

overall range of chlorine content from one chlorine to ten chlorines per molecule. 

In general, higher .chlorine content corresponds to greater resistance to chemical 

(and biochanical) degradation. 

PCBs are among the stable, organic coirpounds known, and, in addition, they 

exhibit other properties which render them extremely advantageous for use as 

dielectric and heat transfer fluids. These properties include lew solubility in 

water, lew vapor pressure, lew flaimability, high heat capacity, low electrical 

conductivity, favorable dielectric constant, and suitable viscosity-tenperature 

relationships. Because of these properties, and also because PCBs exhibit little 

acute toxicity (toxic effects from h i ^ level, short term exposure), this fanily 

of materials has been extensively used in many industrial applications, primarily 

in "closed" or "semi-closed" systems such as electrical transformers and capacitors, 

heat -transfer systems, and hydraulic systems. Most of the PCBs marketed to U.S. 

industry are still in service, prinarily in electrical eguipment. The remainder 

has entered -the general environment; a significant fraction of this amount is 

present in air, water, soil, and- sediment, but most of the PCBs in the environment 

are believed to be in landfills and duttps across -the country. 

In the late 1960's it became apparent that, although PCBs exhibit little 

acute toxicity, they are accumulated in the tissues of itany biological species 

and do exhibit chronic (long-term) toxicity to iteny species even when the exposure 

is -to very lew concentrations. The effects of chronic PCB exposure may be con

sidered as roughly ccnparable to those of DDT. 
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The recognition of this problem resul-ted in a major program designed to 

lessen the envirormental stress curising frcm widespread use and dissemination 

of PCBs; by mid-1971, .-the Monsanto'Industrial Chemicals Co., the sole U.S. pro

ducer, had -̂ roluntarily terminated sales of Aroclors (PCBs and polychlorinated 

triphenyls, or PCTs) fbr all but closed electrical systems uses. Monsanto also, 

in the same time frame, offered incineration services for waste liquid. PCBs and 

terminated production of -the most highly chlorinated Aroclors. 

"' During 1972 and 1973, the Ftood and Drug .Administration developed limita

tions on PCBs ooncentrations, designed to eliminate interstate transport of PCB 

oontamina:ted foodstuffs, for a niinber of irrportant dietary items and packaging 

materials used for foods. These limitations also reinforced the elimination of 

PCBs usage in the U.S. except for closed electrical systems. 

After approximately five years of the voluntary industrial restrictions, 

and about three years following the FDA limi-tations, a National Conference cn 

PCBs was held in Chicago during November, 1975,. under the'joint sponsorship of 

EIPA and other Coverrment agencies. By that time it had beocme apparent that,, 

although dietary intake of PCBs had declined (apparently as a result of the FDA 

actions plus cooperation of ' the' food and food packaging industries), improved 

analytical techniques plus more extensive monitoring efforts had revealed PCBs -

contamination'at envirormentally significant levels to be more widespread than 

originally thought. 

Results presented at -the Chicago meeting indicated PCB levels in the 

environment, on an,overall basis, to have been more or less constant since 1971, 

although there were local instances of both increases and decreases in PCB 

levels, ' It thus appears that, .unlike CDI, elimination of PCBs from dissipative 

uses has not resulted in.a significant reduc±ion in environmental load. 

2,0 OBJECTIVE AND SCOPE OF THE IMPORT 

• It: was against the above background that the work upon which this report 

is based was performed. The objective of this report is to present the current 

state of knowledge about PCBs production, distribu-tion, usage, and losses to 
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the environment in the United States. Many, but not all, of the facets of the 

PCBs problem are addressed; many of the estimates presented are based on 

engineering and scientific judgement instead of hard data, siirply because hard 

da-ta in -these areas are not available. We hope that all assunptions and 

judgements in the report are clearly identified as sueh, and that sufficient 

supporting information, v^ere available, is presented to jvistify the choioes 

made. 

While this report atterrpts to shed seme li^t on the possible reasons why 

PCB levels in -the environment are not decreasing as rapidly as had been hoped, 

its scope also includes a detailed presen-tation of past and present production 

and usage of PCBs in the United States, an analysis of PCB distribution and 

environmental ransport as applied -to Lake Michigan, a treatment in detail of 

potential substitutes and use altema-tives, a discussion of the technical 

aspects of substitution, and discussions of various other aspects of the over

all problem. Toxioological and human heal-th aspects are not addressed; nor 

are the various current activities of EPA, other Government, agencies, and 

individual states toward reducing entry of PCBs into the environment. 

The information and data contained in the report were collec±:ed frcm 

personal interviews and telephone conversations with representatives of many 

of the firms handling or using PCBs, from trade associations, frcm the open 

literature, and frcm local, state, and Federal Government personnel, 

researchers, and other parties having interest in and information oonceming 

the PCBs pr(±>lem. Ten visits to plants vere made; these covered the 

categories of PCBs producticn, small and large capacitor manufacturing, -trans

former manufacturing, investment casting, and waste disposal contracting 

(waste PCBs). The degree of cooperation, and therefore the accuracy of the 

data obtained, varied widely frem industry to industry. Electric utilities 

provided key information, as did also other users or distributors of products 

containing PCBs. • •' ' 
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SECTIC»N II 

SUMMARY 

1.0 PRODUCTION, USAGE, AND DISTRIBUTION OF PCBs ' 

1.1 .Overview of PCBs Industrial Usage in the United States 

Over the past four yeaurs the dcmestic production and use of polychlo

rinated biphenyls (PCBs) have been approximately constant with averages of 40 

million pounds per year for production, and 33 million pounds per year for dcmestic 

sales. , During this.period Monsanto Industrial Chemicals Corp., the sole dcmestic 

producer, has supplied approximately 99 per cent of the domestic market. Monsanto 

sells several PCB mixtures under the generic trade name Aroclor, and purchase has 

been limited to in-tended use in nominally closed electrical systems (transformers 

and capacitors) since 1971 under voluntary restrictions inposed by Monsanto. 

The remainder, of -the dcmestic usage depends bn imported PCBs/.most of 

v^ch originate in Italy and the remainder in France. Decachlorobiphenyl is ' 

imported frcm Italy for use in investment castingwax, and the material inported 

from France is used in cooling systans of mining machinery. 

Of the. dcmestic sales of PCBs; 65 to 70 per cent are -to manufacturers of 

capacitors, and the remainder to manufacturers of transformers. Transformers, 

which contain 2,000 to 2,500 pounds of PCBs on the. average (present as a 60 to 70 

per cent component of mixtures with trichlorobenzene called Askarels) are used 

primarily.to change voltages during the transmission and dis-tribution of electrical 

power. Approxinately five per cent of the transformers in service in this country 

contain PCBs; most transformers contain mineral oil instead of PCBs. Capacitors 

cxjntaining.PCBs are of two general types; small capacitors vAiich are'built into 

electrical appliainces such as fluorescent lights, TV sets and small motors, and 

latge capacitors which are used as separate units in-electrical power distribution 

systems and wi'th. large indus-trial machinery such as electric motors and welding 

machines. PCBs are used in about 95 per cent of U.S.-;;-produced liquid impregnated 

capacitors (most small capacitors in radios and other electronic equipment are 

solid-state units). 
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PCBs are typically used in transformers where protection against fire 

is of paramount inportance. Use of PCBs in capacitors is based on a number of 

factors, but fire protecrtion and service life appear to be the most iitportant. 

Industry codes, such as the National Electrical Code, specify the use of PCB-

filled transformers and capacitors under a number of conditions. These codes -̂  

will serve as institutional barriers to rapid reductions in PCBs usage, but at "' 

present there are also technical barriers to substitution of other materials for'̂---

PCBs in electrical equipment. > • • '* 

The above overview of cjurrent PCBs usage in the U.S, ,is summarized by 

Figure 1.0-1, which.'traces dcniestic PCBs production and inportation -through first, 

tier usage and dis-tribution of PCBs - containing products. 

1.2 Cumulative PCBs Producrtion and Usage in the United States 

Estimates developed for total PCBs production and utilization in the 

U,S, since their introduction to industry in 1929-30 are presented in Table 1.2-1, 

These data define the estimated proportions of PCBs used in various applications, 

and an accounting, based on available data plus estimates, of -the current distri

bution of -this material. Of the roughly 1.25 billion.pounds purchased by U.S. 

industry, it is estimated that only 55 million pounds, or 4.4 per cent, have been 

destroyed by incineration- or by degradation in the environirent. About 60 per cent 

of -the total dcmestic sales is still in service, almost all in capacitors and 

transformers. The remainder, about 44 million pounds, are in the environment; it., 

is estimated that 290 million pounds are in landfills or dunps and 150 million 

pounds are "free" in the general environment (air, water, soil, sediments) and 

presumably available to the biota. 

Seine of the values in Table 1.2-1 are relatively well-established, while 

others are gross estimates resulting frcm a lack of data;; in the area-. The esti- , 

mated reliability for each value presented is shown on the table. For instance, •; 

the PCBs usage in carbonless copy paper is a firm value obtained frcm the only 

producer (NCR), where as the amount of PCBs environmentally degraded could c»n-

ceivably rarige from a lew value to the total of mono-, di-, and trichlorcbiphenyl 

utilized but nbt still in service. The value for U.S. producrtion could not be 
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Table 1,2-1 

Estimates of Cumulative PCBs Production, Usage, and Gross Environmsntal 
Distribution in the United States Over the Period 1930-1975 in Millions of Pounds 

I 

U.S. PCB P r o d u c t i o n 

• t o t a l U .S . PCB InpDr t s 

U .S . PCB D c n e s t i c Usage 

T o t a l U .S . PCB E>(ports 

PCB by Use C a t e g o r y : 

P e t r o l e u m M d i t i w s 
Heat T r a n s f e r 
Misc . I n d u s t r i a l 
C a r b o n l e s s Copy Paper 
l l i d r a j l i c s and L u b r i c a n t s 
OUwr P l a s t i c i z e r Uses 
C a ; a c i t o r s 
T r a n s for t iErs 

Uses Othe r t han E l e c t r i c a l 

PCB Degraded o r I n c i n c r a t o d : 

e n v i r o n m e n t a l l y Degraded 
I n c i n e r a t e d 

l a n d f i l l s and PCBs i n Dunps: 

Cap. and T r a n s . P r o d u c t i o n " 
Wastes 

O b s o l e t e r l e . Equipment 
O t h e r ( pa pe r , p l a s t i c , e t c . ) 

Proc PCBs i n t h e Environment 
( s o i l , w a t e r , a i r , ser l iment) 

TOtal 

C a i n c r c i a l 
P r o d u c t i o n 

1,400 

3 

1 ,403 

C a m e r c i a l 
S a l e s 

1 ,253 

ISO 

• 

1,403 

I n d u s t r i a l 
P u r c h a s e s o f PCB 

1 
20 
27 
45 
80 

i l 5 
630 
335 

I 

1,253 

PCTs C u r r e n t l y 
i n S e r v i c e 

450 
300 

a 

758 

PCBs C u r r e n t l y 
i n D w i r o r m s n t 

110 
80 

100 

150 

440 

PCBs 
D e s t r o y e d 

30 
25 

55 

E s t u r a t e d 
R e l i a b i l i t y 

of V a l u e s 

+ 5% 
- 20* 

• 30% 

+ 5% 
- 20% 

• 20« 

t 50» 
t 10% 
• 15% 
i 5% 
± 10«-
± 15% 
• 20% " 
1 20%" 

± 60% 

± 70% 
1 10? 

i 20% 
1 40% 
t 40% 

- 3 " * 



much over 1.45 billion pounds nor less than 1.1 billion pounds,.based on analysis 

of other available or estimatefd data; hence, the estimated confidence interval , 

for this value on Table 1.2-1 of +5 per cent.and -20 per cent. 

One of the more iitpDrtant conclusions fron this work is the estimation • 

of about two times the anount of PCBs in landfills and dunps as conpared to the 

amount of PGBs already free in the environment. Thie material in land di'sposal 

sites may be considered a threat to beccne widely dispersed over a long period of 

time. The length of time required can only be guessed at, but is probably short 

in (xrparison to the' time required for degradation of the PCBs by natural pro- ' 

cesses. Thus, release of.the land disposal material through slow vaporization and 

leaching could very well worsen an already severe environmental problem. 

1.3 Current Distribution of PCBs Usage and Associated Wastes 

A material balance for PCBs production, sales, distribution, and wastes 

in 1974 is presented in Table.1.3-1. Reliability of the values were estirtated as 

for the previous table. • The amounts estimated to be land disposed, totaling 1.18 

million po;uhds, do not include land disposal of previously used,PCBs. However, the 

amounts listed under scrap PCBs incinerated account for all PCBs incineration in 

the U.S. during 1974 at the reccxtmended temperature-time conditions (> 2000*?; 

> 1.5 se<2onds residence time). Of the total of 2J 61 million pounds incinerated, • 

the Monsanto facility aoxiunted for over half. Other (̂ rstpanies currently providing 

incineration services include General Electric, Rollins, Environmental Services, 

arid Chem-Trol Pollution Services, but the total nurnber of such facilities known to 

be available in the U.S. is six. 

1.4 Land Disposal and Environmental Load 

The 1.18 million pouniis per year of land-destined wastes estimated above 

is only a small portion of the total PCBs entering,landfills and duttps yearly; the 

current estimated yearly rate of PCBs entering land disposal sites is about 12 

million pounds. The largest source of this material.is capacitors which have failed 

or became obsolete, or v*iich are contained in obsolete equipment. Other iitportant 

sources are industrial solid wastes frcm PCBs production and first-tier usage, and 

the total of other (non-electrical) municipal and industrial solid wastes. 
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Table 1.3-1 

Estimated Production, Usage, ard Losses of PCBs in the United States 
during 1974 in Millions of Pounds 

Damestic Producrtion 

ItJtal Inports 

Mansanto Danestic Sales 
Dqx>rts 
Ijiix)rt Sales 
From Mfg. Inventory, e t c . 

PCBs Usage by Product 
Category 

Capacitors 
Transformers 
InvestJTiffit Casting Wax 
Other • 

' PCBs Disposal to Land 
(assume PC3s to be 30% of 

t o t a l sol id wastes) 

rrcm PCBs manufacture 
Frtjn capacitor industry 
Fran t rans former industry 
FTan investment cas t ing 

Incinerat ion of Scrap PCBs 

Fran PCBs manufacture 
Fron capaci tor industry 
From transformer industry 

Indus t r i a l Discharges t o 
Mater and Sewers (as PCEs) 

Frcm PC3s manufacture 
Fran capacitor industry 
Fran transformer industry 

S p i l l s during Transport 

Tota ls 

Production 
or Imports 

40.466* 

0.45 

40.916 

ConiETcial 
Sales 

34.406* 
5.395* 
0.45 
0.665* 

• • 

40.916 

Indus t r ia l 
Purchases 

by Category 

22.0 
12.0 ' 
0.4 
0.05 

35.45 

Amount Disposed 
or Lost 

0.03 
0.48 
0.27 
0.4 

0.52 

0.64 • ' 

0 . 0 0 1 1 " 
0.0021** 
C.OOOl** 

0.01 

3.80 

Estimated 
R e l i a b i l i t y 
of Values 

t 10% 

t 50% 

t 101 
i 10« 
t 50% 
± l o t 

± 2 0 t 
1 2 0 t 
± 20* 
1 70* 

± 50% 
t 50* 
• 50% 
t 30% 

± 15% 
1 20% 
1 20* 

t 40% 
1 eot 
t 60% 

1 50% 

* Fran rtxisanto data 

** Developed fron data supplied by industry. Most analyses for PCBs concentrations in industrial 
wastewaters are probably not more accurate than * 50 per cent. 
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The total current environmentcil load of "Free" PCBs was estimated to. 

be about 150 million pounds. An analysis of environment load (Free PCBs) average 

chlorine content per itolecule indicated that, if mono-, di-, and trichloro isomers 

were disregarded, the average (Chlorine content of Free PCBs would be within seven 

per cent of the value for Aroclor 1254. 

1.5 Foreign Production of PCBs. 

Kncwn (;:njrrent producers of PCBs besides the Uhited States include the 

United Kingdom, Czechoslovakia, France, Gentany, Spain, and the U.S.S.R,. Japan 

was a producer until 1972. In'1973, total foreign production of PCBs is estimated 

at 43 itdllion pounds, corresponding to a 50 per cent reduction since 1971. On 

this basis, the U.S. production appears to be. about half of the world total. 

Usage of PCBs in all countries is expected to decrease further as a result of re

cent findings on adverse environmental effects and potential hunan health hazards 

from PCBs, and this usage is expected to be essentially confined tp use in capac

itors, and transformers. 

2.0 CHARACTERIZATION OF INDt.JSTRY PRACTICE AND WASTE HANDLING FOR THE'PGBS 
PRODUCER AND MAJOR FIRST-TIER USERS 

2.1 Manufacture of PCBs and PCB-Containing Capacitors and Transformers 

PCBs are produced dcxtestically only by Monsanto at Sauget, Illinois. 

The process involves the batch chlorination of biphenyl and subsequent separation 

and purification of the desireij chlorinated biphenyl fractionsi The degree of 

chlorination is determined by the contact.time in the reactor. Depending on the 

distance and size of shipment, transport is via tank car, tank truck, or oaimun 

carrier (drums). 

There are 17 capacitor plants and 18 transformer plants utilizing PCBs 

in the United States. Manufacture of both types of units involves initial pre

paration of internal and external cases, filling with PCBs under vacuum, cleaning 

and degreasing, and performance testing. The greatest PCB wastes occur in the 

filling operations. Filling of small capacitors (less than 2 pounds of PCBs) and 

most large capacitors is performed in chambers holding many small capacitors or 

fewer large ones. The chaitber and the capacitors are evacuated and then flood-

filled with the PCB liquid. Excess liquid is removed from the chamber, the filled 
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units are cleaned and sealed, and then the sealed units ar:e degreased, painted, 

and tested. Transformers and the largest types of capacitors are filled individ

ually after eva(ruation; this produces relatively less chance of PCBs loss than 

the flood-filling process. 

Of the 38 plants in the above categories, 10 discharge their effluents • 

into the water ways while the renainder discharge into the sewage treatment plants. 

All plants in these categories have discharges under heavy rainfall conditions. 

There are three types^ of waste materials generated at these plants that require 

treatment and proper handling in order to minimize the PCB into the environment, 

Ihese are: 

(a) Waste waters cxsntaining trace quantities of PCBs 

(10 to 500 ppb PCBs); -;. 

(b) Waste PCBs, scrap oils and small quantities of process i, 

water highly (^ntaminated with PCBs; and 

(c) Burnable and non-burnable solid iraterials contaminated 

with PCBs, 

Quantitative estimates of these wastes are given below: 

[ Waste Loads,'Daily Average 

PCB Discharge Land-Destined Scrap Oils 
in Waterways PCB to 
or Sewers Wastes Incineration 

• A* 

PCB Manufacturer . 3,06 lbs 301 lbs 1425 lbs 

Capacitor Industries 5,86 lbs 4440 lbs 3968 lbs 

Transformer Industries 0.17 lbs Unknown 1750 lbs 

The above waste loads represent crurrent industrial practice. It may be 
assumed that, prior to knowledge of the adverse environmental ..effects of PCBs, 
much of the types of material. currently landf illed or incinerated was npt disposed 

of properly an(a- thiis entered the environment directly. 

As yet, very little is being done at these plants to control air enissions. 

The general industry assurtption is that the vapor pressure of PCBs is so lew that 

there will be essentially no air contamination. A few facilities, hcwever, were 

reported to be filtering and chilling exhaust air fron PCBs iitpregnation areas, 
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and plant personnel are beginning to realize that evaporation of PCBs may. make 

a significant contribution to general contamination of the plant area. 

Since most water used at these facilities is for non-contacrf cooling 

purposes, at most plants it is possible to significantly reduce the effluent 

volume by segregation of waste/;aters, recycling and proper housekeeping measures. 

Most user plants and the PCB producing plants have alxeady undertaken PCBs (̂ ontain-

nent programs in order- to minimize the entry of PCBs into the environment. While 

the snissions of PCBs. to water are expected to decrease due'-to inproved pollution 

abatonent of waterbome wastes, the release of PCBs to air and land may increase.. 

One potential source of increasing air emissions is the increase in incineration 

due to proper handling of wastes which were previously discharged into the water

ways or sewers. The quantities of land-destined wastes are expected to increase 

due to inproved housekeeping measures. 

Rivers receiving PCBs discharges for a number of years vary greatly in 

PCBs cx)ntent with time, apparently depending upon PCB content in storm water run-

'off and the degree to which contaminated botton.sediments are agitated and sus

pended. Whereever there have been PCB operations in the past, there are probably 

high concentrations in local waterways bottom sediments.. 

Over the past 45 years, "waste PCBs fron transformer and capacitor opera

tions have,been used as local road oiling conpoUnds. S(3tietimes they were discarded 

in dumps adjacent to manufacturing facilities. These are sources, of long term 

leaching of PCBs into waterways, particularly with storm water runoff. .. 

2.2 Treatment and Disposal of Industrial Wastes Containing PCBs 

A study was performed to determine and ccrrpare the methods available for 

the treatment of PCB-containing.wastes from the PCBs production, capacitor itanu-

facturing, and transformer, nonufacturing industry'categories. A,full treatment 

of this technology, including cost estimates for treatment, nay be found in the 

Task II Report under Contract 68-01-3259.. Much of the technical portion of this 

work is reproduced herein and summarized belcw. 
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2.2.1 Incineration 

The most advanced treatment technology in use is incineration, 

"ttie PCBs manufacturer and one user have plant scale facilities capable of destroy

ing PCBs with very high efficiency. There are at least two coitmercial services 

available, with four incinerator locations in the Eastem and Southem U,S., for 

PCBs incineration. 

Incineration is primarily applicable to waste PCBs and scrap , :̂ ,̂  

oils contaminated with PCBs. Incinerators for PCBs destruction have the capacity-

of "burning" S(3tie (X>ntaminated wastewater but, of course, the proportion of that: 

water to the. exothermic oil burning must be kept lew. Only one cormercial incin-,-

eration service (Rollins) can routinely handle all kinds of PCBs contarninated 

transformer and capacitor ODnponents, sludges, fuller's earth and other solids, 

as long as they can be (contained in a 47 gallon fiber drum. One PCB user ccitpany 

incinerates transfenter internals for purposes of metal recovery. 

Waste liquid PCBs and scrap oils (tsDntaminated PCBs) are best 

handled, as a guideline, by high tenperature (2000-2400''F) and long residence time 

(2-3 seconds) incineration. However, because of incinerator design variables, 

the conditions should bie chosen in each case to lead to 99.999% destruction. The 

best incinerator ccmbinatiori for handling wastes from these industries is a rotary 

burner fired by a liquid burner, and follcwed by an afterburner and scrubber system 

for HCl and particulate control. The rotary burner can be designed to handle a 

variety of solid materials, and the liquid burner can handle both the oily and 

water type wastes. 

2.2.2 Treatment of PCB-Contaminated Wastewater 

There is no cottiercial scale wastewater treatment for PCBs removal 

being practiced beyond those of gravity settling of the heavy PCBs layers as a 

sludge from the bottom of sunps pr tanks, and skimming of a contaminated oil-layer 

frcm the water surfaces. 

Adequate methodology is available for those plants wishing to con

trol the release of PCBs to the environment. Currently available technologies can 
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be applied to the efficient removal of PCBs frcm wastes, or their destruction 

with the other wastes. Ihe PCBs <x)ntent of wastewaters can tfe lowered to the 1 

ppb level or below by removal of solids (and oil layers, where applicable), 

follcwed by adsorption of PCBs onto carbon, macroreticular polyiter resins or -

possibly'other adsorbents. 

Carbon adsorption is currently the best available technology for 

plant scale treatment of PCBs wastewaters. This conclusion is based on laboratory 

tests with PCBs in water, and oh the long background of plant scale use of carbon 

acisorption for removal of organics frcan water. 

Polyneric resins (AMBERLITES) were found in laboratory tests to be 

approximately as ..effective as carbon in removing PCBs from water. Further pilot 

scale testing is needed with this newer (than carbon) technolcbgy to accnarately 

assess its potential. 

Ultraviolet catalyzed ozonation was determined to be the best 

irethod, demonstrated on a laboratory scale, for destruction of PCBs in wastewaters 

when the streams cx;cur in large volume, on a relatively continuous flew basis and 

with PCBs at the pffo concentration levels. This technology has the -potential for 

conversion of PCBs to 00_, H O and. HCl.. Hcwever,' significant development and 

optimization work would be recjuired before application of the process becomes 

practical". In addition, the potential exists for production of toxic degradation 

products by UV-ozqnation. 

Although still in the laboratory stage, catalytic reduction of 

PCBs offers the possibility of reduction to biphenyl and HCl; and catalytic 

oxidation is another process which offers a potential for destruction of PCBs to 

CO2, H2O and HCl. 

It is believed. that wastewater treatment systems atploying acti- ' 

vated carbon and possibly UV-ozonation could prcjduce effluents which would be at 

or below the limits of detectability for PCBs with current analytical technicjues.. 

However, since no full scale systems for the treatment of PCBs a r e in operation at 

this time, this possibility cannot be confirmed. 
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Unfortunately, no methodology is presently available whicdi can 

guarantee "zero discharge" of PCBs to the environment. "Zero discharge" objec

tives can be best met new by eliminating discharge streams and developing recycle 

systems. All streams that are high in pollutants and cannot be treated for reuse, 

including rainwater runoffs, could be cx5llected and incinerated under a "zero 

discharge" ctojective. ;, 

2.3 Characterization of the Investment Casting Industry 
...fl 

Investment casting is a lost-wax process by which metal castings which 

are of intricate shapes or v̂ icdi recjuire close dimensional tolerances are mass-

produced. The pattem wax, sate of which contains PCB filler, is nolded and then-

used to make a ceramic shell (investment) whose internal dimensions are those of 

the desired producrt. The wax is typically melted from the shell, and the shell is 

fired (sintered), which removes the last trac:es of the wax. Then molten metal 

is poured into the mold (shell) and cxxsled to form the castings. 

There are currently 135 investnent casting foundries and four major 

investrtent casting wax manufacturing plants in the United States. The Yates 

Manufacturing Corpany, (Chicago, 111., is the sole known U.S, supplier of decachloro

biphenyl (deka) waxes. The deka content is 30 per cent of the'tptal wax by weight. 

Yates currently irtports deka from Italy and nanufactures between 1 and 1.5 million 

pounds of deka wax. annually. Very little is known about the wax manufacturing 

prcJcess. Wax nanufac±urers are also believed to use polychlorinated terphenyls 

(PCTs) inported frcm France. 

The major losses of the virgin and used waxes appear to occur during the 

dewaxing of the ceramic mold. The mold is fired in a furnace to set-the mold and 

remove the wax. Depending on furnace cx)nciitions, the deka or PCT in the wax is 

either burned or released to the atmosphere. The magnitude of, these emissions is 

not kncwn. 

Most foundries recxDver the drained pattem wax and reuse it several 

times. It is est inated that the purchased wax is used an average of 2.5 tiJtes. 

Little of the wax is destroyed in the process; therefore, it is considered probable 

that the investment casting foundries store or dispose of relatively large amounts 

,of used PCB- or PCT-oontaining wax. 
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2.4 Transformer Service Industry 

Most servicing of transformers is performed by electrical repair shops 

rather than by. the utility'or the< cwner of the transformer. Thirteen conpanies • 

were identified as offering transformer service at. a total of 131 locations. 

Servicing of• asltarel-filled transformers may'include the filtering of the askarel 

to remove.degradation products and moisture or the replacement of the askarel with 

new licjuid. PCB wastes include filter media, scrapped askarel, and miscellaneous 

solvents', rags, etc. . The proper (iisposal of these wastes is specified by a volun

tary NEMA'standard. Liquid PCBs are incinerated in most, but not all, cases. The 

total usage of PCBs by the transformer repair industry is about 800,000 lb/year, 

or about seven per cent of the amount used to, manufacture new transfonrers. 

3.0 SUBSTITOTES AND USE ALTERNATIVES FOR PCBs 

Potential substitute materials and use or process alternatives which would ,. 

eliminate or reduce the-current recjuirements for. PCBs were investigated. Important 

.points frcsn this study are sunmarized belc3w. 

3,1 Substitutes.for PCBs in Capacitors ,, 

PCBs (primarily Aroclor 1016) are currently used in almost all U.S.-made 

capacitors for AC servic:e (licjuid-filled capacitors) and are uniquely suited for ' 

this application because of their high dielectric constant, high resistance to 

current flow and electrical breakd<3wn, chemiiial stability, and non-flanmability. 

-A number of different liquid rtaterials ncM under development or testing have been 

proposed as substitutes far PCBs in capacitors, including phthalate esters, ' 

synthetic hydrocarbons, alkylated chlorodiphenyl oxide, alkylated PCBs, diaryi 

sulf ones, and silicones. 

isince each of these itaterials' is relatively more flannable than Aroclor 

1016, it appears that use of any liquid substitute will probably pose more of a 

fire hazard than use of PCBs. Vulnerability of capacitor manufacturers to lia

bility fbr damages frcm capacitor failure is a itajor fac±or in industry acceptance 

of a substitute capacitor fluid. The conservative code structure now in force 

could also pose significant barriers to reducrtion, or elimination of PCBs usage in 
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capacitors. In addition, data on electrical performance, toxicity to humans, and 

environmental effects of the potential substitutes are not presently sufficient 

to allow meaningful ccstparisons-.with' PCBs. 

Dry AC • capacitors (filxrt-type)' are in the development'stage. These 

capaicitors are significantly larger than liquid-filled capacitors and" are limited 

to a naxirnum of ,280 volts. Satisfactory dry film capacitors will'not be available 

until there are two separate technological breakthroughs: 1) the development of 

a plastic film that coirbines a high dielectric constant with a low loss-tangent; 

and 2) the development of winding techniques that exclude all air frcm the .winding 

of the capacitor.' ' • • , . 

Although it is considered probable that satisfactory substitutes for PCBs 

will be developed within the next 5 years, no such material is presently available 

and much additional research remains to be done. On the other hand, a significant 

portion of the large capacitors used by utilities, and sate in industry, are situ

ated out-of-doors. These could be replaced by capacitors containing a more flam-'-

mable fluid without significantly increasing the risk of fire. 

Although direct replacement of existing P<2B-filled capacitors with units 

containing substitutes appears possible for many large capacitors, anticipated 

size differences will present: severe pfbblems in retrofitting. The new fluids, •' 

also cannot be directly substituted for PCBs in existing capacitors. In addition, 

disposal of c±isolete or replaced units will probably be in landfills for many years 

to ccme. It is probable that the best replacement scheme for capacitors, assuming 

cessation of PCBs produc±ion and use, would be use bf noh-PCB replacements as units 

become obsolete or fail, 

3,2 Substitutes for PCBs in Transforrters 

Aroclors 1242 and 1254 are c:urrently used in ̂ aout- five per cent pf U,S.-

built transformers; most transformers are cxoled with mineral oil. Transformers/' 

filled with askarel (60-70 per cent PCBs) are often specified for use in buildings 

and in hazardous lcx;ations where minimization of the fire hazard is of paramount • 

inportance. The National Fire Code requires that oil-filled units, and askarel-

filled units rated for service over 35 kV, be enclosed in fireproof vaults v*ien 
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used in buildings. For units belcw 35 kV,'- the higher exist (by 20 to 30 per cent) 

of an askarel unit is more t±ian of fset by the savings on vault (Construction. 

Open, air-cooled transformers are limited to a clean., dry environments, 

but are being increasingly used in cotmercial buildings. Closed, gas-cooled 

transfomers/are more expensive than askarel units. Both of the above types have 

voltage limitations and much less overload capacity than the askarel-filled type, 

• Several substitute licjuids have been suggested,for use in transformers, 

which are less flammable than the" c:urrently used mineral oil, but v̂ îch are ncre 

flammable than askarel. The most promising are a silicone oil and a synthetic 

paraffinic hyc3rocarbon. These liquids are characterized as being self extin- • 

(guishing - i.e,, they do not continue to bum after being ignited by a momentary 

electrical arc. Proposals have been suhmitted to the National Electrical Ccide to 

allcw the use of these self extinguishing materials under those cxinditions where 

askarels are presently specified. , Because of the relative lack of service experi

ence with these liquids, it is unlikely that these proposals will be accepted. 

The next Ccx3e revision (1978) will probably .continue to recxignize only askarel 
f - ' •' ', • • •• • 

and "pil filled" transformers. 

It is likely that the "self extinguishing" licjuids will prove to be satis

factory alternatives to PCBs. Substantial experience on the performance of the 

licjuids will be required before the code. requirements will be changed to allcw . 

their use. The restjrictive Elecrtrical Code, whicii has been incxirporated into t h e 

OSHA StancJards, may act to inhibit the accumulation of this data and thereby act 

to postpone the general acceptance of these substitutes for PCBs. 

The najor conclusion from this portion of the study was that technicailly 

acceptable alternatives to the use of PCBs in transformers exist and that their 

use should not result in a significant increase in fire hazards frcm transformer 

failure. At present 1±e selection of PCB (askarel) transformers appears to be 

based primarily on cost rather than tec±nical cxinsiderations. 

As with capacitors, direct replac:enBnt of PCBs in existing transformers 

would present: potentially severe problems. These include the extreme difficulty 

of removing more than 90-95 per cent of the PCBs, even by. repeated flushing with 
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a cxxtpatible solvent (trichlorcbenzene), and the recjuirementis of incinerating 

such large quantities of PCBs and contaminated solvent. 

3.3 Alternatives to Other PCBs Applications 

On a preliminary basis, there appear to be no cjverriding technical (or 

institutional) barriers to the use of alternatives to decachlorobiphenyl filler 

in investment casting waxes. (This also appears to be the case for the poly- -.5 

chlorinated terphenyls.) Potential alternatives include use of materials such as.-

isophthalic acid as the filler and use of the new lĉ ^̂ • shrinkage unfilled waxes. 

A cost increase of about ten per cent is projected for each of the above altern

atives. 

Since the voluntary restricrtion by Monsanto in 1971 of PCBs sales for 

use in closed electrical systems only, PCBs have largely been eliminated frcm 

usage in hydraulic and heat transfer systems. Adequate substitutes were generally 

available at the time of the Monsanto resturictiori, and the present usage of PCBs "• 

(believed to be minor) should be replaceable by alternatives with minimal dis

advantage. 

4.0 SOURCES OF INADVERTENT QJTRY OF PCBs INTO THE ENVIRONMENT'' "• 

4.1 Paper Recycling 

Over the period 1957 to 1971, approximately 45 million pounds of Aroclor 

1242 was used by a single producer (NCR) in the production of carbonless copy 

paper. Some fraction of this material has entered the paper recycling stream and 

is apparently a major source of observed PCBs contamination of effluents from the 

secondary fiber recovery industry. PCBs were also added to paper in inks and 

possibly in other additives; t h i s material was probably Arcx:lor 1254. 

Thus, in its effort to cxinserve resources profitably, v the secondary fiber 

recovery (paper recycling) industry is inadvertently releasing previously used and 

"stored" PCBs into the general environment, priitarily to water. Reliable estimates 

of the amounts of PCBs so released are^not available, and, although the significance 

of t h i s release should diminish as office files are enptied, the amounts ranaining 

tX) be released are not kncwn. 
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Results from an analysis of PCBs entering Lake Michigan, disc:ussed later 

in Section 5.0, indicate that, although there is a significant cxjncentration of 

paper recycling activities in the area of tJiis lake, t h e contribution of paper 
mills to the total PCBs input to Lake Michigan is small in comparison to atmos

pheric fallout. However, effluents containing amounts of PCBs which are very 

snail cxmpared to t h e total environmental load can be extiremely inportant on a 
local basis, and further investigation of this problem is urged. 

It should be noted that water usage in the paper recycling industry is 

high and effluent PCB concentrations are typically 5 to 10 ppb. The exist of PCBs 

removal would therefore probably be higher per unit of profit than for the other 

industry categories described herein. -' 

4.2 Effluent Contamination by PCBs in O t h e r Industiries 

High concentrations, of PCBs were recently reported in effluents from a 

nunber of plants engaged in the nanufacture of nachinery and mechanical products. 

These measurements have not been verified to (fata, PCBs were, in the past, used 

extensively in hydraulic and heat transfer systems, in lubricants, and in paints 

and plastics, so that it is not inconsistent that effluents from the machinery 

manufacturing industiry contain PCBs, PCB contamination of effluents is kncwn to 

have occurred via slew release bf old deposits in sewers and elsewhere, although 

industrial usage in semi-open applications is believed to be continuing at a low 

•level. 

, 4.3 Inadvertent Production of PCBs in the Environment 

Three general types of reactions were considered as potential sources of 

inadvertent producrtion of PCBs. Of the three, the one considered most likely to 

cx:cur is chlorination of biphenyl in wastewater during treatment. This refers 

specifically to the discharge of wastewater containing biphenyl to a municipal 

sewer and the subsequent chlorination of' t h e material in the treatment plant, 

•̂ Bipjienyl is used extensively as a dye carrier for the dyeing of synthetic 

fibers; in this applicatu.on, much of the biphenyl leaves the process as waste. 

The estimated U.S. industrial usage of biphenyl is about 50 million pounds per year, 

of which at least half is used in dyeing operations. Although chlorination of 
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biphenyl in sewage treatment appears likely, the extent of neither the initial 

chlorination nor further chlorination is kncwn. Further investigation of biphenyl 

chlorination as a possible source of PCBs is recxamended. 

Chlorinated bij^enyls have been produced by the deconposition of DDT, 

cilthough this recjuires recombination of phenyl radicals frcm cleavage of two ":: 

DDT molecnales. Significant prcxJuctibn of PCBs in the environment by this mecha- "=' 

nism is considered unlikely. Formation of PCBs via chlorination of the product % 

formed frcm the coittoination of two substituted benzenes is also considereci of less, 

potential significance than direct chlorination of biphenyl in wastewater. 

5.0 TRANSPORT AND DISTRIBUTION OF PCBs IN THE ENVIROMENT 

A first order rrass balance model was developed and used to study the trans

port and distribution of PCBs in the environment. The total environmental load 

of "free" PCBs was regarded as a "pool" of mixed PCBs. In applying the ncdel, 

the pool was assumed to exhibit properties roughly similar to those of Aroclor 

1254, The mc3del was applied to Lake Michigan; the boundaries of the region studied 

were taken to be the drainage basin of the lake. Lake Michigan is a nearly closed 

body of water of sufficient size to allcw averaging-of properties and of sufficient 

interest that some pertinent data were available. 

The estimated total input of PCBs to Lake Michigan (1973-1974) was 13,400 

Ib/yr, of which 1,600 Ib/yr came frcm point sources (sunmation of industrial and -. 

n?anicipal discharges reaching the lake), 6,400 Ib/yr represented fallout directly 

onto the lake, and 5,400 Ib/yr was derived from fallout on the drainage basin 

(assumed to be 50 per cent of total fallout on the basin), . Thus, it is estimated 

that about 88 per cent of the PCBs currently entering Lake Michigan arise from 

fallout. 

Application of the model produced the follcwing cnjmulative. values for the 

period 1930 to 1975 (input function assumed proportional to damestic sales): 

Total input 1.49 x lO^lb 

Total in solution 1.0 x 10 lb 

Total in biota 3,64 x 10 lb 
4 

Total in sediments 1,7 x 10 lb 
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Total in outflow 9.07 x 10 lb 
• 4 • '• ' 

Total evaporated 1.93 x 10 lb 

Since degradation of PCBs,in the lake was assuned to.be zero, the closing 

of the material balance depended upon total evaporation from the lake being 
4 

1.93 X 10 pounds, or about 13 per cent of the- total input. This value is in '. 

excellent agreement with values derived both frcm kinetic theory and frcm co-

distillation theory; this result substantiates both the model form and the material 

balance above. 

Average water and biota concentrations derived from the analysis (using a 
4 

bioconcentration factor over water of 4 x 10 ) are, for recent years: 

1960 

1965 

1970 

1975 

Water Cone. 

1,60 

2,92 

5.35 

9.10 

(ppt) .. Biota Cone, (ppb). 

64 

117 

214 

364 

The above agrees well with available data on lake and biotic concentrations since 

1970, 

Mean residence times of PCBs in air and water, and the transport mechanisms 

which operate at the various phase interfaces, are very important to the under

standing of environmental transport and distribution. Lifetime values' are e>±remely 

sensitive to the assunptions required for their calculation (recjuired because of 

the lack of adet̂ uate experimental data). Estimates.derived from work by otJ-iers 

range frcm 20 days to eight years for'the average lifetime to fallout of airborne 

PCBs. Residence times to evaporation ih Lake Michigan appear to be on the order of 

ten hours, based on theoretical calculations, whereas residence times to evapora

tion from sea water nay be one to two orders of magnitude Icwer, 

The picture of gross PCBs tiransport cx)nsistent with all of the above findings 

is the one dominated by air t:ransport. Terrestial conponents, including fresh water, 

are partial sinks responding primarily to input from fallout. Losses are to 

evaporation and to rivers, vŝ ich enter the oceans where further (possibly rapid) 
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evaporation occurs-. Degraidation of PCBs, which was assumed to be zero in the 

I^.e Michigan analysis, appears too slow to liave a'si<gnifieant effect, Indust^rial 

and municipal effluents and air emissions are sources of both old and new PCBs; 

large amounts enter landfills and a small fraction enters the cycle through leach

ing and evaporation. 

If the above is even partially correct, t±ien one possible ansv.-er to t±ie 

cjuestion of why the restriction on uses beginning in 1971 has not caused tlie 

hoped for diminution in PCBs distribution is as follcws: 

(1) The systems which cause concern with regard to PCBs (fresh

water systems and asscx:iated biota) serve as' sinks for PCBs; 

(2) Other possible sinks are not available or are ineffective 

in retaining PCBs; and 

(3) The environmental degradation of PCBs is too slew to be 

significant over a five year pericd. 

Further work in many aspects, of PCBs transport and distribution are needed in 

order to estimate the real magnitude of the future environmental problem frorr; these 

naterials. Such work should also assist in identifying potential methods for re

ducing the environmental load of PCBs, 

6,0 REGUTATORY ACTIONS ON PCBs 

Four government agencies, the Monsanto Ccnpany and NEMA conprise the regulatory 

forces currently restricting the use and distribution of PCBs. EPA, OSHA, FDA and 

USDA have, between t h e m , autJiority to regulate and monitor fcxx3 levels, disposal 

into waterways, industrial housekeeping, and safety practices in the work place. 

Each of these available authorities has a limited focus and is inadeciuate to pre

vent more PCBs from entering the environitent. 

There are currently no regulations to restrict the inportation of PCBs as a 

chetical for use- in applications banned by the Monsanto Ccropany, As a result, 

PCB is being inported by a few conpanies for use in several "open-end" or "ncminally-

closed" applications. 
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Several producing nations have voluntarily limited sales of PCBs. Since 

1972, Japan has banned production and inportation of PCBs. The United Kingdom 

has barred sales of PCBs to all applications except usage as dielectric fluids, 

while Germany has lessened this restrictive measure to.include use in heat -

transfer and hydraulic systems. Among non-producing countries,, Sweden and 

Norway have stringent regulations. In Sweden, only the Environmental Protection 

••Board can authorize t±ie'use of PCBs or compounds containing PCBs, while in Norway 

only the Ministry of Social Affairs can authorize; the use of PCBs. 
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SECTION III 

Ca^CLUSIOJS AND RECOMMENDATIONS 

1.0 Conclusions 

Conclusions v^ich have resulted directly frcm -the work reported herein are -• 

presented below. Sore of these have been discussed briefly in the preceding ..-.i 

section, but each is believed to be justified by information contained in the textv 

of the report and the appendices. 

(1) It is estimated that approxinately 1.25 billion pounds of PCBs 

.have been sold for industrial use in the U.S. since initiation 

of producrtion around 1930. 

(2) Of this amount, at least 95 per cent are still in existence; 

nost is in service in capacitors and turansformers, but about 

290 million pounds are believed to reside in landfills and dunps 

and about-150 million are believed to be "free" in the environment. 

The magnitude of these values indicates t±iat there is a strong 

future threat from PCBs present in land disposal sites, 

(3) In 1974, U,S, usage of PCBs sold by Monsanto, the sole dcmestic 

producer, was distributed between capacitor nanufacture (22 

million pounds) and transformer manufacture (12 million pounds). 

Inported materials amounted to about one per cent of U,S. 

industrial purchases of PCBs in 1974; about 400,000 pounds 

(of decachlorobiphenyl) were used in investment casting and 

and an estimated 50,000 pounds.of new naterial were used- in 

specialized heat transfer systems. 

(4) Waterbome effluents frcm PCBs production and first-tier use 

currently release amounts to the environment which are very 

small in conparison to the amounts entering land disposal sites 

frcm t±ese industries, Hcwever, t±iese effluents can have 

severe local inpacts,, as evidenced by the crurrent PCBs pro

blem in the Hudson River. 
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(5) Monsanto and portions of the electrical ecjuiproent industry 

utilizing PCBs have greatly reduced PCB releases to water 

and land over the past few years, primarily .through improve

ment of plant housekeeping, inproved waste collection and 

handling, and disposal of liquid'wastes through incineration,' 

(6) There is no plant-scale process used at present for the specific 

purpose of removing PCBs from ihciustrial wastewater. 

(7) The best available treatment technology for.removal of PCBs 

frctn wastewater is carbon adsorption coupled with solids and 

oil/grease removal.- Carbon treatment can produce end-of-pipe 

PCBs cjoncen-trations of one ppb or less. Other adsorbents, such 

as resins, also appear effective to this extent. 

(8) The most premising method, of those water treatment technologies 

under development, for PCBs destruction is ult:raviolet-catalyzed 

ozonation, 

(9) Incineration is an effective method of disposal for licjuid. 

,PCBs. Landfilling is the only generally available disposal 

method .for PCBs-cxsntaminated solid wastes, but incineration of 

these wastes is technically feasible. 

(10) "Zero discharge" to water of PCBs from production and first-

tier use is available only through extensive water reuse 

plus extensive incineration of lightly contaminated wastewaters. 

(11) Significant amounts of solid PCB (decachlorobiphenyl,. or deka) 

wastes are stored or disposed of on land by the investment 

casting industry. Air emissions of deka may also be si.<gnificant 

in amo.unt, but no evidence of potential, health .hazards from this 

material has been reported. 

(12) The total present usage of PCBs for open and semi-closed, applic

ations is not known but is believed to be smaill in conparison 

to closed electrical system usage. A few-capacitor manufacturing 
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plants report recent use of PCBs in vacuum pumps, and a 

siignif icant amount of carbonless cxipy paper containing PCBs 

must still be in inventory and in files. 

(13) Chlorination of waste biphenyl in industrial wastewaters 

discharged into municipal sewers is a potential nechanism .. 

for inadvertent production of PCBs. 

(14) PCBs are uniquely suited to the recjuirements of capacitors 

for AC service. Although a number of potential substitutes 

for this application are under development and test, they 

are all more flamrable than Aroclor 1016 and neither their 

performance in service nor their potential tx)xicity to nan 

and otJier species have been evaluated sufficiently to allcw 

a definitive cxxrparison with 1016, ' 

(15) Alternatives to PCBs usage in new turansformers are available. 

In addition, testing of promising substitute fluids (termed 

"self-extinguishing") is underway; these fluids may gain • 

industry-wide acceptance within three years as substitutes for 

PCB fluids. At present, specification of PCB-filled trans

formers appears to be based primarily on cost considerations, 

(16) No technical barriers to substitution for PCBs (deka) in 

investment casting waxes are apparent. Several potential 

alternatives have been previously used by this industry. 

(17) Atmospheric fallout'is a major source of PCBs input to fresh 

water systems. In Lake Michigan, the PCBs contribution at 

present appears to be much larger than the total of PCBs inputs 

frcm point sources such as municipal sâ rage treatment and paper 

recr̂ cling, 

(18) The inportance of atmospheric transport of PCBs relative to 

other potential inputs to water indicates that the availability 

of environmental sinks from PCBs is limited, possibly due to 

short residence times to evaporation in sea water. 

-27-



(19), At present, regulatory authority over PCBs in the United 

States is .insufficient -to significantly reduce fiiture PCBs 

inputs to the environment, although inputs directly to the 

waterways frcm industrial sources can be reduced frem their 

present level. Current disposal practices, except fbr in-

- cineration, tend to delay instead of prevent the PCBs entry ' 

into the "free" (available to the'biota) state, and these 

practices are re<gulated only minimally. 

2.0 RECOMMENDATIONS 

Daring December, 1975 and January, 1976, EPA Administrator Russell Train 

called for a ccoperative effort between Government and industry to. eventually 

eliminate PCBs frcm prciduction and usage in the United States, the recotrrendations 

listed belcw were developed with this objective in mind, although each reccnrenda-

tion also reflectis the still existing needs for further definition of the current" 

and future PCBs piroblem and for the development of methods for reducing the 

potential damage to human health and the environment. 

(1) The current distribution and-, losses to the environment of P(CBs 

should be defined more accurately. Study is needed for t h e 

following aspects of past and present usage: 

(a) Present extent and distribution of usage in sard-

closed systQT\s such as heat transfer and hydraulic 

systems (dissemination. of irifontation conceming PCBs 

- effects and available substitutes will result in 

voluntary reduction of PCBs usage); 

..• (b) Definition of past and present usage in investment 

casting, including (quantification of air emissions, 

disposal on land, and waterbome contamination; 

(c) Present distribution and projected future trends for 

PCBs in the pulp and paper industry, especially the 

secondary fiber recovery portion; and 
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(d) Extent of inadvertent PCBs contamination in 

effluents from other industiries which are currently 

not purchasers of PCBs. 

(2) The basic transport properties of PCBs, particularly t h o s e re

lating to evaporation and atmospheric fallout, should be studied 

in depth. This and other information should be used to investi

gate glc±>al transport characteristics of PCBs and to predict the 

potential magnitude of the global PCBs problem. Potential sinks 

and destruction methocSs for PCBs should be investigated, 

(3) The type of analysis presented herein for Lake Michigan should 

be further expanded and refined for application to other 

inportant fresh water systems. The nodel should be extended 

to a prediction of future effects and the' influence of possible 

reductions in PCBs usage. 

(4) Transport of PCBs frcm landfills should be investigated; in 

particular, potential methods for delaying or reducing PCBs 

release from landfills should be studied. 

(5) Development and testing of potential substitutes for PCBs 

in capacitors, transformers, and investment casting waxes 

should be encxiuraged strongly. Technical and institutional 

barriers to the use.of alternatives should be attacdced on all 

possible fronts as soon as possible. . Extensive toxioological 

testing of proposed substitute materials should be performed 

prior to acxeptance. 

(6) Met±iods for treatment of PCBs-contaminated water, effluent should 

be developed and applied. Research and development activities 

on directly destructive treatment methcxis, such as UV-ass isted 

ozonation and catalytic oxidation or reducrtion should be enooiuraged, 

but further work on adsorptive techniques is also needed. 
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(7) Alternative approaches and schediiLes for PCBs elimination 

from U.S, ccmterce should be evaluated with regard to technical 

feasibility, institutional acceptability, and econcmic and 

environmental inpact. Based on these considerations, an optimized 

p a t h to PGBs elimination should be developed. 

(8) Possible inadvertent formation of PCBs in the environment should 

be studied; in particrular, it is reccmtended that the chlorina

tion of biphenyl in wastewaters be evaluated as a potential source 

of PCBs. 

-30-



SECTION IV 

CHEMICAL AND PHYSICAL PROPERTIES OF CHLORINATED BIPHENYLS 

1.0 INTRODUCTIOJ .; 

The purpose of tJiis section is to present a precis of the salient charac

teristics of the cxitrercial preparations of the polychlorinated biphenyls which j; 

have generated concern as environnental pollutants. The ..eiiphasis is directed .;. 

to those properties that have led to the relatively widespread use of these 

naterials. In addition, attention will also be directed to those physical and 

chemical properties that contribute to the envirormental effects arising from 

the general distribution of these materials. The discussion is not meant to be 

exhaustive, but rather to offer the tasic technical information that is used to 

support the other sections of the total report. The most conplete conpilation of 

the relevant infomation t±iat has been published to date is that by Hutzinger 

et al (0. Hutzinger, S, Safe, and V, Zitko, "The Chemistry of PCBS", CRC Press, 

1974) and the authors express their debt to this publication. 

1,1 The Chemist:ry of the Chlorinated Biphenyls 

The polychlorinated biphenyls (PCBs) constitute a large class of 

ccrrpounds produced by the partial (or cxarplete) chlorination of the biphenyl mole-

crule. Since their introduction in 1929 in conmercial quantities, these conpounds, 

or rather ccmtercial mixtures of various nenbers of the class, have been applied 

in a considerable variety of industrial applications. • The unicjue physical and 

chemical properties of these conpounds, including lew vapor pressure at ambient 

tenperatures; resistance to croiibustion; remarkable chemical stability; high 

dielecrtric constant and high specific electrical resistivity have been utilized 

in such applications as electrical insulating fluids; fire resistant heat t:rans-

fer and hyciraulic fluids; li±)ricant:s for use at high temperatures and pressures 

in critical applications and as a cxmstituent in a variety of elastomers, acShesives, 

paints, laccjuers, varnishes, pigitents and waxes. 
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PCBs and mixtures of chlorobiphenyls have been produced in a nunber -

of countries and marketed under several trade names including Aroclor, Clophen, 

Phenoclor, Kanechlor and Fenclor. The essential characteristics of all these 

mixtures, vrtiich depend in detail on the specific mixtures of chlorobiphenyls that 

nake up the specific preparation, are sufficiently alike that it will suffice tq 

discruss all in terms of the Aroclors, which is the tirade name of the preparations 

of Monsanto Chemical Conpany. In those special cases wherein there is some 

-particular property peculiar to one of the foreign PCB mixtures, a note will be 

nade. 

A (great deal of confusion has appeared in the literature because of 

the nomenclature that is used to describe the cxmrtercial preparations and the 

individual authenticated chlorobiphenyls. In order to clarify the. ncmenclature 

to be used herein, it is appropriate to digress briefly as follcws. The biphenyl 

molecule has a total of ten (10) carbon-hydrogen bonds at which chlorine sub

stitution can be accrcnitodated. A schematic representation of the biphenyl mole-

crule with the various positions at which substitution can be accaDmplished numbered 

in the American Chemical Society standard notation is presented belcw': 

5' 6' 2 3 

ACS Convention for Numerical Assignments 
of Biphenyl Substitution 

In the interest of a ccmnon usage, the follcwing rules will be 

follcwed in this report: 

a. .. When referring to a mixture of different species, as 

occurs in the cotroercial products, we will use the term 

polychlorinated biphenyls or the acronym PCB, 
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b. Those species of chlorinated conpounds that arise from a 

specified nunber of chlorine substituents on the biphenyl 

n o l e c u l e will be referred to as chlorc±>iphenyls wit± a 

suitable numerical prefix to define the number of sub

stituted chlorines; i.e., dichlorcbij^enyl. Thus, there 

are a total of ten (10) chlorobiphenyls that might appear 

in the conmerical mixtures. 

c. Those specific cxinpouncis that represent the class of 

• ooitpoimcJs formed by a specific number of substituent 

chlorine atoms but differ in the locations at which 

substitution has taken place are referred to as isoners. 

Thus, in terms of t:he above, the proper nanner of referring to a caatitercial PCB 

mixture is as a "mixture of chlorobiphenyls containing various proportu.ons of 

the iosmers of each". 

To illustrate the utility of the numbering system indicated pre

viously, the correct names of the ccrpounds shown belcw are: 

Cl Cl 

Cl Cl 

2,3',5,5'-tetrachlorobiphenyl 

Cl / ) ; Cl 

. Cl Cl 

3•,4,4',5-tetrachloro-2-biphenylamine 
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The ten chlorobiphenyls and some of t h e salient chemical data are 

listed in Table 1.1-1; note that the total of all the iscmers of the chloro

biphenyls are 209 separate cxmpounds. 

1.2 Conmercial Production and Chemical Makeup of the Aroclors 

The cxitrercial prcxress by whic±i the PCBs are made involves the • 

chlorination of biphenyl with anhydrous chlorine in the presence of a catalyst 

which may be either iron filings or ferric chloride. The crude product is aenerallv 

purified to remove cx>lor, traces of hydrogen chloride,, and the catalyst by 

treatment with alkali and subsetjuent distillation. The resulting product is then 

a more or less complex nuxture of the chlorobiphenyls, the precise ccnposition 

depending on the conditions under whicdi chlorination was carried out. The approxi

mate corposition of selecrted Aroclors is given in Table 1.2-1. 

By way of explanation, the products nade by Monsanto under the trade

name Aroclor are designated as tX) the .starting material, with biphenyl represented 

by t±ie 12 prefix, and with the approximate chlorine percentage by the second set 

of digits; i.e., Aroclor 1248 is a chlorinated biphenyl containing approximately 

48 percent cdilorine. 

Frcm the data presented in Table 1.1-1 and 1,2-1, it might be inferred 

that all of the isomers of the individual chlorobiphenyls are to be found in each 

of .tiie commercial mixtures. To illustrate the actual situation, Aroclor 1248, 

which is made up primarily of t h e di-, tri-, tetra-, penta- and hexa- chlorobiphenyls, 

oould be expected to contain something of the order of 140-150 separate isomers. 

In point of facrt, there are less than 50 identifiable peaks, observed in the high 

resolution gas cdiromatogram of typical,specimens of Aroclor 1248 as is illustrated 

in Table 1.2-2. 

The c±)servations relative to the high resolution studies of the 

ooitmercial Aroclor mixtures have been sumnarized by Hutzinger, et al (ibid), in 

the form of Figure 1.2-1 which indicates the structural units of which the signi

ficant iscaners are constructed. 

-34-



Table 1.1-1 
Enpirical Formulation, Molecular Weights 

and Chlorine Percentage in PCBs 

Enpirical formula 
chlorobiphenyls Molecrular weight* - Percent chlorine* No. of isomers 

^12^10 ^^ ' ° 1 

Cj_2^^'^^ 188 18,6 3 

C^2f^gCl2 222 31,5 12 

Cj_2H7Cl2 256 41,0 24 

C^2HgCl^ 290 48.3 42 

*-12"5̂ -'-5 . • 324 54.0 46 

C T ^ H . C I , 358 58.7 42 12 4 6 . 

C^2H3Cl7 392 62.5 24 

C^2H2^1g "526 65,7 12 

C,2HClg 460 68,5 3 

C^2Cl-Lo 494 79,9 1 

•Based on Cl^^^ 

-*v 

-35-



Table 1,2-1 

Approximate ̂ tllecular Conposition 
of Selected Aroclors 

Aroclor Type or Grade 

Chlorobiphenyl 

^12^10 

• ^12«9^1 

^12«8^^2 

C^2Hfl3 

^12"6^l4 

^12»5^l5 

• '^12"4^l6 • 

C,2H3C1, 

C^2»2^l8 

C,2HiCl, 

^12'=ll0 

1221 

11 

51 

32 

4 

2 

0,5 

ND 

ND 

ND 

ND 

ND 

L ,: 1 

1242 1 1248 1254 1260 
(percent ccmposition) 

1 1 1 

<0.1 

1 

16 

49 

25 

8 

1 

<0,1 

ND 

ND 

ND 

2 

18 

40 

36 

4 

<0,1 

<0,1 

0,5 

1 

21 

48 

. 23 

6 

• ND , 

ND 

ND 

12 

38 

41 

8 

1 

1016 

<0,1 

1 

20 

57 

21 

1 

<0,1 

ND 

ND 

ND 

ND 
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Table 1.2-2 

High Resolution Gas Chroratcxgraphy of Aroclor 1248 

Peak nunber* No, of Cl % In Aroclor 1248 % In fatty tn.ssue 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11/12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 . 
37. 
38 
39 
40 
41/42 
43 -
44 
45 
46 

2 
3 
2 
3 
3 
3 
3 
3,4 
3,4 
3,4 

- 3 
3 
3 
3,4 
3,4 
3,4 
3,4 
4 
4 
3,4,5 
4,5 

. 4,5 
• 4 

4 
.4 
4 
4 . 
4,5 
4,5 
4,5 
4,5 
5 
5 
6 
4 

.6 
5.. -
5,6 
6 
6 
6,7 

0.4 
1.0 
3.2 

11.2 
3.2 
3.1 
2.0 

• 1,4 
1.4 

. 0.8 
8.5 
9,7 
2.1 
7,4 
7.4 
6.0 
4,5 
3il 
2.6 
0.8 
1.2 
1,0 
0.2 
5.0 
3.3 
2.0 
2.1 
1.0 
0,5 
0,5 
0.8 
1.0 

. 0.4 
<0.1 
<0,1 

., 0,2 
0.3 
0.2 

<0.1 
0.2 
(0.7) 

0.9 
1,4 
0,9 
2.4 
0.5 
0.2 
4.8 
0.8 
0 
1.6 
1,6 
0,8 
0.5 

7,0 
4,1-
0,3 
0.4 

1.0 

5.3 
2.0 
0.4 
0,5 
2.9 

29.0 
1.4 

1.7 
1.4 
0,1 
0.1 

11,0 
1,1 
8.0 
5.3 
0,9 
(1.1) 
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Figure 1,2-1 
Moieties from Which Principal 

Chlorobiphenyl Isomers are Formed-

Cl per 
benzene ring 

most likely subslituiion palfern 

n^c, 
Cl 

^ 7 

Cl Cl 

Cl Cl Cl Cl Cl Cl 

Cl Cl 

Cl 

The nost ccmton subst i tu t ion pat terns for the ciilorobiphenyls 
found in PCB preparatd.ons, Only one phenyl-ring i s shown. The 
most abundant tetrac±ilorobiphenyls, for exanple, are those frcm 
the dichlorophenyl-moieties shown. One d l - anci one trichlorophenyl-
would give most abundant, penta-chlorobiphenyls, e t c . 
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Several conrents are necessary at this point: The inportance of 

such detailed determination and identification of the isomers characteristic of 

the cxCTtercial PCBs lies in the observations, to be discussed belcw, that bio-

accrumulated chlorobiphenyls show what appear to he. significant differences in the 

distributions of the individual isomers from the source itaterials. The most pro--

bable explanation for these observations seem tX) be that at least some of the 

chlorobiphenyls are metabolized principally to hydro-chlorobiphenyls. Only 

after very cxnplete isomeric spectra are available can such effec1:s be properly 

studied. 

Secondly, the detailed study of the PCBs has shown that there are 

no najor. conpounds in these mixtixres aside from the chlorobij^enyls. On the 

other hand, products formed by the addition (rather than by substitution) of 

chlorine to the biphenyl molecnile in laboratory stvdies, yield significant con

centrations of partially saturated strucrtures. These structures are apparently 

either not formed under the conditions of chlorination that prevail during the 

industrial processing or alternatively are destroyed during the.purification 

steps of the process. In cx»ntrast to the Aroclors, some of the foreign products 

have shewn traces bf polychlorinated naphthalenes and polychlorodibenzofurans; 

a fact that rtay have cx)nsid6!rable toxicblbgical significrance in view of the rather 

more toxic nature of these latter products. Hcwever, recent inforrration published 

by FDA indicates that inpurities of chlorodibenzof urans have been also detecrted 

in Aroclors, -

1,3 Physical Properties of the PCB Aroclors 

The relevant physical properties of the Aroclor mixtures naturally 

separate into two groups; those properties that have led to the widespread in

dustrial Use of these materials, and those properties that result in the intro-

ductiion of these naterials into the envirohnent with v*iat appears tb be con

siderable potential danger. 

1,3.1 Physical Properties of Industrial and Technical Interest 

The most useful cotpilation of the physical properties of 

the various Arpclors that has so far appeared in the literature is that given 

by Hutzinger, et al (ibid), a portion of which is herein reprcxiuced (with minor 

changes) as Table 1.3.1-1. 
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In addition to the chenu-cal stabilit:y and resistance to 

conbustion illustrated in Table 1.3.1-1, the electirical properties of the PCB 

Aroclors are of extreme significance in the utilization of these materials.• A 

OCTnpilation of the relevant data is presented as Table 1.3.1-2, vMch illustrates 

the nature of t±e problem that is encountered when one undertakes a search for 

a suitable substitute for these ccrrpounds in such segments of the electrical in-

dustury as the manufacture of capacitors- Specifically, the dielectric constants 

for' most dielectric liquids lie in the range up to perhaps half of that of the 

polychlorinated biphenyls. 

1.3.2 Physical Properties of Environmental Interest 

The essentially world-wide distribution of t h e chlorinated 

hydrocarbons such as the PCBs suggest that a major route by which such conpounds 

are transported is through the atmosphere either in the form of vapor or perhaps 

sorbed onto dust particles. In addition, it is observed that there is a wide

spread accumulation of these ccmpounds within the biota ranging from the snallest' 

on up the food chain until t:ruly enormous loads are found in the highest members 

of the chain. Since this bioaccumulation also includes the aquatic biota, the 

possibility.of considerable 1u:ansport-via the solubility of t h e s e cOTrpounds in 

water must also be taken into account. Table 1,3.2-1 lists seme of the vapor 

pressure and solubility data for several of the Aroclors (D. MacKay and A. W. 

Wolkoff, Env. Sci, and Tech., ]_, 611 ff (1973)), 

The analysis of co-evaporation (MacKay, ibid) of dilute solu

tions of the Aroclors by equilibrium thermodynamics suggests that, because of t h e 

very high activity coefficients of the chlorobiphenyls in water, the potential 

for evaporation is quite high enough that tihis mechanism is a najor portal by which 

such conpounds enter the atmbsphere. The fourth column of Table 1,3,2-1 indicates 

the t̂ ieoretical time for a fifty percent reduction in the concentration of the 

Aroclor frcm a saturated water solution (pure water plus PCBs), assuming the water 

depth to be 1 meter thick. Clearly, the results of this analysis need to be ex

perimentally verified. 
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Table 1-3.1-2 

Electrical Properties of Seme Aroclors 

Aroclor 

= 1232 

1242 

1248' 

1254 

1260 • 

1268 . 

5442* -

5460* 

Dielectric constant 

at 1000 cycles^ 
.25°C 100°C 

5.7 

5.8 

5.6 

5.0 

4.3 

2,5 

3.0 

2,5 

^PiSm D-150-47T -

^ASm D-257-46 

'ASIM D-149-44 

4.6 

4,9 

4,6 

4.3. 

3,7 

4.9 . ; 

3.7 

Volume 
. . . b 

,, resistivity, 
8 cm at 100 "C 
500 V, de ' 

above 500 x 10 

above 500 x 10^ 

above 500 x 10 

above 500 x 10^ 

aDoveSOO x 10 

— . 

; • - • ' 

• Dielectric 

strength,^ kV 

>35 

- >35 

- >35 

,' >35. : . 

., — 

- —— 

-' 

Power factor, 
100°C, 1000 

; cycles, % 

<0.1 

<0.1 

<0.1 

<0,1 

— 

— 

•Polychlorinated terphenyls 
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Table 1.3.2-1 

Solubility, Vapor Presure and Halflife for 
Vaporizat:ion from Water of Selected Aroclors at 25°C 

PCB Type 

Solubility 
(mg/l) 

Vapor Pressure 
(nm Hg) 

Theoretical halflife 
for vaporization 
frcm 1 m. water column 

Aroclor 1242 

Aroclor 1248 

Aroclor 1254 

Aroclor 1260 

0.24 

5.4 X 10 

1,2 X 10 

2,7 X lO' 

-2 

-2 

4,06 X 10 

4.94 X 10 

7.71 X 10" 

4.05 X 10 

-4 

-4 

-5 

5,96 hr, 

58,3 n\in. 

1.2 min, 

28,8 min. 
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As pointed out above, not only is each of the Aroclors a 

mixture of several chlorobiphenyls, but t±ere are a number of iscHiers present for 

each of the chlorobiphenyls. Thus, the solubility of an Aroclor, or the vapor 

pressure of an Aroclor, represents an average over the various species that make 

up the mixture. To illustrate the effect of the structural ccsriplexity. Table 

•1.3.2-2 (Hutzinger, ibid) details the measured vaporization rates of the several 

Aroclors. On the other hand, the changes in t h e mixture corresponding to Aroclor 

1254 on extended heating are displayed in Table 1.3,2-3 (Hutzinger, ibid). 

The possible inplications of t h e s e data lie in the fact that 

much of the Aroclor that is found in typical environmental sanples seems to 

demonstrate lesser amounts of the lower chlorine number chlorobiphenyls than is 

characteristic of freshly nanufactured sanples. This observation has frequently 

been attributed to possible metabolism of the more lightly chlorinated species 

coupled with enhanced fixation of the higher chlorinated species, 

A partial listing of the measured solubility in water of 

identified authentic chlorobiphenyls is shown in Table 1.3.2-4 (Hutzinger, ibid) 

and the effect of the solubility differences of the individual chlorobiphenyls 

on the constitution of Aroclor 1254 solutions is illustrated in Table 1.3.2-5 

(Hutzinger, ibid). ' 

A factor that is most probably of considerable inportance in 

t±ie admission of such conpoionds as the PCBs into the environment is a measure of 

the partition ooefficients between such interface systans as soil-air; soil-water; 

lipids-water; and, more generally, water-solid particles. At the present time 

there seems tX) be very little actual data available in direct form, although much 

should be possible to infer from the effects of various conbinations of stationary 

phase and support in gas chronatography on the retention index. An interesting 

and probably significant point of datum has been presented by D. R. Branson of 

the Dow Chemical Co., who reports that the distribution of 2,2',5 trichlorobiphenyl 

between sludge-water-air was 92%-3%-5%, respectively. 
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Table 1.3.2-2 

Vaporization Rates of Aroclors 

Aroclor 

(Surface area: 

1221 

1232 

1242 

1248 

• 1254 

1262 

1260 
1270 

12, .28 cm^) 

(Deca) 

Wt. loss 
(g) 

0.5125 

0.2572 

0.0995 

0.0448 

0.0156 

0.0039 

0.0026 
0.0015 

Exposure 
at 100°C 

(hr) 

24 

24 

24 

24 

24 

24 

24 
24 

Valorization 
rate 
2 

(g/cm /hr) 

0.00174 

0.000874 

0,000338 

0,000152 

0.000053 

0,000013 

0.000009 
0.000005 
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Table 1.3.2-3 

Percent Loss in Area of Seven Chrcmatogram 
Peaks of Aroclor After Heating 

. . . % Peak Rsnaining After Heating 
with water without water 

Aroclor 1254 peak 25 nun '60 min 10 nun 

1 34 17 13 

2 59 26 15 

3 ; • - 78 27 20 

4 60 46 20 

5 86 49 . 2 7 

6 100 ,85 28 

7 100 67 16 
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Table 1.3,2-4 

Solubility of Chlorobiphenyls in Water 

Conpound Solubility mg/l (ppm) 

Monochlorobiphenyls 
2- 5,9 
3- 3.5 
4- 1.19 

Dichlorobiphenyls 
2,4- • • 1.40 

.2,2'- 1,50 
2,4"- 1,88 
4,4'- ' 0,08 

Trichlorobiphenyls 
2,4,4'- 0,085 
2',3,4- 0.078 

Tetrachlorobiphenyls 
2,2',5,5'- 0.046 
2,2',3,3'- 0.034 
2,2',3,5'- 0.170 
2,2',4,4'- 0.068 
2,3',4,4'- 0.058 
2,3",4',5- 0,041 
3,3',4,4'- 0,175 

Pentachlorobiphenyls 
2,2',3,4,5'- 0.022 
2,2",4,5,5'- 0,031 

Hexachlorobiphenyl 
2,2",4,4',5,5'- 0.0088 

Octachlorobiphenyl 
2,2",3,3',4,4',5,5'- 0,0070 

Decachlorobiphenyl 0,015 
4,4'-Dichlorobiphenyl 
•fTween 80 0.1% 5,9 
•+Tween 80 1% >10,0 
•fHumic acid extract 0,07 
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Table 1.3.2-5 

Relative Peak Heights (Peak 5 = 100) .in Saturated 
Aqueous Solutions of Aroclor 1254 

Peak No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Saturated 
solution 

172 

91 

47 

14 

100 

33 

57 

5 

21 

8 

4 

11 

6 

aqueous 
(26''C) 

Saturated aqueous 
solution (4°C) Aroclor 1254 standard 

144 35 

72 16 

41 30 

9 . 1 

100 , 100 

28 . 23 

59 55 

5 10 

,24 25 

13 31 

4 6 

24 . 50 

10 11 
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1.4 Chanical Properties of the Chlorobiphenyls 

Considerable detail on the most inportant chemical reactions that are 

)mown t:o occur with the chlorobijiienyls is presented in Chapter 5 of the treatise 

on "The Chanistry of the PCB" by Hutzinger, et al. Suffice it to say. here that- . 

oxidation and hydrolysis can be carried out, but only under conditions vrfiich are... 

considerably more rigorous than would be obtained in industrial applications. This 

relative stability is, of course, one of the most attractive features of these 

catpoimds in technological practice. 

> The class of reactions to which t h e chlorobifhenyls are susceptible 

and v̂ iich is of most interest in terms of their possible toxioological significance 

are those v^ich result in cyclization. Of particular interest in this context is 

2,2' dichlorobiphenyl, v*;ich on cyclization yields the conpound dichlorodibenzofuran. 

The toxioological data on these two conpounds indicates 1±ie nature of this change: 

the LD for oral doses to rats is of the order of 250 mgAg for the dibenzofuran 
o 

whereas the corresponding toxicity for the chlorobiphenyl is in excess of 4000 

ng/kg. (Data from the "Toxic Substances List", HEW, 1973). 

The close proximity of the 2 and 2' substituents on the biphenyl 

molecule facilitates intermolecular cyclization reactions under a variety of con

ditions. Of special interest is the observation that alkali fusion of 2-chloro-, 

2'-hydroxybiphenyl and the dehydra-tiion=of—2-72-'=dihydroxychlorobiphenyl-yield-the'̂  

•^^oH^spohdimg-Silojcdibenzof^^ hydroxy lation of the chlorobiphenyls is the 

conrnon initial step in. the metabolism of these conpounds. The inmediate biological 

significance of this is unknown at this time since the chlorodibenzofurans have 

not been isolated frcm animal experiments, • 

1,5 Photochemical Reactions Invplving the PCBs 

A great deal of effort has been directed to t±e study of the effects 

of ultraviolet (UV) radiation on the chlorobiphenyls since photodestruction is 

believed to be a possible najor mechanism for the environmental decay of chloro-

hydrocarbon pesticides such as DDT. There has been much speculation as to t he role 

that UV photodisintegration might play in terms of the chlorinated biphenyls, 

Ihe earlier work was carried out using mercury, vapor UV sources with the result 
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that, because of the significantly harder radiation (mercury source 250 nm,' solar 

radiation at surface of the earth with an effective cutoff at 290 nm), cross 

section and reaction paths are difficult "to extrapolate to environmental situations. 

In more recent times, such irradiation, studies have been carried out ..using General 

Electric "Black Light" sources vrfiich much more nearly approximate the spectral , 

distribution of solar radiation. 

A nunber of types of effects have been observed including partial 

dechlorination and even, in some cases, the fontation of very viscous semi-solids 

that apparently arise from conplex polymerizations. Again, the extension of the 

experimental results to environmental conditions is somewhat limited in value 

since the najority of the irradiation studies have been carried out in solvents 

other than water. The very low solubility of even .the least chlorinated chloro

biphenyls in water nakes the experimental.study of aqueous solutions especially 

difficult, particularly when the information of concern is the quantitative 

evaluation of the reaction products that are formed. It must.be said, at this time, 

that the prtbability of UV disassociation being a najor source for the environ

mental decay of the chlorobiphenyls seems to be significantly less than that for 

the chlorinated hydrocarbon pesticides. 

Since it is assumed that -a major portion of the chlorinated biphenyls 

are transported and distribut&3 throughout the world through the medium of ad^ 

sorption on dust particles or as a vapor, it follcws that studies of the stability 

of, thin sorbed films, or of vapors of the chlorinated biphenyls against long term 

Uy irradiation are of importance. The earlier attenpts to discover the presence 

of reaction products resulting from long.term exposure of selected chlorobiphenyls 

to solar radiation were subject to the differential evaporation of the less chlor

inated species; this result seriously biased the observations. The recent experi

ments that have been conducted within quartz containers seem to obviate evaporation 

problems and, fvirther, seem to indicate that the mono- and dichlorobiphenyls cure 

essentially corpletely destroyed vAien exposed to hard UV for times of the order of 

weeks or months. Problems of det;ection sensitivity continue to plague attenpts to 

elucidate the detailed-mechanisms ancl pathways. • 
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Studies of thin films of chlorobiphenyls sorbed onto appropriate, 

surfaces have also been carried out within a quartz enclosvire. To date, the 

najor objection to such experiments, in terms of extrapolation to environmental 

oonditions, seems to be that the concentration, or rather the absolute density 

of the surface layer, is sufficiently high that t h e activated species remain in 

contact for sufficiently long times as to allow the formation of products that 

might well be very rare events in corresponding environraential ooncentrations. 

At this time there appears to be significant research being directed;, 

to the determination of the stability of chlorobiphenyls against ultraviolet 

radiation and that it is to be expected that the situation vrtiich obtains in 

typical environmental conditions will be greai:.ly illuminated in the near future. 

1.6 Metabolic Chemistry of t h e Chlorobiphenyls 

The very corbination of physical and chemical properties that have 

nade the chlorobiphenyls and their technical mixtures of such wide technical 

interest also result in these ccsrpounds being of significance as environmental 

pollutants, especially in terras of their inpact on the biota. The very low 

chemical activity, coupled with high lipid-water partition coefficients, ap

parently contribute to the bioaccumulation whereby the chlorobiphenyls, 

pecially the more"highly chlorinated species, tend to beocme fixed within the 

body fats and particularly in higher members of the food chain. There is evidence 

that this fixed load of refractory chlorinated organic naterials, or the circulating 

levels of the same corpounds that must acocmpany such fixed loads, represents a '" 

serious hazard to the bearer or progeny. The toxic consequences of body burdens'-

of chlorobiphenyls is more fully discussed in the section of this report concerned 

with toxicology of t h e chlorobiphenyls. 

The mechanisms by which an organism can deal with ingested refractory 

corpounds are naturally separated into physical and chemical processes. The 

physical processes are primarily associated with the requirenents of free energy , 

across the boundary between differing phases such as a water-lipid boundary, or 

a cell wall, etc. Since there does not exist a significant body of partition 

coefficient data for various ccmbinations of interfaces, little of a quantita

tive nature can be stated as to the biological significance of such physical 

processes. ( 
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On the other hand, as is pointed out in Section 2.4, hydroxy lation 

is a rather easily acconplished process for at least the less chlorinated chloro-

bif^enyls, Thus, it might be assumed that one should observe the hydroxylated 

chlordDiphenyls as intermediate metabolic products in a variety of organisms. 

Experimental data.is available bo indicate thstt such hydroxylation processes are 

indeed exhibited by a wide variety of organisms. The principle species re

lated differences seeiti to be in, the rate at which such processes are found to 

obcur — very rapidly in rodents and very slcwly in fish. In addition, once 

the target chlorcibiphenyl has been hydroxylated to a more or less degree, there 

appear to be available a wide variety of species-specific addition processes 

v*iich oould make use of the hydroxylated molecule. Interestingly, there is to 

date no evidence of biologically or mstabolically induced cyclization; it thus 

appears likely that t h e chlorbdibenzofurans are not biologically formed. 

The salient observations to date on the netabolism of chlorobiphenyls 

might best be summarized as follows: 

a. When the challenge to the animal is a technical 

mixture of chlorobiphenyls, there is a preferential. 

storage of the mpre highly chlorinated species, with 

the result that the homDloglie spectrum of stored 

PCBs often represents a more heavily chlorinated 

mixture than the original test mixture. 

b. There is conflicting and often species-dependent 

data as to t he mechanism by which t he less chlori

nated species are differentiated; v*iether the pro

cesses involve metabolism, physical partitdoning, 

or seme combination of such processes has not been 

settled. 
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c. Conflicting and confusing evidence exists indicating 

marlced differences in accumulation and differentiation 

between specific iscmers especially at the middle levels 

of chlorinatdon. These differences also seem t o be 

species-dependent in a number of cases. 

d. There is significant evidence that PCB metabolism 

proceeds through an intermediate step of hydroxylation 

(often this appears to be t h e terminal step vrtiereby 

the increased aqueous solubility of the hydroxylated 

species acconplishes the end of its ranoval). 

e. There are several observations indicating that isc>-

merizatdon can be acconplished during metabolic 

reactions. In this context, the results of Bagley 

and Crcnartie (Bagley, G.E. and E, Crcmartie, 

J. Chrom. 75̂ , 219-226, (1973)0 ,, with the elimination 

of Aroclor 1254 in the Bob/Aiite, are most pertinent. 

In conclusion, tJiere has been much work directed to' the study of the 

mechanisne vAiereby living organisms are able to eliminate chlorinated biphenyls 

from their system. In spite of this effort and because of the inherent com

plexity of this subject, the nature of tihese mechanisms remains a nystery. 
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SECTION V 

INDUSTRIAL CHARACTERIZATIONS 

1.0 INTRODUCriOJ 

Ihis section discusses polychlorinated biphenyls (PCBs) production and 

each PCBs user (capacitor, transformer, investment casting, paper recycling 

and miscellaneous) nanufacturing process. When known, for each operation 

the follcwing information is given: 

. Name and the location of ooitpanies in each category; 

. A description of the processes at the facilities studied 

and pertinent flow diagrams, v\4:ere appropriate; 

. Raw waste load data per ton of PCB used and sources of 

these wastes; 

. Water usage dat:a in terms of gallons per day; 

. Treatment and housekeeping.measures practiced at the 

facilities and on-going PCB containment programs; 

i 

, Plant waste effluents found and their conposition. 

2.0 MANUFATITOING PROCESS - POLYCHLORINATED BIPHENYLS (PCBs) 

2.1 Process Description 

Monsanto, the sole dcmestic manufacturer of PCBs, manufactures 

this chemical in their Sauget, Illinois plant. . The basic raw material is 

biphenyl which is manufactured from pure benzene in another Monsanto plant. 

Ihe PCB manufacturing operation is conducted in tvro steps. First, biphenyl 

is chlorinated with anhydrovis chlorine in the presence of ferric chloride to 

produce crude PCBs and then the crude PCBs are distilled to obtain the finished 

product. A schematic flow diagram of this process is given in Figure 2.1-lA 

and B. 
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FIGURE 2 . 1 - l A . PREPARATION OF CRUDE CHLORINATED BIPHENYLS-MONSANTO KRUMMRICH PLANT 
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FIGURE 2 . 1 - l B . DISTILLATION OF CRUDE PRODUCTS"MONSANTO KRUMMRICH PLANT 
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Ihe reaction section consists of 6 reactors (3 batch and 3 cascade). 

Currently, MDnsanto manufactures four different types of Aroclors (1242, 1016, 

1254 and 1221), For the manufacture of any given product, the chlorinator is 

charged with proper quantities of biphenyl and catalyst and heated above the 

melting point of biphenyl. The flow of vaporized chlorine is t hen started and 

the charge is circulated with a punp. Throughout the chlor inatdon, the tenpera-

...ture is kept above the melting point of the mixture, but below 150"C to avoid 

: excessive sublimation and plugging of the line discharging the hydrogen chlorine 

, produced-by the chlorination. The reaction pressure is maintained near atmos

pheric. TJie degree of chlorinatJ.on is principcilly determined by the time of 

contact with anhydrous chlorine. The contact tdme varies frcm 12 to 36 hours 

for the manufactxire pf different Aroclor'types. The degree of chlorinatu.on 

is measured by the specific gravity of the mixture or the ball and ring soften

ing "point vben the product is viscous. 

The vapors from the chlorinator (PCI containing PCBs) are scrul±>ed 

"wit±i liquid Aroclor and the gaseous HCl is sent t o another plant at the Sauget 

ocnplex for purification. The crude product is held at an elevated testperature 

and blown with dry air for several hours, after v*iich it is sent to the raw 

Aroclor storage t:ank where a few tenths of 1 percent of alkali are stirred with 

the material to react with any raredning hydrogen chloride or ferric chloride i 

The air fron the blower tank is sc nibbed with water and vented to the atmosphere 

through a demister. 

The raw Aroclor is subsequently batch distilled under reduced pres

sure to remove t h e oolor, and the traces of hydrogen chloride,and ferric chloride. 

The methods of purificaliion are different for the different types of end pro

ducts. Raw Aroclor 1254, 1242 and 1221, each are distilled in stills under re

duced pressure, achieved via steam jet ejectors; the ccndensatie from the still 

is the finished product while the bottoms are the Montars vAiich are drumned ahd 

sent tp incineration. 

The distJ.llatJ.on section for the 1016 product consists of a gas fired 

retort and a vacuum distillation tower. The latter is used to allcw the separa

tion of the. higher chlorinated, less biodegradable conpounds fron the relatively 
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Icwer chlorinated and more biodegradable ones. The raw Aroclor (42% chlori

nated naterial) is fed into the reboiler. The vacuum in the tower is maintained 

at about 100 nm Hg by steam jet ejectors. The steam is partially condensed ard 

the condensate is discharged into the plant discharge sump. The first cut.frcm 

this tower is recycled back to the retort. At a preset overhead tenperature 

the 1016 product is-collected and sent to the product storage, Ihe high boiling 

residue frcm the tcwer is sent to a subsequent chlorinatu.on cycle and the re

sulting raw Aroclor is distilled tn a still. The overhead fron this still is 

the finished product. The bottans frcm this tower are the Mcaitars. The spent 

ferric chloride catalyst, used in PCB manufacturing, is sent to- incineration 

with MDntar residues. 

For special orders, in order to increase electrical resistivity, 

the Aroclors are stirred at an elevated tenperature with a few tenths of 1% 

of well-dried fuller's earth and then filtered through paper. 

All Aroclors are stored at 150"F. Steam coils are used on the 

storage tanks for heating these tanks. 

2.2 Raw Wastes 

The raw wastes fron the manufacturing area' consist of the liquor 

from the scrul±ier, the condensate frcm t±e steam jet ejectors, water used for 

shcwers and eye baths, miscellaneous floor wash downs, waste oil collected in 

drip pans and drums, and montars which are the bottom cut frxan their stills. 

The composition and the quantities of the individual wastje stream are not moni

tored. All effluent streams generated in the manufacturirtg area cure directed 

into the sunps in this area. The waste oil collected in the drip pans and the 

Mcaitars are emptied into 55 gallon drums and sent to incineration. 

. Ihe raw wastes generated in the incinerator consist of the venturi 

scrubber liquor and the water phase from the separator s\itp in the incinerator 

area. Ihe conpositicn of t he ocmbined stream is monitored. However, the oran-

position of t h e individual streams is not kncwn. Non-product PCB discharges 

are shown in Figure 2.2-1. It has been estimated that this plant generates 
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FiGUra: 2 . 2 - 1 . NON-PRODUCT PCB DISCHARGES AT MONSANTO'S KRUMMRICiH PLANT 
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about 25 lbs of scrap oil and Mont:ar per ton of PCB produced. Additionally, 

the quantities of naterial sent to landfill approximates to 5.4 lbs per ton of 

PCB produced. Further, Monsanto reports that the plant's PCB contribution to 

the air is imder 1 lb/day, 

2.3 Plant Water Usage 

On tte average, the PCB plant uses a maximum of 388,800 gallons' 

of water and a maximum of 360,000 lbs of steam daily. Water is used for non-

contact oooling purposes in shell and tube condensers, in a water scrubber, for 

floor washings, for showers and in eye baths. Steam is used in the steam jet 

ejectors and for steam tracing purposes, "Hhe plant uses municipal waller and 

purchased stieam, ^ 

The process water from this facility consists of the liquor frcm 

their scrubber and the steam condensates which axe discharged in one of the 

two sunps tn the nanufactxiring area.. 

Additionally, 273,600 gallons of water are used in the incinerator 

daily for quenching the hot gases from the fire box. Ihe resulting weak muria

tic acid in the quench pot is used in the venturi scrubber and in the packed 

tower. 

The type and quantities of water used and discharged at this plant 

are sunmarized below: 

Water Balance 

Manufacturing Plant 

Quantities, GPP 

Process Water 

in water scn±ber 
misc, floor wash downs 

condensate from steam jet ejectors 

Used 

14,400 

7,200 

Discharged 

14,400 

7,200 

14,400 
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Water Balance (Con't) 

. Manufacturing Plant 

Quantities, GPD 

Used Discharged 

Non contact cooling water 360,000 360,000 

showers, eye bath 7,200 7,200 

condensate fron steam tracers — 28,800 

Total 388,800 432,000 

. Incinerator 

water used for hot gas quenching 273,600 273,600 

water phase fron the sump — 14,400 

Total 273,600 288,000 

2.4 Wastewater Treatment and Housekeeping 

Monsanto reports significant environmental controls at their 

Krumnrich, Sauget plant. Since 1969, they have invested more than 22 man-years 

of vrork and millions of dollars in this program. The in-lx>use goals ha-ve re

duced the PCB discharges into water to about three pounds per day. 

A John Zink designed incinerator was erected at Sa\jget in 1970 to 

safely dispose of PCBs. A schematic flew diagram of this operation is given 

in Figure 2.4-1. Aroclor is steam atcanized and fed into the fire box. Naturcil 

gas is used for conbustion and the feed is incinerated at taiperature above 

2200°F at 5 percent excess oxygen with a retention time of 2-3 seconds- The 

gases are quenched with water and the exhausts from the quench pot are passed 

through a hi^-energy venturi scrublaer, then through a packed column which is 

irrigated by the weak muriatic acid originating frcm the quench pot. Exhausts 

are then vented to atmosphere throu^ a demister. These exhausts as well as 

the effluent fron the incinerator section are monitored. 

In the incineration area, drainage is directed to trenches and 

piping which flow into a 10,000 gallon underground concrete basin. The water 
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FIGURE 2 . 4 - 1 . PROCESS FLOW DIAGRAM OF THE JOHN ZINK INCINERATOR 
AT MONSANTO'S KRUMMRICH PLANT 
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layer fron this basin is pumped continuously, conbined with the scrubber liquor, 

metered, monitored and discharged into the sanitary sewers of the Sauget com

plex and frcm there it is sent to the East St. Louis municipal sewers. The 

organic phase from the sunp is periodically pimped into waste storage tanks for 

incineration. 

Ihe incineration unit has a rated design capacity of 10 million 

pounds per year. Hcv^ver, since t±e start of its operation this unit has 

achieved a service factor of about 0.60. Monsanto reports that t h i s incinerator 

can achieve a maximum of 6 million pounds of capacity annually; the unit is 

plagued with various mechanical problems. 

Monsanto uses their incinerator to process both their own wastes 

and as a service to other industries. The service charge for incineration is 

an average of 5<: per lb of naterial, but the cost appears to be increasing. 

The incinerator feed is brought into the plant either by truck in 

.55 gallon sealed.dnms, by tank trucks or by rail. Ihe drums are opened, 

picked i;?) by a fork lift and eitptied into a concrete pit. The tank truck 

carrying the waste liquids enters the incinerator area and the liquid waste is 

then punped from the truck into the pit. The material in this pit is periodi

cally pumped via a vertical certrifugal punip into one of the four 20,000 gallon 

incinerator waste feed tanks. 

.•.; The rail car is brought into a designated area close to the incinera

tor sitifi. The material fron the rail ccu: is noimally punped into a long term, 

• 500,000 gallon storage tank. The material from this tank is punped into the 

incinerator feed tanks located on the incinerator pad when required. 

Drainage is provided along the rail tracks. Ihese drains empty 

into the 10,000 gallon sunp located under the incinerator pad. .. 

In the nanufactxiring area, Monsanto has taken a number of significant 

steps to prevent loss of PCBs to the environment. Drainage as direct:ed to 

trenches and piping, and then to cxie of two concrete 3,000-gallan underground 

settling basins. This insures PCB containment in case of accidental spill or 
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equipiEnt failure. Relief valve lines and atmospheric vents are routed through 

catch tanks, or are redirected to settling basins. 

When snail quantities of PCBs are collected in the settling basins 

of the manufacturing area they are later punped into 55 gallon drums, and. 

e-ventually incinerated, The overflow frcm these sunps is combined with the non-

contact cooling water used at the plant, monitored and then discharged into the 

Sav;get caiplex's sanitary sewer and from there to t h e East St. Louis municipal 

system." 

PCBs are packed and shipped in gal-vanized-steel 55 gallon drums, 

or in railroad tank cars. All tank cars are top loaded. In the drum filling 

area spills are cleaned via rags or floor dry and t±iese materials are drumned 

and sent to landfill located in the tuDwn of Sauget. 

In t h e PCB truck or rail.car loading area, drainage is directed 

into a small concrete pit. The material accumulated in this pit is periodically 

punped into the.basins located in the manufacturing area. 

Nitrogen blanketing is provided on storage tanks to eliminat:e any 

"breathing" of the tanks and resultant PCB esc^je. • _ 

Mist eliminators have been installed in vapor lines to eliminate 

the possibility of PCBs leaving the manufacturing area through these lines. 

Finally, underground sewers have b^en replaced with above-ground 

sewers, and repaired or ocmbtned with others, so that the effluent fron the 

department can be monitored. In addition, t h i s step will prevent any unlcncwn 

buildip of PCBs in the sewer systems or any oontamination of PCBs into other 

sewers. 

A high housekeeping level is naintained in the plant, itself. 

Housekeeping responsibilities which the operators ha-ve assumed ere as follcws: 

. All punps are checked for leakage on every shift. 

Drip pans that collect leaks are enptied into 

scrap PCB drums. 

-63-



,. All leaks are reported and documented so that 

corrections can be made and settling basins 

observed.. 

. "Floor Dry" is used to absorb any PCBs that 

have spilled or leaked. If it becomes necessary 

to flush PCBs to the settling' basin, a minimum 

amount of water is used. . , 

. Sanpling drums and scrap PCB drums are quicJiy 

palletized, labelled and transferred to the in

cineration area. 

2.4.1 Treatment Facility for the Effluent frcm Sauget Conplex 

The processing and incineration departmentis' aqueous effluent 

enters the plant sewer system, and this systzem discharges into the Sauget Village 

waste sewer system. The oorabined streams then flow to the village primary treat

ment: plant. . The village treatment plant is under expansion to a secondary 

chemical treatment plant, schsdulai for 1976 conpletion. 

•Additionally, evaluations are being conducted to iricludei the . 

•village plant discharge in a projected regional biological treatment plant. 

2.5 Plant Effluents 

This plant has no point source discharge fron their opera-tion. 

There is a single discharge frcm the manufacturing operation (tiie combined 

stream of process and non-contact oooling water) to the main sever system of the 

Sauget conplex and there is a second discharge from the incinerator area to the . 

same sevrer system. The conposition of these streams as reported by Monsanto are 

as follows: 
- Effliient from the Effluent frcm the 

Manufacturing Incineration, 
• " Operation area 

flow rate, gpd 432,000 288,000 

PCBs, ppjn 0.75 • 0.15 

PCBs, lbs/day 2,70 0.36 
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It has been reported that these effluents are clear liquids with 

essentially no suspended solids. The incinerator effluent may contain seme 

amounts of chloride. Hcwever, no information is available on the chloride 

content. • 

3,0 PCB USER INDUSTRIES 

3,1 Askarel Capacitx>r Manufacturing Industry 

Presently 90-95 percent of all inpregnated capacitors manufactured 

in the U.S. are of the PCB type. IVo inportant types of capacitors are phase 

correctors on pcwer lines and ballast capacitors for fluorescent lighting. 

Aroclor 1016 is the principal PCB used in this application; at sane plants 

Aroclor 1242 and 1221 are also being used in limited quantities. The principal 

types of Aroclor inpregnated capacitors and their applications are given belcw. 

A. HJi^ Voltage Pcwer 

Generally AC capacitors are used to inprove the pcwer factor of a circuit. 

Power-factor is the ratio of true power in watts to the apparent power as ob

tained by multiplying the current flowing ^ the load by the circuit voltage. 

The power factor correction can be made directly at t±ie load or at utility sub

stations. In 'the latter case high -voltage units will be designed for 4,800 to 

13,800 volt service. To the utility engineer the use of capacitors is purely a 

natter of ecorcmics. The main benefits that result from the use of capacitors are: 

1, Reduction of losses associated with the delivery of electrical 

pcwer to t±ie point of use. 

2. Reducticn of the investment required in equipnent for delivering 

electrical pcwer to the point of use, which may be broken down 

into: 

a. Reduction of line current for the sams kilowatt load, 

b. Reduction of the kva rating of equipment required to 

handle the same kilowatt load. 
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c. Reduction of the transmission line voltage drop for 

a given kilowatt load, 

d. Control of delivered voltage if the capacitor leva is varied. 

Electric utilities also use capacitor banks in series with distribution •' 

circuits to improve voltage regulation. 

B.. LCT^ Voltage Power 

Capacitors installed in industrial plants at the danand site (typically 

•̂ large motors and welders) are designed for 230 to 575-volt service. Capacitors 

installed near the loads are the most efficient way to supply the magnetizing 

' current to produce the flux necessary for the operation of inductive devices. 

Rates for the' sale of pcwer are generally structured to encourage pcwer factor 

correct-ion at tthe site, eliminating the need for the electric, utility to trans

mit both pcwer-producing current and magnetizing current all the way from the 

.generator to the plant site. 

The sanve considerations apply to.induction-heating applications, the 

principal difference being that capacitors-for this applicatipn are designed for 

operation ..at 960 to 9600 Hz'. 

C. Lighting 

Capacitors improve the efficiency of lighting systems. A fluorescent or 

mercury vapor lamp can be ballasted without t h e use of a capacitor, bu-t the power 

factor of the lighting system would then be in the range of 50 to 60%. For oanmer-

cial or tndustria:l lighting with either fluorescent or high intensity discharge 

lanps, the use of a capacitor in the circuit provides part of the lamp ballasting 

and brings systan' power factor into t±ie .range of 90 to 95%. 

D. Air Conditioning 

As in the lighting applications, the capacitor inproyes system efficiency. 

Air conditioners could be made to operat:e witJiout capacitors, as do home re

frigerators, but because of the higher capacity required for air conditioners, 
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the resultant line current would virtually eliminate home "plug-ins" and would 

still further overburden a seriously threatened national pcwer network. Almost 

all air conditioner punp motors are of the split-winding, type on which the 

capacitor provides phase differential for the so-called start winding, thus 

delivering good starting torque. The proper size caipacitor permits high (90%) r 

power factor after start-up. 

E. Indxjstrial Electronics 

This market category is a catchall covering many varied applications, two 

iitportant ones being nxDtor run and pcwer supply applications. Motor run appli

cations are for punps, fans, and farm feed equipment, and do not differ signifi- " 

cantly frcm air conditioning applications; Ihe power supply market uses capacitors 

principally to provide high power factor, but through careful design the capacitor 

can also provide wave shaping v*iere desired. .•• . 

3.1.1 Askarel Capacitor Manufacturing Plants 

There are seventeen corpanies in the U.S. which manufacture 

askarel capacitors at nineteen plants, The name and the location of these plants' 

are given in Table 3.1.1-1. Some plants maniifacture industrial capacitors only 

and others manufacture pcwer capacitors. 

Ten major conpanies were contactied. Detailed information was 

cto1:ained on six plants. Four plants were visited. The data herein represents ;̂  

approximately 50 percent of 1974 PCB usage in capacitor application. The PCB 

usage in t±is category was approximately 22,000,000 lbs. in 1974, The PCB usage . 

in individual plants is considered by these catpanies to be confidential infor

mation. The range of PCB usage at these plants was 64,000 fold in 1974, Plant ._. 

ages range from five to thirty-seven years. 

Capacitors used in lighting and air conditioning applications 

contain 0.05 to 1.0 lbs. of Aroclor. The largest pcwer capacitors contain about 

77 lbs. of Aroclor. The most popular size contains 36 lbs. A sketch of a 

medium size industrial capacitor is shnwn in viaure 3.1.1-1. '^nacitors are not 

rebuilt and returned to service after failure. They are disposed of and replaced 

by new units. G.E, reports that high voltage utility capacitors, lew voltiage 
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FIGUFE 3.1.1-1. MEDIUM SIZE 

INDUSTRIAL CPPPCTKM 
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Table 3.1.1-1 

U.S. Capacitor Manufacturing Industry Using PCBs 

Ccnpany Name 
(In order of PCBs Usage) 

General Electric Ccnpany 

Westinghouse Electric Corp. • 

Aerovox 

Universal Manufacturing Corp. 

Cornell Dubilier 

P,R. Mallory &Co., Inc. 

Sangamo Electric Co. 

Sprague Electric Co. 

Electric Utility Co. 

Capacitor Specialists Inc. 

JARD Corp. 

York Electronics 

McGraw-Edison 

RF Interonics 

Axel Electronic, Inc. 

Tcbe Deutschmann Labs. 

Cine-Chrcme Lab, Inc. 

Location of the Plant 

Hudson Falls, N.Y. 
Ft. Edward, N.Y. 

Blocmington, Ind. 

New Bedford, Mass. 

Bridgeport, Conn. 
Totcwa, N.J. 

New Bedford, Mass. 

Waynesboro, Tenn. 

Pickens, S.Carolina 

North Adams, Mass. 

LaSalle, 111. 

Escondido, Calif. 

Bennington, Vt. 

Brooklyn, N.Y. 

Greenwood, S. Carolina 

Bayshore, L.I., N.Y. 

Jamaica, N.Y. 

Canton, Mass. 

Palo Alto, Calif. 
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power capacitors, and induction heating capacitors are manufactured at a rate of 

200,000 per year, about 2 to 3% of which are replacenents; the balance are for 

.new. installations. The cirrent market for. capacitors used in lighting appli

cations is about 44,000,000 units annually of which 10% are estimated to be 

replacanent ballasts. The current market for capacitors in air conditioning 

.application is above 12,000,000 units annually, with 5% of these estimated to 

•. be for replacement usage. The narket for 'capacitiors in industrial electronics 

i applications is estimated at 23,000,000 unit:s per year with no estimate as to ' 

the relative size of the replacement narket. 

. 3.1.1.1 Askarel Handling 

In most plants PCBs are shipped via tank car to a 

rail siding several miles from, the plant. . Individual plants provide a de

signated tank truck for the transfer of the PCBs from the rail yard to the manu- . 

facturing plant. To large plahtis, PCBs are brought via rail cars into the plant 

site. 

In most plants PCBs are unloaded and transferred to 

the PCB storage tank without the benefits of any curbs or dikes. At a very few 

plants, the unloading operation of the PCBs frcm the tank car to the storage 

facility is confined and the receiving area is roofed and diked. 

PCBs from the raw storage PCB tanks are filtered 

through fuller's earth and stored in finished product storage t a n k s . PCBs are 

next punped from the storage tanks to the impregantion areas.for use. Excess 

PCBs from these areas are recycled back to a designated tiank and frcm there either 

filtered and reused or, if defective, are punped into the scrap storage tank. 

Spent fuller's earth enployed at these plants is 

either drunmed and stored at the plant site, or is sent to a landfill. 

-70-



3.1.1.2 Process Description 

Most plants in this category manufacture either large 

power capacityors or small (including.less than 2 lbs. of PCBs) industrial type 

units. Ihe large capacitors are either flood filled or manifold filled. All 

small capacitors are flood filled either in a vacuum tank or in an autanatic '.'-

"carousel" arrangement vAiere loading and unloading occurs at one station, and " 

the capacitors in each cell are progressively dried, evacuated and filled. 

A generalized schematic flew diagram for the manu

facture of large capacitors and. small industrial capacitors are given in Figures . 

3,1.1.2-1 and 3.1.1.2-2, respectively. The basic manufacturing operation at these 

plants can be divided intx) two major operatioiis. 

a) Non PCB related operations consist of the follcwing steps: 

. Fabrication of capacitor cans, covers and brackets frcm 

sheet aluminum or steel. Smaller plants, hcwever, purchase 

capacitor casings, capacitor tierminals, connectors and foil. 

. Vapor degreasing or detergent washing of metal conponentis. 

At some plants, ultrasonic cleaning is us©3 to clean snaller 

ccnponents. 

, Roll winding tihe capacitor paper or polypropylene film with 

aluminum foil. 

. Conplete assembly of capacitor oaiponents and sealing the 

covers. In seme units fill holes are provided for PCB intro

duction; in others PCBs are introduced through bushings or 

a valve. 

. Leak testing via mass spectrcmeter and pressure l:esting prior to 

•vacuum drying. 

b) PCB related operations 

Hree oonpletely different inpregnating techniques are enployed 

by this industry. 
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(1) Conventional flood filling of capacitors 

This type of filling operation is used for inpregnating large 

power and snail industrial capacitors. Here the capacitors are 

arranged in baskets or in large tanks \^iich are subsequently 

transferred into vacuum chanbers. Vacuum is then drawn and the 

capacitors are kept under vacuum at an elevated temperature, for 

a specific period of time in order to evaporate the moisture frcm 

the capacitor interiors. The tenperature bf the tank is next 

Icwered and PCBs are introduced under -vacuum. The capacitors are 

allowed to soak for scite time after which they are transferred to 

the sealing or crinping station via mobile car, sealed, and excess 

PCBs are then drained. The sealed capacitors are next sent to 

vapor degreasing or detergent washing for cleaning the exterior 

of these, units. The clean .units are heat.-soaked and heat tested 

in an oven and then sent to 100% electrical testing. 

Subsequent to electric testing, the capacitors with steel casings 

,are pretreated prior to painting. The pretreatment is eit±ier vapor 

degreasing for painting in an electro-static field or it is 

several stages of phosptotizing and rinsing operations, prior to 

autanatic spray painting, v*iere water is used to scrub.the vapors 

generated during painting. Most capacitors with aluminum casings 

. are marketed unpainted. Hore-ver, at sate plants a portion of capac

itors witii aluminum casings are fluoride treated and then spray 

painted. The capacitors are next.either air dried or dried in an 

infrcured oven prior to packaging and shipping, 

(2) Autanatic Flood Filling Operation (Carousel) , 

In this method of capacitx)r impregnation, the assentoled units, are 

. placed in ovens for the removal of moisture from the capacitor 

interiors. The baskets containing these capacitors.are next trans

ferred tx» t±ie carousel chaniber. vrfiich is at the loading position. 

•Hie carousel passes through 13 subsequent cycles consisting of 
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various degrees of vacuum applications and then subsequent PCB 

' filling and soaking posi1u.ons. The PCBs are next drained out 

of t±ie chamber, and the capacitor baskets are removed frcm the 

vacuum chairber and tilted to drain excess PCBs into a sump located 

adjacent to the. carousel loading and unloading station. The capac

itors are next transferred to the criirping or sealing stations. 

Frcm this point on the remainder of the nanufacturing steps are 

identical to those enployed in conventional flood filling operation. 

In general, vacuum in conventional flood filling operations is 

achieved via mechanical punps, v^ereas vacuum in each autonatic 

flood.filling station is achieved via a -vacuum punp and several 

stages of steam jet ejectors. 

Rejected industrial capacitors are disposed of in 55 gallon drums 

either directly or after disecting. Rejected power capacitors 

which are flood filled are returned to the salvaging operation. 

Here the capacitor co-vers are cut on an end mill, the PCBs drained 

and the interiors examined to find the cause of the electrical 

failure. Where possible the rejected units are then repaired and 

reprocessed. Otherwise, the capacitor interior is discarded in a 

designated solid waste drum. The capacitor casing is sent to vapor 

degreasing and it is subsequently sold to a scrap dealer. 

(3) Manifold Filling Operation 

At sane plants, large capacitors are filled by this method. Here, 

the capacitors are completely assembled, sealed and vacuum tested; 

then each unit is filled individually under vacuum through a nani-

fold. The capacitx)r -valve is next sealed, the exteriors spot cleaned 

with trichloroethylene and then these unitis are transferred i n t o an 

oven where they are heat soaked for a given period of time prior 

to electrical testing. Those capacitors which pass the electrical 

tests successfully are -vapor degreased, painted, dried, packaged and 

shipped. The rejects are returned to the filling station vrtiere 
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the majority of -the PCBs are retrieved through the fill valve 

under.-vacuum. The rejects are next transferred to the salvage 

operation. 

. Mechanical punps are used throughout the system tb achieve 

vacuum. 

3.1.1.3 Raw Wastes 

The raw wastes originating fron these plants consist 

of scrap PCBs collected in sumps, drums and drip pans, contaminated vacuum punp 

oils, the fractionator-bottoms frcm the trichloroethylene recovery, t±ie caustic . 

bath used, at sane plant;s, for purposes .of paint stripping, spent detergent wash 

and rinse water from capacitor or ccnponent cleaning operations, rinse water used 

in the welding and plating operations, steam condensate frcm jet ejectors, the 

seal water used in vacuum punps, water used in phosphatizing and fluoride-baths, 

water spray used in the paint booths, boiler blow downs and cooling tower blow dcwns. 

• .,. Furthermore, in at least one plant tn this category, 

water infiltrating at a s\±)grade elevator shaft creates an additional waste stream. 

Solid wastes from these plants consists of scrap capac

itors or "capacitor interiors, floor dry and rags and newspapers used for cleaning 

spills, si«nt fuller's earth and other filtering media used for PCBs filtration 

and waterless cleaners used at sane plants for hand cleaning purposes. 

Non-product: PCB discharges, their source and disposition 

are given in Table 3.1.1.3-1. Mecjuate data to quantify the various wastes generated 

at these plants is hot available. Information on waste loads reported by scnne 

plants are given in Table 3.1.1.3-2, 

3.1.1..4 Water Use 

The water used iat these plants is in the range of 

12,500 to 1,260,000 gallons per day. In most plant:s, water is used primarily for 

once-through non-oontact cooling in \^por degreasers, in punps and in vacuum tanks. 

Plant 101 recycles tJieir non-contact cooling water through a cooling bower. 
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TABI£ 3 . I . l : 3 - 1 . NW-PHX)UCr PCB DISCHARffiS 

102 

I 
- J 

I 

Source 100 101_ 

Vacuirt piflrp exhaui i t A i r \ i r A i r 
EvanoraLion k v e n t i l a t i o n A i r A i r Ai r 
Vapors frcpi l a s t s t a g e o f j e t e j e c t o r s None None None 

104 105 106 

A i r 
A i r 
None 

A i r 
A i r 
A i r 

A i r 
A i r 
None 

P e r s o n a l hyginnc Sewer Sevior S e p t i c t a n k I n c i n e r a t i o n ' 
LaiTidry w a t e r None None S e p t i c t a n k None 
Water p h a t - frcm p u i p o i l A a t e r s e p a r a t o r Sewer t t x K Heme None 
S a n i t a r ' i o a n e - s t i c v a t e r Sewer Sewer S e p t i c t a n k Sewer 

I n c i n e r a t i o n 
None 
None 
S e p t i c t a n k 

l e a c h f i e l d 
s y s t a n 

Scwcr 
None 
None • 
S e v ^ r 

PCB o u n t a r i n a t e d w a t e r 

^"^i-contK.*- o j o l i n q w a t e r 

^ A X i . - : : : i & ^ u r . . . r u n o f f 

R inse w a t e r from c - i p o n o i t d e t e r g e n t 
washing 

Water used i n n c n - P ( 3 e . \ ' ! c t r o l > t i c 
. c a p a c i t o r o p e r a t i o n s 

Ground w a t £ r i n f i l t r a t i o n 

Qsn txDl l ed s i n k d r a i j K ' 
Rinse w a t e r u s e d i n t i e c a u s t i c b^^th 

& w e l d i n g 
Wate r used i n p a i n t s c n ± b i j i g 

P h o s p h a t i z i n g b a t h t r i n s e 

R i v e r 

R i v e t 

R i v e r 

None 

None 

None 

None 

None 
I*xie 

None 

Recyc led 

S torm sewer 

Dry w e l l 

None 

None 

Sewer 

None 
ftone 

H5ne 

T r o a t n c n t p l a n t 
t h e n , r i v e r 

T r e a t m e n t p l a n t 
t hen r i v e r 

T r e a t m e n t p l a n t 
' t hen r i v e r 

None. 

-Treatment plant 
then river 
None 

None 

None 
None 

None 

River 

River 

River 

River' 

None 

Decant then to 
river 

River 

River 
Decant then bo 
rivur 

None 

River 

River 

River 

None 

f*3ne 

None 

River 

None 
River 

River 

Sewer 

Sewer 

Storrn Sewer 

None 

None 

None 

None 

None 
None 

None 

S c r a p o i l i n d r i p p a n s , d r u i s t sunps 
Spen t f u l l e r ' s e a r t h , c l a y i f i l t e r c a r t -

r i d t , e 
R inse w a t e r f r tm d r y - w ! l i 
F r a c t i o n a b o r b o t t c r r e ( s ludge ) f i o n 

t r i c h l o r o r e c o v e r y 
Spen t d e t e r g e n t wash o f c a p a c i t o r 

e x t e r i o r s 
S p e n t f l u o r i d e wash 

I n c i j w r a t i o n 
I n c i n e r a t i o n 

None 

I n c i n e r a t i o n 

I n c i n e r a t i o n 
Nor.? . 

I n c i n e r a t i o n 

Nojie 

l*3ne 
None 

L a n d f i l l 
None 

I n c i n e r a t i o n 
I n c i n e r a t i o n 

Ndie 

I n c i n e r a t i o n ' 

None 
None 

Incineration 
Stored on site 

none 

Incineration 

None 
None 

Incineration 
Stored on site 

None 

Incineration 

Incineration 
Incineration 

Incineration 
Landfill 

None 

• Incineraticn 

None 
None 

Reject capacitors or capacitor internals 
Newspaper, floor dry & rags 
Caustic bath 

Landfill 
Landfill 

Landfill 
Landfill 
None 

Landfill 
Landfill 
None 

Stored on site 
Stored on 6ite 
Stored on site 

. Stored on site 
Stored on site 
Nnne 

Landfill 
Landfill ' 
None 

' s i n k s a t t h e i j i p r e g n a t i c n a r e a s a r e o o n t a i n e d ; w a t e r ^rom t h e s t n p s a r e s e n t t o i n c i n e r a t i o n . 
' R i n s e w a t e r fr tm non-PCB, cKiiponent t r a sh ing o p e r a t i o n . 
' O i p l o y o e s a r e o l v i s e d t o u s e t e t e r l e s s hand c l e a n i n g m a t e r i a l p r i o r t o w a s h i n g t h e i r h a n d s , 
' o n l y l i q u i d s from t h i s o p e r a t l o i a r e s e n t t o i n c i n e r a t i o n . The Eludge from t h i a o p e r a t i o n i s Bent 

t o a n u n i c i p a l l a n d f i X l . 



TABLE 3,1.1,3-2 QUANTITY OF WASTE L3ADS 
(lbs/ton of PCB used) 

Plants 

Land Destined Waste 

Wastes to Incineration 

Spent. Fuller's Earth to 
Incineration 

100 

100 

4.1 

101 

129 

56 

None^2^ 

102 

65 

98 
_(3) 

104 

.(4) 

109 

105 

127 

106 

.(5) 

300 

Unknown 

Notes: 

(1) 

(2) 

(3) 

.(4i 

(5) 

Reported as PCBs, We estimate an additional 175 lbs/ton of PCB con
taminated solid material which ig being landfilled locally. 
PCBs are filtered through packed Porocell cylindrical filters. The 
filter media has an estimated life cycle of 20 years. 
This plant uses clay' for PCB filtration. The quantity of spent clay 
sent to incinerat:ion is not kncwn. • • 
These plan-ts store their solid wastes consisting of spent fuller's 
earth, rejected capacitors, rags and floor dry, on site. Plant 104 
generates ten 55-gallon drums of waste and plant 105 forty 55-gallon 
drums of waste each week. 
The, weight of materials sent to landfill is not known. Hcwever, this 
corpany reports that during 1974 approximately 650 capacitors were 
rejected. The rejected units were drained and then sent bo a landfill. 
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Process water used at -various plants consists of water 

used in det:ergent washing, in ultrasonic washing, condensate frcm the st:eam jet 

ejectors, seal water frcm the vacuum purrps, water used in phosphatizing and in 

fluoride.baths and rinses, and water used in caustic treatment and painting opera

tions. Additionally,' water is used for sanitary purposes and in some plants it 

is also used as boiler feed. 

are given below: 

The quantities and types of water used at these plants 

Plan ts 

Intake gallons/day 

Water Usage in gal lons/day 

Non-contact-cooling 

Process \-rater 
Rijise vs-ater frcm t o t 
solder d ip 

Dstsrgent washing & 
rinsi.-".9 

Phosphatizing baths 

Water ussd in t i n p l a t ing 

Fluoride bath i r inse 

Water used in pa in t ing 

Punp s<-;al water fi stsarn 
co.ndo.nsatG 

Scjiitary 

Boiler feed maXe-uo 

100 

740,000 

655,000 

101 

12,500 

-1 

3,000" 

102 

1,000,000-^ 

388,000'' 

104 

1,260,000 

1,195,000 

105 

480,000 

. 387,000 

106 

336,500 

326,500 

200 

44,9^:0 

40,000 

8,000 

1,500 52,000 

25, 

-

~ 

10, 

30, 

,000 

,000 

,000 

; 12 

' " / • 

. 44, 

65 

15, 

200 

400 

,000 

50 

50 

,000 

,000 

,000 

toUjs: (1) 

(2) 
(3) 

(4) 

560,000 gallons/dciy of t h i s water i s used as process rLise water 
in non PCB assoc ia ted , e l e c t r o l y t i c capaci tor operat ion 
^"J.>'.e-up water 
I t has besn estijnated t h a t only 150,000 gal lons of t h i s water i s 
asscc.i.ated with the pla-its rCB operat ion. Tne balance i s used in 
the manufacture of yj.ca capacitoi'S 
I t includes w.itnr used in piiint s t r ipp ing and welding opera t ions . 

5,000 

5,000 
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3.1.1.5 Wastewater Treatment 

The major in-plaht PCB wastes whic±i reach water 

stureams originate in the impregnation areas. Due tx» the nature of water 

rajuirementis in this industry, at sane plants it is possible to significantly 

reduce the quantities of wastes entering the water" systems by adoptu.on of , 

proper houisekeeping measures. Since there is no demonstrated technology 

available for the terminal treatment of PCBs in wastewaters, there are no PCB 

wastewater treatiirent techniques currently in use at any facility. Details on 

wastewater treatment techniques used at various facilities for purposes of oil 

recovery or neutiredization and on-going containment programs undertaken by 

seme plants to prevent the entry of PCBs into the environment are given in • 

.Task II report, "Assessment of Wastewater Management, Treatment Technology, and 

Associated Cbst for Abatement of PCBs Concentrations in Industrial Effluent", 

February 3,, 1976, pages 46 through 52. 

3.1.1.6 Effluent Corposition :' 

Effluent frcm plants in t±ds category range from 

2500 to 1,260,000 gallons per day. As indicated in the waste treatment section, 

these effluents are sent eit±er into receiving waterways or into municipal sewers 

without any PCB treatment. Available infonnation on effluent flow rates and their 

PCB contents, for most plants in this category, are given in Table 3.1.1.6-1. More 

detailed effluent information were datained on fom: plants and Table 3.1.1.6-2 / . 

compares the discharges fron these plants. Table 3.1.1.6-3 lists PCB concentra

tion of the plant intake water fron various so\jrces. 

It is of interest to note that one plant (plant 100) 

reported large variations in the PCB content of the receiving waters even at the 

time when the plant was not in operation. They attributed the variations to 

storm conditions, stirring-up the sedimentis from the bottom of the river and 

greatly increasing the PCB concentration in the water phase. 

y 
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TABLE 3 . 1 , 1 , 6 - 1 RANGE OF Fia-J RA.TES & PCB 
COICENTRATION IN EFFLUQTTS 
FFOi'l COTWCITOR MANUFACTURING 
PIANTS 

Effluent Effluent PCB Content 

P l a n t No. 

100 

101 

102 

. 104 

105 

106 

107 

108 ' 

109 

110 

111^ 

112^ . 

113 

126 

N o t e s : (1) 
• ( 2 ) 

O u t f a l l s 

001 

None 

001 
002 
003 . 

F l w Rate 
g a l / u a y 

800,000 

9 ,000 

807,000 
165,000 ' 

36 ,000 

m j o r o - j t f a l l 1 ,060,000 
Cool iny w a t s r 

& roof d r a i n s 100,000 
Lab S roof 

d ra i r j s 32,000 
Corp ros so r coolLng 

wa te r 72 ,000 
P a i n t s t x i p r i n s e 50 

Major ou l r f a l l 
F r a n s p r a y p i i n i . 

bootl-is 

None 

ttone 

650,000 
1 ,500 ' 

336,500 

• 150,000-

' C e d i n g v/a ter 4 8 ; 000 
& boi . le r blc^-^cx^-n 

Cool ing w a t e r 1 2 9 , 0 0 0 ' 
Koof runof f 2 ,900 
S tonn rurioff unkncwn 

001 

^k^ne 

l-Jone' 

None • 

001 • 

None 

Discliargc-J ence 
Cor.taiiiB 10,000 

100,000 

2 ,570 

18,000 

. 10,22.4 

12 ,000 

580 

every 4-5 wei 
c ^ s a n i t a r y 

ppb 
avg/max 

17/55 

161/161 

9 
3.2 
3.4 

21 

7 . 8 

. ' 4 . 4 

3 .7 
4800 

370 
13 ,300 

26 .6 

1900/4000^ ' 

45/108 • 

338/705 
1360/2370 

3 /11 . . 

57/83 

821 

8.7 

• 130 

1 4 . 3 

G20q3 

2ks . 
sewage emd 

l b s / d a y . 
avg/max . 

0 . 1 1 3 4 / 0 . 3 6 7 0 

0 . 0 1 2 1 / 0 . 0 1 2 1 

•0.0605 
0.0044 
O.OOIO 

0.1856 ' 

0 .0065 

0 .0011 

0.0022 
0.0002 . 

2 .0058 
0.1664 

0 .075 

2 . 3 7 6 9 / 5 . 7 5 4 6 ' 

0 . 0180 /0 .0432 ' , 

0 . 3 6 3 6 / 0 . 7 5 8 5 
0 . 3 2 9 0 / 0 . 0 5 7 3 

0 .0475 /0 .0692 

0 .0176 

0 .0013 

0 .0110 

0.0014 -

0 .03 

D i s p o s i t i o n 
o f e f f l u e n t 

R i v e r 

Sewer 

R ive r 
R ive r 
R i v e r 

R ive r 

R i v e r 

R ive r 

R ive r 
R ive r 

R ive r 
River 

Serfer 

" S e w e r s 

Pj-ver 

Sower 
. r d v e r 

R ive r 

R ive r 

S e ^ r 

Sevs'er 

Sewer 

••; R i \ ' e r 

sev/er 

8000 qixl o i .surface water i n f i l t r a t i o n 
(3) 'n-.'=se fac i l J t ie '^ re-yclc rrr.-.st of the non-contaot oooling 

water used a t the p lan t . These efii\ .r:^ts cr;nsist of a small 
f ract ion of tJie ccolinq water p lus t h t i r san i ta ry discharge. 
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00 

I 

TABIC 3,1.1,6-2 

Conparison of Discharges 

Plsnt 

Outfall 

FH . 

TSS, mg/l 

R B , ppb 

Oil & Grease, ing/1 

Aluminum, mg/l 

Lead, mg/i 

Copper, mg/l 

Chroiiuum, mg/l 

Phenols, mg/l 

Iron, mg/l 

303, mg/l 

100 

001 

7.3 

3 

17 

UK 

UK 

<.05 . 

<.003 

<.005 

<.001 

<.19 

001 

7,4 
16.6 

9 

3.10 

ND 

UK 

UK 

LIK 

UK •, 

UK 

4.37 

102 

002 

7:3 

1.54 

3.2 

3.38 

ND 

UK 

UK 

UK 

UK 

UK 

2.45 

003 

7.2 ' 

. 2.8 

3.4 

2.18 

ND 

UK 

UK 

UK 

b-K 

UK 

1.7 

002 

6.5-12.0 

5.2 

21 

7.20 

0.15 

UK 

0.O3 

0.003 

UK 

0.29 

UK 

003A 

5.5-9.8 

4.7 

7.8 

14.40 

0.06 

UK 

O.02 

ND 

UK 

0.30 

UK 

104 

003B 

4.0-9a 

4.0 

4,4 

30.70 

0.11 

UK 

0.04 

ND 

UK 

0.34 

UK 

006 

6.8-11.6 

3.1 

3.7 

: 2^66 

2;o • 

UK 

0.03 

ND 

UK 

1.66 

UK 

105 

004 

5.5-8.6 

. 9 . 5 

370 

12.8 

UK 

UK 

0.03 

UK 

0.52 

UK . 

ND - Non detectable 
UK - Unknown 
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^̂  Table 3, Ll,6-3 

Intake Water PCB Concentration 

Plant 100 101 104 105 106 111 112 

Source Nbinicipal Municipal River Well Municipal Municiped Municipal 
Water 

PCB, PI*} 0.09.-2,5 4-7 57.0 40.0 0,25 1,0 1,0 

OD 
U) 
I 



3. 2 Askarel Transformer Manufacturing Industry 

All plants in this category manufacture transformers using mineral oil 

as the dielectric fluid. This dielectric fluid is the principal inpregnant used 

at these facilities. PCB transformer oils {blends of 60 to-70 percent Aroclor 

1254 or 1242 and 40 to 30 percent trichlorobenzene) are used in only 5-10 percent 

of these plants' manufacturing volume, 

In-general, a transf enter consists of a oore and ooil irmersed in a 

dielectric fluid. There are two broad classifications of transformers: distri

bution transformers, v*ich are used to step down voltages, and pcwer transformers, 

which are used primarily to step up voltages. The precipitation pcwer sujply units 

can be actually classified as a third class of askarel transformer. Hcwever, t:he 

larger plants in this category have only tvro manufacturing departments — distri

bution and power; and they manufacture the precipitator transformers in their 

distribution transformer department. The following types of askarel transformers 

are manufactured at these plants: 

A. Askarel Distribution Transformers 

1. Netsrork (Receive up to 14,400 volts and deliver 120, 

240 and 480 volts) 

2. Pad - mounted (Receive up to 14,400 volts and deliver 

120, 240 and 480 volts) 

3. Pole - mounted (Recei-ve up to 14,400 volts and deliver 

120, 240 and 480 volts) The application of these trans

formers in pcwer distzribution systans places a great 

premium upon their reliability and high overload 

capability. 

4. Precipitator power supply (Receive 480 AC volts and 

deliver 50-60 kilovolts lew anperage DC) These units 

are generally installed close to hot gas stacks in 

an a tnospnere that would be a fire hazard t:o oil-insulated 

transformers and a corrosive hazard to open dry-type 

transformers. Sealed dry-type transformers are inpractical 

for high-voltage DC. 
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Voltages listed cover the majority of askarel distribution trans

formers. Product scope includes up to 34,500 pjfimary volts and virtually any 

secondary voltage, 34,500 and below. . 

Quantities of askarel used in this class of txansformers are in 

the range of 500 to 5,000 lbs. in each unit depending on the rating and the size 

of the transformer. 

A great majority of distribution type transformers have pro

vision for venting. Many of these units are equipped with spring loaded venting 

devices which vent upon a pressure excursion, and diaphragm rupture discs are 

offered as a custaner option. 

B. Askarel Pcwer Transformers 

1. Secondary substation 

(a) Load center units . 

(b) Seconc3ary substation generation units 

(c) Switchboard units 

(d) Internal units 

(e) Motor control imits 

These 5 conprise the largest group of askarel-

insulated turansformsrs and they find widespread 

application in the automobile, paper, chemical, 

textile, steel, nonferrous metal, cement, mining 

and petroleum industries. They are used in com

mercial and public buildings, such as schools 

and hospitals; in defense and nuclear energy 

installations; and by private and public utilities. 

2. Master unit substation 

3. Primary unit substation 

4. Limited anpere subst:ation 

5. Industarial furnace 
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Furnace transformers used in the hot, dirty atmosphere 

in proximity -to glass melting and induction furnaces, v̂ iich require high current, 

lew -voltage power supplies (receive up to 15,000 voltis and contain 2000 to 4000 

lbs. of as)<arel each). Existing technology does not permit cohstzruction of 

sealed dry-type transformers for these pcwer ratings. 

6. Rectifier 

Rectifier tiransformers used for large rolling mills and TC 

industrial power supplies (receive up to 15,000 -volts AC and deliver low voltage 

high airperage DC. Each unit contains about 19,000 lbs. of askarel). These units 

are covered by the same comnents given for industurial fxomace transformers, 

7, Transportation 

Railroad transformers used on-board in electric loccmotives 

or multiple unit electric railroad cars (receive up to 25,000 volts and contain 

700 to 2400 lbs. of askarel in each unit depending on the rating and size of the 

traxis formers). 

(a) Third rail . 

These transformers are used for rapid transit 

systems, and are basically serving a rectifier 

function 

(b) LocCTnotive 

Prior to 1932, all on-board transformers were open 

dry type. Because of problems with them, railroads 

I went to askarel-insulated transformers, The changes 

; in loccmotive design since the 1930's would not now 

acodmodate open dry-type transformers as replacements . 

for askarel units. A recent trend has been to replace 

askarel by oil units, and t h i s will continue unless 

, new Department of Transportation regulations require 

nonflaimability. 
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Hcwever, since a tunnel fire in 1940 caused by an oil 

filled looamotive transformer, Penn Central 

will not allow any oil containing transformer 

equipped loconoti-ve into New York Citry. 

(c) Multiple-unit car (MU) 

These transformers are moiiited under the flat-bed 

of passenger cars. They ride along in this location, 

about 8 inches above the rcdl, at speeds up to 150 

mph. The transformer must be ruggedly built to with

stand t h e inpact of flying debris and constant vibra

tion. Pcwer to the cars is brought in through an 

overhead catenary and is fed to the underside of the 

car where the transformer, controls, and propulsion '' 

equipment are located. 

Space and weight are critical in this application. 

There are only about 33 inches above t h e rail. The 

width of the transformer is limited by the width of 

the car. 

Only oil- or askarel-insulated unit:s vrould provide 

the required performance levels in the space avail

able. As with locomotive applications, present 

Department of Transportation regulations do not 

•restrict the use of flannable liquids, and the use 

of askarel units has been dictated largely by the 

economic considerations of .fire insurance rates, 

and by Penh-Cent:ral safety regulations. 

8. Reactors 

These units provide reactance (receive up to 15,000 voltzs 

under normal operating conditions. During nontal operating conditions, they 

deli-ver volts and current as received. During pcwer surges they choke the voltage 

and deliver the normal output). 

9. Grounding,transformers (receive i^ to 15,000 volts). 
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3.2.1 Transformer ttehufacturing Plants 

There are thirteen conpanies in the U.S. which manufacture askarel 

transformers at eighteen plant:s. The name and'location of these plants are given in 

Table 3.2.1-1. Some plants manufacture various types of transformers described 

above and.ot±ers nanufacture only one specific line of transformers. 

All plants in this category vrere contacted to obtain infoma

tion on their waste water. Detailed information was obtained on two plants 

which were visited. The largest U.S. transformer plant (based on quantity of PCB 

use) was not visited because of lack of cooperation. The data base represents 

approxinately 20 percent of the 1974 PCB usage for transformer application. The 

PCB usage in this category was 12,000,000 lbs. in .1974 (equivalent to 15.0 to 17.0 

million -lbs. PCB .transformer oil). The PCB usage tn individual plants is oonsidered 

by these cotipanies to be confidentu.al information. The range of plant PCB usage was 

975 fold in 1974. Plant ages range from three to eighty-five years. 

The amount of askarel used in individual transformers ranges 

fron 40 tb 1500 geds. ,(516 to 19,350 lbs.) with an average of about 232 gals. 

(3,000 lbs.). A sketch of a large substation transformer is shown in Figure 

3.2.1-1. G.E. estimates that the,total askarel-insulated units that have 

been put into service in the United States since 1932 is,135,000, and virtually 

all of these Units are still, in service. The lifet:ime-bef ore-failure is often 

longer than 30 years, and cdmost all units that do fail are rebuilt and returned 

to service. The current production rate of askarel,transformers is about 5,000 

units per year. . , , 

3.2.1.1 Askarel Handling 

Few plants in tJiis category purchase PCBs and tri

chlorobenzene and do t±ieir own ccnpounding. Most plants purchase pre-ccnpounded 

askarel from Monsanto. Snaller plants purchase their askarel in 55 gallon drums, 

filter the askarel, and punp directly into the transformer tanks. Tto large plants 

askarel is shipped via rail oars. Rail cars enter in a designated area at t h e 

plant site. Askaiel is th&n punped from the rail cars into the raw askarel storage 

tank. Any spillage tn this area is cleaned by rags or floor dry. The raw askarel 
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. ' Table 3.2.1-1 

U.S. Transformer.Manufacturing Industry Using PCBs 

Ccnpany Name 

Westinghouse Electric Corp. 

General Electric Ccnpany 

Besearch-Cottrel1 

Niagara Transformer Corp. 

Standard Transformer Co, 

Helena Corp. 

Hevi-Duty Elect:ric 

Kuhlman Electric Co. 

Electro Engineering Works 

Envirotech Buell 

R.E. Uptegraff Mfg. Co. 

H.K. Porter 

Van Tran Electric Co, 

Location of the Plant 

Sou1±i Boston, Va. 
Sharon, Pa, 

Rcme, Ga, 
Pittsfield, Mass, 

Findeme, N,J, 

Buffalo, N,Y. 

Warren, Ohio 
Medford, Oregon 

Helena, Alabama 

Goldsboro, N.C. 

Crystal Springs, Miss. 

San Leandro, Calif. 

Lebanon, Pa., 

Scottsdale, Pa. 

Belmont, Calif. 
Lynchburg, Va. 

Vandalia, 111. 
Waco, Texas 
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is next filtered through attapulgite clay or fuller's earth and is often passed 

through a plate and frane type filter for final cleaning and then stored in the 

finished product storage tianks. Spent clay or fuller's earth fron this opera

tion is drumned and stored on site or sent to a landfill. 

In seme plants, t h e entire storage area is located 

within dikes and curbs designed to dontain at least the contents of the largest 

single tank plus sufficient free board to allow for precipitation. 

At most plants the askarel is distributed frcm the 

tank fam a r e a t o the filling station, but at one plant (Plant 103) the finished 

askarel is next tr\icked frcm a covered/curbed storage area to an uncovered/ 

bermed tank farm area. .Here the truck enters a shelter area, and the askarel is 

then piirped from the truck into distribution storage tank. 

Recycled askarel frcm the manufacturing operations ts 

generally returned through punps into a storage tank or into 55 gallon drums and-

fron there it is eitJier filtered for reuse or is sent to incineration if it is 

proved to be defective, 

3.2.1.2 Prooess Description 

Most plants manufacture all the hardware and ccnpo

nents necessary for the transformer assarbly. The transformer interiors and the 

containers are brought 1UD the askarel filling stations v*iere turansformers are 

assembled, filled and sealed. 

The filling operatiLon is done in a designated statdon. 

At plants vftiere small guantu.ties of askarel are handled, spills and drips are 

cleaned -via floor dry or rags. At plants where large quantities of askarel are , 

handled, filling operatiion is conducted on gratujigs located on simps. All 

drainage is directed into these sunps. The sunps are inspected and cleaned 

periodically. M l scr^ askarel from sunps is punped into drums and sent to 

incineration. 

Various transformer assembling and filling procedures 

are being practiced throui^out this industry. In general, all transformer assent-

bling and filling operations consist of a predrying step for removing moisture 
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frcm the transformer interiors, several stages of askarel filling and askarel 

topping, addition of electirical connections and bushings, electrical testing and 

sealing. 

At plantis where relatively snail quantities of askarel 

are used, the assembly and filling procedure for distribution and power turans-

formers are alike. Some plants maniifacture only a gi-veh size of transformers 

(single tank .size operations). At larger plants different aissenbling and askarel 

filling procedures are enployed for various transformer subcategories. Some of 

the askarel transformer assenbling and filling procedures practiced within this 

tndusticy are described below. 

3.2.1.2.1 Assembly and Askarel Filling Procedure for 
t h e Distribution and Pcwer Transformers 

A. Vapor Phase Drying Prior to Filling 

This procedure is primarily used in 

the filling of network and pad-mounted transformers. The drying of the trans

former internals is a -vapor phase treatnent wit:h a kerosene-like petroleum distill

ate. A schematic fl(M diagram depicting this system is given in Figure 3.2.1.2.1-1. 

The assenbling steps for these transformers include the following: 

• First the transformer interiors are placed in large vacuum chambers 

heated witli steam coils. The petroleum liquid is admitted, vacuum 

and heat a r e applied. The peturoleum vapors rise to be condensed 

on the interiors, exchanging latent heat for sensible heat and 

raising the tarperature of the interiors. After a specific time 

• the liquid is pumped out; vacuum and heat are continued to dry the 

internals. 

. The internals are next removed and placed in 1±ieir own containers 

and flushed with askarel at atmospheric pressure. The askarel 

is kept in the tank until the liquid tenperature is lowered to 

a preset level at v^ich time it is punped out of the tank. The 

purpose of askarel flushing is to chill the transformer interiors 

prior to final filling. 
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. The tank is next placed in a designated -vacuum chamber. Vacuum 

is drawn and then fresh askarel is metered in slcwly to avoid 

foaming or flooding. 

. The vacuum chanber is next opened, the electrical connections 

are made and the liquid level in the t:ank is then brought to 

the operating level at atmospheric pressure. The turansformer 

tank is then crane lifted and Icwered onto conveyors and sent, to 

specified test stations for a series of electrical tests before 

'- t h e transformer is ocnpletely sealed. 

. If a transformer fails the electrical tests, it is returned;, the 

askarel is drained and reprocessed. Otherwise, the transformer is 

sent to cover welding operations. 

. The tank is next lifted and sent back via conveyor belts to the 

filling station vihere it is topped with askarel through an access 

overhead pipe. The transformer is next pressure tested for leaks. 

The bottcm drain valve is then sealed and the top opening is pipe 

fitted and sealed. Sealing is accorplished prtnarily by teflon 

tape. However, for seme tjransformers, the sealing is done by an 

air cured sealant at customer's request. 

B. Oven Prying of Transformer Internals 
Prior to Exiling 

This procedure is used primarily in 

the asseibly of pole type or precipitator transformers. The drying of internals 

for tJiis category of turansformers is acocnplished in a convection oven. The 

internals are then placed in their own casings and the bushings and electrical 

oonnectdons are next made. Vacuum is then applied via a mechanical punp and the 

tank is filled with askarel vrfiile t h e transformer internals are still at a pre

determined elevat:ed tenperature. Exhausts frcm this operation are pulled through 

a venting system. 
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Most transformers in this subcategory 

have gaske-ted co-vers with barrel band type connections. Subsequent to the fil

ling operatJ-on, t h e transformers are sealed and pressure tested for leaiks. The 

large units are liquid pressure tested while the smaller ones are air pressure 

tested, A schana-tic flow diagram depicting this systan is shown in Figure 

3,2.1.2.1-2. 

The contaminated oil fron tiie vacuum 

purrp is treated as waste askarel and is sent to incineration. 

C. Oven Drying of Assanbled Units Prior 
to the Filling 

This procedure is used primarily in 

the assenbly of the precipitator transformers. Here the transformer internals 

are placed tn their own casings, the oovers are welded on the casings and the 

assanbled tank is placed in t h e convection oven all sealed. At an elevated 

tenperature, -vacuum is applied at predetermined intervals. The tank is then 

transferred, to the filling station where askarel is added through an i^per pipe 

opening under vacuum. Both the top piping and the drain valve are next sealed 

and the unit is then pressure tested. A schematic flow diagram depicting this 

system is shewn in Figure 3.2,1,2.1-3, 

D. Procedure for Assembling the Askarel 
Filled Power Transformers 

The seme procedure is used to assemble 

all types of askarel filled power transformers. The transformer internals are 

dried tn sealed vacuum t a n k s , then they are placed in their,own containers and 

the cover is welded and sealed. The unit ts then pressurized and c±iecked for 

leaks by a heliun detector. The tank is next transferred to the filling station 

where lo? vacuum is drawn for a period of 24 hours. The askarel; line is then 

connectied and the tank is filled slowly vAoile under vacuum up to the operating 

level. The unit, is then sealed and sent to electrical testdng. After the tests 

the transformer is returned back to the filling station vAiere it ts nitzrogen 

pressure tested just prior to shipping. The schanalJ.c flow diagram depicting 

this systan is shown in Figure 3.2.1.2.1-2. 
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All power transformers have air space 

on the top and are equipped with an air cooled circulation systan. Additionally, 

each unit has a spring loaded relief valve as standard equifment. These trans

formers have a greater potenta.al fbr environmental contamination through the 

vent system, via leaks on the punp and the valves. 

3.2.1.3 Raw Wastes 

- I n general, the process raw wastes fron these plants 

.consist of waste askarel collected in sunps or pans at the filling stations, con

taminated vaoium pump seed oil, contaminated kerosene-like petroleum distillate 

(used in at lecist one plant in the vapor phase drying operation) , contaminated 

askarel used for transformer interior flushing and contaminants in the plant 

effluent. 

Additionally, plant 103 has a unique waste stream con

sisting of oontaninated ground water which is being punped frcm three caissons at 

'the plant site. Plant 103 also has a bleedwater discharge fron their incineration 

systan. 

Solid wastes fron these plantis oonsist of rags and 

floor dry used for miscellaneous cleaning purposes and spent clay used for 

Aroclor ftltratJ.on. Additionally, at plant 103 tt includes the sludge fron oil/ 

water separators. 

Non-product PCB dischcLcges are shown tn Table 

3.2.1.3-1. Estimates on the quantities of rew waste generated in two plants 

vAitch vrere visited are given belcw. 
Plants 

Quantities of Waste loads 

Wastes to incineration, lbs/ton of PCB used 

Solid waste material stored on site in 

55 gallon drums 

3.2.1.4 Water Use 

Water ts not an essential oottponent of the transformer 

manufacturing process. PCB wastes vMch reach water streams at these plants are 

due to inadvertent occasional loss during handling and residuals accumulated 
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TABI£ 3 .2 ,1 .3 -1 

NOJ-PIDDUCr PCB MSCHAKES 

Source 

Plant exhaust • 

Incinerator exhaust 

Personal hygiene and sanitary water 

Ground water punped through caissons 

Water used at plant 

Oontaminated oils and waste PCBs 

Floor sweepings and rags used for cleaning 

Rejected transformer interiors f oz o a p p e t 
recovery 

Contaminated and defective a n p t y drums 

Sludge frcn the oil separator 

Clay used for askarel filtration 

103 

Air 

Air 

Sewer 

7V3 oil separators 
then river 

To oil separators, 
then river 

incineration 

decapsulator 

decapsulator 

To steel furnace 
in steel mill 

Stored on site 

Stored on site 

114 

Air 
None 

Sewer 

None 

Sewer/river 

Incineratiexi 

Incineration 

Stored on site 

Shipped to the 
ccnpany which 
handles their 
oontaminatad oils 

None 

None 
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around the drainage systems frcm past operations when no precautions were taken 

in handling and disposal of PCBs. 

This category uses water primarily for non-contact 

oooling purposes in vacuum punps, ccsipressors and at seme plants as contact cooling 

in their welding and plating operations and tn phosphatizing of the steel surfaces 

prior to painting. All contact cooling operations listed above are primarily non-

PCB related operations. Only plant 103 has a PCB related process water' which con

sists of the water used in their waste incineration system for quenching the hot 

gases frcm the reaction section. Plant 103 is also the major water user in this 

category, 

• In most smaller plants all cooling is acccmplished by 

air. At these plants water is primarily used for hygiene and sanitary purposes and 

for occasional ccnpressor or punp cooling purposes. The only water that cores into 

contact with PCBs at these latter plants is that used for personal hygiene. The 

types and quantities of water used at two plants visited are given below. 

Water Usage in Gallons/day 

Non-oontact cooling 

Process water 

. contact; cooling 

. Detergent washing 

, Incineration quench 

Hygiene 

Boiler make-up 

Sanitary = 

Non PCB relatLed 

'. Water used in a lab 

. Water used for external cleanups 

Plant No. 

. 103 • -

1,645,000 

183,000' 

2,000 

' 122,000 

Unknown 

Unkncwn 

• Unknown-

Unknown 

None 

114* 

38,000 

, None 

None 

None 

300 

200 

9,000 

500 

. 4,000 

•Breakdcwn of the water usage was estimated. 
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3,2,1,5 Wastewater Treatment 

There are no effluent treatment techniques in practice 

at any plant tn this category for the removal of PCBs. However, tn 1972, a John 

Zink designed thermal oxidataon incinerator was erected at plant 103 to safely 

dispose of PCBs. A schematic flew diagram of t h i s unit ts given tn Figure 

3.2.1.5-1. This unit consists of two steam atcmized burners and a long 

cylindrical chamber to provide residence time for thermal degradation. Follow

ing the chamber ts a water spray quench pot and a counter current packed 

scruhtoer column located at the base of the stack. 

The waste oils are brought into the incinerator site 

tn 55 gallon drums or by truck trailers. Ihese waste oils are next punped frcm 

the drums or from the trailers into the incinerator feed tanks. The steam 

atanizing, burners inject the ccnibustible liquid wastes into the conbustion 

section witii air, tn such a manner to create a vortex type turbulence, Ihis 

produoes high heat release and effective conbustion promoting the thermal degra-

datd.on process. After conbustion, the waste gases proceed through the oxidation 

chamber which provides 3 to 12 seconds of residence time at tenperatures 1600 

to 1800 F for the degradation reactions to go to oompletton. The flue gases 

from the chamber pass through a quench pot v*ich contains a series of water 

sprays to cool the gases. An induced draft fan then forces the cooled gases 

through the packed bed scrubber column. Here, acidic tons produced during the 

conbustion process are absorbed in the scrubber liquor. The scrubber liquor is 

then neutralized and disposed into the sewer. 

A h i ^ tenperature decapsulator has been incorporated 

in the thermal oxidizer uriit for solid incineration iand copper recovery. The 

exhaust of this unit is routed to the ipper end of the oxidizer chanber. 

Details on wastewater treatment techniques utilized 

at one facility (plant 103) for purposes of oil recovery and on-going oontain-

ment programs undertaken by tvo plants (plants 103 and 114) in order to prevent 

the entry of PCBs into the environment are covered in the Task II r^)ort, 

"Assessment of Wastewater Management Treatment Technology, and Associated Costs 
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for Abatement of PCBs Concentration in Industrial Effluents", February 3, 1976, 

pages 71 through 75. 

3.2.1.6 Effluent Oonposition 

Effluent flew rates and PCB contents are available 

frcm the three plants which discharge into the rivers and from t>ro plants which 

discharge primarily intio sanitary severs. Detailed effluent catposition is 

available only on Plant 103. This information is given in Tables 3.2.1.6-1 and 

3.2.1.6-2, respectively. 

The remaining plants tn t±LLs category which discharge 

to sanitary sewers report that: their water usage, for reasons other than for 

sanitary purposes, is minimal. However, they have no data available on the 

quantities and ccnposition of water discharged. 

3.2.2 Askarel Transformer Repair Industry 

A total of 13 ccnpanies repair transformers containing PCBs at 

a total of 131 locations. The current industu:̂  structure has been identified, 

and several potential problems were noted. No estinates have been made of the 

pollution vMch occurs fron this industry. 

3.2.2.1 Transformer Inspection and Maintenance 

Askarel transformers are very reliable and have life

times that range up to 40 years. The failure rate of askarel filled transfomers 

has been estimated by the manufacturers to be 0.2 percent per year. Failure 

occurs primarily due to the degradation of the PCB fluid caused by electrical 

arcirig within the transformer. 

Nine elect:rical utilities wer^ contacted to determine 

their inspection and repair procedures. All of these catpanies have scane type 

of program, usually informal, for the checking of their transformers. In most 

cases this consists of a sinple annual inspection which may include a general 

cleaning operation of the facilities adjacent to t±e hardware (e.g., the vaults 

may be cleaned and vacuumed). Inspection involves looking for evidence of 

leaks. One utility performs an annual power factor test on the v.andings, and 

if this test indicates a problem tn tiie transformer, then its dielectric fluid 
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TBBLE 3 . 2 , 1 , 6 - 1 

ECB COtCENTRATICN IN EFFLUENTS FROM TRANSFORMER 
JWUFACTURING PLfiNTS 

Plant 
No. 

103^^' 

114 

115 

116^3^ 

117 

,• Discharge 
Designation 

005 
006 

None 
None 

002 
003 
004 

n 
#2 
#3 

Batch 
discharge 

Effluent 
Flow Bate 

Gal/toy 

1,310,000 
550,000 

50,000, 
2,000' 

36,000 
24,000 

150,000 

252,000 
378,720 
504,000 

13,500 

Effluent PCB Content 

(2) 

ppfc 
Avg/Max 

4.9/120 
7/75 

Unkncwn 
Unkncwn 

<l/2 
2/113 

<l/3 

3.4/11 
2.1/3.8 

8/19.1 

28.6/unknown 

l i . /dav 
Avg/^lax 

0.0535/1.311 
0.0321/0.344 

Urtoiown 
Vnkncffin 

<0.0003/0.0006 
0.0004/0.0226 
0,0013/0.0039 

0.0071/0.0231 
0.0066/0.0120 
0.0336/0.0803 

0.0032/unknCTvTi 

Disposi t ion 
of Eff luent 

River 
River 

Sewer 
River 

River 
River 
River 

Ri\'er 
River , 
River 

Sev,'er 

Notes: (1) This plant has other discharges out of their properties. Discharges 
listed atove are those associated witbi PCB related operations. 

(2) Estiniated . 

(3) Discharges designated as tfl, #2, and #3 are the ccrnbined effluents 
frcxn their pcwer house, and one each from their two ii^nufacturing 
areas, respectively. According to the plants' Corps of £ngineers 
permit application form, filed in July 1971, this plant has 13 
outfalls. 
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TABI£ 3 . 2 . 1 . 6 - 2 

INFUUnir AND EFFUENT COMPOSITICNS CF PLANT 103 

Average flew rate million gpd 
pH yearly average 
pH min.-max. 

AlkaliJUty, mg/l 

BOD, 5-day, mg/l 

Chanical oiQ^en, mg/l 

TS, mg/l 

ros, mg/l 

TES, mg/l 

TVS, mg/l 

Aittronia, mg/l 
(AN) 

Kjeldahl Nitrogen, mg/l 

Nitrate AsN, nq/l 

Phosphorus Ttotal, mg/l 

Oolor (As P) 

Turbidity, n»g/l 

Total hardness, nq/l 

Organic Nitrogen, mg/l 

Sulfate, nq/l 

Sulfide, mg/l 

Chloride, mg/l 

Cyanide, pg/1 

Fluoride, n g / l 

Aluminum - total, ug/1 

Boron - total, wg/1 

Calcium - total, mg/l 

Qiromium - total, yg/l 

Znooming 
h^BUcipal 
Water 

1,86 
6.4 

14 

2 

9 

69 
68 

1 

34 

0.05 

0.45 

0.15 

0,01 

30 

<25 

44 

0,5 

9.0 

<0.1 

6 

<0.00 

0.16 

100 

70 

6.5 

<10 

Outfall 
005 

1.31 
7.7 
6.4-8 

Avg/Max 
Gone. 

25/25 

3/3 

23/34 

70/70 

67/67 

3/9 

19/22 • 

<0.2/1.0 

0,8/1,0 

0,55/0,9 

0.04/0,05 

25/30 

<25/<25 

31/44 

0,6/0,7 

14/18 

<0,1/<0.1 

6/8 

0.00/<0.01 

-

500/550 

-

7.0/7.5 

30/30 

.0 

Avg 
lbs/day 

273 

28 

251 

765 

735 

31 

208 

<2 

9 

6 

<1 

-

340 

6,6 
153 

<1.0 

61 

0,04 

-

5 

-

77 

0,3 

Outfall 
006 

0.55 
5.5 
3.1-7 

Avg/Max 
Cone. 

15/20 

27/30 

75/92 

364/497 ; 

.1 

Avg 
lbs/day 

69 

124 

344 

L671 

341/483 1565 

23/30 

89/96 

2.8/3.0 

4.6/5.1 

0.98/1.02 

54/124 

30/30 

<25/<25 

33/44 

1.8/2,0 

9.0/9,0 

<0,1/<0,1 

11/13 

106 

408 

13 

21 

5 

248 

-

-

152 

8 

41 

<0,5 

50 

<0.00/<0,00 <0,02 

9,5/12.0 

200/200 

9/70 

7.7/8,0 

310/350 

44 

0.9 

0,04 

35 

1,4 
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TABLE 3 , 2 , 1 . 6 - 2 (CCN'T) 

Onhalt, total, ug/1 

Capper - total, pg/l 

Iron - total, iig/1 

Lead - total, yg/1 

Magnesium - total, pg/1 

Manganese - total, yg/1 

Mercury - total, ug/1 

Malybdenum - total, ug/1 

Nickel - total, yg/l 

Potassium - total, mg/l 

Silver - total, u 

Sodium - total, n g / l 

Tin - total, ug/1 

Titanium - total, u 

Zinc - total, ug/1 

Oil & Grease, mg/l 

Phenols, ug/1 

Surfactants, ng/l 

Chlorinated hydrocarbons, 
(except pesticides) -

K B s , ug/liter 

Inooming 
Municipal 
Water 

<7 

500 

330 

<30 

7 

200 

<1 
<7 

100 

1.1 

<10.0 

5 

<7 

2 

30 

1,6 
3 

<0.02 

mg/l <1.000 

-

Outfall 
005 

4/4 

20/500 

150/330 

<10/30 

3/7 

50/200 

<!/<! 

-

<10/100 

0.88/1.10 

-

6/10 

7/10 

-

70/75 

2/10 

101/ilO 

0.11/0,15 

1.000/5,000 

4,9/120 

0,04 

0.2 

1.6 

<0,1 

36 

0.5 

<0,004 

-

<0.1 

9,6 

-

66 

0.07 

-

0,76 

21 

1.1 

1.2 

11 

0,05 

Outfall 
006 

-

30/500 

3200/3500 

80/90 

3/7 
120/200 

2/2 

90/99 

10/100 

0,99/1.1 

2.0/2.0 

25/30 

-

3/3 

730/800 • 

3,0/9,0 

168/180 

0,22/0.30 

1.000/1,000 

7/75 

-

0,13 

15 

0.36 

16 • 

0.55 

0,01 

0.41 

0.04 

4.5 

0.009 

117 

0.01 

3,4 

13.7 

0.77 

1,0 

1 4.6 

0,03 
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is tested - at least t h i s is t±e theoretical method of operation since the 

corpany has only two PCB-type t:ransfarmers tn use and neither has ever failed 

the power factor test. Another ocnpany measures the operating temperature of 

the units and makes a visual tnspectJ.on for leaks; tiits ccmpany also claims 

that transformers locatied tn the generatujig facility are inspected daily (visual 

inspection) and that: units located in vaults are checked at least weekly. 

Vlhile most major inspections are carried out annually, the range of time 

intervals between inspections is 6 months to 18 months, with one company saying , 

that they inspect at least onoe every 2 or 3 years, ard anotdier saying that 

substation transformers are inspected weekly. 

These oorrpanies perform no sampling and analysts work 

on their askarel transformers. One conpany has annual inspection of all trans

formers, but only the mineral oil-type units have samples witfidrawn for 

analysis to see if there is deterioration or oontamination. A conpany vAiidi 

used to perform power-factor tests untdl about 8 years ago has since abandoned 

such tests and does not withdraw? askarels for analysis. 

Servicing of transformers is only rarely performed 

in-house. The response of most oonpanies was that servicing of askarel-type 

transformers had yet to be required. One ocnpany did tts own servicing v?) until 

8 or 10 years ago, but since then, because of t h e special handling prcblems 

associated with askarels, such work has been farmed out to G.E. and Westinghouse 

service centers. The general trend seems to be that major servicing is more 

likely to be done at special facilities outside the utility oorpanies while 

minor servicing, such as the repair of small leaks ts taken care of at the 

turansformer site by the utiility. 

More than half of the ccnpanies have not scr^fped 

transformers in the past five years, and most have not scrapped any in the past 

10 years.' One u1J.lity ccnpany has had no transformer failures in 20 years 

(except for a minor leak of less than 1 gallon ten years ago). These ccnpanies 

have no specific disposal methods for such instances. One oonpary said that 

scrap transformers are handled through a local junk ccnpany and that askarel 

disposal is the junk conpany's problem. A ocnpany v*iich says it has scrapped 

no transformers says that when the PCB capacitors fail they are shipped back to 
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the manufacturer; presumably, though it was not stated directly, failed t:rans-

formers wsuld also be returned to their manufacturers. One conpany vMch is 

proud of its disposal practices has disposed of 200 .to 400 gallons of askarel 

. per year since 1970 (most of it acnes fron failed capacitors) ; until this year 

it was all sent to Monsanto for incineration, but starting this year t±iey have 

been sending tt to Sheffield, 111., v*ere it is dunped in a landfill that has 

been approved by EPA for the disposal of radioactive wastes. Ihis ccnpany 

stated that many utility catpanies dump their PCB-related wastes in local 

landfills. 

. . There has been little PCB lost to the enviromvent 

through the safety release valve on the transformers. The consensus response 

was that if t h e valve released there vrould be askarels "all over the place". 

The spokesnan for one utility did not know whether the tiransformers they used 

had safety valves. One corpany said that a transformer vented several years ago 

when a fuse that was supposed to protect the transformer did not protect it. 

Very seldon is a failed transformer scrapped. However, 

scmetimes the repair work needed in a failed unit could be rather extensive and 

very costly. The owner of the unit may request to scrap his unit. If the repair 

shops scrap a transfoimer,'they follow the procedure reccfrnnended by NÊ ft. How

ever, if the owner of the transformer decides to handle the disposal of the unit 

himself, the unit is shipped back to the owner. Disposal is then usually made 

through a local junk deailer. 

3.2.2.2 Repair of Failed Transformers 

In talking with a major transformer manufacturing 

ccnpany vAiich specializes tn the servicing of transformers, it was learned that 

PCBs used by service shops are primarily for refilling the units vAiich have 

failed and have to be repaired, .̂ p̂arently, very few facilities handle their 

own servicing, rfejor service work is almost always handled by repair shops 

while minor service work, such as dianging a gasket, t a prevent a minor leak, 

may be taken care of by the, owner of the transfomer. Addit:tonally, the repair 
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shops often handle askarel oonditioning services. In such a case, the service

man carries the filter press tp the oostcmer's site and performs this service on • 

site. Several gallons of PCBs are used in this service for topping the unit and-

adjusting the level. The procedure for the repair or disposal of failed trans

formers and the handling of the PCB liquid in those t:rcinsformers is suntnarized 

in Figures 3.2.2.2-1 and 3.2.2.2x2. » 

A nunber of potentJ.al sources of environmental oon-

tcminat:ion have been identified, and are discussed in detail in the follcwing 

notes to the figures. 

1) Testing and analysis of PCB transformer fluid has 

been largely disccntinued due to the strict re

quirement's inposed on the disposal of the sanples. 

This change tn procedure may be expected to in

crease the probability of major failures of trans

formers containing PCBs. 

2) Accidental spills of PCiSs from transformers can 

occur due to leaks, venting caused by short 

circuits, or mechanical damage to the transformer 

case. In npst cases, the transformer is con

tained in a vault or ts surrounded by dikes which 

will limit the spill t o a controlled area. Only 

in-the case of railroad transformers would the 

leakage resultiiMf from an accident be expected to 

be uncontrolled. 

3) Transformers vrtiich are scrapped by the o w n e r / u s e r 

may be a serious potentieil source of pollution. 

Those transformers built during' 'the past several 

years are well marked with the hazards of the PCBs * 

which they contain. Disposal of junked trans

formers by electrical repair shops ts go\remed by ' 

a detailed spectficatdon of the National Electrical 
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Manufacturers Association (NEMA). Hcwever, the 

disposal of transfontiers through small locaLl junk 

yards may result in significant pollution because: 

a) The junk yards are not familiar with PCB 

handling procedures. 

b) The older transformars are not marked with 

special instructions. 

c) 90 to 95 peroant of the transformers seen by 

the junk yards would contain mineral oil, and 

the occasional transformer containing PCB 

would be noted only as containing non-flam

mable transfoimer oil. This would not result 

in any special handling of the PCBs. 

d) Disposal of PCBs by open burning in a trash 

inc3tnerator will not ocnpletely destroy the 

PCBs, but will vaporize this material and dis

perse it into the atmosphere. 

This is only a potential problan at this time, as 

uncontrolled scrapping of transformers has not 

been dcx:vrnent:ed. Hcwever, several responses to 

the questionnaire claimed that uncxintxolled 

handling of PCS filled transformers by junk yards 

was thought t̂D have oocurred in the past. 

4) Ponsiderable PCB is shipped in 55 gallon drums to 

repair shcps and users. The residue in each drum 

after it is enptied may cxmtain tp to a pound of 

PCB. EiTpty drums which are recycled to drum re-

clsdming facilit:ies or scrap yeirds vrould introduce 

this relatively small, but significant, amount of 

PCB into an uncontrolled environment. All cJrums 

presently in use have cietatled handling instruct

ions painted on the. drum, and this information 
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should minimize any potentJ.al problems from this 

source. 

5) Filter resicSues and losses are in general treated 

as any other waste containing PCBs and are being 

plaoed tn cJrums and held for controlled disposal. 

6) Scrap PCB is packaged in 55 gallcan drums. The 

NEI^ instructions are very specific as to the re

quired disposal procedures for this iraterial. 

Small repair shops vAiich do not have access to 

oontrolled disposal sites or services have been 

known to mishandle the scrap PCB by cUsposing into 

uncontrolled landfills (note 7) or through oil 

recxjvery services (note 8). 

7) Landfills are a satisfactory disposal method for 

scrap PCB transformer oil if the leach water is 

monitored. In a fe^ cases scrap PCB and PCB con

taminated material is,sent to a municipal cinp, 

8) At least ..one case is suspected where PCB trans

former oil may have been sent to an pil reclaiming 

oorrpany which mixed it with oUier hydrocarbon 

wastes and sold it to a power corpany as fuel. It 

should be noted that the mineral oil used in 90 to 

95 percent of the transformers pr«;:sently in service. 

Problems may result when PCB transformer oils are 

mixed with mineral oils and handled in this manner, 

9) New and conditioned PCB tiransformer oil is 

normally stored tn large surface or underground 

tanks at the repair shop. Leakage may occur fron 
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these tanks into ground waters. No st:andar(3s 

have been established for checking for such losses; 

10) The scrapping of unrepairable transformers ts 

covered by the NEMA standard (ANSI 0.07,1-1974). 

This standard requires that the transformer be 

drained and then flushed with solvent to remove 

PCB resicJues before the metal values are reclaimed. 

Possible sources of cnntamination would be 

incxxtplete flushing and the mixture of used 

solvent with hydroccobcai rather than with PCB 

residues. This is cxinsidered unlikely in the 

major transformer repair shops. 

3.2.2.3 PCB Usage in the Transformer Repair Industry 

The PCB usage figures for the transfonner manufacturing 

and repair industries are sunmartzed below. 

PCBs Use, lbs 

1st half-
1971 • . 1972 .... 1973 . 1974 . . . . 1975 

New PCBs used t o repair 

transfoCTErs . 590,000 580,000 440,000 780,000 480,000 

P(ZB reclaimed and reused 

in repai r of transformers 2,000 64>000 160,000. 110,000 78,000 

PCB shipped t o user t o ' 

replaoa t ransfomer losses 3,000 3,000 4,000 2,000 2,000 

.PCB disposed in t r ans - ' 

fojaner repair 570,000* 

PCB used in transformer 

manufacturing 11,000,000 

Total PCB in service in 

transformers 270,000,000 

* This figure may include PCBs contaminated wastes as well as PCB. 
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3.2.2.4 Transformer Service Life 

There have been relatively few failures of PCB filled 

transformers, and statistically significant data ts not available to support 

service life estdmates. (General estimates by transformer manufac±urers indicate 

the follcwing expec±ed service life of this equipment: 

Service life of substation 

transf onrers 40-t- years 

Service life of power trans

formers, including those on 

, railroad loaarotives 30 years 

Transformers exhibit a small but significant infant 

mortality rate (failure within the first year of service). Overall transformer 

failure rate estimates are in the range of 0.2 percent per year. 

3.2.2.5 Usage rate of PCBs in Transformer Repair 

The total PCB used tn 1974 tn the repair of trans

formers was approximately 0.3 percent of the estimated total PCBs in servtcie in 

transformers. This figure is oonsistent v i t h the estimated failure rate of 

0.2 percent per year for in-service transformers.. 

The usage of PCB in the transformer repair industry 

is approximately 7 percent of that of the transformer manufacturing industry. 

3.3 Investment (lasting 

The investment casting industry procJuoes precision-cast metal parts 

and shapes for the aircraft and other machinery manufacrturing industries. 

Approximately 25 of the 135 investment casting foundries in the United States 

currently use PCB filled waxes, tn t±ie manufacrture of metal castings. The PCB 

incorporated in the waxes is caecachlorcbiphenyl (deJca). The ranaining foundries 

use either poly(±lorinated terphenyl (PCT) filled waxes or unfilled waxes. This 

section presents a review of the xisage of deka filled waxes in the industry, in-

cluding available information on use history, prooess technology, and potential 
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PCB-bearing waste streams. Currently available inforrtation on PCTs usage tn 

the industry is also included. 

3.3.1 Background 

There are currently 135 investment casting (IC) fcxtndries and 

five investment casting wax manufacturing plants tn the United States. The IC 

industry had its start in the United States cduring World War II when urgent 

demands for arms and aircraft parts required more efficient methods of pro-

(iicing finished, precision parts than standard machining techniques offered. 

During the war the wsixes used by IC foundries consisted of a blend of camauba 

wax, beeswax, paraffin, and rosins. However, over the last decade wax 

formulations have evolved,which oonsist of • a variety of polymeric ccmpounds and 

other fillers such as c3ecachlorobiphenyl and PCTs.- By reducing the wax content 

throLsgh low-shrinkage fillers (such as PCBs and PCTs) volumetric shrinkage of 

the oeramic mold is oontrolled. This allows the prcxiuctibn of metal castings 

with smaller dimensional tolerancses than were available with the ori.ginal un

filled waxes. 

The major wax manufacturing conpanies are: 

. 1 . Yates Manufacturing,Ccnpany, Inc. 

2. M. Argueso and (jorpany. Inc. 

3. Freeman Manufacturing Qaipany 

4. J. F. McGoiighlin Company 

Ihe Yates Manufacturing Ocnpany, Chicago, 111., is the sole kncwn U.S. supplier 

of deka waxes. The decachlorobiphenyl content is 30 perc:ent of the toted, wax 

by weight (Solcmon, P., Yates Manufacturing) . Yates currently inports deka fron 

Caffaro S.P.A., Italy, at a rate of 300,000 to 500,000 lbs. per year, which 

ciorresponcis to the manufacture of between 1 and 1.5 million pounds of deka wax, 

annually. At a cost of $0.70 per pound, (Lewis, W.H., Signicast Corp.) the 

annual. volume of sales of caeka wax should be in the range of $700,000 to 

$1 million per year. 

• All the wax manufacturers listed previously are believed to 

use imported PCTs as pattem wax fillers. Since the general properties of the 

deka and PCTs are similar, it is believed that the wax produc±ion and use 
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processes are similar also. c:ontac±s with industry indicate that the volume 

of PCTs tn wax is probably about the same as or greater than that of deka PCBs. 

Monsanto was the leading (and probably only) U.S. producer of PCTs prior to 

their voluntary cessation of production in 1972, Domsstic producrtion of PCIs 

by Mcjnsanto through 1972 was as follows: 

Year Million of Pounds Aroclor 5460 

1968 8.87 

, 1969 11,60 

1970 17.77 

1971 20.21 

1972 8.13 

It is believed that a relatively small fraction of this pro

ducticn was used in casting waxes, probably on the order of a million or so 

pounds per year. Aroclor 5460 (Monsanto's txade name for their. 60-perc:ent-

chlorine PCTs) was used primarily in adhesives, lubricants and paper cxjatings. 

The current sourcs of inported PCTs is believed to be Procaelec 

(France) , which markets the material as ElecArophenyl T-60 (60 percent chlorine) , 

whidh, it should also be noted, nay ccntain PCB contaminants. ' 

In summary, the investment casting prooess, vhich is described 

more thoroughly tn Secrtions 3.3.2,1 and 3.3.2.2, is a lc5St-wax casting prooess 

tn which the shape to be cast is molded frcm wax and then invested or surrounded 

by a slurry of refractory c»ramic. After the oeramic mold has harc3ened to an 

appropriate strength, the wax is melted or burned out leaving a nolcSed cavitiy. 

Molten metal is then jjoured into the cavity, and oooled to form the casting. 

The major Icasses of the virgin and used waxes occur during the 

dewaxing of the ceramic mold. As the oeramic mold is heated to remove the wax, 

a small portion of the wax diffuses into pores of the mold. later, the mold 

with the trapped waxes is fired in a furnace to set the mold and remove the wax. 

Depending on furnace ocnditions, the decacdilorobiphenyl in the wax may be 

burned or released to the atmosphere. At least severed percent of t h a t used 

is believed to be emitted via this route. 
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It is ci normal practice by many foundries to recover the ̂  

drained pattem wax and reuse it. several times in sprues and gates. Purchased 

wax is apparently used an average of 2.5 times. During the dewaxing process 

the virgin wax (used to form the pattem) and the old wax (used to form the 

gates and sprues) are collected as one mixture. Little of the wax is destroyed 

in the process; therefore, it is cxxisidered prciable that the investment 

casting foundries store a r dispose of relatively large amounts of used PCB-

cxinlaining wax. 
3.3.2 Investment Casting Technologies 

3.3.2.1 Principles of Investment Casting 

The principles of investment casting are the same for 

both the solid mold and shell processes, but the method of forming the ceramic 

mold cJiffers scxnewhat between the two. Both recjuire a pattem, gating to a 

central sprue, removal of the pattem by netting, pouring netal into the cavity 

left by the melted pattem, removal of mold material fron the cast cluster, and 

cutting of castings frcm the spme. 

The investment shell prooess ts depicted in Figure 

3.3.2.1-1, 

The Pattem: The process begins with produc±ion of 

a cane piec» heat-disposable pattem. This pattem ts usually made by injecting 

wax or plastic into a metal die. Dies range fron striple, hard-operated single-

cavity txjols to fully automated multi-cavity c3evices, depending on production 

cjuantities and ocrplextty of the parts to be cast. 

A heat-(3isposable pattem is retjuired for each unit 

being cast. Each pattiem has the exact geometry of the recjuired finished part, 

but they are macfle slightly larger tn order to cxstpehsate for volumetirtc shrink

age ciuring the pattern production stage and cdmring solidification of the metal 

in the mold. 

. The pattem carries one or more gates vhich are 

usueilly located at the heaviest casting secrtion. The gate hcis three funcrttons: 
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(1) To attach patterns to the centrally-located 

sprue or runner, thus forming a tree-shaped 

cluster; 

(2) To provide a passage for the draining of 

pattem wax once the mold is sufficiently 

hardened and has been heated; and 

(3) To guide molten metal entering the nold 

cavity in the pouring operation. 

Clustering: Patterns are fastened by the gate to one . 

or more runners. The runners are attached to a pouring cup. All of these parts 

are usually made of wax. Pattiems, runners axvd pouring c a p cxnprise the cluster 

or tree upon vhich the oeramic mold is formed. The number of runners and their 

arranganent on the pouring c:up may vary oonsiderably,' dependtr*g on alloy type 

and the size and oonfiguraticjn of the casting. 

Molding; Up to the poirit of forming the ceramic 

mold, all foundries operate in essentially the same manner. After assenbling 

the pattem to a tree, hcwever, they inay form the mold by either the investment 

flask pro<3ess or the investment shall process. 

Solid Mold or Investment Flask Process: There are 

t w o investment flask techniques, depending on the type of alloy to be poured. 

Ferrous alloys require hii^ly refractory matierials and binders. ' The entire 

cluster is dipped into a ceramic slurry, drained and stuccoed vd.th fine c^eramic 

sand. This step is usually repeated after the first coating has dried. This 

coated dustier is then placed in an c^pen-end metcil can (the flask) vAucdi is 

filled with a coarse slurry of ceramic backvp material (investment) .• The in

vestment hardens to cxxtprise a green mold. When the flask with its cx3ntent:s are 

placed into an autcjclave, the whole cluster (consisting of wax patterns, runners 

and sprues) nvsltis and runs out t:hrbugh the pouring c a p . The resulting mono

lithic mold cxjntains cavities of the desired casting shape, with passages lead

ing to them. 

Nonferrous alloys are cast in c»ramic molds bonded 

with plaster of parts. The entire tree (heat-disposable patterns, gates, 

runners, ard pouring c:up) is plaoed in an open-end metal flask without a first 
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csramic coating. Investment slurry is poured into the flask, ocnpletely sur

rounding the cluster. Before the binder sets up, the flask is placed uncSer 

vacuun t o remove all air entrapped during mixing of the investment. When the 

investment beocmes hard, patterns are melted out exactly as in ferrous casting. 

"Ihe Investment Shell Prooess: This t:echnique, as 

described in Figure 3.3.2.1-1, involves (3ipptng the entire cluster into a 

ceramic slurry, draining it, then coating it with fine oeramic sand. Aftier 

drying, the process is repeated several times, using progressively coarser 

grades of cseramic material, until a self-supporting shell has been formed. 

The thickness of the shell is usually between 3/16 and 5/8 inch. 

The coated cluster is then plaoed tn a steam auto

clave where the wax melts and runs out through the gates, runners, and pouring 

cup. The resulting ceramic shell contains cavities of the cSesired casting 

shape, with passages leading to than. 

Casting: Monolithic shell molds and solid molds must 

be fired to bum out the last traces of pattem material ard to attain a degree 

of permeability before the moicSs can' be filled with metal. In the case of 

solid molcis, this heating has to proceed slowly, in a oontrolled cycle which 

stiretches over 12 to 18 hours, bo avoid cracking of the mold. ' The shell molds, 

made of ceramic material with an ext:remely low coefficient of expansion, can, 

be plaoed imnediately into a hot furnace. Because the shell molds have 

relatively thin walls, they can be fired and ready to pour after only a few 

hours in t h e fumacss, i 

The hot molds may rely on gravity alone to carry the. 

molten metal into the intricacies of the mold, as ts oomron tn sand casting, 

or the prooess may vse vacuum, pressure and/or centrifugal force tn order to 

faithfully reproduce intricate c3etails of the wax patterns. 

Melting ecjutpment erployed cSepends on t:he alloy. For 

nonferrous alloys, gas fired or elec±ric crucible fumaoes are usually used. 

For ferrous alloys, high frequency induction furnaces and indirect arc furr^ces 

are ccnmon. 
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cleaning; After oooling, mold materials are removed 

frcm the casting clust:er with vibrating ecjutpment. Individual castings are 

usually removed fron the cluster by means of cut-off wheels, and any remaining 

protrusions left by gates or runners are removed by belt-grinding. Generally, 

castings are sand blasted for smooth finish, then they are ready for such 

secondary operations as heat treating, straightiening and machining. 

Reclaiming of Pattem Waxes: The present cost of 

virgin pattem wax is approximately $.79/lb. In the future, tt may be more 

economical to reclautm wax for use as pattem waxes, in addition to its present 

use in gates and runners. Furthermore, through a precipitation method, it is 

possible to remove fillers, including PCBs, from used wax tn order to pr^are 

unfilled wax. 

Inprovement of Investment Casting Prcxresses: Several 

inprovements in the investment casting technicjues and procecSures have been 

suggested by TRW Metals in Minerva, Ohio, which developed them through a two-

year Air Force contract (AEML-TR-74-237). The areas of inprovement were in wax 

pattem formation, mold production processes and metal pouring. 

Wax pattem formaticn technicjues were inproved 

through stmiiltaneoixs multiple injections of the gates and runners. The usual 

procedure requires separate steps. • 

Two suggestions for iitprovements were made for. the 

mold production prooess; (1) elimination of the drying c:ycle between slurry 

dipping and sand cxaating, and (2) the use of micrcwave c3vens to melt pattem 

wax out of the ceramic mold or shell. 

The use of micrcwave dewaxers would have the ad

vantage of reducing wax emissions in flue gas and (3rain condensates of auto

clave ovens. Hc3wever, microwave cfewaxing may not eliminate wax losses 

cxxnirring ciuring mold firing as a result of wax trapped in the pores and 

cavities of t h e oeramic mold. 

3.3.2.2 Foundry Procsss - Use of PCT and PCB Filled Waxes 

A flow chart which typifies the use of PCBs and PC:rs 

in investment casting is presented in Figvire 3.3.2.2-1. PCB filled waxes are 
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purchased from wax manufacH:urers in bulk cjuantities of 10,000 or more pounds, 

sealed in plastic bags ard contained in boxes for. shipment, Ihe received 

pattem wax is stored in a stcxfaoom at the foundry until melted for the 

producticn of wax patterns. Onc« melted, tte wax ts injected into a pattem 

die vhere the vrax is allowed to solidify. The pattem die is then disassembled 

and the wax pattem removed. Several wax patterns are produced before forming 

the tree. The formation of the tree entails attaching the individual wax 

patterns bo the .sprues and gates, and after the trees are assenbled, the sprues 

are ocated with a dip-seal wax to fill the voids on the rough sprue surfaces. 

The next step in the process is the formation of the 

C3eramic mold. This is acccnplished by dip-cxating the wax trees in a ceramic 

slurry and a fluidized bed of silica, and air drying of the coated tree. This 

process is repeated several times before the wax ts melted out of the mold. 

Dewaxing is acccnplished by one of three technicjues: 

steam autociave-,.micrcwave oven, or flash firing tn a mold fumac:e. Most 

foundries apparently use. the autoclave technicjue, which involves subjec:ting the 

oeramic coated 1:rees to steam until the wax within the mold is melted out, 

leaving the cjeramic shell. The melted wax is either disposed of or reclaimed 

for use as sprues and gate wax. The new micrcwave technicjue involves heating . 

the molcas with micrcwave energy. Micrcwave units of 5- and 10-kilowatt output 

are cxnmercially available for this application. The third technicjue of flash 

firing carbines dewaxing and mold firing in ane step. The ceramic coated wax 

trees are plac:ed in a furnace where all the wax is removed from the tree by 

flash firing. Most of the vrax is vaporized and leaves the furnace with the 

stack gases. It is not known how many facilities use flash firing. 

If the foundry cSewaxes the trees using autoclave or 

microwave techricjues, the dewaxed oeramic molds must be fired tn the mold 

furnace to stirengthen the caramic and to remove wax residues. The c:eramic 

molds are raised to tenperatures of between 1900 and 2000 F for approximately 

two hours. The vaporized wax residues leave the furnace with the stack gases. 

Ihe foundries claim that only 1 to 2 percent of the wax remains tn the molds 

before mold firing. This estimate of trapped or wall absorbed wax appears tc 

be low for two reasons: 
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(1) The porosity of the oeramic mold can be 

as high as 30 percent, and ; 

(2) Trapped waxes in the cavities of the pattem 

vary in amount, depending on t±e pattern's 

geometric configuration. 

After firing, the caramics are ready for metal pcxiring. 

The steps involved in pouring, and the s\±isecjuent recovery of the castings are 

evic3ent in Figure 3.3.2.2-1, starting with metal pouring. 

The high cost of pattem wax has stinulated foundries 

to reclaim used wax. For example, the PCB filled waxes sell for ajproximately 

70 cents per pound. The average weight ratio between pattem wax and wax in 

sprues and gates is about 40:60. Therefore, reclaiming of used wax, especially 

for use in sprues and gates, ahs beccme a very inportant part of the foundry 

process. 

Reclaiming involves placing the used wax tn open 

kettles or tanks and heating it above t h e boiling point of water until all the 

water (frcm the steam autoclave) is eliminated. After dewatering, the re

claimed wax is reccnstituted by adding paraffin ard other additives until 

cartain melting-point specifications are met. It ts claimed that wax fillers 

are not added to adjust the filler content (Wurster, W., Consolidated Casting 

Corp.). 

For those foundries vhich practice wax reclomatidh on 

their used wax, it is estimated that 5 to 10 percent of the wax is deliberately 

disposed of. The major source of the discarded wax is probably t h e eSregs from 

the cJewatering kettles, 

3.3.2.3 Waste Streams 

Idealized waste streams (containing PCBs and PCTs) 

leaving an investment casting foundry are shewn in Figirre 3.3.2.3-1. The 

broken lines within the process box in Figure 3,3.2,3-1 indicate potentieil PCB 

and PCT escape routes via air emissions frcm the foundry unit processes. The 

solid lines between the processes indicate the production routes of the waxes. 
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The solid lines at the tcp of the figure indicate the two general ambient air 

escape routes, namely the stack gas from the mold firing furnace and the 

foundry exhaust air system. The two solid lines leavmg the foundry (at the 

bottom of the figure) represent PCB and PCT escape routes: solid waste, which 

ts usually sent to landfills, and raw sewage, vhich goes to municipal sewage 

treatment in most cases. The broken line outside the facility (at the txp of 

the figure) indicates the possibility for inadvertent recycling of escaped PCBs 

or PCTs in stack gas or foundry air exhaust back into the foundry facility. 

PCB-PCT-containing vraxes enter the foundry as pattem 

wax packaged tn plastic lined boxes vAich are stored until needed tn the 

casting process. During mold production, vhen t±ie wax is melted and injected 

into metal dies, wax fumes may escape. The type of dewaxing method arplqyed 

by the foundries has a direct effect on the anount and mode of PCB or PCT loss 

to the environment, not only during dewaxing but also during prooess steps that 

follcw. For exanple, the use of a steam autoclave, in addition to its own 

potential anission of PCBs or OCTs, also iirparts moisture to the wax, and this 

water must be removed before the wax can be reused. Dewatering by evaporation 

at high toiperature also likely cxjntrtbutes to air emissions. Flash firing, 

vhich ocmbines mold firing and dewaxing into one step, probably emits htgh 

levels of. PCBs or PCTs, and so far as is known, emission caontrols are not used. 

Solid wastes can include unreclaimed used wax, excess 

rec].aimed wax, bottcms frcm reclamations, and wastes f ron spills, ecjutpment 

cleanout, etc. Although procass water does not appear to be used, seme plants 

may use cooling water. The steam autoclave appears to be a source of water 

vapor only, 

3.3.3 Wax Manufac:turing 

To dat:e, very little ts kncwn about the wax manufacturing 

procass. However, it is kncwn that in the prooess PCB or PCT conpounds are 

adc3ed in pcwdered form to the. wax base. Rec3uc±ioh of PCB or PCT particle size 

prior to mixing may be ciesired. Losses of dust to the envircnment by air 

routes fron both size reducticn and mixing operations would be expected. 
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3.3.4 Reconmendations: 

The information presented herein represents the c:urrent 

knowledge of ciecachlorcbiphenyl and polychlorinated terphenyls usage as wax 

fillers in the investment casting industry. This knowledge should be u s ^ as 

a basis for the development of an accurate assessment of the inportance of PCB 

and PCT wasta frcm the industry, and of the.adecjuacy of available substitutes. 

Significant information gatheriiig efforts would b e recjuired to establish a 

conplete picture of the practicas, processes and prociuct of the investment 

casting foundries and wax manufacturers. Definition of the waste streams and 

emissions from the. processes used would recjuire sanpling and analysis efforts 

tn addition to the gathering of available prcxsss ciata ard other inf ormation 

from the tnc3ustry. The objectives of such a plan would necessarily include 

the follcwing: 

(1) Verification of the magnitude of PCB and PCT wax 

filler prcsducTtion and use; . 

(2) Development of detailed prooess descriptions, 

including waste streams, leading tp a cxnplete 

mass balance" for the production and use prcxasses 

(including significant variations); 

. (3) Deftniticn of quantities and ooncentraticans of 

waste strean^, including waste form, abatement 

, • technicjues, and ultimate disposal methods; and 

(4) Evaluation of all reasonable alternatives to the 

use of PCBs and PCTs in casting. ' 

A study plan to aocxnplish the above objectives was developed for OTS under 

Task III of this program (Contract 68-01-3259). 

3.4 S e a o n d a r y Fiber Recovery (Paper Recycling) 

The seoordary fiber recovery industry ccnvertrs wastepaper frcm 

industrial, conmercial, and municipal sources into reusable pulp, which is :.: -

subsecjuently used to procSuca paper products, either as is or blended with 

virgin pulp. In the United States, there are approximately 230 paper mills 
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which produca pulp cxjnpletely cJerived frcm wastepaper and 550 mills vAiose 

generated pulp contains secondary fiber (typically 10 to 15 percent). 

Wastepaper stands third behind pulpwood and wastes fron other forest 

prcduc±s as a source of paper pulp in the United States. In 1974, fiber re

covery mills removed almost .13 million tons of wastepaper fron the nation's 

solid waste streams. 

The effluent discharges frcm seme of the secondary fiber mills has 

been documented by Kleinert to cxantain Aroclor 1242,' ' an apparent incidental 

PCB csantaminant occurring in the pulp producticn prccess. Table 3.4-1 shows 

the PCB (as Aroclor 1242) cxinoentrations and discharge rates for some paper 

recovery within the State of Wisconsin. These c3ata were c»llec:ted tn 1975 by 

the Wisconsin Department of Natural Resourcas in an effort to survey PCB dis

charges. 

The follcwing subsections present a review of the historical usage of 

Aroclor 1242 in carbcnless cx>py paper production and a brief ciescription of a 

sec3ondary fiber .recovery, process. 

3.4,1 Historical Use of PCBs in the Paper Industry 

Aroclor 1242 (vhich appears to be the predominant PCB fouxd in 

mill effluents) was used in the manufac±ure of carbonless copy paper sold by 

the ̂ pleton Paper Division of 1±ie NCR Corporation diuring the period 1957 to 

1971, Tables 3.4.1-1 t±ux)ugh 3.4.1-3 provicSe data indicating: (1) The magni

tude of Aroclor 1242 ccnsunption in the manufac±ure of NCR carbonless paper; 

(2) Production cjuantities of NCR carbonless paper; and (3) The weight percant 

of Aroclor 1242 in carbonless paper. 

Frcm these tables, several significant facts are derived aon-

cariing the magnitude of PCB use in the nanufacture of carbonless paper proc3uc±s. 

Seme of these fac±s are: 

(1) ^proximately 44 million pounds of Arociar 1242 

were purchased (frcm .Monsanto) for the manufacture 

of NCR carbcnless paper; 
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TABLE 3 . 4 - 1 

PCB OGNCEOTRATiaJS IN WISGENSIN PAPER PLANT. EFFLUENTS 

Plant 
No. of 

Detarminations 

Average PCB PCB 
OonCentration Discharged', Aroclor 

(ppb) lbs,/day Type 

Badger Paper Mills 

Scntt Paper 

Marine1:te 

Occxito Fal l s 

Shawano P ^ a r 

John Strange Paper 

BergstrcOT Paper 

Kimberly Clark 

Thilmany Paper 

Port Hcward Paper 

Mill Effluent 

Deinking 

Deinking & Mill Effluent 

Anerican Can 

Sulfite Sewer 

Paper Mill Lagoon 

Charmin P^ar 

Green Bay Packaging 

<.l 

1 

1 

1 

1 

4 

1 

2 

1 

1 

3 

1 

1 • . 

1 

1 

, • • < , 1 

<.l 

<.l 
4,00 ' 

28.40 • 

0.28 

<-̂ . 

2.60 

6.40 

7.07 ' 

,.0.10 

' 0.14 

. 0.14 • 

. 0.45 

- -

. - r . - • 

• -

.037 

1,25 

.010 

-

0.158 

0.586 

- 1.060 

0.002 

.012 

.019 . 

0.006 

1242 

1242 

1242 

1242 

1242 

1242 

1242 

1242, 

1242 

1242 

Note: Effluent flow data for these cxnpanies was determined at time of PCB 
sampling. 
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TABLE 3 , 4 . 1 - 1 

HISTOKf OF ARDOJOR 1242 OCNSUMPTICN 
IN THE MANUFACTURE OF NCR CARBCNLESS PAPER 

FOR THE YEARS 1957 THRDUGH 1971^"'-^ 

"iEAR (THOUSANDS OF POUNDS) 

1957 587 

1958 779 

1959 1019 

1960 1149 

1961 1643 

1962 1953 

1963 2281 

1964 2705 

1965 3489 

1966 4246 

1967 4355 

1968 5801 

1969 6278 

1970 6611 

1971 1266 

TOTAL - 1957 through 1971 44162 

Note; Fran cSata cx3mptled and repor ted by Appleton Papers Div i s ion , 
NCR Corpora t ion . 
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TABLE 3.4.1-2 

HISTORY OF NCR CARBONLESS PAPER PRODUCTICN 
FOR THE- YEARS 1957 THRDUGH 1971 

ESTIMATED NCR CARBCNLESS 
YEAR PAPER PRODUCriOJ - TONS 

1957 10010 

1958 13264 • 

1959 17434 

1960 '20703 

1961 , 25504 

1962 29708 

1963 34583 

1964 . • 41762 

1965 ' 51855 

1966 60594 

1967 69512 

1968 83250 

1969 87336 

1970 91576 

1971 88977 

TOTAL, 1957 through 1970 726068 

Note: Total excludes 1971 because use of Aroclor 1242 was 
dlsoontinued in May, 1971 but estimated procijction 
of NCR carbcsnless paper t s for fu l l year. 
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TABLE 3.4.1-3 

RATIO OF AROCLOR 1242 OCNSUMPTICN POR CARBONLESS 
TO NCR CARBCNLESS ESTIMATED PRODUCTICN 

Year 

(A) 
Aroclor 1242 
Consunption ,,. 

Thousands of Pounds 

(B) 
NZR Carbonless 

Estimated Production 
Thoiisands of Pounds 

20020 

26528 

34868 

41406 

51008 

59416 

69166 ' 

83524 

103710 

.121188 

139024 

. 166500 

174672 

183152 

177954 

PCB Oontent 

^ X X O O 

2.9 

2.9 

2,9 

2,8 

3,2 

3,3 

3.3 

3.2 

3.4 

3.5 

3.1 

3.5 

3.6 

3.6 

-

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

1965 

1966 

1967 

1968 

1969 

1970 

1971 

TOTAL^^^ 1957 
thru 1970 

587 

779 

1019 

1149 

1643 

1953 

2281 

2705 

3489 

4246 

4355 

5801 

6278 

6611 

1266 

42896 1274182 Avg. 3.4% 

Notes :'-̂^ Fran data conpiled and reported by ̂ ^leton Papers Divisicn, 
NCR Corporation. 

(2) Ttotal excludes 1971 because use of Arcx:lor 1242 was disoonttnued 
in May, 1971 but estimated production of NCR carbonless paper is 
for full year. 
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'(2) The average.weight percent of Aroclor 1242 in 

carbonless paper was 3.4 percent; 

(3) Of this total PCBs sold "in the Uhited States 

during 1957-1971, 6.3 percent were sold for the 

NCR carbonless paper application; aru3 

(4) 28 percent of the total Aroclor 1242 sold by 

Monsanto for plasticizer applications was 

purchased for the manufacture of NCR carbonless 

paper. 

"Although NCR developed and sold the product, the actual manu

facturing step whereby Aroclor 1242 was incorporated into the paper was per

formed by the .'lead Corporaticjn of Dayton, Ohio, who exclusively supplied 

carbonless paper to NCR. NCR, in turn, either used the supplied paper to manu

facture ledger (business) forms or sold and distributed the- carbonless paper 

txi cather form manufacturers. Aroclor 1242 is reported to.be the only Arcsclor 

type used in the prcduction of carbonless p^ier. Specifically, Arocior 1242 

was used as a solvent for cartain. c»lor reactant:s which were encapsulated into 

microspheres 10-20 microns in diaineter and applied to one;side of the paper 

during the coating process. The walls of the microspheres consisted of a 

gelatin-gum arcbic formulation which was hardened by treatment with an 

alc3ehyde (such as formaldehycie). Since 1971, alkyl biphenyl cxsipounds have been 

used tn place of Aroclor 1242 as the dye carrier, • 

Very little is .known about other uses of PCBs tn the paper 

industry. Past usage of PCBs tn paper coatings and adhesives appears liJcely, 

althoxjgh t h e quantities used could not have been near the nagnituc^e. of PCB 

usage in the carbonless copy paper. Almost certainly PCBs were used in some 

of the inks, and possibly paper oolorants, which can also be expected to ocxxur 

in wastepaper. According to Monsanto, the favored Aroclor type used tn inks 

was 1254, which contains mcjst of the same iscmers as 1242 but at different 

relative ooncentrations. 
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In addition, PCBs can enter the pulping process through..ccn-

tamination of intake vrater and in virgin pulp. Little is kncfwn about the 

magnituc3e of any of these sources, or even hew much carbonless cxpy p^ar 

oontaining PCBs remains in files, etc. to enter the paper recyciing processes 

tn the future. 

3.4.2 Fiber Itecavery Mill Prooess 

The follcwing is a generalized c3escription of the mill process 

for recovering paper fiber. Portions of this c3escription vras provicied by the 

Bergstrcm Paper Conpany in Neenah, Wisconsin. Figure 3.4.2-1 depicts the 

general process, up to the paper making section, in block form. 

The fiber recovery process is a purification procass vherein 

fibrous materials are cSeinked and separated fron ncsn-fibrous materials through 

cnntrolled cleaning and mechanical treatment, followed by washing and ciLeaning. 

The calor ts next removed fron the pulp by a multi-stage bleacihing system 

acccnpanied by intermittent vrashing and cantirifugal ciewatering. 

Pulping and DeinJcing: The fiber regeneration proc3̂ ss starts 

vdth feec3er cra*s loading the sorted paper caito a belt oonveycjr. The oonveyor 

feeds a b/dropulper, where wastepaper is pulped and cSeinked thiough the action 

of hot water, steam, caustic soda, and deinking chemicals. The breaking down 

of the paper stock is acxmpltshed through a cxxtbination of mechanical and 

chstdcal treatment. At this point, larger metallic objecrts and other non-

paper materials mixed with the wastepaper are collected into traps at the 

bottcm of the pulper. The pulped stock leaves the hydropulper via extrusion 

through perforated plates, and goes to blending chests for aciditional retention 

time and citation. From the blending chests the stock passes over a vacuum 

filter which is used for heat and chemical recovery. Much.of t h e filtratie is 

recycled to the hydropulper; excess filtrate goes to treatment. The stuxk ts 

then diluted and sent to cantrtfflers vihere small metallic particJ.es such as 

piiis and staples are removed. 
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Pulpwashtng; Accepted stock fron the cehtarifflers goes pn to 

the washing stage. Stcxdc washing is acccnplished in a four-stage counter-flew 

washing system. The first stage canststs of cylinder vrashing, the second and 

third stages consist of sidehtll washers, and the fourth stage is another 

cylinder washer. The cleanest water ts used for dilution at the fourth stage, 

and the filtrate ts fed to the preceding stage, finally reaching the first 

stage from which the filtrate is discharged for waste treatnent. 

Bleaching; Following washing, the stock goes to a three-stage 

bleachery. At the first stage the stxick' is chlorinated by sodium hypochlorite 

solution in a tower. After chlorination, the stock is washed on a vacuum 

filter. In the next stage the stock is treated with caustic soda and scxium 

hypochlorite. After retention in a second tcwer the stcxdc is diluted and again 

washed on a vacuum filter. It ts then treated again with scxHum hypochlorite 

in a third tcwer. 

Screening and Cleaning: Aftar retention in the third tcver, 

the bleached st:cx;k is dtlutad for the next cleaning prccess, which is a three-

stage pressure screen system. Accapted stock frcm the first stage pressure 

screen goes to a five-stage cantrifugal cleaner system for removal of small-

sized heavy cantsminants, Followirig this, the pulp is sent to a four-stage 

system of centrifugal cleaners for resvmal of lightweight cxsntaminants. 

After the cleaning, the stock goes to a final washing stage 

and is then dewatered (thickened) and stored in high cSensity towers for paper 

making. 

Flow Rates and Oonpositicm of Discharges: At.Bergstrcm the 

separate waterbome discharges fron the paper and t h e paper making prcxass are 

cxmbined with other facility waste streams and directed to a cantral waste 

treatnnent system. Only the effluent from the primary' clarifier of the waste 

treat3Tient system is discharged to the environment. The average effluent flow 

rate for Bergst:rcni during 1975 was 3.9 nallion gallons per cflay. This volume 

rate is broken down as follows: 
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Volume Rate to Wasta Treatment 
Process Million Gallons/Day . . 

.Deinking 2^5 

Paper Making , .. .9 

Water Plant .3 

Disposal Plant and Miscellaneous • .2 

Table ,3.4.2-1 is a tabulation supplied by Bergstrcm of the 

1974 averages for various parameters in their raw water source and waste 

clarifier effluent. The average Aroclor 1242 cancentration in the effluent.was 

reported to be less than 8 ppb. 

. Recxmmendation (Paper Recycling) : The information presented 

herein with regard to PCBs in paper recycling procasses is based on a very 

limited study effort on the secandary fiber recovery industry; It is recxm-

menc3ed that a more detailed study be performed of PCBs involvement in this-

industry. Inportant aspects vhich should be ac3dressed inclucSe: 

(1) Definition of paper recycling processes and the 

PCBs matarial balance tJierein (PCBs input versus' 

PCBs cantent tn effluent and prcxiuct); 

(2) Definition of past PCBs usage in paper and routes 

into recycled paper; . 

(3) Developiant of present distribution of PCBs 

originally used in paper; 

(4) Determination of applicable effluent treatment 

methodology and asscx:tated cost estimates; and 

(5) Projecting future contribution of PCBs to the 

environment fron this industry. 
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, TABLE 3 . 4 . 2 - 1 
OCMPOSITICN CF RSW WKTER MTO CLARIFIER EFFLUINT (1974 DRTA) 

(Bergstron Paper C3o.) 

Aldr in , ug/1 

Jnnonia Nitrogen, itigA 

Arseiuc, vq/l 
Barium, ug /1 

Beryll ium, wgA 

Boron, "Ug/l 

CaiW.'ijTi, y g / l 

Chloride, n g / l 

ttlorine, mg/l 

Chrcndum, p g / l 

O i a l t , y g / l 

Outtier, y g / l 

Cyanide, n g A 

n i e l d r i n , y g / l ' 

Jtecal Ooliform Ctount/lOO ml 

F luor ide , mg/l 

Heptachlor, y g / l 

Lead, y g / l 

Manganese, y g / l 

Mercury, y g / l 

Nickel , y g / l 

N i t r a t e Ni t rogen, n g / l 

N i t r i t e Ni t rogen, mg/l 

Kjeldahl Ni t rogen, rag/1 

O i l s , F a t s , Grease, mg/l 

Phenol, y g / l 

Phosphorus, n g / l 

PCBS, y g / l 

Selenium, y g / l 

Su l f a t e , n g / l 

Su l f ide , n g / l 

S u l f i t e , n g / l 

Suspervaed So l ids , n g A 

Tha l l i un , y g / l 

Zinc, y g A 

BCfflj, mgA 

Raw Water 

<0.1 

0.32 

<8 

14 

<0 .3 . 

33 
<16 

10 

<0.5 

<4 

<14 

<5 

<0,005 

<0,03 

4 

0.46 

<0.07. 

<42 

10 

0-7 

<33 

0.29 

<0.005 

,0.82 

<1 

4 

0,11 

• C O , 5 

<8 

45 

<0.05 

<2 

<1 

<1 

67 

1,1 

a a r i f i e r Eff luent 

<0.4 

1.72 

<8 

140 

<5 

235 

<16 

482 

<0.5 

26 

.14 

•78 

0.12 

<0.03 

. <10 

0.48 

<0.5 

85 

50 • • 

0.5 

<33 

1.32 

0.43 

19.0 

26.4 

26 

0.57 

8.0 (1242) 

<8 

• 74 

<0.05 

<2 

465 

<25 

420 

665 
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3.5 Industrial Use of PCBs as Hydraulic and Heat Transfer Fluids 

3.5.1 Genercil 

. The use of PCBs in hydraulic and heat .transfer systems 

increased rapidly during the 1950s and 1960s until, in 1970, the maximum sales 

by Monsanto for these uses, plus lubricants, were about 11.3 million pounds, or over 

15 percent of the total ,19,70 reported ckmestic sales. Since 1971, Monsanto has 

not marketed PCBs for these uses, and although it should be rioted that such 

usage of PCBs in deep mining equipment is expressly allowed by the .CE(3D agree

ment to vhich the U.S.. is party. 

When PCBs sales for heattransfer and hydraulic uses were 

eliminated by Monsanto in 1971, the affected industries turned to substitutes 

or, in a very few cases, inported PCBs, Phosphate esters have found accaptance 

in many types of hydraulic systsns vhere PCBs were formerly used. Glycols and 

other alcohols have replaced PCBs in seme heat transfer systans, and td:>sre are 

a number of other substitutes used for this purpose (including other chlorinated 

hydrocartons) . 

It is surmised that there are industrial cancems still using 

PCBs in these semi-closed systems. Hesse reported at the National Conference 

on PCBs in November, 1975 that a number of such users had beeri found in 

Michigan. Later,contacts with, these same firms indicated that all had volun

tarily replaced the PCBs in their systems with,substitute fluids. Very little 

vrark has been done to ascartain the magnitude of current PCBs usage for 

hydraulic and heat transfer purposes. Of the total reported Monsanto dcnestic 

sales of PCBs.over the period 1957-71 for heat transfer fluids, hydraulic fluids, 

and lubricants, 81 million pounds, it seems reasonable that at least 95 percent 

have been replaced by substitutes or were in systems now ctosolete. On this 

basis the maximum amount still in use vrould be on the order of four million 

pounds. A figure of two million pounds still in use ts probably more accurate. 
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3.5.2 Use of Inported PCBs by Joy Manufacturing 

Until recently, Joy Manufac±uring Go. (Pittsburgh, Pa.) manu

factured mining equipment which utilized a PCB motor cxolant. Joy inports PCBs> 

as a mixture similar to Arocior 1242, from France (Prodelec). Presently, the 

PCB type motors are no longer manufactured and have been replaced on new units 

by an atr-cx»led motor. However, PCB coolant fluids purchased frcm Franca are 

being used for servicing the old liquid cxxslant motors. Currently, there are 

approximately 1100 of the old motors in the field, each of which contains an 

estimated 3 - 4 gallons of PCB type coolant fluid. The operating time of these 

motors before ocnplete overhaul is between 1 and 2 years. Ihe major benefit 

derived fron using the PCB type coolant was its fire retardant charac±eristics. 

Frcm the information recaived by representatives of Joy Manu

facturing Qatipany, and from available physical prcfperties, it is estimated that 

between 40,000 and 60,000 pounds of t he inported PCB type ccxilant fluid would 

be necessary to replaca and " tcp off" t h e fluids in the old motors each year. 

3.6 Recent Use of PCBs tn Producrt Develcpnent Activities 

Since the voluntary limitation on the sale of PCB cxxipounds in the 

United States by Monsanto, small quantities of PCB conpounds have been inported 

for new producrt deyelopmeht by at least one U.S. cxrpany. Such a use appli

cation, by E. I. dxiPont de Nemours and Co., Wilmtngtcn, Del., was for develop

ment work on a new polymer which is derived from the reaction of decachloro

biphenyl (deka) and Bisphenol A. 

Acoording to duPont representatives, they have inported small 

quantities of deka frcxn Claffaro (Italy) for experimental purposes with the 

intent to develop a new product called NR-140 polymer. Approximately 2000 

pounds of deka were ijtported in 1974; however, duPont did not iitport any deka 

in 1975. A decision was made not to ocmtercialize the new product: because of 

the uncertainties associated vd.th the regulation of, PCBs. 

It ts estimated by duPont that, if the new produc± had been 

cxxnmercialized, the annual purchase of deka would be in the range of 5-10 

million pounds. 
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SECriGN VI 

WASTE TREAIMEIJT TECHNOLOGIES 

1.0 INTRDDUCriOSl 

This secrtion includes descriptions and discussions of existing and proposed 

tecdinologies for the treatment of various types of wastes generated at PCB-

prcducing and PCB-using plants. Also included are discissions of the presently "-

available control technologies and technologies to be available within tJiree 

years, plus technologies that will not be available for five or more years. The 

treatment and cantirol costs included here have been developed and presented in 

the Task II report "Assessment of Wastewater Management, Treatment Technology, 

and Associated Costs for Abatonent of P(3s Concantrations tn Industrial Effluents", 

EPA Contract No. 68-01-3259, issued February 3, 1976. 

1.1 Simnery of Waste Management Problgn Areas-

Based upon detailed plant inspections and examinations of the prccesses-

in the production of PCBs and their use in capacitors and tiransformers, it has 

been determined that there are four major categories of wastes to be considered: . 

Waste liquid PCBs, PCBs in wastewater, PCB contaminated solid wastes, and airborne 

PCB emissions. It, has also been determined that the characrteristies of wastes inr. 

PCBs producing and using operations are similar enough that t±ie same kinds of 

cantirol and treatment technologies can be used. 

1.1.1 Waste Liquid PCBs and Contaminated Scrap Oil 

The users of dielectric naterials have strict requirements for 

purity. Typical recjuirements are: 

Inorganic chlorides 100 ppb maximum 

Acidity, mg KOH/g 0.01 maximum 

Water content 30 to 35 ppm maximum 

Resistivity, lOO^C, 500 V, 100 to 500 x 10^ ohm-cm, 

0,1 inch gap ninimum 

Dielectric strength, 25°C 35 Iw ninimum 
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When t±ese or other properties cannot be met at the producer's 

facility, or by the user during tiransformer and capacitor filling operations, 

and it is found that the properties cannot be restored.to askarel specifications 

by filtering and drying,disposal is required. The types of PCB contaminated 

licjuids recguiring disposal are: 

1. PCBs cantaminated with mineral oil 

2. Mineral oil contaminated with PCBs 

3. Nonreclainable contaminated transformer askarels -

arced askarels, askarels fron manufacturing spills 

and sunp accumulations, and askarels fron holding 

basins, drip and drain pans, washings, sanple jars 

and containers 

1.1.2 PCBs in Wastewaters 

The most likely pathways by vhich PCBs enter wastewater streams 

are operator wash-up af tar PC!B handling and groundspills that mtx into rainwater 

runoff. The significance of the first pathway can be illustrated by the realiza

tion that sixteen operators (or 4 operators 4 times a da!y) washing 1 ounce per 

day of P(ZB.from t±eir hands, acaount for one paand -per day of̂  PCB discharge. 

Other wastewater categories discussed in the tndi;istrtal .character

ization section of this report are: 

1, incinerator scrubber and cjuench water 

2, Steam jet ejectors in vacuum distillation 

3, Ĉ apacitor detergent wash solutions 

1.1.3 PCB-Contaminated Solid Wastes 

Solid wastes can be divided into two categories, burnable and non

bumable. 

i.l.3,1 Burnable Solid Waste Materials Containing PCBs 

Burnable wastes can be disposed of by high-tanperature 

incineration. Such wastas cansist of cellulosic materials, rags, pressbcard, wood, 

sawdust, fuller's earth in.bulk or tn cloth bags, blotter papers, nitrtle or cork 

gaskets, and similair materials. 
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1,1,3.2 Nonbumable Solid Waste Materials Containing, or 
Contaminated with PCBs 

Nonbumable vrastes may cansist of capacitor and trans-. 

former internal catponents; steel, copper and aluminum ccnponents; ftltar unit:s 

of the steel mesh construction type; and askarel drums and cans. Wastes of this 

type should be drained, with the liquid collected in drip pans, before disposal. 

1.1.4 Air Bnisstons of PCBs 

Although PCBs have very lc3w vapor pressures they can be emitted 'f-

t o the atmosphere from t±ie follcwing operations and practices: 

1. Aroclor scrubbing of air in PCBs manufacture 

2. Vapor exhaust from steam jet ejectors 

3. Evaporation fron accidental spills 

4. Evaporation from hot surfaces as part of flood-

filling, inspection or holding operations 

5. Vacuum pia^ exhausts 

6. Evaporation frcm plant wastewater 

1.2 Sunmary of Current PCBs Waste Control Practices 

1.2.1 Cont-Tol of Waste Liquid P(ZBs and Contaminated Scrap Oils 

Plant visits have shown the najor control methods to be inciner

ation and disposal tn sealed drums sent to sanitary landfills. Both incineration 

and landfilltng may be carried out by the facility generating the vraste, or the 

facility may engage a cont:ractor. 

Monsanto, the only U.S. producer of PCBs, has an incinerator 

(designed by John Zinc, Inc.) that vaporizes PCB liquids and sustains them in a 

turbulent burning gas at more than 2200"'F for 2 secands. One. transf ormer nanu-

facrturer uses a John Zink designed incinerator that vaporizes PCBs and bums them 

at 1600 to ISOO^F for 3 seconds or longer; this facility can eilsp destroy PCBs 

soaked into trransfomer internal parts, but cannot routinely handle spent fuller's 

earth. 
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A number of PCB users send their solid wastes to the Rollins 

Environnental Services facility at Logan Township, N.J. Pollins uses a specially . 

(designed canplex having a rotary kiln and a liquid turbulent burning chamber, 

both of which exhaust into an afterburner. Liquids, can be burned tn either the 

licjuid chamber or the,kiln; in the kiln liquid .wastes,can help to. incinerate 

solids. The afterburner is 40 feet long, providing good residence time, and it is 

follcjwed- by a hot duct of about equal length that allows further ccTtibustion, 

Rollins claims a residence time of 3 to 4 seconds at a minimum tanperature of 

about 24pO''F at the aft end of the hot duct. The gases then go to a venturi 

scrubber and a tcwer scrubber for cooling and neutralization. For non-PCB incin

eration, Rollins scmet:imes Icwers cambustion tenperature to.2200°F and residence 

time to 2 to 3 seconds. These residence times and torperatures were chosen experi

mentally bo get 99,999-percent PCB destruction. This facility also handles all 

kinds of solids,as will be explained later, and it operates with EPA approval. 

Another facility that incinerates liquid PCBs, with New York 

State EPA approval, is the Chemtrol Corp,'s facility atModel City; New York, 

Liquids going to landfill are sealed in drums and added to land

fills that have deep, clay bases and impervious bulkheads to prevent leaching .and 

seepage. HcTwever, incineration is the preferred disposal method for liquids. 

1.2.2 Control of PCBs in Wastewaters • 

Our plant.investigations have revealed that there are no methods 

being practiced whereby dissolved or otherwise bound,PCBs in water streams are 

being either extracted fron tJiose st:reams or destroyed in them. 

In the separation of PCBs frcm wastewaters, PCBs and sludges are 

removed firom the bottcm of water bodies, vhile oily phases a r e removed from' the 

surfacas. However, nothing as yet is being,done t o treat the water layer itself; 

this is t±e area of PCB wastes control and treatment most needing development. 

In general, waste stzreams contain between 1 ppb and 500 ppb of 

PCBs; most levels range between 10 and 50 ppb, PCB concentration of less than 1 

ppb are undetectable. 
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Several plants use methods to keep the cjuantity of PCB 

contaminated wastewaters as snail as possible. A few plants planned adsorp

tion tests witJi carbons and other adsorbents, but there vrere no full-scale 

operations. 

1.2.3 Control of Solid Wastes Contaminated with PCBs 

The two current methods of disposal of solid or semi-solid 

PCBs. vrastes are incineration and landfill. Sinca we found only one PCB-

using manufacturing facility with partial incineration capability, and 

Monsanto's incinerator cannot handle solids, all facilities except one must 

ship their solid vrastes away frcm the plant site for eitJier treatment. The 

one plant with partial capability can incinerate transformer internals to 

recover copper, and also can incinerate paper, rags, cardboard and the like. 

However, they do not as yet, incinerate fliter's earth, contaminated dirt, and ' 

similar materials. These are drummed and stored for later disposition. 

Although there are a number of experimental facilities through-' 

out the U.S. that cxxild undboutedly incinerate all types of solid materials, 

one conmerciai venture has received the bulk of the vrork. Rollins Environmental 

Services can handle liquids incineration." For solids incineration of almost 

all types, the tumble burner or rotary kiln is Used. When PC33 cantaminated 

materials are to be destiroyed, the kiln temperature is brought up to 2200°F. 

All kinds of solids, packed in 47-gallon lined fiber drums and not posing 

unusual safety hazards are accepted. The current (late 1975) fee is about 

7-l/2C/pound. Additional charges of $3/fiber-drum handling, plus transporta

tion charges, and possibly other charges for unusual problems, might be nade. 

Rollins will not accept inpact sensitive, radioactive 

materials, or heavy netals concantrations of more than 25 ppm in the PCBs 

vrastes. For wastes packed tn steel drums, Rollins charges a $10/drum handling 

charge. As a general rule, anything packed according to t±e latest ICC tariff * 

for hazardous materials will be accepted. 

As with the liquids incineration, the gases frcm the kiln at 

2200''F pass to the afterburner at a tenperature of about 2500''F. (3ases exit 
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the afterburner to-a long hot duct that conpletes ccanbustion and maintains 

the tenperature at 2400*'F until the gases enter the venturi scrubber, and 

thence to the lower scrubber and then the stack. Rollins has experimented 

with Icwer taperatures of 2000 to 220p°F and has not found destruction of 

P<ZBs to be at the 99.999 percent level desired., The residence time for gases 

at the 2400°F must be 3 to 4 seconds tn a tmrbulent regime. 

•-•. . , With regard to landfilltng, one coratierctal venture has 

-handled a large quantity of the PCB solid wastes under supervised conditions. 

>The Chemtrol Pollution Services Co. of Model City, N.Y., operates a landfill 

located on the shore of Lake Ontario, under New York State EPA supervision, 

in a geologic setting claimed to be ideal for conplete containment. 

This "scientific landfill"' is located entirely above ground 

..on a bed of 40-feet-thick clay. Constructed oh this foijndation are cells for 

receipt of drumned solid wastes. The "cells are lined with 30-mil chlorinated 

.'.•polyethylene, film, and when loaded, are sealed, or cavered with 5-feet of clay. 

At the bottcm of each cell there is a sunp, so that all leachate is collected 

and removed. That leachate is pH cont:rolled, settled, filtered, and treated 

"by flow through a carbon bed.- The ground and surface waters are checked 

monthly for chenical cantent by an outside analytical laboratory. The facility 

has been approved for usage as a PCB disposal site by the New York State EPA, 

and thousands of drums have been landfilled over the,last five years. An 

inventory is kept of the contents of each cell. 

Chemtrol has the capability of converting semisolids and' 

sludges to solids.by using silicate cament pcwders and proprietary gelling 

agents. • ' . • . • 

Our review and anadysis of-the industrial situation for' PCBs 

••solid wastes control shows there are adequate cptions, at higher prices, for 

safe disposal and destruction. There'ts no longer ai justification for open 

dunping to the ground or in lagoons. -

1.2.4 control of Air Einissions of.PCBs 

Most air emissions frcm ambient tenperature PCBs are not oon-

tirolled or collected for treatment in ariy way, PCB emissions generally are 
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collected as part of the overall plant air exhaust, which frequently is ducted 

to roof exhausts without treatment. . Several plants used exhaust chilling and/ 

or fibrous or granular filtration of air; these methods offer the potential 

for PCB emission reduction. 

The hot flood-filling of capacitors is follcwed by a cool 

down period before the filling tank is opened to t±ie plant atmosphere. How

ever, the taraperature is still between. 100 and ISO^F; the area of the opening 

ts several scjuare meters, tdirough which tank gases can reach the plant atmos-

here. The tanks have individual exhaust ducts, but they lead directly 1x) a 

roof exhaust system. The PCB-cc3vered capacitors are held in an oven at 100 to 

150°F 1x) pre-vent any moisture candensation before sealing. Vapors frcm this 

storage are ducrted to the roof and vented also. ' 

In seme cases, waste scrap oils containing PCBs are biimed 

together with fuel oil in standard boiler systems. In these instances much of 

tihe PCB cantent is prc±iably vaporized and exhausted to the air, rather than 

incinerated. 

•2.0 CANDIDATE PCBs WASTE TREATMENT.TECHNOLOGIES CONSIDERED 

AS part of the examination phase of this study of alternative methods, we 

have contacted a number of equiprent suppliers, developers, and researchers, 

in botJi the U.S. and elsewhere. 

Key information was obtained on potential methcjds of PCBs ratoval from, 

and destruction in, wastewatars / by cxaperative testing between Versar, Inc., 

and several materials suppliers and process developers.. Their assistance is, 

gratefully ackncwledged. 

We visited the U.S. producer, Monsanto, and several transformer and capac

itor manufacturers to ascertain the nature, characrteristies and quantities of 

plant effluents that new contain neasureable amounts of PCBs, or might contain 

PCBs follcwing a spill or other incident. This has provided the background for 

vreighing the advantages and disadvantages of all available techonology for poten

tial application to P(ZBs wastewater treatment. We discussed and evaluated the 

control methods new used, possible shortcomings, and ideas for more optimized 

•systems. 
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In order to find the new technology and apprcaches that might be forth

coming, we made a canputer search of Chemical Abstiracrts from 1972 to the 

present, and fecused on degradation, decatposttion and,waste treatnent data. 

Searches were also made of the Lockheed Engineering Index, National Technical 

Information Service, and Predicasts for information on new developnents. 

The text reference used as a sourca of summarized data prior to 1972 was: 

The Chemistry of PCBs, by Hutizinger, Safe and Zitko, Published in 1974 by 

CRC Press. 

Candidate treatment technologies have been divided into the same four 

categories listed in Secrtion 1.1. Also, as we evaluated technologies, they 

were placed into categories, as follows, indicating their level of developnsnt: 

1. Demonstrated Full-Scale Treatments 

2. Pilot-Scale Methods 

3. Research Approaches ta PCBs Removal.dr Destruction 

Seme treatment methc3ds were designed for disposal of cxsrpounds similar to 

•the PCBs, e.g., chlorinated hydrocarbons and other refractory organics. 

The full-scale plant treatments are ready for appiication to PCT waste 

problems now. The pilots-scale methods are expected to take one to five years 

to be. developed to the point vhere they will be determined- suitable, or un- • 

suitable, for plant-scale PCBs applications. 

Methods currently under development are expected to take three yeairs or 

more before being ready for, plant-scale applications. 

Section 2.5 contains a discussion of -the applicability of various treat

ments to the zero discharge objecrttve. 

2.1 Treatment of Waste Liquid PCBs and Contaminated Scrap Oils 

Only two kinds of treatment or disposal methods are considered suit

able for waste liquid PCBs and contaminated scrap oils, and they are new being 

used. Ifcwever, there are improvements and design features needed to prevent 

PCB t:ransfer into the water, air or land. 
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2.1.1 Incineration 

The standard canfiguration, long cylindrical steel cxnnbus-

tion chamber, having a lengtJi to diameter ratio of between 4/1 and 8/1 and 

well insulated wit±i high alumina refractory bricdc, is suitable as a primary 

chamber. Two injectors should be provided: one for a high-BTU gas or fuel 

oil, and one for the PCB waste liquid. Primary air or steam is provided to 

vaporize oils, and secondary air is added to conplete combustion and provide 

excess air. These feeds should be made tangentially, or with adecjuate baff

ling to assure turbulent flow tJ:iroughout, and to prevent hot or cold spots in 

the chamber. It is obvious that almost any residence time may be allowed for 

a gas flcwing through a cylindrical chamber. Hcwever, there is a maximum 

residence time above which turbulence is assured throughout the chamber. 

Turbulence throughout is assured when wall tenperatures are uniform in all 

parts of tihe chamber. Most fuel flames provide adiabatic combustion tenpera

tures of about 3000°F. When t±ie more endot±iermic PCBs are being destroyed, 

the flame can be rapidly cooled bo 2200 to 2500°F; for the very high destruc

tion efficiences desired, 99.999 percent or higher, this is the minimum tem

perature range required, for a residence time of 3 to 4 secands. After ccmbus-

tion there should be allowance for afterburning, which may be acccmtnodated in 

insulated ducts. These can be of sufficient length to assure total residence 

time of 3 to 4 seconds. Following the conbustion phase there nrust be rapid 

cooling of the gases, usually by the injection of cold water frcxn a peripheral 

ring of sprays or jets. Also, the caoling water should be neut:ralized so that' 

hot hycirochloric acid contact with further ccnponents is obviated. 

In some systems a high energy venturi scrubber is used to 

cantrol particulates, if they are expected tn the gas stream., In all systems 

the gas stream is then washed counter currently with water, or water plus 

neutralizing agent, in sone form of a packed tower . Usually a demister is the 

last element cantacrted by the gas before it is exhausted through the stack. 

The stack gas enissions. and the scrubber effluent liquid 

should be monitored periodically for PCBs le'vels, and the incinerator should 
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have adequate autcanatic contirols to prevent PCBs from being emitted unde-

stroyed. The chief fail-safe cantrol is a pyrometer that causes burner shut

down if t h e combustion chamber or duct tenperature drops belcw about 2150''F. 

Ihere aure other controls that can warn if such an. occurrence might take 

place. These flew rate controls on the primary and secondary feeds can be 

monitored so that lew fuel flow, or high PCBs-to-fuel flow ratio can indi

cate a tenperature drop. Inadecjuate air flew can also cause tenperature • 

decreases. All such parameters should be monitored, and adequate operator 

warnings prcsvided. And, of course, to prevent destruction of the venturi 

sanjbber sections, shutdown should automatically take place if cold water 

flew is ever insufficient. 

2.1.2 Sanitary or Scientific Landfill 

Sanitary landfilltng is an altamative to incineration for 

: PCB users who cannot justify incineration facilities just for PCBs, and who 

have no waste pickijp service organization within reasonable distance. Land

fills that will adecjuately contain PCBs should have all the features described 

in Secrtion 1.3.3 above, plus there must be assurance that the liquid containers 

vdll be sealed and leak proof, and have long life in the landfill. 

2.2 Treatment of Wastewatars (Zontaining PCBs 

Treatment of wastewaters containing PCBs has received very little 

attention in practice thus far. Our survey has found a variety of methods for 

reduction, and even for achie'ving "zero discharge", of PCBs in wastewaters, 

2.2.1 Carbon Adsorption 

Carbon adsorption is a well-kncwn water purification and 

industrial product purification technique. The use of carbon adsorption is 

well-suited to removing PCBs from wastewater since tt ts most effective in 

removing high molecrular weight, non-polar, relatively insoluble oonpovinds frcm 

water. All tJiese requirements are net by the PBCs. 

As will be discussed later, Versar has conducted tests, tn c»-

operation with crairbon sxjppliers, demonstrating the relative effectiveness of 

- 154 -



various activated carbon products. PCB concentrations on the order of 

1 ppb were taken as a reasonable effluent objective. 

• The. disadvantage of carbon adsorption is that once used, 

t±ie carbon may have to undergo destruction by high tenperature incineration 

rather than be regenerated, as is the usual practice. The great advantage of 

carbon tureatment is that a wide spectrum of other toxic organics can simul

taneously be effectively removed fron water. 

(Carbon'adsorption is currently being used, in large-scale 

municipal vrater purification systems. Thus capital casts, operating costs 

and reliability factors are well-known. At the 68th Annual AIChE Meeting in 

November 1975, G. Strudgeon of Zum Industries described design features for 

a 30-million-gallon-per-day carbon system to be built for municipal waste

water treatment at Garland, Texas,' This system will cost $5 million, includ

ing carbon regeneration. Operating costs are expected to be $6,000 per day. 

Although carbon adsorption is the only rreclanism thus far 

proven effective in removing PCBs, three other carbon-based treatment tech

niques are under study: biodegradation, whereby bacrteria-coated carbon 

particles break dcwn pollutants in wastewater; catalytic action, wherein a 

very active surface holds pollutant molecules vhile other degradation or 

oxidation reaction's take place; and chemical reaction, in.vhich carbon is 

actually depleted as part of.'a chemical reaction t h a t removes pollutants. The 

technicjues were also discussed at the 68th Annual AIChE Meeting, . 

As an adjunct to this evaluation study, Versar conducted co

operative laboratory adsorption isot±erm tests with Carborundum ' Company and 

ICI-US. These tests have extended the ranges of carbon adsorption data pub

lished by Calgon Oorp. into higher and lower cancentrations. Laboratory 

adsorption isotherm testing is a reliable technique for determthing the feas

ibility of adsorption treatment for PCBs removal fron wastewaters and specifi

cally indicates: 

1. Ihe effluent levels of PCBs concentration 
obtainable by adsorption treatment 

2.. The weight of P(3Bs adsorbed at the 
ooncentrations being studied 
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On the other hand, the laboratory test does not determine 

the necessary cantaet time for' granular carbon beds tb effect' the desired 

reduction.. "This determination is usually .performed in small pilot carbon 

beds under hydraulic flow conditions. 

Laboratory and pilot pilant tests involving PCBs must be 

designed.to pre'vent losses of PCBs. The root of the problem is t±e very 

low, parts per billion, solubility of PCBs in water. Examples.of pathways 

of experimental-loss are: 

1. Evaporation to the air. 

2. Adsorption on a variety of solid surfaces 
and sediments 

2.2,1.1 PCBs Adsorption Testing, by (Carborundum Conpany 

Versar, Inc., together with Carborundum Co. , can-

ducted a preliminary study to determine the ability of an experimental, coal-

based activated carbon in removing PCBs from'water. This study also provided ,• 

an analytical check in that both conpanies nade electron-capture gas chromato

graph analyses on the same sanples, and there was close agreerent on results. 

Th^ ooal-based activated carbon had a surface area 

of 950 to 1050 square meters per gram. The icxiine number was approximately 

the same as the surface area, indicating that almost all of the pores had a 

diameter greater than 10 ta 15 Angstroms, 

The control and test sanples v̂ ere filtered before 

extracrtion and gas chronatographic analysis. The rsnoval df PCBs by solids, 

surfaces, filter media, and the like, was known and expected prior to these 

tests, t±us a high PCB concentration in the filtered cantrol and test sanples 

was the target. 

The.PCB mixture used.was Aroclor 1254. It was solub-

ilized by methanol ta give a 1000 ppm stock solution. . This was diluted with . 

distilled vrater to prepare 1000-ppb test solutions. 

Table 2.2.1.1-1 presents the data. The filtered 

cantrol level is considered the .actual level .the carbon was adsorbing, rather 
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TABLE 2.2.1.1-1 

CARBORUNDUM CO. TESTS OF PCBs (ARDCIDR 1254) 
REMOVAL FROM WATER BY AN EXPERIMENTAL ACTIVATED CARBON 

cn 

Prepared 
Concentratic 

Cont:rol -

Test 

Test 

Test 

PCBs 
m (ppb) 

- 1000 

1000 

1000 

1000 

rartion Dosage 
(mg/l) 

— 

1,0 

2.0 

10.0 

PCBs Cbnc, 
Before Treatment 

[Cjontrol Cone. After 
Filtering] (ppb) 

160 

160 

160 

160 

Effluent PCB 
Cone, After 

Carbon Treatment 
(ppb) 

— 

59 
20.6^2) 

2.6^2) 

2.4(3) 

Percent 
PCBs 
Removal 

— 

63.1 

87.1 

86.2 

98.4 

98.5 

NOTES: (1) 

(2) 

(3) 

Experimental material, obal-based, 950-1050 scjuare meters/gram. 

Versar Inc.'s analysis. 

Carborundum Oo.'s analysis. 



than the prepared level. The filter removed 84 percent of PCBs in these test 

runs.' 

• As shown in Table 2.2.1.1-l'> the percent PCBs re

moved fron a concentrated water solution (160 ppb) at lew carbon dosages was 

cjuite good. EXiring plant surveys we found PCBs cancentrations tn wastewater 

destined for river discharge to range from 50 to 500 ppb, so the 160r-ppb can-

centration treated in this study was an .-intermediate value; it was, hcwever, 

also the highest value treated in the cxaperative studies under this program. 

(Carborundum Co. plans to cantinue this effort to 

determine the effec±s of other carbon' dosage levels on various feed PCBs con

centrations. The data given here are only oonsidered preliminary, 

2,2.1.2 PCBs Adsorption Testing by ICI-US 

In a cooperative program with Versar, ICI-US performed 

preliminary adsorption tests to determine the ability of powdered carbon in 

removing Aroclor 1254 frcm water. Versar conducted all analytical tests for 

this program. 

The Aroclor was solubtlized with methanol so that a 

1000-ppm concentration of Arcxrlor 1254 tn water was achieved. IWo types of 

granular activated carbon were tested: lignite base, and coal base. Both 

types were ground to a fine powder (90 percent through 325 mesh) before adsorp

tion testing. Prior to grinding, the lignite-base and croal-base carbons had a 

surfaca area of about 650 square meters per gram,and 1000 square meters per 

gram, respecti'vely. 

The test solutions were made up frcm distilled, de-

ionized water to a volume of 1 liter. Four levels of Aroclor cancen1:rations 

were treated: 10 ppb, 100 ppb, 500 ppb and 1000 ppb. Both the cantrol and 

treated solutions were filtered before analysis. The great affinity of PCBs 

for all solid surfaces was not fully anticipated, during these tests. The fil

tration v/as imtform for all sanples through 2.4-cm Reeve Angel fibergl-ass 

discs (CSrade 934AH). As can be seen in Table 2.2.1.2-1, most of -the PC3s were 
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TABLE 2.2,1,2-1 

ICI-US TESTS OF PCBs (ARDCIDR 1254) REMOVAL 
FROM WATER BY TWO TYPES OF COMMERCIAL CARBONS 

I 

cn 

Prepared PCBs 
Concentration (ppb) 

Cbntrol, 10 

Test, 10 

Test, 10 

Control, 100 

Test, 100 

Test, 100 

Ctontroi, 500 

Test, 500 

Tsst, 500 

Control, 1000 

Test, 1000 

Test, 1000 

Type 

Lignite (•'-) 

0Dal<2) 

.— 

Lignite 

Goal 

— 

Lignite 

. Coal 

Lignite 

Coal 

Carbon 
Dosage (mq/l) 

4 

4 

— 

•30 

30 

— 

100 

100 

— 

100 

100 

PCBs (jonc. 
Before Treatnent 
(Gontual Cone. 
After Filtering) 

. (ppb) 

1.07 

1.07 

1.07 

11.15 

11.15 

11.15 

5.32 

5.32 

5.32 

37.5 

37.5 

37.5 

Effluent 
PCBs Oonc. 
(After Carbon 
Treatment) 
(ppb) 

— 

0.177 

0.190 

— 

0.213 

0.111 

— 

0.09 

0.114 

— 

0.32 

0.24 

Percent, 
PCBs 
Removal 

— 

83.5 

82,2 

— 

98.1 

99.0 

— 

98.3 

97.9 

99.2 

99.4 

NOTES: (Dr 

(2) 

Larger pore, 650 scjiare meters per gram. 

Smaller pore, 1000 square meters per gram. 



removed in filtration. Hcwever, by using the filtered "control sanple" as an 

approximation of the amount the filter removes frcm all,feed sanples, we can 

get a gcxxi preliminary estimate of the PCBs rsnoval ability of the two linds , 

of cxBTnercial carbons at various wastewater pollutant le'vels, and at various 

carbon dosages. 

The results of these laboratory tests indicated 

that powdered carbon vras highly effective in removing.PCBs from water at four 

levels frcm 1 to 40 ppb. Ihere was not a great deal of difference betveen the 

effectiveness of the two carbons. The lignite carbon has relatively large 

pores and smaller surface area than the caal-based carbon. The lignite-based 

crarbon simulates the acrtivity of the caal-based carbon after the latter has a 

number, of thernal regenerations. Thermal regeneration tends to increase the 

pore size, and lower t he surface area of any given carbon. These kinds of 

activated carbons, hcwever, tend to stabilize at about 550 square meters per 

gram, even after many regenerations. 

The conclusion from, these results is that carbon-

adsorption can be effective tn removing PCBs frem wastewaters, even after many 

thermal regenerations. It is quite significant that in all these tests, the-

treated effluent PCBs levels ranged frcm 90 to 320 parts per trillion, vhich 

are veil below the target maximum PCB level of 1 ppb. 

Further testing is needed to get conf imatory iso

therm data and column test data. In calumn tests, the granular form of carbon 

was used, and, therefore, seme of the interior portions of the carbon were 

not as accessible as they would have been in the powdered form. Thus the 

tasts with powdered carbon,^ gi'ven on a weight fraction basis (i.e., pounds 

PCBs removed per pound of carbon), yield the maximum weight fracrtion of PCBs that 

t±at can be removed in a scaled-up ccxnnercial system. 

. 2.2.1.3 PCBs Adsorption Testing by Calgon Oorp. 

Adsorption isotherms were run on Aroclor 1242 and 

1254. Stock solutions of each cotpound were prepared tn acetone at 100 mg/l. 
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(R) 
Filtrasorb * 300 (FS-300) acti\'ated carbon, was used throughout. Carbon was 

added from a stock suspension of 1 g or 2 g of pulverized FS-300 per liter of 

distilled water. 

Isothierms of Aroclor 1242 and 1254 were prepared 

by the follcwing method. Exactly 1 rl of PCB solution was added to seven 

flasks, each crontaining slightly less than 1 liter of distilled water. 

Measured volumes of the 2 g/1 carbon stock solution was added to each flask 

to give carbon cancentrations of 0,2,5,10,25,50 and 100 itci/l. The .total 

volume of each flask was 1000 ml. After four ho-ars agitation on a wrist 

shaker, each solution was filtered through 0.45 nicron rillipore pads and 

stored prior to analysis in a refrigerator in quart arber glass bottles 

, having Teflon-lines caps. 

A nickel-63 electron capture gas chronatocraph was 

used for analysis; all sanples were extracted and concentrated approximately 

100 tines before analysis. The method is described in the 1971 EIPA report, 

"Me-thocis for Organic Pesticide Analysis Ln VJater and VJastewater," 

Table 2.2.1,3-1 shoe's the PCBs removal data, and 

gives conparative"-data for'Aldrin. It appears that the Aroclors are retx)ved 

as effectively as pesticides. "Remo'.̂ l from the 50-?pb level'to the 1-ppb 

level seems possible. 

Fig-ore 2.2,1,3-1 shews the Calgon data plotted to 

give the vreight percent of PCBs that Filtrasorb-300 carbon can adsorb, at 

levels down to 1 ppb. As can be seen, the curves take a cov/Tiward break at 

about 2 to 3 ppb, indicating that the weight cf activated carbon recjuired to 

remove a aiit weight of PCBs is rising rapidly. If this kind of data is con

firmed with larger-scale calumn testing, it would mean that roioval of PCBs 

from water in t:he parts per -trillion range is far more difficult than removal 

in the parts per billion range. 

Also from the fig\ire it can be seen that the 

initial ooncentrations (C ) of the Aroclors were about 100 ppb. Hcwever, 

filtration before testing removed PCBs so that the starting concent:rations for 

the tests were 45 and 49 ppb. 
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TABLE 2.2.1.3-1 

RESULTS OF CALGON CORP. LABORATORY ISOTHERM 
TESTS FOR CARBON REMOVAL OF.PCBs 

Carbon 
Dosage (mg/l) 

Control 

1,0 

2,0 

2,5 

5,0 

10.0 

12,5 

25.0 

50.0 

Aroclor 1242 

45' 

~ 

7.3 

— 

•~ .. 1.6 

1,1 

— 

— 

Residual (ppb) 

Aroclor 1254 

49 

--

37 

— 

17 

4,2 

— 

1.6 

1.2 

Aldrtn 

48 , 

" — 

26 

15 

12 

— 

6.3 

4.4 
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Hager and Rizzo of Calgon Corp. have descxcibed the 

' essential elements of full-scale adsorption systems in a paper presented to 

the EPA Technology Transfer Session on Treatnent of Toxic Chemicals held tn 

Atlanta on March 19, 1974. Each systan is comprised of three basic funcrtional 

cxsrponents: 

1. The adsorption treatment of the wastewater 

2. The carbon reactivation equipment 

3. The carbon/water transport arrangement 

For PCBs, the practicality of reactivation must be determined. 

2.2,1.3.1 Adsorption Treatment of Wastewater 

The adsorbers hold the granular activated 

carbon beds through which the wastewater flews. They can be designed for 

pressure or gravity flew to achieve the desired contact time of the water with 

_ the carbon. Suspended solids and space limitations .also must be cansidered in 

the adsorber configuration. Flow rates usually fall under 10 gpm per square 

foot of carbon bed sxirface area. Contact times for indust:rial wastewater 

ndxtures usually are tn excess of 60 minutes, which is about twice the time 

enployed for purification of dcmestic sevrage. '̂hen suspended solids are present, 

they can be filtered out by the carbon bed; this dual purpose of carbon beds 

can be usefully eirployed as long as t±e adsorbers are designed to acccximodate 

periodic backwashing and. bed-cleaning procedures such as air scour and surface 

"'wash. For PCBs service, minimum backwashing would be desirable since back-

washing would create large quantities of cancentrated wastewater needing incin

eration or treatment. Some settling and prefiltering would be recjuired for 

optimum system performance. 

A well designed water distribution systsn 

or underdrain system would insure goed backwashing performances, as well as 

even dtst:rtbutton of water flow. Well established filtiration design practices 

can be effecrti'vely employed in carbon bed systems. Carbon beds must be periodi

cally removed via water slurry and obstructions to the flew of carbon from the 

adsorber should be avoided in adsorber design. 
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Carbon iads are normally tn excess of 

10 feet deep and usually fall into one of four basic canfigurations: 

.1. moving beds 

2. beds in series 

3. beds in parallel 

4. expanded beds 

The type of configuration selected depends on a number of variables; principal 

among them are total water flew, suspended solids, and degree of cantaminant 

reduction desired. . ' 

2.2.1.3.2 Reactivation of the Granular Cai±)on 

Thermal oxidation, using either rrultiple 

hearth furnaces or rotary kilns, is generally eiployed to reactivate the 

exhausted carbon. The size of the thermal reactivation ecjutpment is based on 

the carbon exhaustion rate, i.e., pounds of carbon exhausted per thousand 

gaillons of wastâ ?â ter treated, and the weight of cantaminant on the carbon. 

Excess capacity is designed into the thermal reacrtivation unit tp allow for 

variances in carbon use rate due to changes in the wastewater flow and organic 

loading, , 

• The exhausted granular ac±ivated carbon 

is heated to 1600 to ISOO^F to effect volatilization and oxidation of the dis

solved organic contaminants. Oxygen in the furnace is normally controlled at 

less than 1 percent to effect selective oxidation of contaminants over activa

ted carbon. A 5 percent loss of activated carbon per reactivation crycle is an 

acceptable bench nark upon which to base granular carbon system econcmics. 

Particrular ly for the PCBs, vhich require an incineration tenperature in excass 

of about 2200°F plus several seconds residence time, the reactivation equipnent 

must include an afterburner. An air scrubber w i th HCl neutralization would be 

the last element of t h e reactivation train. Thus far, the regeneration of car

bon used for PCBs adsorption has not been proved. 
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2.2.1.3.3 Carbon Transport ' 

• (Granular spent carbon is usually trans

ported between the adsorbers ahd the reacti'vation equipment by water' slurry. 

Various punping designs can be enployed including centrifugal and diaphragm 

pumps as well as hydraulic or pneumatic pressure. The. transport piping should 

include flush ports and wide radius' bends. Typicail .loading is bet^ween 1 ahd 3 

pounds of carbon per gallon of water, depending upon distance and elevation 

canstderations. 

2.2.1.3.4 Materials of Construction 

Special canstderatiOn should be given to 

the selection of materials of canstruction with regard to corrosion and erosion. 

1. (Saivanic Corrosion - Any tendencry 

tovrard galvanic corrosion due t o watar charactaristics, such as cahductivity 
and pH,.will be enhanced in.granular carbon beds. Mild steel tanks or adsorb

ers holding granular carbon under water should be lined. Tanks can also be. 

constructed of crenent or reinforced synthetic resins or plastics. 

Carbon-in-water slurry piping, which .. 

experiences only periodic exposure, is usually exempted fron special corrosion 

considerations. 

. 2. • Erosion - Periodic replacement of the' . 

carbon beds can cause lining failures at exit ports in carbon tanks and ad

sorbers. Special grades of stainless stael are usually enployed for such wear 

points. 

- 2.2.1.4 Carbon Regeneration Alternatives - Wet Catalytic 
Oxidation' — — — — -—.; - . • r -

For small installations, it might prove feas|ible tb 

dispose of spent carbon by incineration. Carbon supply cerpanies also offer 

spent carbon removal services and off-site regeneration. 

However, there is a hew wastewater treatment tech

nicjue which might be applicable tb carbon regeneration, namely vet catalytic 
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oxidation. Several laboratory studies in wet catalytic oxidation are des

cribed in Appendix C. Lockheed Missiles and Space Co. (Waste Treatment Systems 

Section) of Sunnyvale, California, announced tn January, 1976, that they have 

a process ready for pilot plant evaluation and conmercial scale-up.. 

In a preliminary lcx>k at the PCBs destruction poten

tial of vet catalytic oxidation, a vrastewater sanple from an unnamed user of 

PCBs was subjected to tureatment. The PCB mixture approximated Aroclor 1221 

most closely, and vras very concentrated to 5 ppm tn the wastawater sanple. 

Since 5 ppn is much higher than that Aroclor's solubility in pure water, it is 

believed that solubilizing agents or particulates were carrying most of the 

PCBs. Within 20 minutes of treatment time, howe'ver, about 90 percent of the 

PCBs had been destroyed, and no large quantities of reaction products were 

detected. However, this ts just one data point and confirmation is needed. 

The test reactor was a continuously stirred batch system, with air continuously 

sparged tn. The test conditions used vrere: reactor pressure, 1500 psig; 

tenperature, 55O'F; catalyst concentration, 0.5 gram; and reactor 'volume, 

1.5 liters. 

The proposed use of wist catalytic cacidation is for 

carbon regeneration while in spent vrater slurry form. 

Sinca the capital and operating costs of the catalytic 

system are tied to the hydraulic load, it might be practical.to t:rap PCBs with 

carbon in wastevrater, and then treat the carbon slurry by catalytic oxidation • 

to destroy the PCBs. In this way, PCBs would be removed from the wastewater by 

the highly efficient carbon adsorption method, vhile the volume handled by the 

catalytic system would be greatly reduced. 

Feasibility testing for regeneration of activated '• 

carbon by catalytic oxidation is needed. The activated carbon indvistry has 

long sought alternatives to thermal regeneration of carbon, because of the loss 

of carbon by oxidation. With solvent regeneration, or acid or base treat

nent, the first regeneration only produces about 40 percent of the acti've sur

face, which then usually decreases to 30 percent after several more treatments. 
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Such degradation is unacceptable. Thus iihe cjuestions to te answered are:, 

a) Can catalytic oxidation destroy adsorbed PCBs on carbon, converting them 

to CO-, H.O and HCl? b) Will the regenerated carbon have, say, 90 to 95 per-. 

cent of its original activity? c) Can the process be operated economically? 

The last question must taJce into account the necessary operation pressures 

(500 to 2000 psi), operating tenperatures (300 to 650''F), source of oxygen 

(air, 0- or ozone), t̂ -pe and lifetime of catalyst, residence tine, and 

materials of construction, among other variables. 

2.2.1.5 Further Applications Data 

ICI-US provides an excellent booklet entitled "A 

Symposium on Activated Carbon", providing considerable detail on applications. 

ICI also provides information.on special graphical procedures helpfii in the 

scale-tjp from isotherm to calumn testing. 

2.2.2 Ultraviolet-Assisted Ozonation 

Both UV radiation, and ozone, separately, have been used in 

water purification for some time. But only in the last five years or so has 

the synergism of the combination been appreciated in the destruction of organ

ics in water. 

TVro ccranercial organizations, Houstan Research, Inc., of 

Houston, Texas, and Westgate Research Corp. of Marina Del Rey, Califomia, are 

engaged in development of UV-assisted (or catalyzed) ozone oxidation of refrac

tory organics.' Both organizations have caoperated in preliminary tests of PCBs 

destruction, and the method has shown great promise as a large-scale, ecancmic 

water treatnent method. The oorpanies are working mostly with 253.7 nanometer, 

near-UV, radiation, but they plan to investigate far-UV.mercury radiation at 

184.5 nm. 

It is of particular significance that these methods promise 

destrucrtion of hydrocarbon organics ccstpletely to 00. and water. Thus they are 

likely candidates for zero discharge and total recrycle systems. 

Related to this is the vork of lavnrence at Environment Canada 

(Burlington, Ontario), who is studying the use of near-UV radiation (about 
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365 nm) , available frcm sunlight, in conjunction with ti tarda or alumina 

photocatalysts rather than the ccmbtnation of UV and ozone. The ultraviolet 

region extends to 380 nm, and then blends into visible violet. Studies using 

visible light are described further belcw. 

UV radiation is generally provided by canmercially available ^ 

tubes, which when operated at lew pcwer (and low pressure in the emitting i 

tube) are quite efficient in turansferring UV radiation to vrater. The range 

of effectiveness is quite short, probably of the order of a few inches naxirnum, 

because UV transmissibility in water is pcor, and is degraded further by even 

small amounts of particulate matter. 

Ozone is sparged into the reactor, and vigorous stirring is 

provided until increasing turbulence or nixing pc3vrer input does not further 

increase reaction rate. 

Various kinds of efficiency values are given to rate different 

systems, flews, arrangements, etc. For overall efficiency, the units of measure 

are total organic carbon removed per vratt-seoond of UV input, or per gram of 

ozone intiroducred. 

Since ozone generation is expensive, work ts directed taward 

optimum use of the ozone introduced. The cost is almost conpletely that of the 

electric pcwer used tn the silent discharge tube method of making ozone from 

air. And, of course, UV generation is also an electric power cost factor. 

The following subsections discuss UV radiation and tta mole

crular interactions, the photodegradation of PCBs, and UV-assisted ozonation 

experiments with PCBs. 

2.2.2.1 Molecular Responses to Ultraviolet Energy 

Energy absorbed in the ultraviolet region (10 to 

380 nm) causes electronic transitions within molecules. The principal charao 

teristics of an absorption band are its wavelength and intensity. The wave

length of maximum absorption (X max) carresponds to the wavelength of radiation 

having energy ecjual to that required for an electronic transition. A molar 
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absorptivity at naxirnum absorption (E max) of 10,000 calories per mole or 

greater is regarded as high intansity absorption. Low intensity absorption 

ts cansidered an E max of less than 1,000 calories per mole; biphenyl tn 

alcohol at 250 nm has an E max of 18,000, and in hexane at 246 nm, an E max 

of 20,000. 

This would seem to indicate that the basic strucrture 

of the PCBs vroidd be readily activated by a mercury lanp generating 253.7-nm 

radiation. However, this absorption will be modified by the number of chlor

ine atcms attached to the biphenyl gro\;ps. If at any point in the destrucrtion 

of PCBs, saturated hydrocarbons are formed, they will be unresponsive to 

253.7-nm radiation. Saturated hydrcjcarbons contain sigma electrons exclus

ively. Since the energy recjuired to bring about ionization of the sigma bonds 

is of the order of 185 kcal per mole it is only available in the far ultra

violet, below 200 nm. Single carbon-carbon and carbon-chlorine bonds have 

about the sane htgh bond energy, and are similarly resistant to rupture; how

ever, there is a nercury emission at about 185 nm, which should be capable of 

activating those bonds, thus making them highly reactive tn the presence of 

oxidizers such as ozone. 

' Thus it appears possible to'produce the excited : 

states tn PCB molecules necessary to make them highly receptive to oxidation. 

Since ozone is a powerful oxidizing agent, and tt too is excited in the same 

regions making it even more effective, the possibilities for a wide range of 

oxidations are present. This would seem to make CCTtplete destruction of PCBs 

to CO-, water ahd HCl feasible. 

2.2.2.2 Photodegradation of PCBs 

Because of the strength of the C-Cl bond, it has here-

tafore been assimed that little photechemical cleavage occrurs. Further, in the 

photochemical breakdown of DDT and related conpounds, cleavage of the arcmatic 

C-Cl bond ts usually not involved. However, Safe and Hutzinger reported tri 

Nature in 1971, that hexachlorc±)iphenyl photolyzed readily in organic solventa 

when irradiated at 310' nm. The resultant products are fomed by stepwise loss 
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of chlorine, rearrangement, and condensation. Other researchers have found 

that certain pure chlorobiphenyls and PCB mixtures can be decotposed by lab

oratory UV sources and by. sunlight, over long time periods. 

The wavelength of the UV radiation appears critical 

to photochemical decxjnposition. Low-pressure nercury lanps emitting 254 nm 

seem to be several times as effective as the UV from sunlight, which is greater 

than 295 nm. Studies have been carried out in organic solvents and water, and 

in both liquid and vapor states. , 

Much of the past work has been on organic solvent 

solutions of PCBs in order to hâ ve high working ooncrentrations. Vapor phase 

studies have been run to simulate treatment of atmospheric emissions in environ

mental studies. 

Reductive dechlorination, the main photoreaction of 

chlorobiphenyls, is faster in hydroxylie solvents such as methanol and iso-

propanol. Even chlorobenzene loses chlorine rapidly on irradiation in iso-

propanol. Ccnplete dechlorination of a PCB mixture has been observed in 15 

ninutes in an alkaline isopropanol solution, using a nercury lanp (Anon,,. 

Chemical Marketing Reporter, Nov. 6, 1972,,page .22). ' Biphenyl and sodium 

chloride were identified in the reacrtion mixture. 

Photosensitizers can increase the decxinposition rates. 

Tryptophan, diethylaniline, benzophenone and turiphenylene sensitized the photo-

reacrtion of dichlorobiphenyl. The reaction was quenched by n-hexyl mercaptan 

and di-n-butyl sulfide. Experiments in water solution have been hanpered by 

adsorption of the PCBs on the walls of reaction containers, particrularly ones 

made of glass. 

Atterpts have been made to use surfactants to keep 

the PCBs in suspensioni, Adsorption on such solids as calcium carbonate, silica, 

and soils, in water suspension, has been tested as an aid to photolysis. How

ever, UV radiation will not penetrate deeply into solids, so adsorbed PCB must 

be kept close ta the surface. 
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2 . 2 : 2 . 3 Experimental Factors in UV-Assisted Ozone Oxidation 
— :0f : PChS ~-~ " ' — 

For several decades the advantages' of ultraviolet 

radiation in t±e sterilization of aqueous and 'dry media have been kncwn. Like

wise, the powerful sterilizing, oxidizing effects of ozone have been known. 

Only with the relatively recent advent of requirements for removing refractory . 

brganics frcm vrater, and the. ability todetecrt these organics tn parts per 

t:rillion and even Icwer concantrations, has the need for powerful oxidizing 

capability been felt. It was quite natural to ccmbine the two effects into a 

single treatment or staged treatments, with the result being a strong synergism 

in many cases. 

Enough data has now accumulated to show that UV/ozone 

wastewater treatnent is a powerful method for ranoval of refractary organics. 

It ,has the potential of removing organics to an effective zero discharge level. 

Hcwever,.as the decrease in very small cancentrations becomes exponential with 

tine, the residence time required in UV/ozone treatnent equipment beccxies a 

critical factor. The follcwing variables have been identified as affecting ' 

residence tine: 

1. Molecular stiructure'of the. organic 

2 . Concen-tration 

3. UV. transmissivity of., the wastewater 

4. UV intensity ' • 

5. UV wavelength 

. 6 . Ozone cancentration 

7. licjuid turbulence and gas-l iquid contact 
( transfer coefficients) 

,,;, .. 8. P H . . 

; •' - , - 9. .Tenperature, 

The follcwing subsecrttons present experimental find

ings about the r e l a t ive significance of these variables." 
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2.2.2.4 Destruction of PCBs and Refractory Organics at 
Houston Research, Inc. '- '-

2.2.2.4.1 PCB Destruction Data 

In preliminary experimentation on the 

feasibility of PCBs destruction, a high pressure 650-watt mercrury tube gener

ating 253.7-nm radiation was used in a 21-liter reactor. Figure 2.2.2.4.1-1 

shows the arrangarent for a snaller reactor. Oxygen, with an ozone concentra

tion of 2 percent, was sparged in at 3 liters per minute. This was felt ta be 

excess ozone usage, but a gocd starting point for tests. A lOOO-ppm solution 

of Aroclor 1254 in methanol vras used to get a 514-ppb solution of Aroclor 1254 

in water. Otherwise the solubility of Arcx:lor 1254, which is about 50 percrent 

pentachlorobiphenyl, is only 12 ppb in water. It vras theorized that signifi

cant destrucrtion of this conpound would forecast even greater destruction of 

the other Aroclors new produced, which are all less chlorinated and more 

soluble in water. 

Figure 2.2.2.4.1-2 is a plot of the normal

ized residual concentration of Aroclor versus time of UV-assisted ozonation. 

It can be seen that in 1 hour about 2/3 of the PCBs had been deccnposed; and 

tn 3 hours, only about 7 percent of the original PCBs remained. 

2.2.2.4.2 Operating Data Cfctained fron Refractary 
Organics Tests 

. Houston Research has been studying ozon

ation for water purification for more t±an four years, (jcnparison tests have 

shewn that the addition of UV radiation enhances the reaction rate by 10 bo 100 

fold. Further it was found that, for the most, refractary. conpound they had 

tested prior to the PCBs, acetic acid, there was essentially no reaction without 

UV assistanca. However, with UV radiation, the oxidation proceeds rapidly at 

room tenperature. 

Figure 2.2.2.4.2-1 shows the effects of UV 

and tenperature on acetic acid destiruction. The ordinate is the fracrtion of 

tatal organic carbon remairing, showing that for the 30°C or 50°C tests, with 
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UV, there is nearly oomplete destruction to CO- and water within 4 to 5 hours 

•The fact that t:he curves are displaced to the right of the mass t:ransfer limit

ing line shews that scsne chemical reaction rate inprovanent can be sought. 

^ Figure 2.2.2.4.2-2 shews the oxidation 

improvanent achieved by doubling the UV power input, with near constant terp-

erature. Further description may be found in: "OzoneAJV Process Effective 

Wastewater Treatment", by Prengle, Mauk, Legan and Hewes, in Hydrcx;arbon 

Processing, October, 1975. 

, . These are a sampling of the kinds of opti

mization experiments that must be run with the PCB oxidation system to obtain 

gcxx3 eoonomy of design and efficiency of operation. 

2.2.2.5 Destruction of PCBs and Refractory'Organics at 
• Westgate Research Corp. 

2.2.2.5.1 PCBs Destruction Data 

Cooperative t:esting and research between 

Versar, Inc., and Westgate Research, Inc., determined, the effecrtiveness of 

Westgate's UV-assisted ozonation process in destroying PCBs. The'following 

experimental conditions were used in the treatment of synthetic wastewaters 

containing Aroclors 1254 and 1016: 

Reactor volume = 3 liters 

Reaction time = 4 hours {excess time used to give 
best chance of destiruction) 

UV Source = one 43-watt, low-pressure Hg lanp 
operating at 253,7 nm' 

Reactior type = vertical, cylindrical, 18 inch long, 
3 inch diameter (UV path length = 
2 inches) 

Pressure = atnospheric 

Tenperature =. 23°C 

•pH = 6 , 2 
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Ozone feed = 70 milligrams ozone/minute in 3.4 
~" liters per minute of oxygen; or 

about 1.4 percent by weight ozone 
in oxygen 

Reactant preparation = Pure Aroclor 1254 was ndxed 
J with an ecjual portion of 

methanol, vhich was then 
mixed with distilled water 
to get an apparent true 
solutd-on. A Hamilton syringe, 
with vernier calibration 
giving microliter incnrements 
was used to prepare an 
estimated 200-ppi> concentra
tion tn a beaker. This solu
tion was added 1:o the reactor 
(3 liters). Then a 200-ml 
sanple was withdrawn to get 
the "before" sample. 

When preparing the Aroclor 1016 solution, 

a more concentrated PCBs solution of about 800 ppb was achieved. The before 

and after treatment concentrations of PCBs are shewn in Table 2.2.2.5.1-1, 

The data show that the destruct:ton was 

highly effective in these pioneering tests; more than 99 perc:ent of the 

original PCBs were destrcjyed. In addition, the final cnncentration was at the 

desired level of about 1 ppb. Such an effluent would be expected to be a 

reasonable stream for recycle operations and intermediate term zero discharge 

potential. 

Of cxDurse the contact time and ozone ex

penditure were overly large, but the goal of this preliminary testing was to 

demonstrate destruction of two key Aroclors in use today. 

A more ccnprehensi've study of the UV-

ozonolysis of Aroclor 1016 was run, with samples removed from the reactor every 

15 or 30 nujiutes for up to 4 hours.. As shown in Table 2.2.2.5.1-2, the initial 

PCB concentration was 237 ppb. Within 45 minutes the PCB level had been de

graded to 1 to 2 ppb, a 99+-percent decxsrposition. After 2 hours the PCB oon-

c:entration was less than 100-''ppt. The last column in the Table labeled 

- 179 -



Table 2.2.2.5.1-1 

UV Ozonolysis Cestruction of T^^ical Capacitor and 
Transformer PCBs at Westgate Research 

Aroclor 1016 Aroclor 1254 

Initial (influent) Concentration (ppb) 790 200 

Final (effluent) COnĉ entration (ppb) 0.5 1.5 

Table 2.2.2,5.1-2 

Destruction'of Aroclor 1016 by UV-Ozonation at Westgate Research 

UV-Ozonation Time 
(minutes) 

0 

15 

30 

45 

60 

75 . 

90 

120 

150 

180 

210 

240 

Aroclor 1016 Cone, 
(ppb) 

237.0 • 

14.7. 

7.76 

1.73 

1.73 

0.52 

5.2 

<0.1 

<0.1 

<0.1 

<0,1 

<0,1 • 

Chlorinated 
Products Cone, 

(ppb) 

0.00 • 

33,8 

25.86 

21,80 

18.47 

17.63 

21.43 

12,64 

16.91 

9.12 

23,07 

12,58 
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"Chlorinated Products Ooncentration" is of particular interest. This is the 

first time quantitative data on the residual ocnpoinds in the reaction mixture 

ha-ve been ccirptled. These residual ccrpounds reach a 33.8-ppb level within 

15 minutes frcm the start of the test and then erratically and slowly drop to 

about 10 to 20 ppb over the 4 hour period. 

Ihe only statemsnts that can be made about 

these residual conpounds is that they are non-PCBs, but chlorinated materials. 

Possibly a different UV waveiler̂ th, or ozone concent:ration, or t h e use of a 

catalyst or othier agent oould degrade these other products to the non-detectable 

level. 

2.2.2.5.2 Pilot-Scale Tests of Refractory Organics 
Decarposition " 

Zeff has described pilot-scale tests of 

UV-assisted ozonation using 253.7-nm radiation ("UV-OX (IM) Process for the 

Effective Removal of Organics tn Waste Waters", presented at the 68th Annual 

Meeting of the AIChE, November 20, 1975). This vrork has grown fron a patented 

invention for a household appliance used to purify tap water. The effectiveness 

of the method is daronstrated by the reduction in total organic c:arbon (TX) of . 

500 ml of tap water from 5 mg/l to 1 mg/l in 1 niinute, using 0.07 mg of ozone 

and 0.1 watts of 253.7-nm UV. Ihe bacteria plate csDunt was also reduced by a 

significant amount. 

In these studies, batch reaction condi

tions were optimized to get closest to oonplete TOC destruction with least 0^ 

and UV energy input. Then continuous and tsro-stage operations were investigated. 

As shown in Figure 2.2.2.5.2-1, a 6-tnc±-path length of UV was oompared vdth a 

3-irich path. In a batch test, the longer path condition tcok 3 to 4 times as 

long as the shorter path to achieve the same TDC reduction, in approximate 

accord w i th the inverse square law. 

The laboratory-scale ecjutpment arrangement 

is shown in Figure 2.2.2.5.2-2. Table 2.2.2.5.2-1 presents TOC reductions for 

a 5-part organic mixture under tvo experimental cxnditions, showing ozone usage 
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efficiencies, and energy usage efficiencies, wi-th a simulated tvro-stage con

tinuous operation. Zeff has calculated the prirrie energy costs for UV-assisted 

ozonation based on a scale-up of a pilot reactor. The pilot reactor handled 

20 gph, so that 210 of these units in parallel vrould handle 100,000 gpd. The 

plant area needed for this equipment would be only 18 feet square, with a 

height of 3 feet. 

Based on pilot tests of this reactor, it 

might be assumed that it oould convert wastewater of 40 mg/l TOC to less -than 

5 Tcq/1, using six 43-watt UV lairps. It is assumed that a UV energy require

ment of 5 watt-minutes per millgram of carbon oxidized will suffice. Also, 

the ozone requirement will be 2 moles- per gram-a-tcm of carbon oxidized, but 

at a 75-percent efficiency, or 2/.75 = 2.67 moles ozone per gram-atom of 

carbon. Assuming a power cost of 1.5C/KWH; the ozone generating pcwer cost 

would be $53.40 and the UV power would be $18.93; or a total of $72.33 per 

100,000 gal. of water treated. 

Zeff points out that the 210 reactor 

modules would require*1260 43-watt lamps (six per reactor). This appears to 

be a large number of lamps, but it is actually very practical. Such arrays of 

lamps are regularly used for roan illumination in factories and'large offices, 

and the low-pressure mercury lamps used here are nothing but fluorescent lanps 

without the phosphor coating. An extended array such as this is much more 

energy-efficient than fewer high-pcwer high-pressure industrial UV irradiators; 

and maintenance and replacement of lamps is much sirrpler. The life of the low-

power lamps is 7500 hours as corpared to 1000 hours for the high-power lanps. 

2.2.2.6 Laboratory Test Results from AiResearch Corporation 

In 'the laboratory tests of the AiResearch Corporation, 

high-pressure 450-watt mercury lanps were used. The test solutions were very 

dilute mixtures of methanol, ethanol, isopropanol, and acetone in water. The 

ozone was introduced into the 4-liter organic mixture in an oxygen stream 

bubbled in at 2 liters per itunute; ozone concentration in -the oxygen was 

33 mg/liter. With -the expenditure of 7.9 grams of ozone, the mixture of alco

hols and acetone was reduced from 115 mg/l COD tiO 10 mg/l in 2 hours. 
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2.2.2.7 CoTTOents on UV/Ozone Tests 

These highly encouraging tests by three different 

catpanies in the destruction of some of the most refractory organics en- • 

countered in wastewater treatment, give confidence that scaled-ip systans can 

adequately destroy PCBs in industrial wastewaters. The next step required is 

detailed cost effectiveness testing in pilot-scale equipment. 

2.2.3 Non-Carbon Adsorbents for PCBs 

A variety of non-carbon materials, sane well-kncwn for treat

ing water and.some that seem to be quite specific for PCBs removal, have been 

found. Limited cooperative laboratory testing of PCBs removal has been con

ducted in order -to gain insight into potential effectiveness. 
i' 

Materials considered or examined were: 

1) Rohm and Haas Anfaerlite XAD series resins - Tnese were 
laboratory-tested for PCBs removal 

2) Polyvinyl chloride - Tested by Canadian investigators 
for PCBs renoval 

3) Clays and Humus - Tested by ̂ tonsanto for PCB renoval 

4) Polyurethane - Tested by Canadian, 'Swedish and other 
investigators for PCBs removal 

5) Sphagnum Peat - Used in ccjimercial water purification, 
but has not been tried witii PCBs 

6) Polyelec-trolytes as floccing agent - Not really 
adsorbents, but could be aids to renoving finely, 
divided adsorbents from treated wastewaters; have 
not been tested 

7) Goal - Not tested with PCBs, but being ejq̂ eriinentally 
used for water trea-tmeht 

8) Moleciilar Sieves - Not tried with PCBs, since they 
were judged to be of iirproper character; they woiild 
be expected to preferentially ranove water from PCBs, 
rather than PCBs from water 

9) Miscellaneous Sorbents - A number of proprietary Oil 
Sorbents, such as the "3M Brand" series, that were 
not tested with PCBs, ndght have some application 
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2.2.3.1 The Amberlite XAD Series, of Macroreticular Resins 

2.2.3.1.1 PCBs.Adsorption Testing 

Cooperative preliminary experimental work 

was carried out between Versar and Rohm and Haas to test the PCB-adsorption 

capacity of XAD-4 resins, Ihe tests oonfimed the effecti-veness of this resin 

(see Appendix D). 

Since carbon adsorp-tion is the more estab- , 

lished technology for removal of organics, it was felt that a side-by-side oom- : 

parison of a carbon and an Amberlite resin would be useful. 

These tests, shewed -that resin and carbon 

are coiparable in PCBs renoval effectiveness. The resin method includes on-

site regeneration, with the concentrated waste PCBs -treated by incineration. 

De-tails on -the apparatus and materials used by Rahm and Haas and the results 

of their experiments are given in Appendix A, ' 

2.2.3.1.2 Process Concept for Resin Adsorption of 
PCBs 

Based ipon the experimgnts described in 

^̂ 3pendix. A, the Rohm and Haas experience has led than to envision the follcwing 

plant-scale process, subject to further experimentation. 

The wastewater 'to be treated is passed 

through one or more columns, each containing polymeric adsorbent. Once the 

resin is loaded to capacity with PCB, it is taken off line for regeneration. 

A water, ndscible solvent is i:isually used for regeneration, and is in tum dis

placed fron the adsorbent by water. The stream resulting fron this operation 

is carefully frac-tionated to optimize solvent recovery. The final rinse usually 

contains a very low level of solvent in water and this muSt be collected as a 

PCBs wastewater. , 

The distillation column permits solvent •• 

recovery at high puri-ty, leaving water and PCB in the bottoms. To minimize 
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distillation costs, a patented 'variation of the process, called "superloading", 

is used to maintain a high PCB concentration in the final toxic material to be 

disposed. Part of this process includes, a separator frcm which the organic 

phase is PCB v^le the aqueous phase is recycled to "superload" the adsorbent. 

A oonpletely enclosed system can readily be designed to insure minimum opera

tor eaqxDsure bo PCB. A process concept flow sheet of such a PCBs renoval 

system is shown in Figure 2.2.3.1.2-1. , 

The experimental.vrork necessary, to plant-

scale design is as follows: 

1. Mare extensi've leakage data should be gathered 
for XAD-4 and other Amberli'te polymeric adsorb
ents, enocmpassinq several influent concentra
tions of PCBs; other Aroclors should also be 
tested. 

2. The ability of the Amberlite polymeric'adsorb
ents to be solvent regenerated should be 
demonstrated and the optimum solvent determined 

3.. The capacity of the Amberlite polymeric adsorb
ents should be determined over a number of 
loading/regeneration cycles to see the effect, 
if any, of long-term operation on capacity. 

The description of XAE>-4 resin and its 

corparison with other Rohni and Haas resins 'that might also have application 

to PGBs removal are given in Appendix B. 

Further descriptions of non-carbon adsorb

ents are presented in the ̂ ^pendix C. They contain relevant experimental work 

on PCBs and refractory organics, and are included to give a more conplete pic

ture of the options assessed under this program. Also included in Appendix C 

are sunmaries of catalytic reduction, catalytic oxidation, microorganism 

studies, ultrafiltration, and reverse osmosis. For the removal of PCBs fron 

wastewa-ter, all are considered to be in -the research stages. Several have 

potential for contributing to zero discharge technology. ' - ^ 
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Figure 2.2.3.1.2-1 
PCBs REMOVAL PROCESS CONCEPT FUOW SHEET 
BY ROHM AND HAAS COMPANY 
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2.3 Treatment of PCBs - Contaminated Solid Wastes 

2.3.1 Incineration 

Incineration has been described in Section 1.3.3. For the 

variety of solids ranging fron granular particulate, such as fuller's earth, 

to large chunks of solids, such as transfomer internals, the best destruction 

method is rotary kiln incinerator, followed with adequate afterburning to 

prevent PCB v^rorization. 

2.3.2 Sanitary Landfill 

The best technology for segregation of the PCBs solid wastes 

so that spillage, leakage to waterways, or anissions to -the atmosphere will not 

occi:ir, is described under Section 1.3.3. 

2.4 Treatment of Air Etnissions 

.2.4.1 Condensation Methods 

Our survey found one plant that was practicing' chilling of 

exhaust gases from PCBs processing areas. With the low vapor pressure of PCBs 

even at room tenperature, it might be expected that they could be effectively 

swept out of chilled air with the condensing water. Undoubtedly this does 

occur to sane extent; howe'ver,"the high activity coefficients of PCBs tend to 

keep them 'vaporized at le'vels near their pure liquid vapor pressure at that low 

tenperature. Previous work by Versar has shown that PCBs in stack emissions 

fron sludge incineration are not removed by water scrubbing (EPA Contract 

68-01-1587). 

2.4.2 Granular Adsorption Methods 

Althou^ no information was uncovered on the collection of 

PCBs fron air streams by any form of granular filter, it vrould be expected that 

such treatment should be effective. In fact, it would be expected that the 

same adsorbents discussed under Sections 2.2.1 and 2.2.3 above would be the 

most effective. Activated carbon raroval of organic vapors has been practiced 

in such widely divergent circumstances and devices as gas masks, kitchen range 

hood systems, and submarine air recycle systems. 
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2.4.3 Catalytic Oxidation of Organics in £>/aporated Effluents 

Studies of vapor phase oxidation show the potential for PCBs 

des-truction in air exhausts at Icwer than incineration tenperatures. Catalysts 

would have to be resistant to HCl vapors, but fuel savings and insulation 

savings would be large. This procedure should be anenable to all proportions 

of water and organics in such air streams. 

Borkowski passed PCB 'vapors over a catalyst at elevated 

tenperatures ("The Catalytic Oxidation of Phenols and other Inpurities in 

Evaporated Effluents," VJater Research (1); 367 (1967)). Copper oxide was the 

most active of a large number of catalysts tested and oxidation' -to carbon 

dioxide and water appeared to. be conplete at tenperatures over 30O''C and at 

residence times of about 0.08 seconds. Without the catalyst, 1000 to 1200''C 

was required to achieve -the same degree of removal. 

Walsh and Katzer studied contaminated air-water vapor streams 

over supported copper oxide and shewed that the rate was first order in phenol 

and relatively rapid between 150 and 270°C ("Catalytic Oxidation of Phenol in 

Dilute Concentration in Air", Ind. 'Eng. Chen. Process-Design Develop,. (12); 

477 (1973)). At IBCC and a space velocity of 4100 hr" the phenol conversion 

was 99.6 percent, and there was little evidence of any intermediate organics 

in t±ie condensate. 

These methods of aix purification are in the research s-tages, 

and actual testing of PCBs in air is required. 

2.5 The Potential for Zero Discharge 

The best ms-thod of achieving zero discharge, in the face of the prac

tical problem of defining what a zero concentra-tion is, is to establish total 

recycle. This appears feasible for wastewater, but not for solids or air 

emissions. Fortunately, for solids, incineration technology promises very high 

efficiency of destruction sixtply by setting the tenperature and residence -tines 

high enough. 
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R)r air emissions, although vapor pressures are lew for PCBs-, large 

surfaces ha-ve the po-tential for giving off significant quantities of PCBs. 

Versar research has found powerful adsorption and destruction nethods for 

organics in air. If destruction equivalent to that achieved by incineration 

can be achieved at lower tenperatures through catalyzed reactions, near zero 

emissions are possible. •, 

For wastewa-ter recycle, methods of adsorption and ca-talytic destruc-

, tion promise PCBs reduction to levels low enough such, that reuse is practical. 

Our survey has shown scite municipal and fresh waters contain PCB concentra

tions of 1 ppb or greater, and many river waters can contain iriany times that. 

Thus the recycled water: at 1 ppb of PCB would be very suitable for reuse. 

3.0 RATIONALE AND SELECTIONS OF CURRENTLY RECOMMENDED WASTE TREATMENT METHODS. 

Based upon our plant surveys of the PCB-using capacitor and transformer 

manufacturers, the single U.S. PCB manufacturer, and waste treatment equipment. 

JJ suppliers, and upon the analysis and evaluation of all available technologies 

whether in oontnercial use, pilot plant, or research stages, Versar has developed 

> recommendations for the most practical treatment nethods available now. We 

have also made predictions of nethods applicable over the short- and. long-term 

future. Our current reconmendations are based on technology that is either 

oirrently in use and doing an excellent job of PCB destruction or removal, or 

..̂  holds great promise of doing that job based upon success in similar but non-PCB, 

applications. 

3.1 Incineration Recamended for Liquid PCBs and Scrap Oils 

For liquid PCBs and con-taminated scrap oils, we determined only two 

candidate methods: incineration and sanitary landfill. It is possible that 

some chemical degrada-tion ne-thods discussed under wastewater treatment might 

later beocme applicable to concentrated PCB liquids, but the prospect is not 

clear at this time. 

Sanitary landfill is not reconmended for liquids v*ien incineration is 

available. The potential for liquids escaping in large quantities from ruptured 
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containers, caused by any of a number of circumstances, and then causing 

massive leaching and liquid control problems at the landfill, is felt to be 

-too great. 

Incineration, on the other hand, offers a straight-forward and 

physically sinple me-thod of final destruction. Incineration facilities that 

have successfully handled PCB liquids are available in Massachusetts, New 

York, Delaware, Illinois, Texas and Louisiana. Pilot or experimental facil

ities are available in other parts of the country. With -the increase in 

requiranents for disposing of many other liquid organics, it is expected,that 

new facilities suitable for PCBs destruction will be added. ' ' 

Versar therefore reconmends incineration, particularly if thei'e is a 

choice of the kind of disposal facility to be constructed. 

3.2 Carbon Adsorption and UV-Assisted Ozonation Recormended for PCBs in 
WastewateF 

Our svirvey of wastewater treatment technology was extensive â d̂ excell

ent potential for current, near- and long-term me-thods was found. The longer 

term pilot- or research-scale me-thods hold great promise for achieving zero 

discharge. . •. -, , 

Por wastewater treatment, Versar's reccnmendation is carbon adsorp-

td.on. This technology has been well proved in a wide variety of industrial 

adsorption problems. It is constantly being successfully applied to the re

moval of new organics from water. Our cooperative laboratory work with several 

suppliers has confirmed preliminary reports of success in removing PCBs, All 

of the aspects of camercial carbon adsorption, from favorable capital and 

operating economics to reasonable operating methods, naterials of construction, 

and lack of transport of pollution to air or land, have been proven for PCB-like 

materials. There is every reason to expect conmercial success with PCB ranoval 

fron wastewa'ter. 

Potential problems with carbon adsorption includes 'the collection of 

backwash water and spent carbon for incineration or other treatment. With these 

limitations in mind, we studied -the various alternatives and have determined 
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that the UV/ozone method is the best. Hcwever, it must be appreciated that 

this tectmology is still somewhere in the pilot-plant and research stage, but 

our cooperative testing with two equipment suppliers shows the method to be 

effective in destroying PCBs. It offers the potential of degrading breakdown 

products all the way to OO2, water and HCl. Any kind of process that generates 

no solids or liquids for later disposal must be considered for application 

where no wastewater treatment facilities now exist, and where facilities for 

•i. incineration of carbon systan wastes are not convenient. 

The major factors yet to be determined for 'the UV/ozone systems are 

costs and operating practicality. Separately, UV and ozone systems are being 

••- used in conmercial applications, and it is therefore anticipated that the 

combination will be practical. Choices of the proper 'UV-radiation wa'velength 

and power levels still need to be made, as well as methods of improving ozone-

use efficiency. It appears that conmercial UV and ozone generators are suit-

• able. 

3.3 Incineration and Landfill Reconmended for Contaminated Solids 

Although incineration is recormended for PCB contaminated solids, 

because of its final destruction capability and prevention of any long-term 

problems, sanitary or scientifically-controlled landfilling must be considered 

a close second choice. At present, the only incineration facilities for hand

ling the full spectrum of PCB-contaminated solids are those of Rollins Environ

mental Services in Delaware, Texas and Louisiana. This limitation on locations 

for -treatment requires that the alternate, landfill, be considered. 

Landfill, as practiced by Chemtrol Corp., appears perfectly suitable 

for containment of PCB-oontaminated solids, at least over a medium term. Our 

reservation wi-th this ne-thod is that it might be relegating a problem to the 

future. Our concern is that seme decades in the future, when a landfill night 

be closed, no agency will be prepared t o handle the sunp emptying and maintenance 

necessary to prevent leaching. \'te anticipate that sate time in the future, many 

landfills will have to be mined, and final destruction or recovery carried out 

for land use or hazard reasons. 
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3.4 Dry Carbon Filter Adsorption Reccmmended for Control of Air E^ssions 

: For much 'the sane reasons listed in Section 3.2, we recatmend that 

current emissions of PCBs in plant air be trapped in carbon-containing filters. 

It is recognized that other and better adsorben-ts may aterge from research, as 

described in Section 2.2.,3, but it is felt that such advances will be readily 

applicable to any kind of filter pack, screen or cartridge systan already in 

use. 

The long record of proven capability of carbon adsorption is the 

main factor in its choice. Hcwever, since oon-taminated carbon must be either 

incinerated or regenerated, over -the longer term we see the use of Icw-

tenperature catalytic oxidation nethods as described in Section 2.4.3. Catalytic 

oxidation methods hold premise for near zero discharge, with 'the generation of 

no solid wastes. 
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SEcriCN vi:i 

PRODUCTICN AND DISTRIBOTICN 

1.0 PRODUCTICN AND CIIRRENT USE 

1.1 Domestic Production of PCBs and PCTs 

Currently there is only one kncwn ocmnercial scale PCB production 

installation.in the U.S.,. the William G. Krurrmrich plant of the Monsanto Chemical 

Cbnpany in Sauget, Illinois. This facility is specifically designed for 

chlorobiphenyls producticjn and has a design capacity of 48 million pounds per 

year. 

Until 1971 PCBs were also manufactiored at Monsanto's Anniston, 

KLahama plant which had a design capacity approximately equal to the Sauget 

plant. The Alabama operation was discontiniied and the plant dismantled in 

1971, 

PCBs manufactured by Monsanto are marketed under trade nane "Aroclor", 

Tables 1.1-1 and 1.1-2 present data fron Monsanto related to production-and 

sales of PCBs frcm 1957-1974 and production of polychlorinated terphenyls (PCTs) 

frcm 1959-1972. The productiori of PCTs were terminated in 1972. Until then 

in addition to PCBs (Aroclor series 12) tonsanto manufactured Aroclors 2565, 

4465, 5442 and 5460, Aroclors 2565 and 4465 were blends of PCBs and PCJTs and 

Aroclors 5442 and 5460 were two. different grades of PCTs. Also given in these 

Tables are breakdd:7ns of dcmestic sales per use category and by PCB grade. 

Detailed information and brealcdown on PCB/PCI blends and PCT grades is not 

available. However, Monsanto reports that 'the predcminant material produced 

was Aroclca: 5460. When produced and marke'ted these materials were used in 

plasticizer ^plications. Figiires 1.1-1 through 1.1-3 are graphical represen

tations of these data. 

As can be seen fron Figure 1.1-1, the majority of the PCBs produced 

in the United States was marketed domestically. Production and sales of PCBs 

in 1974 were less than half of those for 1970, where production and sales of 

PCBs were at -their maximum. The difference between production and sales on 
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TABI£ 1 .1 -1 

PCB & PCT MANUraCIURE AND PCB SALES 

W3NSAOTO INDUSTRIAL CHIMICALS CCMPANY 

U . S . PPOIJUCriOM OF PCBs 
DCMESTIC SALES CF PCBs 
U.S . EXPORT SALES OF PCBs 

U.S. PFODUcrrioN OF PCTS 

tX)MESTIC SALES OF PCBs BY CATBaoro 

Keat T r a n s f e r : 
Hydraulics/Lubri cants 
Misc. In(3ustrial 
TrjuTsformer 
Capacitor 
Plasticizer Applications 
Petroleum Additives 

1957 

(1) 
32299 
(2) 

" 

1612 
704 

12955 
17028 
(1) 

1957 thru .1964 
(Thousands of Pounds) 

1958 

(1) 
26061. 
(2) 

" 

1549 
755 
5719 
14099 
3939 

1959 

(1) 
31310 
(2) 
2996 

2685 
1569 
5984 

16499 
4573 

1960 

37919 
35214 
(2) 
3850 

2523 
1559 
7921 
16967 
6244 

1961 

36515 
37538 
(2) 
2322 

4110 
2114 
6281 
15935 
9098 

1962 

38353 
38043 
(2) 
4468 

157 
3915 
1681 
7984 
15382 
8924 . 

1963 

44734 
38132 
3647 
4920 

582 
3945 
1528 
7290 

15606 
9181 

1964 

50833 
44869 
4096 
5288 

929 
4374 
1692 
7997 

19540 
10337 

DOMESTIC S7\LES BY PCB GRADE 

Aroclor 
Aroclor 
Aroclor 
Aroclor 
Aroclor 
Aroclor 
Aroclor 
Aroclor 
Aroclor 

1221 
1232 
1242' 
1248 
1254 
1260 
1262 
1268 
1016 

23 
196 

18222 
1779 
4461 
7587 
31 
-

16 
113 

- 10444 
2559 
6691 
5982 
184 
72 

254 
240 

13598 
3384 
6754 
6619 
359 
102 

103 
155 

18196 
2827 
6088 
7330 
326 
189 

94 
241 

19827 
4023 
6294 
6540 
361 
158 

140 
224 

20654 
3463 
6325 
6595 
432 
210 

361 
13 

18510 
5013 
5911 
7626 
414 
284 

596 
13 

23571 
5238 
6280 
8535 
446 
190 

(].) Production figures and Plasticizer Applications figures unavailable during year indicated. 
(2) U.S. Fj<port Sales figures unavailable during year indicated. 



TABIJE 1 ,1-2 

PCB & PCT MANUFACTURE AND PCB SALES 

MCNSANTO INDUSTRIAL CHEMICALS COMPANY 

1965 t h r u 1974 
(Thousands o f Pounds) 

1965 1966 U 6 7 1968 1969 1970 1971 1972 1973 1974 

1 
to 
o 
o 
1 

U.S. PRCDUCTION CF PCRs 60480 
DOMhSTIC SALF.S OF PCBs 51796 
U.S. EXPORT SALES OF PCBs 4234 
U.S. PRODUCTION OF 

DOMESTIC SAIES OF 

Heat Transfer 

PCTs 6470 

65849 
'59078 

6852 
8190 

PCBs BY CATEGORY 

1237 
Hydraulics/Lubricants 4616 
Misc. Industrial 
Transformer 
Capacitor 
Plasticizer 

^Applications 
Petroleum 

Additives 

DOMESTIC SALES BY 

Aroclor 1221 
Aroclor 1232 
Aroclor 1242 
Aroclor 1248 
Aroclor 1254 
Aroclor 1260 
Aroclor 1262 
Aroclor 1268 
Aroclor 1016 

1841 
8657 

23749 

11696 

-

PCB GRADE 

369 
7 

31533 
5565 
7737 
5831 
558 
196 
0 

1766 
4258 
1779 
8910 

28884 

13481 

-

528 
16 

39557 , 
5015 
7035 
5875 
768 
284 
0 

75309 
62466 
8124 
9450 

2262 
4643 
1426 

11071 
29703 

13361 

--

442 
25 

43055 
4704 
6696 
6417 
840 
287 
0 

82854 
65116 
11231 
8870 

2529 
5765 
1283 

11585 
29550 

14404 

-

136 
90 

44853 
4894 
8891 
5252 
720 
2-80 
0 

76389 
67194 
10624 
11600 

3050 
8039 
1079 

12105 
25022 

16460 

1439 

507 
273 

45491 
5650 
9822 
4439 
712 
300 
0 

85054 
73061 
13651 
17768 

3958 
'7403 
1627 

13828 
26708 

19537 

-

1476 
260 

48588 
4073 

12421 
4890 
1023 
330 
0 

34994 
34301 
-

20212 

3060 
1552 
1155 

11134 < 
14141 1 

3259 

-

2215 
171 

21981 
213 . 

4661 
1725 

1 
0 

3334 

38600 
26408 
6388 
8134 

_ - • 

752 
0 
0 

25656 

0 

0 

171 
0 

728 
807 

3495 
305 
0 
0 

20902 

42178 
37742 
8346 
-

37742 

35 
0 

6200 
0 

7976 
0 
0 
0 

23531 

40466 
34406 
5395 
-

34406 

57 
0 

6207 
0 

6185 
0 
0 
0 

2i955 



tn 
m 
- i 

z 
o 

o 
0. 

V) m o a. 

85 

80 

75 

70 

65 

60 

55 

50 

45 

40 

35 

30 

25 

20 

15 

10 

6 

0 

US. PRODUCTION 
OF PCBs 

NOTEi (1) THE DIFFERENCE 
BETWEEN PRODUCTION 
AND SALES REFLECTS 
INVENTORY CHANGES 

X-I4S. PRODUCTION OF PCTs ^ \ 

. y ^ 

1963 1965 1967 1969 

YEAR 

1971 1973 1975 

Figure 1.1-1 - U.S. Productio.'-i of PCBs ard PCrs and 
Dcnestic Sales and Exparts of PCBs 

-201-



CO 
OD 
- 1 . 

z 
o 
_ l 

s 

z 

CO 
U l 
- 1 
< 
CO 

o 
1 -
co 
UJ 
s 
o 
o 

eo 
3 

80 

70 

60 

50 

40 

SO 

20 

r • ' ' • - ' 

• • ^ ' ^ ^ ^ . ^ 

•• / ^ ^ r 
/ OPEN END 1 

/ APPLICATIONS 1 

1 / NOMINALLY \ \ . 
1 / CLOSED \ 1 

• J / / " " ^ y ^ ^ 

. V\ / / /CLOSED ELECTRICAL \ v \ / 
\ \ / / / SYSTEMS \ \ i / 

\ ^ ^ 

S7 59 61 63 65 67 69 71 73 75 

YEAR 

Figure 1.1-2 -• U.S. Damestic Sciles of PCBs by End Use Applications 

-202-



CO 
CD 

z 
o 

z 

m 
o 
o. 

73 75 

Figure 1,1-3 - U,S, Domestic Sales of PCBs by Type 

-203-



this graph reflects inventory changes of PCBs, Figure 1.1-1 also indicates 

that the production of PCTs increased steadily through 1971 when their pro

duction was at -the maximum. The production of PCTs was terminated in 1972. 

Table 1.1-3 shews production, sales and export of PCBs for the first 

quarter of 1975. Monsanto reports that sales for Aroclor are expected to 

increase at ah average annual rate of 6-7 percent over the next few years. 

Mditionally, ejqDorts of Aroclor are expected to nmntain -the same ratio to 

the U.S, production as in the past. 

Figure 1.1-2 iruiicates ,-fehat prior to Monsanto's voluntary res-triction 

of sales to all applications with the exception of "closed electric systems", 

^proximately 13 percent of the PCBs in -the U.S. was used in "naninally closed" 

applications (heat transfer, hydraulic fluids and lubricants) and 26 percent 

was used in "Open End" applications (plasticizers, surface coating, ink, 

adhesives, pesticide extenders, and microencapsulation•of dyes for carbonless 

duplicating paper) v̂ iere entries of PCBs to the environment are more probable 

and PCB anissions are uncontrollable. At present, almost all domestic produc-

-tion is being used in "closed electric systems" (transformer and capacitor 

applications) where PCB emissions are more controllable. 

Between.1957 and 1971 there were twelve different types of Aroclor 

manufactured by Monsanto with dhlorine contents ranging from 21 to 68 percent, 

Aroclor 1242 and grades lower than 42 percent chlorine made about 48 percent of 

the total production consumed. U.S. Sale of Aroclor 1242 has dropped drastically 

since 1971 and has beein replaced by Aroclor 1016. Sales of Aroclor 1254 re

mained about the sane for the period 1957 - 1974. Currently, tnere are four 

different types of Aroclor manufactured by the Monsanto Company-Aroclors 1221 

and 1016 for capacitor applications and Aroclors 1242 and 1254 for transformer 

^plications. 

Past and current end-use of PCBs by types are presented in Table 

1.1-4. In the years prior to 1971 the largest "c3pen-end" use of PCBs and PCTs 

has been in plasticizer applications. According to Monsanto, a large percent

age of the production of Aroclor 1242 and Icwer chlorine oontent grades and 

-the entire PCH production were used for this application. Following Monsanto's 
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TABLE 1.1-3 

PCB MANUFACTURE AND SALES 

MDNSANTO IMXJSTKLAL CHEMICALS CDMPJiNY 

F i r s t Qua r t e r - 1975 

U.S. PPODUCTICN 

DCX^STIC SALES 

U.S. EXPORT SALES 

DCMESTIC SALES 

Transformer and Capacitor 

DOMESTIC SALES BY PCB GRADE 

Aroclor 1221 

Aroclor 1242 

Arcjclor 1254 

Aroclor 1016 

PREDCMINANT UTILIZATICg^ OF ABDCLORS 

Aroclor 1221 | 

Aroclor 1016 | 

Aroclor 1242 | 

Aroclor 1254 ) 

(Thousands of Pounds) 

8532 

7986 

1538 

7986 

10 

2201 

2115 

3660 

C^ac iters 

Transformers 
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TABLE 1.1-4 

END-USES OF PCTs AND PCBs BY TYPE 

Brtd-Use 1016 1221 1232 1242 1248 1254 1260 1262 1268 PCTs 

Existing Sales 

Capacitors 

Transformers 

XX x-̂  - XX 

through 1971 

X 

X 

XX X 

through 1971 

Sales Phased-Out 

B 
t o 
O 
i n 
I 

Heat transfer 

Hydraulics/ 
lubricants 

. hydraulic fluids 

. vacuum ptrnps 

. gas-tr£msmission 
turbines 

Plasticizers 

rubbers 
. synthetic resins 

carbonless paper 

Miscellaneous Industrial 

X adliGsives 
wax extenders 
dedu-sting agents 
inks 
cutting oils 
pesticide extenders 
sealants & caulking cxampounds 

XX 

XX 

XX 
XX 

X 
X 

X 
X 

X 
X 

X 
X 
X 
X 
X 
X 

X 
X .XX 

XX 
XX 

XX 

XX 

^Jotes! (1)X denotes use of a gi-ven Aroclor in a specific end-use, while XX denotes principal use 
(2)PCTs denote series 25,44 & 54 Aroclors 

Source: Monsanto Industrial Chatdcal Oo. 



voluntary res-tricrt:.ions in 1972 , Aroclor sales for plasticizer ajplications 

dropped to small percentage to that of -the previous years. Historically, 

c^acitors have, always been the single largest PCB use ĉ ategory except for the 

years 1969-1971 vAien Aroclor usage for plasticizer applications was higher. 

The najor uses of PCBs prior to 1969 in order of volume of naterial used is 

listed below: 

Clapacitors 

Plasticizers 

Transformers 

Hydraulic fluids and lubrican-ts 

Heat transfer fluids 

1.2 Foreign Production and Distribution of PCBs 

Known current foreign producers of PCBs are the United Kingdom, 

Czechoslovakia, France, Germany, Italy, Spain and the U.S.S.R. Detailed infor-

ma-tion on total production of PCBs outside the U.S. is not available. However, 

total foreign production of PCBs was roughly estimated by the Interdepartmental 

Task.Force to be 80-85 million pounds annually prior to 1971. This value 

included 26 million pounds produced by Japan. Foreign production of PCBs has, 

hcwever, decreased prirrarily due to Japanese action on banning -the dcmestic 

production of PCBs. In 1973 foreign production of PCBs was estimated to be 43 

million pounds, accounting for a 50% reduction. Production, trade and use of 

PCBs by CECD member oomitries for the year 1973 is given in Table 1.2-1. The 

oanbined PCB output of three major European producers/ France, Italy and United 

Kingdon was about 36'million pounds in 1973, World oaramerc:e in PCBs is expected 

to decrease further, due to OECD nenber countries' activities, and to be 

essentially confined -to capacitor and transformer applica-tions, 

1.3 Summary of Reĉ ent PCBs and PCTs Inports 

A summary of estimated inports of PCBs since 1971 is presented in 

Table 1.3-1. Inportation of PCBs appears to be steady or increasing, and 

currently is in the range of one percent of the dcmestic sales reported by 

Msnsanto. 
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Table 1.7-1 - Production, Trade and Use of PCBs' 
• OBOJ MoTtoer Countries (1973), 

Country 

Austral ia 

Aas t r i a ' ^ ' 

Belgium 

Canada . 

Denmark 

Fijilarei 

France 

.Germany'^' 

Greece 

Iceland 

Ireland 

I t a l y 

Japan . 

LuwsTbourg 

Netherlands 

New Zealand 

^torway'^°> 

Portugal 

Spain 

a - e d e n ' " ' • • 

a-fitzerland 

Turkey 

United S ta tes 

k 
3° 

* 
0 

0 

0 

21.33 

* 

5.55 

' 0 

0 

•0 

- 0 ' 

« 

0 

0 

8.97 

42.10 

I . 
3*̂  

? 

2.38 

0.53 

0.66 

3.53 

(2) 

7 

0.04(9> 

0.04 

0.70 

0 

o.pi • 

0.57 

1 

7 

0 

0 

10.12 

2.44 

(2) ; 

0 

0 

0 • 

0 

0 

6 . 5 3 

. 8.35 

.2 3 

11 US: 

1.16 

1.98'^' 

0 .09 '^ ' 

6.48 

2.70 

7 

0.075 

0 

0 

0 . 7 i ' 3 ' 

•r4 CP 
U & • ' 

a " -

0.40 

0.44'''> 

0.44'^> 

2;a7 

.,-) 

, 3 .14 ' ^ ' ^ ' 

7 

0 

o.os'^'' 

0.72 

4J ^ 

U 0 

- . 
0 . 4 l ( ' " 

0 

0 

7 

. 0 

-0.005 

0 

r 1 n-<9' 
. , , . - (13) 

1 1 ,, 

End oi 

,7 

0 • 

0 

0.16 

0 ' 

7 

0 • 

0 

0 • 

? 

Ur^ by Cfltcrorv 

• ''C 6. 

7 

0 

0 

0.17 

0 

7 

0 

0 

0 

0.04 

'1 

7 

0 • 

0 

0.01 

0 

7 

0-.005-

0 

0 

7 

U iJ 

^5 

7 

0 

7 

q.49' 

0 • 

0 

b 
0 

. 0 

. 7 

13 

o 

? 

? 

0 

. 1.-45 

, 0 . 6 4 ' < ' 5 ' 

0 

0.02 

0 • 

0 

0.04<1=' 

0 

s 1 

0 

0 .25 

0 . 1 6 ' ^ ' 8 > 

0 
0 

• 0 • 

0 

7 

Notes: • • - . . ' 

(1) All q u a n t i t i e s a r e in 'mi l l i on pounds ., > 

(2) InCorntation i s not ava i lab le 

(3) PCB oontaining 54 wt » dUor ine 

(4) PCB containing 42 wt ( chlor ine 

(5) PCB oontaining 64 wt % chlor ine 

(6) POa containing 70 wt * chlor ine 

* i iv l icates PCB producer cx>untiy 

- (7) "Others" refers t o PCBs were used to r e s e l l e r and, in nsseardi 

(8) "Others" re fe rs to PCBs used as a f i r e - r e t a rdan t in p l a s t i c s 

(9) I h i s f igure Includes about 6 percent'from previously ijtported mater ia l ,' ' 

CIO) Anouit reported as ijTport and quan t i t i e s quoted in usage, do not agree 

(11) .With regards to the use of PCBs in transformers and c a p a c i t o r s , de f in i t i ve figures 

a re no t ava i l ab l e 

(12) Used in Investment cas t ing 

(13) This f igure i n d u c e s 0,13 mil l ion pounds of imported imber ia l 
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Table 1..V1 

Preliminary Sunmary of PCBs Import Data for 
1971-75 Versus Monsanto Production and Sales Cata 

I 
to o 

Estimated Imports (lb) 

Monsanto Donestic Sales (lb) 

Inpor ts as Percentage of Domestic Sales 

Monsanto Exports (lb) 

Ratio of Rxports t o Imports 

1971 

550,000 

34,301,000 

• 1.6 

-
•~ 

Year o r Portion' 

1972 

700,000 

26,408,000 

2.7 

- 6,388,000 

9 .1 

1973 

480,000 

37,742,000 

1.3 

8,346,000 

17.3 

of year 

1974 -

450.000 

34,406,000 

1.3 

5,395,000 

13.5 

1975 

450,000 (6 lies) 

7,986,000 (3 TOs) 

-

1,538,000 (3 n»s) 

" • 



During 1971 and 1972 most of the PCBs inported into the United 

States originated in Japan, ostensibly corresponding to sales of stocks un

salable in J^an due' to pending or established regulatory acrtion. There 

apparently has been little or no U.S. importation of PCBs from Japan since 

1972. The major iirporter was Marubeni America Corp . , West Caldwell, N.J. 

Since 1972, most of the imported PCBs originated in Italy, wi-th a 

small amount inported fron France (manufactured by Prodelec) . This French 

material is similar to Aroclor 1242 and is used (40,000-60,000 lb. per year) 

as a coolant in mining machinery by Joy Mfg. Co., Franklin, Pa. Decachloro

biphenyl (Fenclor DK) is iitported fron Italy by Yates lAfg. (JO., Chicago, 111., 

for use in the manufacture of investment casting waxes. Estimated current 

usage is about 400,000 lb/year. 

Polychlorotriphenyls, also used in pattem wax formulations, appear 

to be imported at an increasing rate. Estimated aitounts are: 

1973 1974 1975 (6 nos.) 

160,000 lb. 330,000 lb. 200,000 lb. 

Major inporters of PCTs are Progil, Inc. (formerly Prochimie) and 

Intsel Co., both located in the New York (̂ ty area. Itost of the inported PCTs 

originate in France (Prodelec). 

Use of PCBs and PCTs in casting waxes appears to be generally stable 

or increasing slowly, and under conditions of lack of regulatory control in the 

future, suc±i use would be expected to continue at least at the current rate. 

On the o-ther hand, Joy Mfg. Oo. no longer manufactures mining ecjuipsient using 

PCBs as coolant; the amoimts inported by Joy are used to service existing 

equipment. Hcwever, since Joy inports only 10 to 20 percent of the total, -the 

overall inports will not be affected greatly by future decreases in inports by 

Joy.. 

2.0 FIFTEEN YEAR EXTRflPOLATICKS POR PCB PRDDUCTICN AND USE IN ELECTRICAL 
EQUIPMENT 

The s\3bjecrt: data base was assembled fron <acinestic sales figures for 

Aroclors r^xjrted by Monsanto — capacitor and transformer sales being sunmed 
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to db-tain totals. For oertain years (1972-1973) , sales data were reported in 

aggregate, and in such cases, the reported figures were taken as totals, and 

usage breakcSown was acccnplished by assigning total amounts of Aroclor 1221 

and 1016 to capacitors and total amounts of Aroclor 1242, 1248, 1254, and 1260 

to transf ontiers. All 1975 totals were obtained by quadrupling -the reported 

first-quarter sales figures - a process which very likely yields an approximate 

Icwer-bound to the actual yearly totals - and, ultimately, Table 2-1 was 

constructed. 

I'fanifestly, -the available data base is far too limited to form the basis 

for any rational statistical analysis. The strong pertubational decrement in 

the 1971-1972 interval precludes the application of incremental regression — 

even if a fifteen-year extrapolation were not required. In short, then, trend 

analysis beoones a generally risky proposition, and the optimum analytical 

approach seems to be limited -to unbiased extrapolations of least-square linear 

fits to grouped subsets of the available data points. 

Given this, three data base subsets appear premising: 

(i.) the full base — using all reported and 1975-estimated data, 

unwei^ted and unbiased; 

(ii.) a singly-deletai base — using all reported data, but 

eliminating the 1975 es-timates. This tends to wei^t 

the extrapolations (hcwever weakly) with regard to recjent 

(last-c3ecade) performance only, but the resulting curves 

can then be inspected without the bias of -the estimated. 

1975 totals; and 

(iii.) -triply-dele-ted base — formed by extracting the depressed 

1971 and 1972 totals fron the singly-deleted base. This 

ocnstruc:tion eliminated the bias of the 1975 estimates, and 

discounts the effects of the interval decrements caused by 

regulatory effecrts. (A perhaps more realistic picture might 

, be obtained by placing a decremental weight cn 1975 totals — 

imder the assunption that seme of the roll-back is reactively 
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Year 

1966 

1967 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

1975 ( e s t . ) 

Table. 2-1 

T o t a l PCB Breakdown by Use 
1966 - 1975 

T o t a l 
(10« l b s . ) 

37.794 

40.774 

41.135. 

37.127 

40.536 

25.275 

25.656 

37.742 

34.406 

31.944 

Capac i to rs 
(10* l b s . ) 

28.884 

29.703 

29.550 

25.022 

26,708 

14,141 

20.321 

23.556 

•22.000 

20.644 

•Transformers 
(10* l b s . ) 

8.910 

11.071 

11.585 

12.105 

13.828 

11.134 

5.335 

14.175 

12.000 

11.300. 
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induced by the strong depression in the 1971-1972 tcJtals. 

This would result, hcwever, in externally biased extrapolations, 

and justifying a long-term lag of such effec:ts wi'th the avail

able data appears difficult.) 

These data bases, and the unbiased, least-square linear extrapolations 

derived from -than, are graphed in Figure 2-1. Inspection of -the c:urves shows 

that the 1975 estimate has little effect cm the aggregate total; an event 

readily accounted for by noting that the singly-deleted base has the effec± of 

depressing the capacitor total only sli^tly more than it elevates the trans

former total. The triply-deleted base, however, provides almost no perturba-tion 

to the transformer total derived from the full base. Inspection of the curves 

for -the aggregate total and the capacitor -total indicate that this arises from 

the fact that the ratio of their time-derivatives (slopes) for the triply-

deleted base is almost equal -to its value wi-th the full base. 

Generally, the developed extrapolations disagree with mid-1975 industry 

estimates for the near-term future. Apparently, Monsanto and capacitor manu

facturers tend to expec± 1975 totals -to resenble 1974 totals, followed by a 

five to ten percent increase in 1976, and a general four to fi-ve percent increase 

over the preceding year for 1977 on. . Obviously, increases by a fixed percentage 

over preceding years yields exponentially increasing totals — an event un

doubtedly s-trongly desired, but probably wholly utcpian. Transformer manu

facturers appear to tend toward a more conservative view; General Electric for 

example, eiq̂ ecting the demand for power transformers to rise and the demand for 

distribution transformers to. fall — probably yielding a general saturation of 

-the sales figures vdien integrated over all types. 

Taking the available informaticai into consideration, the inpression 

remains -that the triply-deleted data bases prc±)ably provide -the most likely 

picture of vAiat mii^t be expec±ed over a 25-year tenn. Naturally, siich 

scenarios assume the external s t a t u s quo as cxsnstant; technological, economic, 

and regulatory factors being capable of producing strong (and unassessable) 

variations in usage patterns. As a mat-ter of fact, very recently, Monsanto 

has publicly announced that they would support a cessation of the PCB produo 

tion vhen suitable alternative materials beocme available. 
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Figure 2-1. Unbiased Extrapolations of Least-Squcire Linear Curves 
for PCB Production cind Use in Electrical Qquipment 
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3.0 OVERALL M?iTEKLAL BALANCE 

Three separate approaches have been taken to obtaining overall data on 

total PCBs production, historical usage, and current distribution in the 

environment. Most of -the unĉ ertainty lies in the period 1930-1960, for which 

Mcnsanto data are lacking. Use of PCBs in transformers, particularly in 

elec-tric:al distribu-tion systems, apparently began almost simultaneously with 

crmmercial producrtion. Extensive use in capacitors can be traced -to -the 

intensive development and use of electrical hone appliances, starting in -the 

mid to la-te 1940's. Use in adhesives, paper, li±iric:ants, etc., prcbably began 

in -the early 1950's, and use of PCBs as a heat transfer fluid began early but 

increased rapidly between 1950 and 1970. 

Using -the Mcnsanto production da-ta for 1960 to 1975, and assuming a 

linear increase in total PCBs production between 1930 and 1960, we obtain: 

Production 1960 - 75 850,>; 10* lb-

Production 1930 - 60 (30 yr X 19 X 10*lb/yr ave) 570 x 10^ lb . 

Total 1,420 X 10* lb 

Estimates of total PCBs usage by U.S. industries for the period 1930 -

1975 are given below: 

>6 

PCBs by use ca-tegory 

Capaci-tor & -transformers 965 x lo" lb 

Heat t r ans fe r 20 x lo^ lb 

Hydraulics/ lubricants 80 x lo* lb 

Misc. indus t r i a l 27 x lo^ lb 
6 Carbonless copying paper 45 x lo lb 
E Other plasticizer uses 115 x lo" lb 

Petroleum additives 1 x ip^ ib 

Total from Monsanto 1,253 x lo^ lb 

Estimated total U.S. inports of PCBs 3 x lo^ lb 

Grant total PCBs usage 1,256 x lO^ lb 
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Alternatively, we have fitted least square oorrelations to each of -the 

sets of Monsanto sales data for various uses, and to the dcmes-tic sales data 

set fron 1957 to 1974, projected each plot back to 1930, and integrated. 

These operations, plus -the addition of several other well established data . 

points, prcxiucs the follcwing results: 

Itotal DaiEstic Sales, 1930 - 1970 767 x lo* lb 

Dcnestic Sales, 1971 - 1975 168 x 10* lb 

Total Exports, 1963 - 1974 82 x 10* lb 

Estimated Ej^»rtis, 1930 - 1963; 1975 70 x 10* lb 

Monsanto InHHoi;ise Use (unreported as sales) 25 x lo* lb 

Total 1,112 X 10* lb 

As a corparison with the above, the 1973 Foster D. Snell study of PCBs 

concluded -that the upper bound of U.S. usage of PCBs over 1934-72 was 

1.175 x'icf lb. Adding usage figures for 1973-75 (about 105 x 10* lb), plus 

150 X 10* estimated-total exports, one obtains: 

Estimated Total U.S. Production to Date 1.43 >̂  i d l b 

Estimated Total U.S. Usage to Date . . 1.28 x i(f ib 

Thus, it appears that the ̂ preaches taken to obtaining overall pro

duction and use quantities from various types of estimates.yields: 

U.S. Production 

Maximum 1.4 x l(J lb -

Minimum 1.1 x i(f lb 

U.S. Usage 

Maximum 1.25 x irf lb 

Minimum 1.0 x 1(J lb 
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Sufficient data have been generated to allcw an approach to -the usage 

quantity through es-timated quanti-ties now in use or in -the environment: 

6 
Transformers - 135,000 in service x 2,250 lb/unit 

average cxjntent 300 >̂  10 ° lb 

Power Capacitors - 5 x 10^ in service x 36 lb/unit 180 >< 10 * lb 

average content 

Industrial Capacitors - 790 >̂  10^ in service x 
0.35 lb/unit average content 

Total in Electrical Service 

^ 270 
\t 

750 

8 

x 

X 

X 

10* 

10* 

106 

l b 

l b 

l b Total Other Than Elecrtrical 

Grand Total 758 x 10^ lb 

Estimated "free" PCBs in 
the environment (see Section IX) 150 x 10* to 175 x 10^ lb 

Estimated amount degraded or incinerated 
(20 X 10* lb. by contract incineration; 
5 X 10* lb incinerated with sewage sludge 
and other solid wastes; and 30 x lo* lb 
degraded mono and didhloro hcstolĉ gs) - 55 x 10* lb 

Estimated amounts to landfill or dunp: 

Teh percent of capacitor and transformer 
usage as production wastes - 1.06 x 10^ x 0.10 = 110 x 10^ lb 

Obsolete electrical equipment 
(capacitors mainly) - 80 x 10* lb 

Other sources (paper, plastics, etc.) - . 100 x lO* lb 

Estimated total 290 >< 10* lb 

In sunmaJiy: 

Amount in use 758 x 10* lb 

Anount in landfills 290 x lO* lb 

Amount "free" in scxLl, 
water, air, sediment 150 x lO* lb 

Amount degraded or 
incinerated 55 x 10* lb 

Total 1,253 X 10* lb 
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Thus, using estimates, we can account for the maximum usage of 

1.25 X lO'lb. calculated previously. We believe that the ranges of production 

and usage are well-defined by the maximum and minimum values presented above, 

and that the accuracy of the maximum values are sufficient for use in gross 

calculations pertaining to the PCBs prdalem. 
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SECTICN VTII 

SUBSTITOTES PDR PCBs 

1.0 INTROEWCTICW 

In 1970, the Monsanto Conpany announced a voluntary restriction can sales 

of PCBs for all but closed electrical applications. As a result of this 

action, since .1972 the use of dcmestically produced PCBs has been limited to 

the manufacture of elec±rical capacitors and the manufacture and maintenance 

of electrical transformers. 

Satisfacrtcry substitutes have been developed for all of the other previ

ous uses of PCBs except iri the manufacture of investment casting wax. 

Inported PCBs have been -the sole source of material for this' application. 

There are no cxirplete data available on inports; hcwever current aggregate 

information indic:ates that PCB imports are about one percent of dcmestic 

produc±ion. 

A nunber of materials are crurrently being developed as substitutes for 

PCBs. The replacement of PCBs by any of these materials will depend on the 

specific technological, eoonomic, and institutional requirements vrfiich govern 

each specific application. The evalua-tican of the substitu-tes must be based 

on careful consideration of all of these fac±ors as they apply to each 

specific application v̂ iere PCBs are currently being used. 

2.0 EIE(^rKrCAL CAPACITORS 

An electric:al capacitor is a device vAiich stores electrical energy v*ien 

a voltage differential is applied across -the device. This stored energy 

reappears in the circ:uit as -the voltage is decreased. The capacitor therefore 

performs an electrical function equivalent to that of a spring in a mechanical 

system. The amount of electric charge (q) which a specific capacitor can store 

-220-



i s a function of i t s s i z e , or c:apacitanoe (c) , and the -yoltage (v) 

q = CV (1) 

and the energy stored in the capacaLtor (w) i s a function of -the c^>aci-tance 

and the square of the voltage: 

w = J5CV (2) 

This energy is stored in the capacitor in -the form of an elec±ric field 

and in the dielectric material which is ie:̂ »sed to that field. 

2.1 Function of the Dielecrtric Material 

When a material is placed within an electric field there is a ten

dency for the charges associated with the constituent molec:ules of the 

material to move in the direc:tion of the field (the positive charges move in the 

direction of the applied field, the negative charges in the cpposite direc

tion) . If -the material is a conductor, the mobile charges, usually elec±rons, 

will move freely under the influence of the field and a crurrent is said to 

flew. However, if the material is a non-conductor, the applied electric field 

will cause a spatial displacement of the charge centers of the cxms-tituent 

molecules, with the result that surface charges will be inducted on -the material. 

The charge on opposite faces of the material will be opposite in sign 

and will generate an electric field within -the material cpposing the applied 

field. Such a material is kncwn as a dielectric and is characterized by a 

parameter defined as the ra-tio of -the electric field that would exist in that 

space if the medium were replaced by vacuum to that actually fcxind within the 

dielectric - -this parameter is referred to as the dielectric cxanstant. The 

dielectric constant of most materials, at least at lew frequencies, is greater 

than unity. 

Since the effect of an applied elec:tric field on a dielectric medium 

is the generation of a surface charge, it is clear that work must be done in 

the separation of these charges. Clearly, the larger the applied electric :i 

field, -the larger the surface charge, and conversely, when the electric field 

is removed, the surface charge is zero. The energy that is required to es

tablish the necessary surface charge is stored within the dielectric and can 

in most cases be recovered without loss by removing the external electric 

field. 
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In practice, the external elec:tric field is established by applying 

electrical charges to a pair of metal plates plaoed on the opposite surfaces 

' of the dielectric. Although the geonetry of the oonduc-tor-dielectric sand-

widi can take a wide variety of forms, -the specific gecme-try that is of meet 

interest is -that in whidi conducrtors are parallel plates separated by the 

dielectric. In this case the capacitance of the device is given as 

,, eA 
C =* — . (3) 

v*iere e is the dielectric constant, A the area of each plate and d the spacing 

(the thickness of the dielectric). 

As is stated above, the magnitude of the surface charges that a r e 

formed on the dielec±ric increases as -the applied elecrtric field increases. 

-•• Eventually, the external electric field may become sufficiently strong to rup

ture the bonds that hold together the charges on the individual constituent 

molecules with -the result -that the dielectric breaks dcwn;. i.e., conducts c:ur-

rent. The critical voltage (V ) for a specific capacitor is 

^c = ĉ"̂  • ^̂ ^ 

, vhere E is the dielectric strength, i.e. the maximum potential gradient 

(voltage) that the dielec±ric can sustain wi-thout rupture. Clearly, the 

dielectric cpnstant and the critical voltage, or dielectric strength, are 

essentially unrelated. 

The critical voltage of -the dielectric material can inpose severe 

. limitations on the maximum voltage at vdiidh a capacitor can operate. The 

electric field strength in a capacitor is strongest at sharp edges and points 

caused by surface roughness and the edges of the conductive plates. 

If the elecrtric field at these points exc:eeds the critical voltage of the 

.dielectric, a corona discharge can occur vhich results in current leakage and 

heating of the capacitor and causes chemical degradation of -the dielectric 

material. This critical voltage for corona discharge depends on both the 

,. gecmetry of the capacitor and the properties of the dielectric, and is known 

as the corona incseption voltage. Air has a rather low dielectric strength; the 

presence of air bubbles in the dielectric will result in corona discharges if 

the capacitor is operated at ̂ plied voltages above about 270 volts. 
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When several capacitors, say C, and C-, are connected in parallel, 

then the voltage across each is the same, V, v*iile the charge on the capaci

tors is Q, = C, V and Q- = C.^^ hence the capacitance of the parallel oombina- . 

• tion is given as 

C = C -I- c 

S '-I 2̂ (5) 

Qn -the other hand, if the two c^acitors were connected in series, then the 

charge, Q, would be -the same for each. In -this case, the respecrtive poten

tials would be given as V, = Q/C. and V- = Q/c:_, with the result that the 

total capacitance is given as 

1/C^ = 1/C^ + I/C2 (6) 

From the above considera-tions it can be seen that the effect of a 

small hole through the dielectric will be to produce a very small reduction 

in the overall capacitance, sincje the resulting structure may be oonsidered 

as two capacitors, one with the normal dielectric, the other with air 

dielectric, in parallel. On the o-ther hand, the breakdown strength of air 

is considerably less than that of most practical dielectric materials, so 

that the effec± of such a discontinuity in the dielectric will primarily be in 

reducing -the critical voltage of the resulting structure. 

On the other hand, the effect of a gap between the dielectric and 

-the plates is more serious since the resulting structure will acrt as if it 

were made up of several capacitors in series. Frcm Eq. (6) , it can be seen 

that -the smallest capaci-tor in a series circuit will determine -the total 

capacitance of -the structure. Thus, a gap between the plates and the.dielectric. 

will have the effect of reducing -the capacitance without a reduction in the 

dielectric strength. 

In most practical devices, -the assunption that the sole effec± of 

-the dielectric is the reduction of -the internal electric field by the ' 

induc:tion of surface charges is not entirely correct. In all such practical 

cases, -there is a leakage current that flews through the dielectric. This 

leakage current produoes heat within the dielectric. This leakage is -very 

small in useful dielectrics, but the heating effect is not always 
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negligible. An arid itional dissipative process results vhen the dipole mcment 

induced wi-thin -the molecules of the dielectric is not exactly in phase with 

the inducing electric field. In those erases v̂ iere in the constituent molecules 

have a permanent dipole mcment, i.e. water, -the inability of the orientation 

processes to follcw the changes in the ^plied field becomgs -the dominant 

energy dissipation process; this is the basis of dielectric heating. 

The ccmbination of the mechanism by which energy is dissipated within 

the dielectric is called the loss-tangent; the smaller the loss-tangent, 

the smaller the energy loss within the dielectric and hence -the better the 

capacitor. 

2.2 Practical Capacitors 

In its simplest form, a capacitor is a pair of netal plates separated 

by a dielecrtric naterial. Depending on the application, a great variety of 

structures have been used ranging fron parallel plate mica or glass dielectrics 

"for very small capacitors, -through tantalum-tantalum oxide-tantalum structures 

v*iich have very large capaci-tances with very low operating voltage ratings. 

The capacitors vhich use PCBs as the dielectric material have capacitance 

values in the range of a few tenths to tens of microfarads and are usually 

spiral wound of two thin aluminum foils and two paper spacers. To illus-trate 

•the u-tili-ty of spiral winding, a 0.5 mfd capacitor made of' two layers of alu

minum foil 2.5 inches wide by 0.0005 inches thick and alternate layers of 

paper (dielectric cxmstant = 2) 0.001 incdies thick, would have a diameter of 

only 0.9 inches, whereas, in the plane parallel configuration, the structure-^ 

would be 2.5 inches by 220 inches. Incidentally, taking .the dielectric 

strength of the paper to be of the order of 500 kv/cm, the voltage rating of 

the above exanple capacitor would be about 1250 volts. 

The manufacturer of spiral would metal/paper capacitors must avoid 

the presence of sniall imperfections in the paper dielectric and must insure 

cxaiplete and reliable matching of -the metal foils to the surfaces of the paper. 

As an alternative to the requirement of very high quality control of the 

paper and of -the forming process, it has been found to be cost effective 

to evaojate the spaces within the wound capaci-tor and to subsequently fill 
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the voids with a suitable licjuid dielecrtric material prior to sealing the 

oonpleted unit. This liquid displaces any air v^ich may be left in the 

capacitor, thereby raising both the dielectric constant and the critical corona' 

inception voltage. 

2.3 Required Properties of Dielectric Liquid 

The properties that are essential for the liquid dielectric can be 

described in terms of -the func±ions that the liquid must fulfill: 

. Electrical Properties - Should have a dielectric constant 

at' least as large as that of the solid dielectric spacer, 

and a dielectric strength at least as h i ^ as that of the 

solid dielectric. The liquid must have a lew loss factor 

to assure electrical efficiency and a high resistance to 

the formation of corona discharges. 

. . Physical Properties - Must be liquid at a suitable 

tenperature to allcw processing, of the capacitor. Further, 

it should be liquid over the opera-ting temperature range 

of the resulting capacitor with a sufficiently small 

cx3efficient of thermal expansion so as to fulfill its 

function over the entire tenperature range. Must have a 

boiling point sufficiently elevated to ensure that the 

vapor pressure at -the maximum operating temperature of 

the capacitor does not cause rupture of -the container. 

. Chemical Properties - Must be chardcally ccmpatible with 

-the solid dielectric material anid wi-th the metal plates. 

Specifically, -the dielectric liquid mast wet both the plates 

and the solid dielectric without altering ei-ther material 

chanically or physically over the entire operating tenper

ature range. •The dielectric liquid must also be chanically 

stable at elevated temperatures and in the presence of 

intense electric fields so that its, properties do not change 

over time. 
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' Flanmability - Should be non-flammable and produce no 

flammable breakdown prcsduc-ts if electrical arcing occurs 

witiiin the capacitor. 

' Post and Availability - Should be inexpensive and readily 

available wi-th well defined and standardized properties. 

• Toxicity - Should be non-toxic and its possible break

down products should be non-toxic. 

' Environmentcil Persistence - Should be environmentally 

degradable and non-bioaccumulating. 

• , Legislative Acceptability - Must be acceptable under the 

laws of the U.S. and of all other countries to vhich 

c^acitors are exported. Should be accreptable under the 

relevant electrical erodes vMch govern the use of capacitors. 

2.4 The Use of PCBs in Capacitors 

PCBs have been -the standard dielectric liquid used in almost all 

liquid-filled capacitors sincre 1929. Prior to 1952 the licjuid used in 

capacitors was Aroclor 1254 (54 percent chlorine)'; it was then replaced by 

Aroclor 1242 (42 percrent chlorine) , which has better electricral properties. 

In September 1971, Monsanto introduced a new capacitor liquid, Aroclor MCS-

1016, which is a modified Aroclor 1242. This ma-terial is the standard against 

vAiich the proper-ties of any other proposed capacitor dielecrtric fluid must be 

cjoipared. 

2.4.1 Properties of PCB Capacitor Dielectric Liquid 

The relevant properties of Aroclor 1016 are as follows: 

. Elecrtrical Properties 

dielectric constant (ASTM D-150-47T) 5.85 (25°C) 

dielectric strength (ASTM D-149-44) . >35 KV 

resistivity (ASTM D-257-46) >500 x 10^ 

loss-tangent (Dissipation 

factor-ASTM D-150-47T) 0.0025 
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Physical Properties 

melting point (pour point) -19°C 

viscosity at 100°F 71-81 SUS 

boiling point 325-366°C 

specific gravity (25°C) 1.362 

coefficient of thermal expansion .00068 cc/cc°C 

Chemical Properties 

oorrosiveness: liquid - noncorrosive 

breakdown products,- corrosive 

solvencry: high, but satisfactory materials have 
been developed 

stability (max. service tenp.) 95 C 

Flammability 

licjuid (Cleveland open cup flash point): 141°C 

breakdown products: nonflammable (primarily 
HCl and carbon) 

Cost and Availability. 

cost $5.14/gallon 

availability - no prcblan 
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• Persistance 

environmental - very persistent 

% biodegradation (48 hour acrtivated sludge) 33 - 15% 

b ioaccumulating -.very, 

• J'-'egislative Acceptability 

banned in Japan, essentially banned in Sweden 

2.4.2 Advan-tages and Disadvantages of PCBs in Capacitors 

"Aroclor 1016 has a relatively high dielec±ric constant of 

5.85 v^ch is well matched to the dielectric constant of 6.10 of the paper 

used in capacitors. This mixture of PCBs is chemically -very stable, even in 

the presence of high tenperatures and intense elecrtrical fields. It is prob

able that some -slight dechlorination of the PCB occurs during the long term 

operation- of capacitors. The resulting HCl would lower the dielectric strength 

of the PCB. Hcweverj the Aroclor 1016 used in capacitors usually contains a 

few tenths of one percent of a chanical scavenger (usually an organic epoxide) 

which reacts with any HCl which is formed, and thereby extends the life of the 

capacitor. 

The only major problems associated with the use of PCBs are 

their extreme environmental persistence and chronic toxic properties whicrh are 

made more severe by the high degree of bioaccumulation which occurs in -the 

environment. The recent restrictions inposed by the governments of Japan and 

Sweden on the use of PCBs in those countries will require that a suitable sub

stance be developed for use in electrical equipment which will be exported. 

2.4.3 Usage of PCBs in Capacitors 

The General Electric Co. reports -that approximately 100 

million PCB type crapacitors are prcrduced annually in the U.S. with a value of 

140 million dollars, most of them for first-time use.^ Total annual PCB 

requiresnent for capacitor manufacrturing is 21 million pounds, about 50 percrent 

of which is used in large power factor correcrtion capacitors. 
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Capacitors used in lifting and air conditioning applications 

contain 0.005 to 0.09 gals. (0.05 to 1.0 lbs.) of PCBs. The largest pcwer 

capacitors contain about 6.7 gals. (77 lbs.) of PCBs. Thie most popular size 

contains about 3.1 (36 lbs.). The National Elecrtrical Code requires that any 

installation of capacitors in v^icrh any single unit contains more than 3 

gallons of combustible licaiid shall be in a vault like that recjuired for 

(4) 
transformers. 

The life expectancy of capacitors exceeds 10 years for 

lighting applications and more than 20 years in elec-tric utility power trans

mission applica-tion. Although capacitors are ccjnsidered long-lived products, 

they could fail due to poor prooess ccDntrol, materials cjuality and mis-

^plication. According to G.E., existing PCB capacitors have been developed 

-to the point that failures are considered essentially negligible. In each 

applicration, the first-year failure rates are less than 0.2 percent. This 

level of life and reliability had no-t been achieved prior to the introduc-tion 

of PCBs. Furthermore, the relative ncan-flanmability of askarels significantly 

reduces -the fire hazard that might otherwise acocmpany those failures that 

result in rupture of the case. Capacitors are not rebuilt and returned to 

service after failure. They are disposed of and replaced by new crapacitors. 

2.5 Alternatives to the Use of PCBs in Capacitors 

There are two main approaches that might be adopted in the develops 

ment of substitutes for the PCBs in capacitor ^plications, (a) a straight

forward replacement of PCBs that would require minimal alternation of the 

present producrtion techniques; and (b) the introduction of new prcxiuction 

techniques designed to eliminate the need for a liquid dielec-tric. In either 

case, the alternative solution must be significantly less environmentally dis

tressing than the currently used PCBs. 

2.5,1 Substitutes for PCBs 

So long as the present me-thod of cronstruction of c^jacitors 

is used, -the dielectric liquid is required and must neoessarily satisfy the 

physical, chemical, and toxicity requirements at least as well as do.PCBs. 

These requirements can be relaxed only ir. conjunction wi-th a more or less 

severe restriction on the maximum operating teiperature of the c^acitor. On 

the o-ther hand, some sacrifice in the dielectric constant and dielectric 
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strength would be possible by increasing the dimensions of the capacitors. In 

many applications this increased size would be troublesome, but not so serious 

as to be inpracticral. Further, there are some amplications in vhich the non-

flammability of the dielectric liquid and of its possible breakdown products 

crould be scmeivhat sacrificed. Finally, the cost fac±or oould be considerably 

relaxed.. 

A number of conpounds are being developed as replacements 

for PCBs in capacitors. The following list of crotpounds'must all be con

sidered as possible substitutes for PCBs in at least limited applications. 

2.5.1.1 Phthalate Esters: 

2.5.1.1.1 Dioctyl Phthalate: (DOP) 

Current status: 

Used in capacitors in Japan. Used by (General 

Elec±ric Co. under the trade name "Econol" in ca

pacitors manufac±ured for export to Japan. 

Advantages: 

Price: one-half that of PCB. 

Availability: Widely used as a plasticizer for PVC. 

Dielectric Cons-tant: 5.3; similar to PCB., 

Disadvantages; 

Chemical stability: capacitors are linited to 85 C 

max. vs 95 C max. for PCB. 

Corona inception voltage: lower than PCB. 

Flanmability: Flash point is relatively high (220 C) 

but more flammable than PCBs. 

Toxicity: Suspected carcinogen. Extensive addi-

ticanal testing is required.^ ' 

2.5.1.1.2 Diiscmonyl Phthlate: 

Current status; 

Currently being tested by Exxon Chemical under the 

trade nane "Enjay 2065".(^^ 
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Advantages: 

Dielectric Constant: Similar to DOP. 

Availability: Can be made by a modification of the 

DOP nanufacturing process. 

Chemical stability: Better -than DOP. 

Disadvantages: 

Availability: Not currently available in large 

quantities. 

Flammability: Better than DOP, but more flammable 

than PCB. 

Toxicity: Should be similar to DOP, 

2.5.1.2 Alkylated PCB 

2.5.1.2.1 Isopropyl Dichlorobiphenyl 

Current status: 

Being test marketed in Europe by Prodelec under 

the trade name "Chlofalkylene". ̂ '̂^ 

Jvdvantages: 

Elec-trical properties: Can be used as a direct 

substitute for PCBs. 

Bicconcentration: Less concentrated in fcxxi chain 

than PCB. 

Biodegradation: More degradable t h a n PCB. 

Disadvantages; 

Ctost: Twice that of PCB, resulting in a 5% to 10% 

increase in the cost of capacitors. 

Flammability: More flanmable than PCB. 

Toxicity: Acute toxicity 1/2 that of trichlorio-

biphenyl. 
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2.5.1.3 Al3cylated Chlorodiphenyl Oxide 

2.5.1.3.1 Butylated MorKxrhlorodiphenyl Oxide 

Current status: 

Being narketed- by Dew Chemical Co. UTKier t h e trade 

name "XFS-4169L".^ ^ After four years of testing, 

McGraw-Edison reports -.his material (which tliey 

have tradenaiied EDISOL) to be a "viable substitute" 

for PCBs -in high voltage pcswer capacitors. Although 

the dielectric constant is somewhat lower than rCB 
(8) 

' (4.5 vs 5.85)- , the size of capacitors currently 

marketed by McGraw-Edison is the same as PCB capacitors 

at equal Ks'AR ratings. Testing is also be.ing con

ducted by otiher capacitor manufactiurers. 

Advantages: 

Electrical propertJ.es: Ijoss-tangent loiver; th.?-n PCB. ̂  
(9) 

•Corona inception-voltage: 20°= to 30% higher than ^\2B. 

Flash point: 174°C, higher than PCB. 

B.iodegradation: Much .nx:).re bicdegrdidable than t r i a l a.:..>rc-

biphenyl . 

B.ic5accruinul£tion: Adipose conc£rt.ration IQ-piOti vs 22C)-ppy. 

for PCB in 90-da7 r a t feeding t e s t (153 days 0:J fe^din-g) . 

' Bicxroncentratd-on fac to r in t r o u t muscle v.'as 307 vs 95 00 

for PCB. 
(8 9) Toxic i ty : ^ ' ' in . ra ts , 100% sur.dx'al af-L^r 10 c;./l:g 

acnite o r a l dose vs 1 g/kg for PCB. Arf:.es t e s t sJ-icnved 

non-muta.genicity. Rabbit ear- t e s t shCT̂ -cd i\on-chlorc.ci-i£-

g e n i c i t y . Thire-shold continuous flew LC^Q (f-3t head 

minnows) i s 1.8 mg/l vs 0.050 n-g/1 fe r PCB. 

A v a i l a b i l i t y : Current ly avail^-blo a t about o.ne iviillior. 

l b /yea r . Da-; Chemical,has, ropc-rbed t h a t they v.d.ll meat 

•the capac i to r indus t r i ' r:!.ar]cet deniajid. 

Disadvantages: 

Mater.ial crost: LiJ':ely t o bii higher -thar. cu:T:£iT!:. FC3 jirJ.ca. 

F i r e p o i n t : 199"C, Icr/jer than PCB. 
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2.5.1.4 Silioones 

(Current status: Developmental work is being done in the 

U.S. by Dow Coming Co. No information is currently avail

able, but Dow Cbming has indicated that a formal announce

ment will be made late in 1976. 

2.5.1.5 Diaryi Sulfone 

Current status: The Monsanto Company has been 

cronducrting extensive tests with a proprietary dielectric 
( 2 ) 

liquid trade naned "M::S-1238". ^ ' Detailed chemical 

information is not currently available on this material; 

hcwever, an exanple cited in German and U.S. patent dis

closures is a mixture of tolylxylyl sulfone, iscpropyl 

biphenyl, and minor ingredients whioh may be antioxidants. 

Caxple te informa-ticm has been promised by Monsanto for the 

late first quarter of 1976. 

Advantages: (M::S^1238) 

Dielecrtric constant: 6.0 

Ctorona inception voltage: similar to PCB>' •• 

Biodegradation (48 hour activated sludge): 70% + 10%. 

Bioaccumulation: does not concentrate in fcxxl chain. 

Toxicity: Rat oral LD^Q = 3.8 gAg. Rabbit dermal 

LDcQ - 5 to 8 gAg. 

Disadvantages; (M::S-1238) 

Flammability: more flammable than PCBs. 

Chronic toxicity: lack of data. 

2.5.2 Elimination of Dielecrtric Liquids in Capacitors 

Becrause of the ootplex and strongly interacting requirements 

on a liquid dielectric material, there is considerable interest in the 

developnent of capacitor designs which do not require a liquid dielectric. 

The rather advanced technology involved in the producrtion of very thin 

plastic films of very high physical integrity, such as is required in many 

food packaging applicatu.ons, has opened the way for t h e production of plastic 
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films of suitable dielectric constant and dielectric strength for capacitor 

applications. The parallel developnent of methods for the deposition of t h i n , 

crarefully controlled -metallic films on ncn-cronducting surfaces, such as is 

widely practiced in the semiconductor industry, suggests that the use of a 

liquid dielectric material oould be circumvent:ed by metallic films deposited 

onto suitable plastic substrates. The resulting metallized film can be 

spirally wound into useful capacitors. The essential problems associated witii 

this approach, aside from the developnent of suitable high speed procressing 

equipnent, lie in the selecrtion of a plastic substrate that is tu:actable but 

also stable at sufficiently high operating tenperatures, and in the complete 

elimination of air fron the capacitor. An additional problem with this approach 

lies in the nature of the polymers that have been studied; nearly all of the 

suitable materials are themselves flammable and so are their probable breakdown 

products. 

A number of different plastic films are used in low voltage 

EX: capacitors. .Nbst of these materials exhibit a relatively high loss-1:angent 

(dissipation factor) which resultis in over̂ heatu.ng when subjected to an alter

nating electric field. Only polypropylene has a loss-tangent sufficiently low 

so that it can be used in AC capacit:ors, and the dielectric-constant of- t±ds 

material is about 2.2 (vs 5.85 for PCB). 

• The polypropylene film that is used in capacitors is con

siderably thinner than that used for packaging and decrorative afplications. 

There is no crurrent source of satisfactory capacitor grade polypropylene film 

in the U.S. The technology for metallized polypropylene film capacitors 

ccrmes frcsn Pye TMC of England which is partially owned by Philips. Fepresen

tatives of t±u.s ccmpany have approached most major U.S. manufacturers. 

(Currently, this technology has been purchased by one U.S. manufacturer at a • 

a o s t of four percent of their capacitor sales for the life of the technology . 

usage. The failure rate of the dry film capacitors is reported to be 20 tines 

that of PCB filled capacitors, primarily due to corona discrharges into air tha-t 

is trapped in the dielectric layers. Present efforts on dry film type 

capacitors are direcrted toward the development of a suitable capacitor design. 

Polypropylene capacitors are widely used in Europe at voltages up to 250 volts., 

C^acitors suitable for U.S. applications are not expected for 3 to 5 years. 
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2.6 The Use of PCB Capacitors in Electrical Equipment 

Eacrh of tihe specific uses of PCB capacitors inposes special 

requirements on the performance of the capacitor and on the properties of t±e 

dielectric liquid. The evaluation of the various substitute liquid dielectrics 

and of the dry capacitor designs must be based on the suitability of the 

resulting capacitors for each of these uses. 

2.6.1 Power Factor Correction 

The largest use of PCB filled capacitors is to increase the 

efficiency of electrical power dis-tribution by correcting for the pcwer factor 

of inductive machinery such as industrial motors, induction furnaces, and 

fluorescrent light tiransformers. In general, the load inposed on a power line 

by these electricral devices is not purely resisti-ve, but is also partly . 

inductive. The voltage drcp (V ) across such an inducrtor is proportional to the 

rate of change of current throu^ the device; hence 

vAiere the negative sign expresses the react:ion of the inducrtanoe (L) to a . -. 

cdiange in current (i) througli t±.e inductance. If t h e current is expressed in 

the form 

i = i„ ê ''̂  (8) 

where j H / T , e"̂ '̂  = (cos t̂ it - j s i n wt) , u = 2-n'f, f = frequency. 

Then 

Vĵ  = jujL i = Zĵ  i '•>' (9) 

where Ẑ  i s the inductive reacrtanoe given by 

Zĵ  = jaiL . (10) • 
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On the other hand, for a capacitance (c) , the potential 

difference • /• 

V = 2- =Ait ^ _ J^ i 
C C C - juc (11} 

where Q i s t±ie e l e c t r i c charge on the p la tes of the capacitor. Hence, -the 

capacitave reacrtanoe Z i s given by 

Z H - ^ (12) 
C JOJC 

If a series circuit oontaining inductive (L) , capacitive (c), 

and resistive (R) elements has a potential difference v = v e-!' across it, t±e 
a 

relation between current and applied potential difference is given by 

^ + ^ /* i dt = V e^"^ 
dt c y o Ri + L ^ -f ^ / i dt = V„e-̂ "̂ " (13) 

A solution of this equation is in the form 

i = ie^'(^t + e) 
• o 

v̂ iere 9 is the.phase difference between the applied potential difference and 

the resulting series circuit crurrent. On substitution of the assumed solution 

into the differential-equation (13)', one finds 

(jojL + R - j ^ ) i = V (15) 

vhich'is, in the general (Ohm's Law) form, , 

Z i = V (16) 

vhere 

Z =R,+ j(a)L - — ) = |Z| e i ) = izi e^*' as ' ) 

vhere 

|Z| = ^R^ + (uL - ^ ) ^ (le") 
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and 

^ = tan 

and, in order to satisfy Eq. (16) 

- 1 I gJ. - 0)0 I ( 1 6 ' " ) 

6 = -()) . (17) 

The power dissipated in a se r ies R, L, c crircuit i s given by 

T 

P = • ' J VI d t (18) 
b 

vhere T i s the period = j -

which, on integr a-tion, yields 

P = I^V^ OOS ({> (19) 

where <$> is the phase angle given by Eq. (16'' ' ) . ' 

The inportance of the phase angle is best descaribed by noting 
that electrical pcwer is generated in such a manner that the voltage and cur
rent are in phase, i.e. (cos 4) . . =0. 

^ ' ^generation 

Hence 

Power generated - pcwer cxaisumed = Pcwer losses 

in t ransniss ion 

V I - V I cos e = V I (1 - cos e) = txTver loss due 
O O O O o o • " 

to unfavorable phase angle (20) 

Since the voltage i s fixed and oos 6 £ If the transmission 

l ine current must be increased in order t o supply the load vhen there i s a 

lagging phase angle. However, tlie r e s i s t i v e losses in the transmission l ines 

are proport ional to the square of -the current transmitted. Therefore, 
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efficient transnission of electrical energy requires that the net phase angle, 

or power facrtor, of the load be as close to unity as possible. This' power 

factor correction is achieved by the introduction of a capacitor in series 

with the inducrtive load at the load end of the. line. 

The function of a capacitor in such a circuit can perhaps be 

better understcxsd by examining the interchange of elecrtrical energy among the 

various cxxrponents of the circuit. In an inductive device, such as a motor or 

a fluorescent light, which is subjected to'an alternating current, a consider

able amount of energy is stored in the form of a magnetic field and then 

returned to the circruit in the form of current when the -voltage decreases. In 

a purely inducrtive circuit, this current is transmitted back to the generator 

and is lost in the form of heat in the transmissiczi lines. The energy required 

to form the magnetic field during the next cycle must then be supplied by the 

generator.. If a capacitor is placed in the circuit near the inductive load, 

the energy from the collapse of the magnetic field is stored in the capacitor 

in the form of an electric field when the voltage decreases, and then is-

turansferired back fron the capacitor to the induc±ive device to reform the 

magnetic field during the -next cycle. Since the energy to form the magnetic 

field is transferred between the capacitor and the inductive device, it does 

not appear in the turansmission lines. This decreases both the heat losses i;i 

the transmission lines and the amount of energy required from the generator. 

The capacitor used for power factor crorrection func±ions as a 

temporary storage device for electrical energy. It is important that the 

energy losses be minimized, inplying a low loss-tangent for the.capacitor and 

a minimum distance between the capacitor and the inductive device. The other 

physical and elecrtrical properties of the capacitor are a function of the 

particular application. There are three general types of power factor cor

rection capacitors: high voltage power, lew voltage power, and lighting ballast 

capacitors. 
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2.6.1.1 High Voltage Power Facrtor Capacitors 

Power factor correction can be furnished by the 

elec±ric utility by installing capacitors at substation locatn.ons. These 

capacitors are designed to operate at high voltages of 4800 to 13800 volts, 

and are manufactured in a size range from 15 kvar to 200 kvar. Each capacitor 

contains about 2 to 2^ gallcans of PCBs, most of v̂ iich is trapped in the 

porosity of the paper dielectric. These crapacitors are generally installed in 

banks in a substation or mounted in groups on utility poles. 

•̂  The failure rate of high voltage power factor 

capacitors is approximately .3% per year. These capacitors are usually 

protected by fuses so that the failure of one capacitor in a bank will not 

cause failure of other capacitors. Rupturing of these capacitors on failure 

is relatively unusual, and even vhen the case does rupture, loss of PCB is 

generally less than Jj-gallon as most of the liquid is absorbed by the paper 

in the capacitor. 

The high voltage px3wer facrtor capacitors are usually 

installed outdcxDrs in non-hazardous locations. Fire resistance is therefore . 

of minor irtportahce. The dielecrtric must have a high dielectric constant and 

a high resistance to corona formation in order to operate successfully•at high 

voltages. 

2.6.1.2 low Voltage Pcwer Factor Capacitors: 

Elecrtrical utilities structure their rates so that 

there is an eoononic advantage to the industirial user to supply t h e power 

factor correction for major inductive loads such as motors, induction fumaoes, 

and welding machines. The crapacitors for these applications, are designed to 

operate at 250 to 575 volts. 

The PCB/paper ccmbination used as the dielectxic in 

spiral wound capacitors operates most efficiently at a voltage of 400 volt:s 

P^^ mil. Technological limits on paper manufacturing limit this dielectric 

cxxribination to a minimum tiiickness of about csne mil, so the full efficiencry 

of these capacitors is not achieved at voltages below 400 volts. Hcwever, 

•239-



capacitors of this type are used for power factor correction for voltage 

applicrations down to 220 volts with the motors in heavy duty whole-house air 

conditioners. 

Low voltage capacitors are usually built into the 

equipment or located close to the inductive machinery in manufacturing plants. 

Inportant requirenents of the dielectric and low flammability, low toxicity of 

the liquid and its degradation products, a r e chen\ical stability to achieve 

long service life of the capacitors. Dry film capacitors could find consider

able use in 220 volt ^plications where spacre is not a severe limiting factor, 

as in air conditioners. 

2.6.1.3 Lighting Ballast Capacitors 

Normal fluorescent light fixtures are designed to 

operate on 110 volt power circuits. The fluorescent bulbs, however, require 

about 300 volts to operate. This high voltage is supplied by a transformer 

which is built into the fixture. A small percentage of fluorescent lights are. 

built with a coil-and-oore transformer and no paver factor correcrtion. These 

units are sold' for household use on the basis of low initial price. The power 

facrtor of these lights is about 0.7. , 

The fluorescent lights vhich are manufactured for 

commercial and industrial ^plications all have the high voltage supplied by a 

loallast. This ballast consists of an auto transformer connected in series 

with a 4uf capacitor. The capacitor is of foil-PCB-E)aper construction and is 

sealed into am aluminum can. The transformer. and capacitor are pacrkaged in a 

steel can v^ch is filled with a mixture of asphalt and sand as a potting 

oonpound. This finished ballast is about 1" x 2^" x 12", and has a life 

•expectancy of 10 to 15 years in normal service. The lighting fixtures using 

this arrangement have a power factor of about 0.9. The capjacitor in a 

fluorescent light ballast is usually installed very close to the bulbs, and 

depending on the design of the fixtures, the ballast operates at tenperatures 

of 85 to 90°C. 
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High efficiencry mercury arc and sodium arc lights 

are widely used for highway lighting and .ot±ier hii^-intensitr/ applications. 

The ballast units vhich supply t h e high voltage for these lights are similar 

to those used in fluorescent lighting, except they supply more power at a 

higher voltage. 

It should be remenbered that t±ie amount of energy '• 

t h a t can be stored in a capacitor is proportional to the square of the voltage, •• 

so that a 110 volt capacitor would require 8 tdmes the plate area of a ' 

capacitor operating at 300 volts. 

The major requirements for ballast capacitors are: 

small, size, implying a high dielectric constant; 

ability to operate at 300 volts, which implies a complete 

exclusion of air so as to avoid corona discharge problems; 

chemical stability when exposed to 90 C for long periods 

of time; and 

non-flammability because of the use of the ballasts 

in houses and ot±ier flammable', hazardous locations'.! 

Aerovox reports that they are developing a dry type 

metallized polypropylene capacitor which oould be used in fluorescent ballast 

applications and that this design would be good for industrial applications 

up to 370 volts. ' Application of these units up to 440 volts is oonsif̂ ered a 

possibility. This substitute, when available, would be suitaible for 50 percent 

of the current capacitor applications. It would increase the cost of lew 

voltage power factor capacitors by 20 percent as ootipared tn a PCB 

unit but would double the cost of ballasts (separate units would be recjuired 

for purposes of start and storage). The film and metallizing ecjuipment used 

in these capacitors are manufactured in Europe and crurrently must be inported. 

The use of this technology will require major redesign of the parent products, 

particrularly when used in fluorescrent light ballasts and room size air 

conditioners. Because of space and tenperaiture limitations, the dry film 

capacitors oould not generally be used to replace failed capacitors in existing 

electrical equipment. 
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It should be noted that the general use of dry film 

capacitors in European flucresoent lights is not ccxnparable with U.S. practice. 

The European line voltage is normally 250 volts, which is below the corona 

discharge voltage into air, but which allows a decrease in size of the capacitor 

, by a factor of 6 cxmpared to 110 volt applications. In addition) the European 

fixtures are usually single bulb, rather than the dual bulb fixtures used in 

the U.S., and the auto transformer is much less reactive as it needs only to 

increase the voltage fron 250 to 300 -volts. As a result, much less capacitance 

is required for power factor correction in European fixtures, and the capacitor, 

can operate efficiently at normal line voltages. Finally, the crapacitors in 

European fluorescent fixtures are installed as discrete oomponents to allow for 

their replacanent; this is necessary because of the higher failure rate of dry 

film capacritors ooipared to U.S. capacitors. 

In spite of the relatJ.ve severity of the technical 

requirements for U.S. ballast capacitors, industry sources indicate that there 

is probably a 50 percrent chance that a usable dry film capacitor will be 

available in the U.S, by the end of 1976. 

2.6.2 Motor Starting Circruits 

Electric motors for residential use are designed to operate 

on single phase current. A number of different methods are used to develop 

the rotating magnetic field that is required to start the motor, and these 

methods differ in the amount of torque that is developed at low speeds. 

Certain applications, particularly ccnpressors in air conditicning units, 

require a very high starting -torque. This is achieved in a single phase notor 

through the use of a crapacitive starting circuit. 

shewn below: 

In a capacitor run motor, stator windings are connected as 

PRIMARY WINDING 

ROTOR 

SECONDARY WINDING 

^^3m^ 
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The starting field is connected to the power supply 

throui^ a capacitor; the result is a starting winding cimrent vAiich leads the 

applied voltage. Hence, at standstill, the rotor sees fields nearly 90 ^)art 

in time as well as 90 apart in space. The resulting, effecrtively rotating, 

field resultrs in high starting torque and a high power factor (inportant 

during the period vhen the back emf due to rotor motion is low so that the 

starting current is significantly higher than the running current). Because 

of the inductive effect of the starting winding, the capacitor is subjected to 

a voltage substantially higher than the line volirage. Most llO volt appliance 

motors are designed so that the capacitor cperates at an effective voltage of 

370 volts, thus making opjtimum use of the characteristics of foil-PCB-paper 

capacitors. 

The capacitor not only performs the necessary 

function of generating the starting field, but also provides significant pcwer 

factor correcticn. In larger motxirs — primarily 220 volt air ccnditacner 

motors - the PCB motor run crapacitor is sized for optimum power factor 

correcrtion and additicanal capacitance is provided during the first f&w seconds 

of start-up by an electrolytic crapacritor in parallel with the PCB capacitor. 

The electrolytic capacitors provide very h i ^ capacitance in a small package, 

but they have a dissipation factor of about 7 percent vtfiich causes rapid 

tenperature increases. The elecrtrolytic capacitor is disconnected by a 

centrifugal switch vAien the motor reaches runnir^ speed. This prevents failure 

from overheating and results in a configuration with gcxxl operating character

istics and satisfactory power facrtor. 

The motor run crapacitor is ncrmally built into the 

mo'ior. This results in a requirement for small size, Icng life, and fire 

safety for the capaci-tor. It is possible that dry film capacitors oould be 

used in this application. However, the hi(^ voltages suggest t h a t a liquid 

dielecrtric capacitor would be more suit̂ able if a satisfactory substitute were 

developed for PCBs. 
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In some applications, DC motors can be used in place 

of single phase AC motors. Such DC motors are used in seme European electrical 

appliances where the elec±ronic speed control that can be achieved with the 

DC motor results in a savings ccnpared to t±ie more complex speed crontrol 

mechanisms required with an AC motor. In these European appliances, the DC 

power is supplied by a silicon rectifier. However, the output from the 

•.recrtiifier must be filtered to eliminate the AZ crotponents, and this filter 

'Circuit normally uses a liquid filled capacitor. In addition, the DC speed 

'Control circuit requires an additional capacitor. While these circuits could 

be redesigned tro eliminate the use of capsacitors, the resulting DC motor would 

-not appear to be econcmically crompetitive with the crapacitor run motor except 

in a limited number of special applications. 

2.6.3 Electronic Filter Capacitors 

Recrtifier circuits are used to sipply DC current to electronic 

*'acnponents. For instance, the circuitry of most U.S. television sets operates at 

300 volts EX:. The output of the recrtifier must be filtered to achieve a stable • 

DC current. Most television sets use a PCB capacitor operating at 300 volts 

-to pass the AC crcarponents of the current. This achieves the required 300 volt 

DC power required by the other components. 

Requirements for this capacitor are long life at 300 volts, 

small size, and good fire resistance. Either a dry film capacitor or a suitable 

liquid dielectric capacitor could be substituted for the PCB capacitor in this 

application, although t±ie larger size of the dry film capacitor may limit its 

use in repaiiring existing television sets. 

2.7 Institutional Barriers to Substitutes for PCBs in Capacitors 

The final choice of an acceptrable substitute for PGBs will be made 

by the c^acitor manufacturers based bn the performance characteristics and fire 

.safety of alternate dielecrtric materials. This choice will be affected by 

perfoimancre waranties that are conmon in this industry and by evailuations of 

safety as reflected in the' codes and regulations which govern the use of 

capacitors. The traditional industry practices and the formal regulations both 

inpose instd.tuticnal barriers to the acceptance of a substitute for PCBs. 
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These barriers are a major factor in the rapid replacement of PCBs, and should 

be carefully oonsidered in the formulation of government regulations and in 

the industrial marketing of alternate dielectric materials. 

2.7.1 Performance Acdeptability 

Capacitors are sold with stringent performance warantees which -. 

cover both the capacitianoe and the expected life or maximum failure rate of the ,.; 

capacitors. These warantees are based on various capacitor standards vAiich are -. 

established by industry groups. The wide usage of a particular type of 

capacitxir will depend on the existence of relevant standards vAiich allows the 

user to choose equivalent crapacitors fron different manufacturers. 

Currently, no industry standard exists for dry film capacitx)rs 

for AC applications. However, such a strandard is being developed by a 

ccmnittee of the E.I.A. and should be formalized by the end of 1976. This 

standard will establish minimum performance criteria for any dry film AC 

c^acitors which may be manufactured. 

SaleJS of capacitors to performance specificatJ.ons inplies the 

..acceptance of caDnsiderable liability by the capacitor manufacturer. Because 

of the expense of repairs to lighting fixtures amd appliances vAiioh have been 

sold to consumers, the liability due to early failures oould easily exceed the 

cost of the capacitors. A situation of this type occrurred during the 1960's 

when many fluorescent li^t ballast capacitors failed prematurely. This group of 

failures occurred vhen the -voltage stress on t h e PCBs was increased, resulting 

in a slightly increased rate of degradation by dechlorination craused by corona 

discharges. The increased failuie rate was not apparent on short term tests; 

the replacement of the failed ballasts was very expensive to the capacitor v 

manufacturer. This problem was solved by the addition of a chemical scavenger 

to the PCB. 

Because of the occurrence of past performance failures and the ' 

high potential cost of future failures, t t ie capacitor industry can be expected to 

be very conservative in" the introducrtion of substitutes for PCBs. Substitutes 

will be aco^ted only after the accumulation of substantial long term (3 to 5 

years) service testing data. Since the greater biodeqradability of the 
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substitutes implies that they will exhibit lower chemical stability than PCBs, 

considerable testing at service conditions will be required to support the 

general use of any of these materials. This requir.ement of extensive service 

testing would be expected to delay the general acceptance of PCB substitutes 

by 3 to 5 years. 

2.7.2 Fire Safety 

The use of capacitors is governed by several industry 

standards vAiioh embody the general service experience and risk factors as 

perceived by industry r^resentatives and fire insurance underwriters. Ihese 

codes and regulatdLons &re specific for various applications of c^acitbrs. The 

major applications must therefore be oonsidered separately. 

, 2.7.2.1 Utility Use of Pcwer Factor Correction (Capacitors 

Most of these capacitors are installed in substaticns 

or are mounted on poles. In general, the locations of these capacitors are non-

hazardous, and there is little risk that fire damage or personal injury vdll 

result from the failure of a utility capacitor. 

.. The failure of existing utility capacitors may 

result in uncontrolled loss of PCBs into the environment. The frequencry of 

capacitor rupture is reportedly quite low (estimated to be .02%/year) and the 

amount of PCB lost to the environment prcbably does not exceed 2 to 3 pounds 

per. capsacitor rupture. However, because of the large number of capacitors in 

service and the lack of means for containing any leakage, the txital environ

mental load from this source may total several thousand pounds per year. 

current standards for t±e disposal of failed 

capacitors containing more than 2 poinds of PCB requires that they be buried 

in supervised dry land fills that neet state requirements.. 7i.) - ^ addition, the 

standards require that these capacitors be labeled vdth a warning as to their 

envirormental hazards. This label must also con'tain detailed disposal pro

cedures. The major apparent lack in these standards is in the area of control 

and disposal of leakage fron failed c^sacitors. The necessity for such control 

may offset the eocnonic penalties associated with the replacement of PCB 

capacitors by units which are environmentally less objectionable. 
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2.7.2.2 Industrial Use of Power Facrtor Oorrection Capacitor 

The use of pxwer factor crapacitors in industrial 

plants is governed by state fire regulations and by the National Elecrtrical 

Code (4) vhich has been formally incorporated into OSHA regulations. 

The National Electrical Ctode requires that capacitors 

that cnntain more than three gallons of flanmable liquid be enclosed in a 

vault or installed in a outdoors fencred enclosure. The definiticn of flammable 

liquid is not explicit, but the effect of i±ie Cbde: is to give large PCB 

capacitors a significrant eoonomic advantage crcmpared to those contzaining other 

liquids. Proposals are crurrently being considered to define a class of 

transformer and capacitor liquids which are self extinguishing. This may 

eventually lead to a change in the code so that vaults will not be required 

for large capacitors in industrial applications. This code change is unlikely 

to be made prior to issuance of the 1981 code. 

2.7.2.3 Lifting and j^liance (Z^acitors 

These small capacitors are usually built into the. 

ballast or appliance. Failure of the capacritor prior to the cbsolescence of 

the light or appliance is infrequent, and the capacitor is scrapped as part 

of the entire assembly. Currently, most of this material ends in municipal 

landfills. With growing popularity of reclaiming metal values from municipal 

waste, there will be an increasing amount of PCB vhich appears as contaminants 

of scrap steel and î  vaporized or burned off in the steel furnace. 

The major dravtack to the use of substitute materials 

is the fire safety of the appliance. Ccnpleted ballasts or appliances must 

meet minimum safety s-tandar,ds as specified by test:s conducted by Underwriters 

Laboratories. Because the amount of liquid contained in these-.capacitors is 

small, there is probably little increase in fire hazard if a flammable liquid 

is used, especially if the capacitor is fused to pre-vent npture of the case. 

Hcwever, acceptance of flammable liquids in c^acitxirs will have to await 

action by Underwriters Laboratories, and recent conversations indicate that 

they have not yet established either specificrations or test procedures for 

electrical equipment oontaining flammable liquid capacitors. 
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3.0 ELECTRICAL TRANSFORMERS 

Polychlorinated biphenyls aire used as liquid coolants in electrical trans

formers vrfioh are locrated in enclosed or hazardous locations. PCBs have an 

advantage over the other major liquid transformer coolant (mineral oil) in that 

they are nonflammable. Gasecrus croolants are also nonflammable, but gas cooled 

transformers have disadvantages whioh are considered below. Alternative liquid 

croolants are probably available, but.to date none have been found which have 

all the advantages of PCBs. The following analysis includes a sunmary of the 

purposes of transformers in electrical circuits, heat generation in trans

formers, crurrently-used cooling techniques, materials being investigated as 

substitutes for PCBs, and institutional barriers to the use of substitute 

materials in place of PCBs. 

3.1 Heat Generation in Electrical Circuits 

In direct current electrical circuitis, the power, P, delivered at a 

load consisting of pure resistance (e.g., a light bulb) is the product of the 

electrical current, i, moving through the load and the voltage, 'V, across the 

l o a d , . •' 

P = (V) (i) (21) 

But since crurrent i s proportional to voltage for a given res i s tance , 

V = (i) (R) (22) 

'Where R, t h e resistance, is the constant of proportionality. It follcws that 

power delivered to the lead resistance is the producrt of voltage, v, and t:he 

square of the crurrent 

P = î R (23) 

Since the wires that carry electrical power from tlie site of 

generation (be it a battery or an electrical generator) to the load resistance 

also offer resistance t o the flow of electrical current, a portion of the pcwer 

generated is lost through heating of the wires connecting the load to the 

elecrtric power source. For a given wire diameter, elecrtrical resistance is 

proportional to the length of the wire. In many circuits (e.g., an automobile 

electrical system) , the power lost in t±e trransmitting wires is small in 
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corparison to the pcwer delivered at the load (such as the headli<^ts). How

ever,- in transmitting electrical power over Icng distances, the resistance of .-

the wires could cause the dissipation of a significant portion of the energy 

intended for the load. 

In alternating current circuits, the power dissipated in a resistance 

(either in the load or in the wires carrying the power to the load) is also 
2 

given by P = i R. (The relation, P = (V) (i), always applies to pxiwer 

dissipated in DC circuitzs, but in AC circuits the e:^ressicn only applies when 

the volt^e and current are in phase with each other, vhich isn't always the 

case. In most pracrticral instances involving purely resistive loads it is a 

fairly accurate means by vhich'to calculate the power dissipated.) 

.2 

The expression, P = i R, is not influenced by t h e phase relation 

between voltage and current and thus applies to bot±i alternating and direct 

current circuits. It is apparent from this expression that the energy 

dissipated in a transmission wire having resistance R is proporticanal to the 

second power of the crurrent; thus, if the current being delivered to the load 

were to be doubled, the energy losses in the transmission wire would be 

quadrupled. 

Commercial electrical power is often generated many miles frcxn where 

it is to be used. There are hundreds of thousands of miles of power trans

mission lines in this country, and it is not unusual for the electrical power 

generated in one place to be used hundreds of miles away, which means that a 

considerable amount of elecrtrical resistance must be overoone in transmitting 

electrical energy to the user. 

The met±iod used to minimize energy losses in transmission lines is 
2 

to reduce the current, i, and tiius nonimize the i R losses (also kncwn as 

Joule heating losses) in the transmission wire. In order to deliver maxinum 

power to the load, the transmissicn voltage, V, must be increased since the 

power delivered is (as with DC circui-ts) effec±ively given by P = (V) (i). 

Thus, if the transmitted current, i, is reduced by a factor of 2 - which 

reduces the Joule heating losses of the transmission line by a factor of 4 -

the -voltage of the transmitted power must be increased by a factor of 2. 
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In practice, the electricity which is used in hones at 110 volts is 

transmitted at voltages ranging up to more than 700,000 volts - roughly 6500 

times greater than ccmnon wall-socket voltage. As a result, the Joule heating 
2 

losses are (6500) , or more than 40 million, times less, than if the power were 

transmitted at 110 volt:s. 

3.2 The Nature and,Purpose of Transformers 

The purpose of a transformer in an electrical circuit is to trans

form electrical pcwer fron its high-current law--voltage characteristics at the 

generating facility t o the low-current high--voltage characteristics needed for 

efficient transmission; and then, at or near the site of use, transformers 

perform the opposite function, bringing the pxrwer back into its low-voltage 

(typically llOv or 220v) high-crurrent form. 

A transformer consists of two windings which are joined by a magnetic 

yoke. An alternating current applied to cne winding (the primary vinding) 

creates an alternating magnetic field in the yoke. This magnetic field 

induces an electric current in the otiier, or secondary, winding. In a. simple 

transformer,-as shewn in the follcwing sketch, the ratio of voltrages in the 

primary arid secondary windings is equal to the ratio of turns in the windings, 

or 
CORE (IRON) 

Vo N, 

N,TURNS 

There; are two types of transformers used in the electrical pover 

industry: pcwer transformers (used for "stepping up" the voltage at the plant) 

and distribution transfoimers (used for "stepping dcwn" t h e voltage at or hear 

tiie site of power use). Power and distribution transformers operate on the 

same principle - they differ only in whether the primary or secondary winding 

has the greater number of turns. If the transformer is being used for 
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stepping up voltage, then the primary side is the one having fewer turns; for 

stepping dcwn, the primary side is the one having most turns. 

The lengths of wire in the windings offer resistance to the flew of 

electricity, the result being the production of heat in the windings. Heat is 

also produced by electrical crurrents induced in the transformer oore by same 

mechanism that induces currents in t±ie secondary windings. Since the 

elecrtrical resistance of most conducting materials increases with tenperature, 

the efficiency of the transformer (i.e., the ratio of the output power to the 

input power) is maximized if the transformer is kept at a low operating 

temperature. Therefore, all transformers used in the electrical industry have 

provision for cooling, based on either gaseous or liquid coolant. 

The ooolant:s in commDn use today are: 

mineral o i l | 
p™ I l iquid ccx)led transformers 

air j 
, '. dry type transformers 

gas j 

3.3- Desired Properties for Transformer Heat Transfer Fluids 

The purpose of the heat turansfer fluid in a tiransformer is to absorb 

the heat produced in the windings and caore, to transfer the heat to oooling 

fins, and to provide electrical insulation within the transformer. The ideal 

fluid should have the following properties: 

Heat transfer: Be a liquid with a low viscosity, high heat 

capacity, and high boiling point. (The use of low boiling 

point liquids or gases would require that the transformer be 

enclosed in a pressure vessel.) 

Chemical stability: Not degraded by prolonged erposure to 

high tenperatures. Non-flanmable in the event of an electric 

arc within the transformer and subsequent case rupture- Non-

corrosive, w i th non-ODrrosive producrts resulting from 

expos'-ire to an electrical arc. Low solvency tcward other 

materials used to construcrt the transformer. 
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Elec±rical properties; High dielectric strength. IcM 

loss-tangent (minimized dielecrtric heating of the fluid). 

High resistance tn corona formation. ' 

Toxicity: Non-toxic and biodegradable. By-products frem 

exposure to arc should also be non-tx)xic. 

Cost: law cost. 

Availability: Readily available wit±i reliable properties. 

3.4 Use of PCBs in Electrical Transformers 

PCB cooled transformers account for about 5 percent of all trans

formers in service. ' The PCB coolant in these transformers is a mixture 

of 60 t o 70 percent PCBs and 40 tuD 30 percrent trichlorobenzene. The PCBs 

currently used in these mixtures are sold by Monsanto under the trade names of 

Arcxrlor 1242 and Aroclor 1254. 

The mixtures of PCBs and trichlorobenzene are cotmonly known by the 

generic term Askarel. Askarel is defined by the National Electrical Cede as 

"a generic term- for a group of non-flammable synthetic chlorinated hydro

carbons used as elecrtrical insulating media. Askarels of various ccmpxjsiticnal 

types are used. Under arcing conditions the gases produced, vhile consisting 

predominantly of non-combustible hydrogen chloride, can include varying 

amount:s of combustible gases depending on the askarel type". The most caimonly 

used askarel cotpositions are Inerteen (Westinghouse trade name for 60 percent 

PC:B mixture) and Pyranol ((General Elecrtric trade name for 70 percent mixture) . 

The exact conposition of both Pyranol and Inerteen have been changed from time 

to time, but they have almost always been mixtures of PCBs and trichlorobenzene. 

Prior to the mid-1950's, the insulating liquid used in many turans-

"foiiners ̂ (General Electric formulation) was a 50-50 mixture of Aroclor 1260 

(60 percent chlorine) and trichlorobenzene. In the late fifties the benzene 

croiponent was changed to a mixture of tri- and tet:rachlorobenzenes. In 

September, 1971, at MDnsanto's suggestion, the Aroclor ccstponent was changed 

to Aroclor 1254 (54 percent chlorine). The. current Westinghouse formulation 

(Inerteen) utilizes Aroclor 1242. 
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The volume of askarel used in various transformers ranges from 40 to 

1500 gallons (440 to 16,500 lbs), with an average of about 230 gallons (2500 lbs), 

One transformer manufacturer, (General Electric, estimates t±ie total number of 

askarel filled transformers put in service in the U.S. since 1932 to be 135,000; 

virtually all are still in service. Typical lifetime of a transformer is often ^ 

greater than 30 years, and units that do fail are usually rebuilt and returned 

to service. The current producrticn rate for askarel filled units is about 

5,000 per year, requiring seme 10-15 million pounds of PCBs. f 

Liquid coolants in transformers have better heat transfer and heat 

capacity crharacteristics t han gaseous croolants. Askarel has the further 

advantage of being non-flammable. The other advantages of askarels are their 

high dielectric strength, their outstanding chemical stability, and their 

relatively lew viscosity. Disadvantages , in addition to the environmental 

threat, are the highly corrosive HCl they produce .vhen arcing takes place and 

their cost, v^ch is about eigh-t times as much as mineral oil on a volume 

basis. 

Most askarel-filled distribution transformers are Icxrated inside 

public, commercial, or industirial buildings, or on the roof tops of such 

buildings. No special enclosures or' vaultrs are required except as are reces-

sary to pjrevent accidential electrical br mechanical contact of persons with the ' 

equipment. However, the National Elec±rical Ctode does specify vaults for the 

indoor installation of PCB-filled transformers rated more than 35,000 volts. 

Askarel-filled transformers are limited by the dielectric strength of the 

liquid to ratings below 69,000 volts. 

Most power transformers are situated in remote locations where fire 

or explosions are not a threat to property. Mineral oils are comonly used in 

, pjcwer transformers in t±iese safe loca-tions. However, seme utilities use î̂. 

askarel-filled pxiwer transformers at generating stations. 

Step'up transformers used to supply the. high voltage electricity to . 

electrostatic precipitators are usually mounted on or very near the stack. 

This minimizes the problems associated with the in-plant distribution of high 

voltage power. These transformers are usually askarel filled units to minimize 

fire hazard in the usually crowded area of the stack. 
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Railroad locromotives'which operate on high -voltage PC power from 

overhead catenaries are used in the U.S. Nort:heast Corridor. Askarel-rfilled 

transformers are mounted in the engines or under the self-powered passenger 

cars, and reduce the catenary voltage to that required by the tracrticai motors. 

These electric locomotives are mostly limited to passenger service on the 

Northeast AMIRAK routes and on the commuter lines around Philadelphia and New 

York. Large askarel-filled transformers are used in the old C5G-I locrcmotives, 

under the Metroliner cars, in various comiTUter cars, and in the new E-60 

•locomotives. (Twenty-six E-60 loconotives are currently being delivered to 

AMTRAK by (General Electric; each locomotive contains 710 gallons of askarel). 

Perm-Central Railroad operating rules require the use of askairels in all 

'locromotives using the tunnels and stations in New York. This rule has been 

in force as a fire safetry measure ever since an early QG-I loccmotive con-

•"- taining a mineral oil-filled turansformer was involved in a fire inside a tunnel 

early in the 1940's. 

3.5 Present Alternates to the Use of PCBs in Transformers 

Askarel~filled transformers are only used vhere considerations of 

fire safety, reliability, availability, and cost make such a unit preferable 
I 

to an oil-filled transformer or to a dry type transformer. These alternative 

types of transformers are currently used in 95 percent of all applications, 

and oould, with proper engineering design, be used to replace most of the 

- remaining askarel-filled units. Consideration would have to be given to the 

- specific limitations of these designs that presently make askarel-filled 

transformers preferable for certain applications. 

3.5.1 Mineral Oil-Filled Transformers 

If safety were not a cronsideration, there is no reascm vhy 

^1-filled transformers oould not be used in all applications. Askarel-filled 

irransformers cost about 1.3 times a s much as oil filled units of the same 

capacity, and thus mcst users prefer the oil-type where pxDssible. The oil-

filled transformers are the same size as t h e askarel units, and are considerably 

lighter in weight. In addition, mineral oil has somewhat better heat transfer 

characteristics than does askarel, and an elecrtrical arc in mineral oil results 

in breakdown products that are non-crorrosive. 
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The major disadvantage to mineral oil is its flammability. 

Transfomer mineral oil has a flash point of 145°C, and if an arc occurs within 

the transformer, the breakdown products will be hydrogen and methane vihich are 

also flammable. Cetailed records of such failures are maintained by the 

electrical industry. Fire Underwriters do not apprcjve of the use of oils 

and other flammable liquids for indoor applications; where oil-filled trans

formers a r e not specifically prohibited as cm-site" replacements for askaurel-

filled units, the National Electrical Cî de imposes certain restrictions upon 

their, node of installation. 

Oil-filled transformers are used in almost all pcwer trans-

fo.-'jner applications and for nost substation distribution applications where 

the high voltage fron the transmission lines is reduced to 12.8 kv for local 

distribution. Most rural pole mounted transformers which reduce the voltage 

to 220 volts are also oil-filled. The issue of flammability only beocmes 

important v*iere the distribution transformer must be buried, as in many urban 

applications, or located close to, within or on the roof of the building v*iich 

it serves. Askarel-filled transformers are used for most of these hazardous 

areas. 

Oil-filled transformers can be used in these applicrations 

only if they are suitably isolated from flammable structures or if these 

structures are suitably safeguarded agaiinst fires. When transformers are 

located outside of -the building they service, hcwever, the low-voltage power 

must be brought into the building via cables or insulated buses, incrurring 

additional energy losses due to Joule heating in the additional lew voltage 

transmission lines. 

3.5.2 Open Air Cteoled Transformers 

Transformers can be built without the use of a liquid cooling 

medium. One type of dry transformer whicrh is quite successful under limited 

conditions is the open air cooled iir ans former. In this design, the recjuired 

cooling is provided by air v*doh passes through the transfomer due either to 
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thermal crcnvection or forced fan circulation. In those sizes vhere air cooled 

transformers are available, they are about-equal in price to askarel-filled 

transformers of the sams kva rating. Howe-ver, the following limitations govern 

the succressful use of open air crooled transformers, and prevent them frcm being 

considered for many applicaticms using askarel-filled transformers. 

Heat capacity; The pcwer drawn from a transformer usually varies 

over a fairly wide range. The rating of a transformer is basicrally 

governed by the power vhich it can handle continuously without over

heating. If a liquid filled transformer is operated at overload 

conditions for a short period of time, the liquid will act as a heat 

sink, absorbing the excess heat produced in the turansformer without 

a rapid increase in tenperature. The result of -this thermal inertia 

is that liquid-filled transformers can operate at outputs of up to 

200 percent of rated capacity for a pericrd of one to two hours with

out being damaged. 

An air oooled dry type transfomer dees not have this heat sink 

available, and is limited to operating at a maximum service rating 

near its continuous rating. Where the current drawn on the trans

former Sbes not vary greatly during the day, this limitation is no 

prc±)lem. Hcwever, in nost cases the. variat ion in load would require 

that a dry transformer be sized 20 percent to 30 percent greater in 

capjacity than a liquid-filled transformer for the same ^plication. 

Dielecrtric s-trength: The liquid cxDolant in a liquid-filled trans

former also provides a significant level of electirical insulation 

between the various current carrying ccnponents within the trans

former. Air has a much lower dielectric strength, and open air 

oooled trransformers are limited to a maximum voltage of 25 to 40 kv. 

The problem of elecrtrical insulation is even more severe if the open 

air ccxDled transformer only operates intermittently. When the trans

former is operating, the heat generated within the windings keeps 

their insulation dry, and maintrains a high dielectric sturength of 

this solid insulating material. Hcwever, when the 1:ransformer is 

not operating, ths croils cool to ambient tenperatures and the 
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insulation can absorb moisture frcm the air vhieh reduces its 

• dielectric strength. Therefore, an' open air crooled transformer must 

be carefully dried' before'being put into service after each time it 

has been alloved to cool. 

One final problon with dry air crooled transformers is due to the 

tendency of dust to be attracted from the air to the coils by electro

static attraction. This dust can build up in the coils v*iich 

blocks .the flow of air and causes overheating, or the dust can form 

conductive paths which short circuit the transformer. 

Dry-open air cooled transformers are generally limited to dry, clean locaticms 

where t h e load requirements are fairly even and constant, and where the maximum 

voltage does not exceed 30 kv. This type of trans'former is being successfully 

used in large office buildings, particularly tall buildings where the trans

formers are located every few floors. Even in this application, there are 

situations which are beyond the capabilities of the open air cooled transformer; 

for instance, in the Sears Building in Chicago, vMch is over 1400 feet tall, 

the electric power is brought into the building and ip to the distribution 

transformsrs at 128 kv, vhich is beyond the voltage limitations of open air 

cooled tiransformers. 

3.5.3 Closed Gas Pilled Transf omers 

Transformers can be built which use a dry inert gas (usually 

at an elevated pressure) as a heat transfer nedium. These transformers avoid 

the maintenance problems caused by moisture and dust in open edr cxoled trans

formers. Hcwever, they are similarly limited in overload capaci-ty because, of 

their reduced thermal inertia coipared to liquid filled transformers. 

Closed gas filled transformers must be installed in pressure 

tight containers due to the changes in gas pressure caused by changes in 

tenperature. Hcwever, the maximum voltage ratings of these gas filled trans

formers can be equal to that of liquid-filled units. 
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A number of different gases have been'.successfully used as • 

heat turansfer media in closed gas filled transformers. The most conmon gas 

used- in the U.S. in this application is the fluorocarbon hexafluorDet±iane 

. (CJ'g) . Nitrogen and sulfur hexafluoride have also been used successfully 

in certain applications. Helium has not been found to be a satisfactory gas 

for this application because its lew dielecrtric strength results in corona 

discharges within the transformer. Hydrxsgen gas is unsatisfacrtory as any leak 

in the transformer would result in a severe fire hazard. 

Because of the necessity for the pressure vessel container, 

gas ccx)led transformers are 30 to.40 percent heavier than askarel-filled trans

formers, and cost two-thirds more than askarel transformers (and twice as much 

as oil-filled transformers). In addition, the gas filled transformers must: 

often be specified in a larger size than the liquid-filled transformers to 

allow for the expected heavy load peaks of power consunption. 

3.6 Current Alternatives to the Use of PCB Cooled Transformers 

The National Electrical Code has detailed specifications for trans

formers which assure that transformer installations meet both fire and shock-

safety requirements. These safety requirements are achieved by the use of 

eit±.er non-flanmable transformers (askarel or dry type) or vaults, or both. 

The final choice of the type of transformer to be used in each application 

will be a function of the code recjuirements and their econcmic consequences. 

3.6.1 Vault Usage Requirements for Transformers 

The National Electricail Code 1975^ ' considers three types 

of transformeis in connection with indoor vaults: dry type, askarel insulated, 

and oil insulated. 

Askarel insulat:ed transformers installed indoors and rated 

at more than 35»000 voltrs must be enclosed in vault:s, • accrording to Section 450-

23. This same secrtion specified that askarel transformers installed indcxjrs 

and rated over 25 kva must have pressure-relief vents which must either be 

vented to the outside of the building, or some other provision must be made 

for "absorbing any gases generated by arcing inside the erase". 

-258-



The 35,000-volt criterion also applies to dry type trans

formers r they must be oontained. in vaults when in indcxa: installations. The 

Code also specifies that dry-type transformers rated at more than 112's kva must; . 

"be installed in a transformer room of fire-resistant ccffistruction". Thus, if 

space is not a consideration, dry-type transformers - vhioh generally occipy 

a larger -volume than equivailent-c^acity askarel insulated units - cran directly •;; 

replace askarel-insulated transformers-, •' 

In cases vihere space is not available for the larger-volumed ^̂  

dry-type transformers to r^lace the askarel-insulated units, or vhere the dry- -

type units might emit too much noise for a given location within a building, 

oil-insulated transformers would be required as replacements for askarel units... 

Section 450-24 specifies that oil-insulated units must be installed in vaults, 

but the following exceptions are made: 

1, If the total capacity of the transformer does not 

exceed 112*5 kva, vault walls need only be 4 inches 

IJick instead of 6 incrhes as specified in Section 

450-42. 

2, Where .voltage does not exceed 600, a vaiult shall 

not be required if suitable arrangements are made 

to prevent a transformer oil fire from igniting 

other materials. 

3.6.2 Vault Oonstruction Reguirement^ for Transformers 

Section 450-42 of the 1975 National Electrical Code specifies 

the oanstructicn requirements of vault walls, roof, and floor. "The walls and 

roofs of vaults shall be constructed of ma'.terials vftich have adequate structural 

strength for the conditions with a minimum fire resistance of 3 hours." (Six-

inch thicdc reinforced concrete is stated in the Code as being typical 3-hour-

construction.) "The floors of vaults in contact with the earth shall be of ' 

concrete not less than 4 inches thick, but vrtien the vault is constructed with 

a vacant space or other stories below it, the floor shall have adequate 

structural strength for the load inposed thereon and a minimum fire resistance 

of 3-hours." 
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Vault doors are specified in Section 450^43. "Each doorway 

leading into a vault from the building interior shall be provided with a tight-

fitting dcxDr having,a minimum fire rating of 3-hours" (as defined by the NFPA). . 

"A door sill or curb of sufficient height to confine within the vault the oil 

frcxn the largest transfomer shall be provided, and in no case shall the height 

be less than 4 inches." Locks are required for vault doors, and "doors shall 

be kept locked, access being allowed only to cjualified persons". The locks 

shall be arranged so that vault doors can be easily opened from inside the 

• vault. 

With regard to ventilation openings, Section 450-45 specifies 

the following: 

Location: "Ventilation openings shall be locrated as far away 

as possible frcm doors, windows, fire escapes, and combustible materials." 

Arrangement: "A vault ventilated by natural circulation of 

air shall be permitted to have roughly half of the total area of openings 

' required for ventilation in one or more openings near the floor and the 

remainder in one or more openings in the rcxif or in the sidewalls near the roof; 

or all of the area required for ventilation shall be permitted in one or more 

openings in or near the roof." 

Size: "For a vault ventilated by natural circulation,of air 

to an outdoor area, the oorabined net area of all ventilating openings after 

deducting the area occupied by screens, gratings, or louvers shall not be less 

than 3 square inches per kva of transformer capacity in service, and in no case 

J shall the net area be less than one square foot for any capacity under 50 kva." 

Covering: "Ventilation openings shall be covered with 

durable gratings, screens, or louvers, according to the treatment required in 

order to afvoid unsafe cronditions." 

Dampers: "All ventilation openings to the indoors shall be 

provided with autanatic closing dampers of not less t±an No. 10 MSG steel that 

ope;:ate in response to a vault fire." 

Ducts: "Ventilating ducrts shall be constructed of fire-

resistant naterial." 
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Section 450-46 specifies the drainage requirements for vaults: 

"Where practicable, vaults containing more than 100-kva transformer capacity 

shall be provided with a drain or other means that vdll crarry off any accumu

lation of oil or water in the vault unless local conditions make tJiis 

inpracticable. The floor shall be pitched to the drain where provided." 

Section 450-47 requires that pipes or ducrt systems "foreign 

to the elecrtrical installation shall not enter or pass through a transformer .., 

vault". Piping or other faicilities provided for fire protection or for water 

oooled transformers shall not be considered foreign to the electrical 

installation. 

3.6.3 Transformer'Vault Construction Costs 

In an effort to determine the cost factors in the construction 

of transformer vaults, various oonstructican ceep-nies in the Washington, D. C. 

area were contacted. It was dis covered that the incidence of -vault ccnst:ructian 

in existing buildings is virtually zero; apparently aill vaults existing in 

buildings built in the last twenty-five years were construcrted as integral parts 

of the buildings the same as any other room or enclosure in the building. Thus 

the cost of constructing a vault cannot be easily broken out fron the cost of 

the entire buildijig structure, especially since the prime contractors in the 

eonstrucrtion industry often subcrcntracrt the various facets of the construction 

work (e.g., concrete forms, concrete pouring, plunbing, ventilation duct work) 

and the portion of the -work required by the vault is included in the cxst of 

oonstruction of the entire building. The ocnstiruction conpanies were reluctant 

to make cost estimates for installing vaults in existing buildings unless 

detailed drawings were submitted as a basis for estimation, and of the half 

dozen largest contractors ccantacted, none had any readily available data from 

previous such installations, and all crlaimed such installations were extrenely 

rare. 

The National Electrical Code allows the installation of oil-

insulated transfcsmers in outdoor locations adjacent to the site of power use. 

In the Washington auea, as in nany urban areas, "manholes" are used to house 

transformers in outdcx)r locations. 
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Useful cost information on manhole installations was obtained 

through the Potomac Electric Power Ccrtpany of Washington, D. C. Manholes are 

precast concrete strucrtures which are ccmnonly installed in public space 

directly adjacent to the building, receiving elecrtric service. (The steel 

gratings seen in the sidewalks of downtown areas frequently cover manholes 

containing transformers.) 

Manholes are sipplied usually by precast croncrete product 

manufacturers. Costs quoted by one manufacturer range fron $875 fcrr a 

6' X 6' x 6' (inside dimensions) model to $1700 for an 8' x 10' x 7' model. 

These costs include delivery to the jcb site and installation into the excavation. 

Acoording to Pepoo, manholes are usually installed flush 

against t±e property line of the building being served. In seme cities, the 

locail government pays for the manhole and its installation, but in Pepco's 

customer service area,, the crustomer pays the cost. (Pepco crustxmers also pay 

the cost for vault construcrticn when turansformers must be installed on private 

*i5roperty.) Pepcx) used to install more than one transformer per manhole, but 

eiqerienoe with fires has led them to put only one unit in each hole. 

According to Pepoo, there are no specific cjDdes relating to 

manhole canstruction, but it is likely that local codes influence specific 

installations. Pepco provides the final 18 or so inches of each manhole 

installation in order to blend the entire instrallation into the surface grade; 

in such cases, and v*ien Pepco has occasion to cast its. own .manholes, trhe local 

bxilding code must be follcwed. 

The average cost of installing a 5̂ 5' x 17* manhole is $10,000; 

no cost-range data were.available from Pepco. The labor requirerent is 

typicrally 600 to 700 man-hours, and -total time is about one week. Cost factors 

include: 

1. Working day restrictions - for exanple, rush hours 

1 in some parts of the city restricrt work hours to 

9:30 to 3:30, but the laborers must be paid for a 

full days work. 
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• 2. Rain tine - the laborers do not vork in. the rain, 

but they must be paid. 

3. Rociky soil - hand digging (i.e., with pneumatic 

drills and Inammers) msy be required in lieu of 

power shovels. In such cases labor costs - which 

account for 70 to 75 percent of installed cost -

can more than double. 
I 

The only other cost for manhole installation is the "public 

space permit fee", a one-time fee to the local government which is about $20 

in the Washington, D. C. area regardless of size of the manhole. 

Because they are lighter and easier to handle, dry-type trans

formers are used very often by Pepxo, especially in roof-top applications vdiere 

noise is not a consideration and ventilation is not a problem. This lightness 

and ease of, handling, in conjunction with the lack of vault requirenents for 

dry-type transformers of less than 35,000 volts, might make roof-mounted dry-

type transformers the most cost effective replacement for askarel-insulated 

units in areas where the.air is relatively.-free of oorrosive,,,gases and dusts 

which could affect the transformer. 

3.7 Substitutes for PCBs in Transformers 

Because of the evidence that 'PCBs are damaging the environnent, con

siderable work is being conducted to find a satisfactory substitute for PCBs 

in askarel-filled transformers. These efforts by various manufacturers are 

attracting considerable interest in the business and technical press.̂ -*- '̂ '̂ 

The goals of -these efforts is the developnent of a heat transfer liquid which 

will have satisfacrtory heat transfer properties, be environmentally acceptable, " 

and be ncjn-flaramable. These requirements are basically contradictory; the 

chanical stability required for ccmplete non-flammability implies that t h e 

liquid may be non-biodegradable and may accumulate in tlie environment. There-,, 

fore, each of the liquids that have been developed sacrifices a certain degree 
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of fire resistance to achieve environmental acoeptability. The following 

liquids ha-ve been proposed as substitutes for PCBs in transformers installed 

in hazardous locations. 

3.7.1 Fluorcx:arbons 

Certain fluorcoalrbon cronpounds have propert ies s imi lar to the 

PCBs, and some study i s being carr ied out in t h i s area. Hcwever, f luoro-

carbcxis are highly vo l a t i l e in conparison to PCBs, and they are aboUt six 

-,. times as expensive a t t h i s time - though, of course, higher production volumes 

vrould lower t h e i r cost . 

3.7.2 'Si l icones 

Low visoDsity silioone fluids (on the order of 50 centistckes) 

are also possible replaoements for PCBs. Silioones-are currently produced by 

•• four ccnpanies: General Electric, Dow Coming, Union Carbide and Stiauffer. 

The silicone fluid reccnmended by one producer is polydimethyl silcKane, 

•-" which has this molecrular structure: 

CH, ' QU CH^ 
|3. |3 |3 , . 

„ H.,C — Si 0 ( — Si — 0 ̂ „ Si — CH, . 
3 , , n , 3 . 

0 1 3 . CH3 CH3 

Heat Transfer: Silicone fluids have the special advantage of 

a relatively temperature-independent viscosity. The silicone fluids have some-

vhat pcxsrer heat transfer characteristics than askarel, but can be substituted 

directly for askarel in existing transformers, resulting in only a small 

decrease in t h e transformer ratingi 

Electrical Properties; ^ ' 

Dielecrtric Constant 2.72 

Dielecrtric Strength 400 volt/mil 
14 

Resistivity 7.1 x 10 ohm-cm 

Dissipation Factor 1.8.x 10~ at 100 hz, 23'̂ C 
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Flammability: Polydimethyl siloxane has a'higher flash point 

than conventional, ncjn-PCB trar^former coolants: 280 C versus 146 C for mineral-

oil {PCBs have no true flash pxsint). The heat of conbustion of 50-C3entistoke 

polydimeiiiyl siloxane is lower than that , of mineral oil — 7.67 kcal/gm versus 

11.0 kcal/gm — and since the silocones bum more slcwly, they are oonsidered 

poor fuel.̂ -*-̂ ^ 

On the Underwriters Laboratories fire-hazard classification 

(in which water is rated as 0 and ether as 100) polydimethyl siloxane is T, 

classified as 4 to 5, vAuch is slightly higher than the 2 to 3 rating gi-ven to 
(19) PCBs, but is considerably less than the mineral oil rating of 10 to 20. 

Ecological Persistence: These ocmpxjunds do not biodegrade, 

as measured by sewage sludge breakdown to 002- Hcwever, there is evidence that 

,they partly d^xilymerize to low molecular weight ccsrpounds upon contact with 

soil and water. Since ultra-violet li(^t decrorposes methyl silicones, sunlight 

exposure may be the mecharism for en-vironmental degradation. 

Bioaccumulation: No tendencry for bioaccumulation or bio-

concentration has oocurred in experiments. In the mammals the oonpound is not 

adsorbed through the gast:rointestinal trac± or the skin. 

Toxicity: The PCB substitute developed by Dow Coming for 

transformers is called 02-1090. This is a mixture of polydimethyl siloxanes 

of various chain lengths vAuch have a viscosity of 50 CS. The literature on 

environmental and health characteristics of silicrones refers to at,least 

six fluids, most of vAich are probably similar to the OZ-1090 but some of 

vhich oould be other mixtures with certain additi-ves. By necessity, the 

usefulness of published tcsxicological data depends on the validity of 'ths 

assumption that all of these corpounds have identical persistance, bio

accumulation, and toxicity properties. 
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A review of tx>xioological studies of silicones reported the 

follcwing resultrs: 

Dietary Toxicity: 

IDgQ (rats) >28 gnVTcg 

Extended Feeding Tests: 

Guinea pigs - 47 gsa/kg/daiy for extended pericxl -

no t:oxic effect. 

Mallard ducklings and bob&*ite quail - 5000 ppm 

for 5 days - no effecrt. 

Rats - 20 gmAg/day for 28 days - no effecrt. 

Rats - 190 mgAg/d^ for 90 days = no effecrt level. 

Beagle dogs - 300' mg/Jcg/day for 120 days - no 

effect. 

Mice - 3% in diet for 80 weeks - no effect. 

Man - FDA allows silicones as food additives at 

up to 10 ppm. 

The major deficiency in our knowledge of the silioones 

appeairs to be in their fate in the environment and the toxicity of their break

down parcjducrts. 

Cost; The silicone. transf ormer fluids currently cost up to 

twice as much as PCBs on a volume basis. 

Availability; Dew Coming is currently ccnpleting evaluation 

of polydimethyl silcaxane as a h i ^ voltage insulating fluid. They report, 

t±ough, that a near term 100 percrent replacement of PCBs in transformers by 

this fluid is not possible. If a transfcjnner market were to develop'for 
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polydinethyl siloxane, the present dcmestic capacity could only be adequate 

to supply new transformers. The time lag for a 100 percent replacement of PCBs 

in transformers by polydimethyl siloxane vrould be cx\ the order of 5 to 10 

years. 

3.7.3 High Flash Point Mineral Oils 

The flash pxDint of mineral oil is a function of its molecular 

weight. Crude petroleum can be refined to have any required molecular weight 

over a wide range. This makes it possible to specify any particrular flash 

point that is desired for the mineral oil transformer liquid. This approach 

has been ta3cen by RIE Corporation in the de'velopment of their proprietary 
(21) 

transformer liquid which has. the trade name RIEMP. 

KTEMP is a highly. ref ined paraffinic mineral oil vhich has 

a flash point of 296 C, approximately the same as t h e 50CS silicone liquid 

proposed by Dow Coming. To achieve this higher flash point, t h e oil is 

refined to have a higher molecular wei^t and consequently a higher visccssity 

which reduces its effectiveness in convecrtive oooling. It may be possible to 

achieve a Icwer viscosity without sacrificing the fire resistance of the 

licjuid, but this modification has not yet been demonstrated.. 

The major current advantage of the high flash point mineral 

oils is their low price.relative to silicone and askarel, and their inherent 

biodegradability .and low toxicity. 

3.7.4 High Flash Point Synthetic Hydrocarbons 

(jertain mixtures of synthetic hydrocrarbons may result in a 

liquid having the h i ^ flash point characrteristies of RTEMP or silicone 

oombined with a relatively lew viscrosity and satisfactory heat transfer 

characteristics. The Monsanto Co. is reportedly testing such- a mixture 
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v^ich has the trade name MCS-1866. No technical details are available on the 

liquid exospt that it is claimed to have flammability and heat transfer 

properties equivalent to silicone at a much lower cost, and to be environmentally 

acreeptable. Monsanto has stated.that the technical details will be made public, 

early in 1976. 

3.8 Institutional Barriers to the Use of Substitutes for PCBs 

The National Electrical Code recognizes only three classes of • 

txansformers: askarel, mineral oil, and dry. The Code requirements for 

askarel arid mineral oil transformers differ only in the vault requirenents: 

for transf ormers located inside buildings or in hazardous locrations, vaults are 

required fcjr all mineral oil transformers, but only for those askarel trans

formers rated at ever 35,000 volts. Askarel transformers are econcmically 

attracrtive for many applications because the savings in vault costs nore than 

offset their higher price relative to mineral oil trans.formers, and their 

reliability is better than that of open aiir oooled transformers. In all cases, 

technically acceptable alternatives are available to replace askarel trans- , 

formers; the only limitations are economic. 

All of the substitute liquids that have been develcped are more, 

flanmable than askarels, but less flammable than mineral oil. These liquids . 

do not cone witdin the definitican of askarel in the National Electrical Ctode, 

and th^ir use is governed by t h e rules that apply to Oil filled transformers. 

Thus, there is no econcmic or technological incehti-ve to use these alternate 

liquids under present (3ode reguLaticsns. -

If the Code is to be changed to offer an ecxjiKmic incentive tx) the 

use of these licjuids,. t h e relative safety of each liquid must be assessed, and 

a decision nust be made as to "how safe is safe enough". In particular, test 
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procedures must be developed which allow a realistic estimate to be made of 

the relative safety of each liquid under conditions v*ich may be expected in 

service. 

Limited testing of the relative fire safety of the various trans

former liquids has been cronducted by RTE Corporaticm. The properties of the 

four liquids that were tested are summarized in Table 3.8-1 which is reporduced 

fron the test resultis report prepared by Mr. D.A. Duckett of KEE Corporation. (21) 

The RTE test cronsisted of the follcwing procedure for each liquid: 

Four gallons of liquid was heated to 150 C in a 

closed container. An elecrtrical arc was then ? 

initiated below the surface of the liquid. Arc 

cronditions were 4800 anperes at 4800 volts. The 

resulting explosion and fire was.recorded photo

graphically. 

The results of this test were as follcws: In all four cases, t±ie lid 

was blown off the container and a fire ball was formed abcrve trhe container. In 

the test of the transformer oil, the liquid remaining in the container continued 

to bum after the fire ball dissipated (as would be expected, as the liquid was, 

heated to its flash point prior to the initiaticn of the arc). The other three -

liquids self extinguished within several seconds. Because the fire performance 

of the RTEMP and the silicone liquids were similar to that of askarel under '• 

these test cxrnditions, both RIE Corporation and Dew Oorning sutmitted proposals 

to t±ie transformer cxamdttee of the National Electrical Code to allow the use 

of "self extinguishing" liquids where present Code regulations require the use 

of askarel.. If these proposals were to be accepted, the use of these liquids 

vrould be allowed by the 1978 Oode. 

There are a number of questions vhich have not yet been satisfactorily 

answered conceming the use of the "self extinguishing" liquids. The most 

important question croncems t:he realism of the test cronditicms. It has been 

suggested that catastrophic arcing is a relatively unusuail cause of transformer 

failure, and that a more frequent crause is prolonged minor arcing which creates 
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TABLE 3.8-1 

PROPERTIES OF TRANSFORMER LIQUIDS 
TESTED BY RTE CORPORATICN* 

FLUID P R O P E R T I E S : 

DIELECTRIC 

Dielectric Strength (ASTM D-877) kV 
{25°C-fluids as received fron vendor) 

Dielectric Constant 

Power Factor 50°C 
100°C 
150°C 

Dissipation Factor (ASTM D-150) 

Volume Resistivity (ASTM D-1169) 
Ohm-cm 

THERMAL 

Flash Point "c • ' 
Fire Point °C 
Pour Point C 

1 Thermal' Conduct i vi ty 25 C ' ' 
cal/(sec-cm^-°C)/cm 

Specific Heat (cal/gm/°C) 25*0 

Coefficient of Expanslon(cc/cc- C) 

PHYSICAL 

Specific Gravity (ASTM O-18IO) 25°C 

Interfacial Tension (dyne/cm) 

Neutralization Number (mgKOH/gram) 

h Viscosity (cent!stokes) 

25°C 
50°C 

100°C 
150°C 

TRANSFORMER 
OIL 

31 

2-2.5 

<.01 
1.0 
2.5 

.000"* 

1.0 X lo'2 

150 
162 

<-57 .• 

1 ' .000318-

.393 . 

.00063 

.883 

'•9.it . 

. <.02 

16 

3 

RTEMP 

37 

2.2 

0.6 
2.2 . 
10.5 

<.05 

1.1 x i o ' ^ 

296 
321 

. -21 

.000297 • 

. ^ s o 

.0008 

I- .883 

.25.5 • 

.011 

800 
I'SO 

. • 2 ' . • 

SILICONE 
DC-200 

.3'* 

2.7'* 

0.6 
0.9 
1.5 

.0002 

5.6 X lo"* 

. 360 
-55 

.000360 

.S'tO 

.OOlOi 

• . ' • • 9 6 1 . 

20.8 

<.01 

50 
30 
16 
12 

ASKAREL 

UO 

'••S • 

.-03 

5.0 X lo'2 

-37 

.000262 

..•?6V 

.00067. 

I.5't5 

50.0 

<.01 

• . 1 8 
10 

<3 

* Reproducjed frcm report: 

"Environmentially Acceptable Insulating Fluids May Rsplac:e 
Askarels", by D.A. Duckett, RTE Oorporation; May 8, 1975. 
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a flammability problem due to the breakdown products of the transformer oil. 

If this were the case, neither siliccane oil nor high flash point mineral oil 

vrould be significantly better t han the present transformer oils. 

Because of the limited test data that is available, it appears 

unlikely that the proposals will be approved for inclusion into the 1978 Code. 

Since the deadline for submission of proposals for this Code revision has 

passed, the most likely date for any Code revisions is the 1981 Code. 

The general acc:eptance of alternate liquids in place of askarels will 

only oocur after the performance of these liquids has been demonstrated by 

prolonged service test:s under realistic conditions. The effect of the Code is 

to prevent t h e testing of alternate liquids in transformers vhioh, under the 

rules, must be filled vath askarels. The inclusion of the Code into the 

regulations of the Occupation Safety and Health Administration is an additional• 

institutional barrier to the accumulation of adequate performance experience. 

3.9 Relative Msrits of Alternatives to New Askarel Transformers 

The relative merits of the various alternatives that have been 

proposed are sumnarized in Table 3.9-1. Special consideration must be given 

to t h e suitability of each of the alternatives to the major types of trans

formers which c:urrently use askarels. 

3.9.1 Distribution Transformers 

Very few distribution transformers presently use askarels. 

These transformers are generally inst:alled at the site of major generating 

plants, and there would be little difficulty in designing these plants so that 

mineral oil cooled transformers cxjuld be used safely. 

3.9.2 Power Transformers 

Askarel cooled transforrrers are used in buildings and 

industurial plants without vaults where t h e maxinum voltage is less than 35,000 

voltis. Currently available alternates in new construction are: 
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TABIE 3.9-1 

Relative Nterits of Alternatives to the 
Use of Askarel Transformers in New Applications 

•3 

I 
s. 

a 
Ul JJ 

OJ u 
> rH 3 

•H 0) 4̂-1 

4J V4 (tJ 4J 

•96 

cn 
1-1 •H +J _ 

•9§a 
+J W o 
U QJ "4-1 

^ !;! a 
O M-l JH 
U lO +J 

Mineral oil 
tzransfomier in vault excel. excel. $5000 to 

$50,000 
more 

good usually 
no 

Mineral oil 
transformer installed 
in nc5n-hazardous 

V.location 

exoel. excel. $5000 to 
$50,000 
more 

good usually 
no 

Dry transformer exoel. excel. 1.5x poor usually 
no 

Silicone heat* 
transfer oil exc3el. fair/good 1.3x good prcbably* 

yes 

High flash pxsint* 
hydrocarbon oil exoel. fair/good Ix gocxi probably* 

yes 

* Use depjends on Code regvilations being changed to allow self extinguishing 
liquids as direct equivalents of askarels. 
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• Mineral oil tiransfoEmer installed in a vault 

• Open air cooled transformers - limited to clean dry 

environments with even pcwer requirements. Satisfactory 

for most office buildings and shopping centers. 

• Mineral oil transformers at a site away fron t h e 

building. This will be satisfactory for most trailer 

parks and industirial plants except for those locations 

v^ere space is extremely scares. 

A possible, future, alternative may be to use a "self extin

guishing" transformer fluid in those applications vhere askarels are now 

required. This alternative requires that major changes be made to the National 

Electrical Code. 

3.9.3 Precipitator Transformers 

These are high voltage step-up turansformers whioh are mounted 

on or near industrial stacks. It should be pjossible to use mineral oil cooled 

transformers in all such applications. 

3.9.4 Railroad Transformers 

These transformers use askarel due tX) Penn-Central Railroad 

regulations. Hcwever, foreign experience indiĉ ates that there is no significant 

fire risk from the use of more flammable liquids in these transformers: 

European practice has traditionally been to use mineral oil in loocmotive 

t:ransformers. About ten years ago an experimental transformer was built in 

France which used an enclosed gas cxoled (sulfur hexafluoride coolant) trans-
(22) 

former. Although somev*iat limited in paeak pxwer output (overload cxinditions) 

corpared to oil-filled tiransformers, it performed satisfactorily during 

extensive tests. Hcwever, this type of transformer did not gain wide acceptance 

because it was more expensive tjian;oil-filled transformers, and there was not 

felt to be any significant safety problem associated vdth the use of t h e oil-

filled units. 

General Motors Corpjoration recently supplied a demonstration 

electric freight loocmotive to the Penn-Central Railroad for test. This 
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loocnotive is designated a type (34-6. The transformers in this loccnotive 

were si.pplied by a Swedish manufacrturer, and aire filled with mineral oil as 

Swedish regulations wcjuld not allow the use of PCBs even for test purposes. 

As a result of this material choioe, this demonstrator loccmotive is not 

allcwBd into tiie tunnels into New York. 

Japanese practiic:e over the past four years has been fx> use 

silic»ne oils in new railroad transformers. No service problems have been 

reported; 

AMTRAK is presently negotiating the lease of several new 

electric loaomo1d.ves fron France. Preliminary specifications call for the 

t:ransformers to be able to cperate satisfactorily with mineral oil, askarel, 

or siiicx>ne oil as the coolant. 

3.10 Repladement of Askarels in Existdng Transformers 

There are currently about 135,000 askarel-filled transformers in 

service in t:he United States. These transformers cx3nt:ain an average of 

2000 to 2500 pounds of PCBs each, for a total in-servic» inventorv of about 

300 million pounds of PCBs. Accidental losses of askarel may occur due to 

failure of these, transfoimers and accidental spills during, servicing.. It,has 

been suggested that these losses m ^ be a significant source of PCBs into the 

envirorroent, and that this sourc:e of pollution could be minimized by refilling 

these transformers vd.th an approved "self extinguishing" transfcjrmer liquid. 

3.1C.1 PCB Losses Due To Transformer Failures 

The incidence of failure of askarel-filled transformers has 

been estimated to be 0.2 percsent pjer year. No more than 1 percent of these 

failures result in a rupjture of t±ie transformer case and spillage of liquid. 

The usual failure involves only a venting of gases from the t:ransformer safety-

valve, follcwed by inmediate operation of the circuit breakers to ranove the 

power from the transformer. Thus the expeicted incidence of spillage is 

prcbably on the order of 3 transformers per year cxintaining perhaps 6000 lb of 

PCB. However, most askarel transformers are installed in buildings or in 

vaults where there is a provision for containing any leakage. It is prcbably 
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reasonable to assume that the cleanip ac±.ivities following a t:ransformer 

rupture are 90 to 99 percent effective in recovering the spilled askarel, which 

limits the total uncontrolled loss of askarels fron transformer ruptures 

total of 60 to 600 lb per year. If it is assumed that the venting of vapors 

during a transformer failure results in the loss of an average of two lb of 

PCB due to evaporation, the total losses frcm this source vdll be about 540 lb 

per year. Thus, the total annual entry of PCB into the environment due to 

transformer lc3sses is on the order of 4 lb per million lb of PCB in service. 

3.10.2 Environmental Effects of An Askarel Rgplacarent Program 

The proposal to drain the existing askarel transformers and 

refill tliem with an.environmentally acceptable heat transfer liquid pre

supposes the availability of sufficient quantities of a liquid having satis

factory fire resistant properties and heat transfer properties equal to askarel. 

No suoh material is cnarrently available. The use of either silicone oil or a 

high flash point hydrocarbcn material would require a change in the National 

Electrical Code regulations vhich govern the instiallation of tiransformers. In 
« 

addition, all of these materials have poorer heat transfer oharac:t:eristics than 
askarels, which may require the derating of all the transformers. 

Assuming that a satisfactory substitute liqxoid were available, 

the retrofitting of the existing transformers still faces a number of practical 

prcblems. The most difficult problem is the achievement of thorou^ draining 

of askarels from the existing transformers. Much of the liquid is held in the 

insulation of the transformers by capillary ac:tion; sinple draining of a trans

former only removes 80 percent to 90 percent of the liquid. Therefore, it will 

be necessary to flush each transformer 2 c3r 3 times with a liquid which will 

dissolve the remaining askarel, and vhich is carpatible with the liquid used 

to refill the transformer. This requirement of conpatibility could be a major 

problem; for instance, askarels are immiscible in silicone foils. 

It can reasonably be expjected that the draining and flushing 

of each askarel-filled tiransformer will result in an average of 800 gallons of 

askarel and PCB ccntanijiated liquid. • This liquid must be shipped to an ... 

incinerator and burned under controlled cxinditions. Disposal of the liquid 
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could be expected to cost $700 plus the cost of. the shipping containers and 

transportation. , • 

The result of this draining, flushing, and refilling pro-

psdure will be a transformer which is filled with 300 gallons of an envircxi-

mentally acceptable liquid that is contaminated with 10 to 20 lb of PCB. This 

reduction in t h e amount of PCBs in service will reduce the severity of 

potential transformer failures, but will not eliminate the need for careful 

handling or eventual disposal of the contaminated liquid. 

A more serious ccncem would be the amount of accidental 

spillage v̂ iich vould occrur vhen the scrap askarel-and flushing liquid is 

shipped to the incinerator for disposal. The c:urrent lack of sufficient 

incineration facilities would require that much of this liquid be stxired in 

drums or tanks for an extended period of time. In addition, the accideiital 

leakage from broken drums and other accidents which can be expected to occur 

during transportation can be ejpected to release ECBs and flushing solvent 

to the environment. 

3.10.3 Effect of Leaving Askarel Transformers in Service' 

The alternative of leaving the askarel in the transformers 

until they beoome obsolete or fail is probably to be preferred to retirofitting 

these transformers with a less toxic liquid. The existing askarel should last 

the life of the transformers; only infrequently is it neĉ essary to filter the 

liquid to remove the degradation products of minor internal arcing, and askarel 

losses during this filter cr/cle should not exceed 1 percent of t±ie total 

liquid in the t:ransformer. Askarel for makeup of these losses' will not be 

available onoe it is no longer used in new transformers; i-tonsanto has announced 

its intention of clcjsing t±e only U.S. PCB manufacturing plant ais soon as 

satisfacrtory substitutes are available for PCBs in electrical equipment. This 

should not prove to be a major problem in the maintenance of askarel trans

formers , as minor losses of liquid can be replaced with pure tirichlorcbenzene. 

The resulting mixture will be suitable as long as t±ie concenluraticn of the 

• PCBs is above 50 percent; below this concentration of PCBs, solvent attack on 
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the solid insulation may occur. Ocnplete replacement of the transformer 

required by lack of askarel should be infrequent and should not inpose a 

significant econcmic burden on the electric:al industry. 

The decision to leave existing askarel transformers in 

servic:e also gains time for t±fi solution of the problem of scrapping failed 

or obsolete transformers. Current specifications require that transformers 

be drained and flushed before being scrapped. This, howe'ver, cannot be 

expected to remove more than 95 to 98 percent of the PCBs from the trans

former internals. 

It is crurrently very unusual for transformers to be 

scrapped, but when t h e y a r e scrapped the value of the met:al is sufficient 
to make recycling attracti've. There is currently no acceptable facility for 

t±ie recovery of metal from failed transformers. Special pnrooedures would 

have to be used bo prevent PCB residues fron being carried through intx) the 

scrap furnaces. This vri.ll eventually be a significant problem. Better 

solutions to the problem can be expected if the problem is delayed by leaving 

existing transformers in service. 

4.0 INVESTMENT CASTING ••''• 

The investment casting process is a lost-wax casting prooess in which a 

pattem is molded fron wax and then invested or surrounded by a slurry ccxi-

taining a refractory oeramic. After t h e oeramic mold is dried to an appropriate 
strength, the wax pattem is melted or burned out leaving a molded cavity. 

Molten metal is then poured into the cavity» and solidified by cxxaling to form 

a cluster of metal castings. Maintenance of close dimensional tolerances 

requires that the shrinkage of the vrax be carefully cxjntrolled during the 

initial pattem step. This cxmtrol requires either slow oooling of the pattem 

vhile the wax is solidifying or the use of a wax material which shrinks very 

little ipcn solidification. 

4.1 Function of t±e Filler Material 

One method of modifying t h e wax to achieve minimal shrinkage is to 

fill the wax with a finely pxswdered material that is insoluble in the v/ax and 

remains solid at the tenperature at which the wax is cast into the molds. 
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Because this filler does not change state (from a licjuid to a solid) on cooling, 

it exhibits very low shrinkage, and the resulting slurry of wax and filler will 

be much more dimensionally stable than will be the pure wax. 

The seccjnd stiep in the casting process is to bum the vrax residues 

out of the ceramic mold so that the mold will be conpletely erpty when metal 

is cast into it. This requires that t h e filler be volatile at the tenperatures 

used to fire the molds, and that the vapors be ncn-toxic. 

4.2 Use of PCBs in Investment Casting 

Some of the pattem waxes, especially these used in the casting of 

metal parts requiring tight dimensional tolerances, contain decachlorobiphenyl 

(deka) as the wax filler. Decachlorcfciphenyl waxes contain approximately 30 
(23) 

percent (perhaps up to 40 percent) of the decachlorobiphenyl filler. 

Pattem waxes are recovered and reused several times to form, the sprues and 

gates of the patterns. Wax is apparently used an average of 2.5 times. 

During the dewaxing process the virgin wax (used to form the pattem) and the 

old wax (used to form the gates and sprues) are collected as one mixture. 

Little of the wax is destiroyed in the process; therefore, it is probable that 

the investment casting foundries store or dispose of relatively large amountis 

of used PCB-oontaining wax. 

It is estimated that approximately one to 1.5 million pounds of dec:a-

chlorobiphenyl-filled wax is purchased yeaurly by U.S. investment casters. The 
(24) 

oost of the PCB-f illed wax is in the range of $0.70 per pound. Inported 

polychlorinated terpahenyls, which exhibit prcperties very similar to deca

chlorobiphenyl, is also used as a pattem wax filler. There is only one U.S. 

producer of deka-filled wax, and this ocnpany also produces PCT-filled 

pattem wax. 

4.3 Advantages and Disadvant:ages of t h e Use of Deka PCBs in Investment 
Casting 

The deka PCBs have nearly ideal properties for fillers in investment 

casting waxes. These materials are only slightly soluble in the wax, remain 

solid at the wax casting tenperatures, and volitilize conpletely at the firing 

temperatures without,charring or burning. 
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The only disadvantage to the use of deka PCB is its-suspected 

possible environmental persistence and, by analogy to t h e o t h e r PCBs, its 

toxicity. !To direct evidence of environmential damage from 1:his conpound 

has been found to date. 

4.4 Alternatives to the Use of Deka PCBs 

Potentially aco^table process alternatives for the deka PCBs cx>uld 

utilize either a replacement filler material or an unfilled wax. 

4.4.1 Replacement Filler Materials 

Propjerties required for a filler are; h i ^ melting poini. 

(over 300 C), high heat transfer coefficient, low thermal coefficient of 

linear ejqsansion, and minimum ("zero") ash. The following materials have 

been suggested as possible replacements 'for deka PCB. 

4.4.1.1 Isophthalic ,Acid 

Isophthalic acid has been used as a filler material 

to a limited extent, but the grade of material that was previously available 
(25) 

left an ash residue on firing. A new grade of isophthalic acid, cmly 

recrently commercialized by AMOCO Chemicals Corp., exhibits much lower ash and 

metal cxsntents. The various grades of material available from AMDOO are as 

follows:^^^^ 

Grade 

IPA 85 

IPA 99 

IPA 110 

IPA 220 

Cost in Bulk 

$0.24/lb 

$0.27/lb 

$0.31/lb 

$0.35/lb 

Conments 

• High ash 

Previous use history • 

Fteing phased out 

New - low ash 

Although there is a considerable body of literature on phthalic acids and 

phthalate esters, their environmental fates are not known. Degradation routes --• 

prcperties of degradation produces, etc., which are of great inportance to an 

assessment of environmental acceptability have not been studied in depth. It 

can be sumdsed that this vdll be the case for most filler substitutes. 

-279-



4.4.1.2 Polystyrene 

Polystyrene plastic is aivailable frcm a number of 

suppliers including Dow Chemical Co., Monsanto, and Foster-Grant. If this 

plastic were reduced to a sufficiently fine powder, it would have physical 

prop«rties equivalent to deka PCB and should perform satisfactorily as a wax 

filler. The bulk oost of polystyrene pellets is $.40/lb, and the size 

reduction should ccsst an additional $.08/lb of filler. 

Up)cn firing, the polystyrene oould be expected to 

depolymerize to styrene v*ich would be volitilized. Styrene vapor has known 

toxic prcperties. This potential problem may limit t±e serious consideration 

of polystyrene as a wax filler. 

4.4.2 Unfilled Waxes 

Prior tx) the use of PCBs or PCTs as fillers, unfilled waxes 

ware used. Industry sources claim that reverting to the use of unfilled waxes 

would increase production exists by about 10 percsnt. Hcwever, new typjes of 

unfilled waxes have recrently been intrcxJuced to the market, and it is claimed 

t h a t their properties are equivalent to the filled vrax and their cost is 
(27) 

slxghtly lower ($0.60 to $0.65/lb). ' Although the exact formulation of • 

these waxes is not known, they reportedly ocntain no chlorinated additives. 

4.5 Conclusions - Substitutes for PCB in Investment Casting 

Technically adequate substitutes for decachlorcbiphenyl filler in 

pattem waxes appear to be available. Maximum increases in cx)Sts vrould be 

about 10 percent. The only producer of vrax oontaining PCBs oould probably 

change to other .typaes wit± very little technical diff icrulty or economic 

inpact. 
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SUMMARY . 

SUBSTITUTES FOR PCBs 

Capacitors 

PCBs are used as the dielectric liquid in almost all AC capacitors used 

by t h e electrical utilities for power factor correction and in various 

industrial applications including appliance motors, fluorescent light,ballasts, 

and pcwer supply circuits in television receivers. PCBs are uniquely suited 

for capacitor applications because of their high dielectric constant, chemical 

stability, and non-flammability. 

A nunber of different chemicals are being develcped as replaoements for 

PCB capacitor fluid. There is not yet sufficient data available on the 

electrical performance, chronic toxicity, or environmental effec±s of any of 

these liquids. 

Dry film AC capacitors are also being develcped. These capacitors are 

significantly larger t:han liquid-filled capacitors and are limited to a 

maximum of 280 volts. • Satisfactory dry film capacitors will not be available 

until there are two separate teciinological breakthroughs: 1), the de'velopment 

of a plastic film that combines a high dielectric constant with a low loss-

tangent; 2) t±ie development of winding techniques that exclude all air from 

t±ie vdnding of the capacitor. 

Although it is prc±iable that satisfactory substitutes for PCBs will be 

developed within the next 5 years, no such material is presently available and 

much additional research remains to be done. 

Transformers; 

PCBs are used as a major corponent of the ncan-flammable transformer 

liquid- known as askarel. Only about 5 percent of all turansformers are oooled 

with askarel. These are the transformers v^ch are located in buildings and 

o t h e r hazardous locations v^ere fire resistance is of great inportance. 

Most transformers, are cooled with mineral oil. This liquid is flanmable 

and the National Electrical Code requires that oil-filled transformers be 
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installed in fire proof vaults ̂ vhen they are used in buildings. Vaults 

are not recj'aired for askarel-filled transformers that are rated at less 

than 35,000 volts. Although the askarel-filled tiransformers ,̂ure 20 percent 

to 30 percent more expensive than oil ccoled units, the savings on vault 

construction costs more than offsetis the difference. 

Other cnarrently available substitutes for askarel-filled transformers 

are open air cxoled transformers, whioh are limited to lower voltage 

applications in clean, dry environments, and closed gas cooled transformers 

whidiare more expensive than askarel unitis. Both of these dry transformers 

have lower overload capacity than do askarel and oil-filled unitis. 

Technically satisfactory alternatives are available to the use of trans

formers containing PCBs. The present choice of PCB units is based on the 

relative costs of the alternatives. ' 

Several substitute liquids have been suggestied which are less flammable 

than the currently used mineral oil, but which are more flammable than askarel. 

These liquids are characterized as being self extinguishing — i.e., they do 

not continue tx) bum after being ignited by a nonenl^ry electrical arc. 

Proposals have been submitted to the National Electrical Code to allow the 

use of these self extinguishing materials under those ocnditicns where 

askarels are presently specified. Because of the relative lack of service 

experience wit±i these liquids, it is unlilcely that these proposals will be 

accepted. The next Code revision (1978) will probably continue to recognize 

only askarel and "oil filled" transfomers. 

It is likely that the "self extinguishing" liquids will prove to be 

satisfac±ory alternatives to PCBs. Substantial experience on the performanoe 

of the liquids vdll be required before the Code requirements will be changed 

to allow t±eir use. The restirictive Electrical Ccxle, v*ich has been incorpor

ated into the OSHA Regulations, may ac:t to inhibit the accumulation of this 

data and thereby act to postpone the general acceptance of these substitutes 

for PCBs. 

It has also been suggested that PCBs be drained from existing trans

formers and replaced with a less toxic material. Analysis of this alternative 

suggests that it may have a worse effec± cn the envircanment than would the 

continued use of PCS in the transfoimers. 

-282-



SUMMARY 

INVESTMENT CASTING 

Dekachlorobiphenyl is used by one manufac±urer in the formulation of 

investment casting vraxes. The deka PCB acts as an inert filler which reduces 

the shrinkage vhich occurs vAien the wax solidifies. Other Tnanufac±urers use 

polychlorinated terphenyls (PCTs) for the same purpose. All of the deka PCB 

and PCTs used in investment casting vraxes are inported. 

Several substitutes are available for deka PCB waxes. These include the 

replacanent of the PCB with isophthalic acid, or the use of new low shrinkage 

non-filled waxes. Ccnplete elimination of deka PCBs from this applica-ticm 

should be possible without causing significant problems. 
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SBCriCN IX 

PCBs RELEASE AND CUMULATIVE ENVIH^'IMENTAL LOADS 

1.0 ESTIMATES OF FREE PCBs IN THE ENVIRCNMENT 

1.1 PCBs Losses to the Environment Since 1930, by Use and by Chlorine 
Oontent of Molecule 

This section includes an analysis of the estimated amounts of PCBs 

whicii have escaped to the environment, by molecular chlorine content. The 

approach and results are sumnarized below. 

Loss factors, vfaich include spillage losses during manufacture or 

use of the end prcxiucts and losses due to inadequate disposal methods, are 

estimated on the following basis: 

% of Yearly PCB Use 
Use Category Lost to Environnent 

Closed elecrtrical systems 

(transformers and capacitors ) ' 5% 

Hydraulic and heat exchange fluids 60% 

Plasticizers - - 25% 

Misoellaneous industrial applications 90% 

Each of the assigned loss percentage factors can be the subject of 

considerable oontroversy. Suffice it to say that the choices made appear to 

be reasonable based on the widely varying information considered. 

The follcwing data have been ccriputed on the basis of the production 

and sales data released by Mcnsanto on the PCBs. Since by far the largest 

production has been in the form of Aroclors 1242, 1248, 1254, and 1260, these 

data are based only on those four mixtures- • 

"Proporticsnal Use Factors fca: PCBs" were oomputed from the Monsanto 

PCB manufacturing and sales data utilizing t h e donestic sales by category 

information. Since the detailed breakdown for the period 1930-1957 was not 

available, it was assumed that the pattem for this period follcwed the average 
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for the pericxa 1957-1959. Estimates were then prepared of the actual produc

tion and use of the individual Aroclors listed above. Table 1.1-1 is a 

tabulation of the estimated amount:s of Aroclors that have escaped into the 

environnent, assuming that 5% of the PCBs used in capacitors and transformers 

escaped; 60% of that used for hydraulic media, and heat exchange media 

escaped; 25% of that used tor piastiLcizers escaped; and, finally that 90% of 

t h a t used iji miscellaneous industirial uses has escaped. 

These data may be expressed in terms of chlorine content, based on 

pxiblished I-lonsanto data on the iscmers typically present, by chlorine content, 

in each Aroclor type. The results from such an exercise are presented in 

Table 1.1-2. The totals in the right-hand column represent the cumulative 

totals of all escaped PCBs by the year listed at the left. 

The ccnputed spectrum of chlorine contents based on the cumulative 

data on Table 1.1T-2 is presented, for selected years, on Table 1.1-3. 

The average chlorine content for the set termed "average values" is 

4.38 chlorine atcms per molecrule, oarpared to: 

Aroclor Chlorine Ctontent (atcms/nolecrule) 

1242 3.67 

1248 4.22 

1254 5.35 . 

Thus, the distribution as is comes closest to Arcolor 1248. How

ever, if it is assumed that all mono- and di-chloro biphenyl vrere biodegraded 

or otherwise destroyed, then the average chlorine content of the "wild" PCBs 

would be 4.67, intermediate between 1248 and 1254. If the trichloro iscmers 

were also subtracted out, then the cxmposite average chlorine oontent would 

be 5.0, vhic±i begins to cotpare favorably with 1254. 

1.2 Total PCBs Acc:umul ation and Current Rates 

As a rough estimate of the total PCBs currently available to t±ie 

biota (in active transport, in biological systems, etc.) in the Urited States, 

the total of 172,800,000 lb. from Table 1.1-1 may be reduced by a factor 
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TABLE 1.1-1 

PCB ENVIRONMENTAL LOAD BY AROCLOR TYPE 

[In Ihousands of Pounds] 

1930-56 

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

1965-

1966 

1967 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

1242 

18709 

1991 

1431 

2298 

2955 

4082 

3992 

3648 

4597 

5928 

7010 

7442 

7789 

9182 

10072 

3232 

48 

310 

310 

1248 

5395 

704 

1065 

1597 

1226 

1745 

1452 

2062 

.2160 

2260 

1932 

1794 

1881 

2190 

1536 

112 

- • 

-

— 

Aroclor 

1254 

• 5003 

676 

917 

1142 

989 

1295 

1222 

1166 

1224 

1456 

1247 

1158 

1615 

2172 

2575 

717 

229 

399 

309 

Grand ' 

Type 

1260 

3559 

932 

783 

1118 

1191 

1347 

1258 

1503 

. 1664 

1096 

1041 

1111 

954 

997 

1044 

, 266 

20 

-

— 

Ibtal -

1016 

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

167 

1045 

1177 

1098 

Total 
PCBs 

32466 

4303 

4196 

6155 

6361. 

8469 

7924 

8379 

9645 

10740 

11230 

11505 

12239 

14541 

15227 

4494 

• 1342 

1886 

1717 

172.8 X 10* lbs 

-288-



TABLE 1 .1 -2 

CUMULATIVE ENVIH3SIMENTAL PCB LOAD 
BY CHLORINE COOTENT 

[In Thousands, of Pounds] 

1956 

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

1965 

1966 

1967 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

^ 1 

561 

621 

664 

733 

822 

944 

1064 

1173 

1311 

1489 

1699 

1922 

2156 

2431 

2733 

2837 

2881 

2938 

2992 

^ 2 

2540 

2813 

3020 

3351 

3760 

4326 

4874 

5389 

6030 

6846 

7796 

8799 

9850 

11088 

12428 

12880 

13073 

13324 

13561 

^^3 

6210 

6894 

7487 

8417 . 

9465 

10922 

12301 

13693 

15369 

17436 

19747 

22154 

24674 

27639 

30735 

31723 

32131 

32663 

33165 

^ 

8221 

9174 

10130 

11584 

13070 

15135 

17048 

19095 

21473 

24315 

27328 

30406 

33673 

37543 

41462 

42624 

43086 

43700 

44272 

£̂ 5 

8936 

10070 

11311 

13086 

14805 

17128 

19279 

21575 

34160 

27123 

30097 

33080 

36376 

40368 

44523 

45657 

45782 

46046 

46265 

^ 

4017 

4709 

5419 

6388 

7344 

8529 

9640 

10835 

12153 

13391 

14568 

15754 

17053 

18625 

20362 

20840 

20928 

21076 

21193 

^ 7 

1759 

2182 

2558 

3085 

3632 

4162 

4751 

5437 

6192 

6728 

7230 

7755 

8243 

8782 

9365 

9517 

9539 

9563 

9582 

^ 

285 

360 

423 

512 

607 

715 

816 

936 

. 1069 

1157 

1240 

1329 

1405 

1485 

1569 

1590 

1592 

1592 

1592 

^ 

36 

45 

53 

64 

89 

89 

102 

117 

134 

145 

155 

166 

176 

186 

196 

199 

199 

199 

199 

Total 

32 ,'565 

36,868 

41,064 

47;219 

53,580 

62,049 

69,973 

78,352 

87,997 

98,735 

109,966 

121,471 

133,710 

148,251 

163,478 

167,972 

169,314 

171,204 

172,821 
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TABLE 1 . 1 - 3 

COMPUTED SPECIKJM OF CHLORINE OCNTENT 
FOR WILD PCBs 

1956 

1960 

1965 

1970 

1974 -

Average 
Values 

^^1 

1.7 

1.5 

1.5 

1.7 

1.7 

1.6 

[In Percent] 

Weight Percentage of Isomers Containing 

^h 
7.8 

7.0 

6.9 

7.6 

7.8 

7.4 

CI3 

19.1 

17.7 

17.7 

18.8 

19.2 

18.5 

2I4 

25.2 

24.4 

24.6 

25.4 

25.-6 

25.0 
• ^ 

^ 

27.4 

27.6 

27.5 

27.2 

26.8 

27.3 

^ 

12.3 

13.7 

13.6 

12.5 

12.3 

12.9 

^^x 

^ 7 

5.4. 

6.8 

6.8 

5.7 

• 5.5 

6.0 

^ 

0.9 

1.1 

1.2 

1.0 

0.9 

1.0 

^ 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 
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accounting for environmental degradation of less chlorinated iscmers and 

other destruction processes. Based on Table 1.1-2, this should be about 20 

to 30 million pounds, resulting in a total of free PCBs of about 150 million 

px3unds. 

Estimates by Nisbet and Sarofim^^ in 1972 for total PCBs available 

thrtjugh air and water dissipation amount to 180,000,000 lb. since 1932. This . 

value is within four pseroent of the above estimate of about 173millic3n pounds 

based on the loss factors specified. 

.^^lication of the five percent loss factor to the 1974 Monsanto 

dcmestic sales yields an estimate of 1,720,000 lb. lost to the environment 

during 1974, to which should be added a maxinum of 50,000 lb. lost from 

inported materials. The 1974 total of 1,770,000 lb. entering the environment 

in available forms represents about 1.5 percent of the total amount estimated 

above to be available to the biota in the U.S. 

The 1,770,000 lb. per year amount may be ccjnpared with estimates for 

1974 by Peakall^^^ as follcws: 

Industrial leaks and disposal - 880,000 to 1,100,000 lb. 

Disposal in dumps and landfills - 15,000,000 lb. 

Total - 16,000,000 lb. 

The figure of about 10 percent loss from the above required to match 

the 1,770,000 lb. per year loss rate does not appear unreasonable. Hcwever, it 

should be pointed out that the 16,000,000 lb. per year figure for leaks and 

disposal from Peakall represents almost half of Monsanto's reported 1974 

dcmestic sales, and must be questioned. 

1.3 Current PCBs Disposal in Landfills and Dunps 

The most inportant current sources of land-disposed PCBs are: 

(1) Solid wastes from the manufacture of PCBs and electrical 

equipment (including reject capacitors and transformer 

internals); 
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(2) Failed capacitors; 

(3) Capacitors in obsolete equipment; and 

(4) Municipal solid wastes other than elec±rical (obsolete 

equipment, sewage sludge, paper, plastics, etc.) 

One relatively minor source is the transformer service industry. 

This industry handles' about 2 x 10 lb. of PCBs annually (roughly half new PCBs) 

Assuming that 5 percent of the PCBs handled ends up as solid wastes (from 

filtratio; 

landfills 

filtration, etc.]^ results in 0.1 x 10 Ib./yr. of solid material entering the 

The major sources are treated below. Land-destined solid vrastes 

from production of PCBs, capacitors, and transformers are estimated,to con

tain about 1.2 X 10 Ib./yr. of PCBs. Reject capacitors and transformer 

internals add about 0.7 x 10 Ib./yr. to landfills. Since most PCBs used in 

investment casting, are eventually land disposed, this adds 0.4 x 10 . Ib./yr. 

Adding in 0.1 x 10 Ib./yr. for transport ard other losses brings the total 

of land disposed PCBs frcm production and first tier use to 2.4 x 10 Ib./yr. 

The failure rate for PCB-inpregnated capacitors is estimated at one 

percent.per year. • On this basis, and assuming that the failed equipment 

enters a landfill or dunp, then about one percent of the approximately 

450 X 10 lb. of PCBs estimated to be in service in capacitors, or 4.5 x 10 

Ib./yr., can be expected to be landfilled. 

Capacitors which have not failed but are contained in obsolete 

equipment (TV sets, light fixtures, etc.) also end up in land disposal sities. 

This applies to small c^acitors only, and it is estimated that one percent 

of the total are discarded in this manner each year. The amount of PCBs in

volved is (n.Ol X 270 X 10^), or 2.7 x 10^ Ib./yr. 

The amount of PCBs crurrently oontained in land-disposed municipal 

and industrial wastes other than that assignable to tiransformers and capacitors 
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is difficult to estimate. Approximately 160 million pounds of PCBs hâ ve been 

used in plasticizer and other "open end" applications or in "semi-closed" 

applications such as hydraulic or heat transfer systems. Most of this usage 

occurred between 1960 and 1972, and it is likely that vp to 80 percent of the 

total is either free in tihe environnent or already in land disposal sites. 

The rest of this material, estimated to be on the order of 30 million pounds 

can be thought of as being literally "in service" or used and awaiting dis-

px3Sal. A prime exanple of the latter is used carbcsnless copy paper currently 

residing in files and awaiting disposal or recycling. It is estimated that 

about seven percent of this 30 million pound reservoir, or 2.1 million pounds, 

enters land disposal sities each year. 

In addition, it is estimated that 0.3 millican pounds of free ICBs 

in the environment are added to land disposal sites each year from a variety 

of sources (sewage sludge, dirt, garbage, etc.). This brings the total for 

municipal and non-electrical wastes to 2.4 x 10 Ib./yr. 

PCBs Added to Landfills 
Soufoe ahd Dunps, Ib./yr. 

Wastes from Production and First Tier Use . , •2.4.-X 10 

Failed or Obsolete Capacitors 4.5 x 10^ 

Capacitors in Obsolete Electrical Equipnent 2,7 x 10^ 

Other Municipal and Industrial Wastes 2.4 x 10^ 

Wastes fron Transformer Service Industry 0.1 x 10 

Total 12.1 X 10^ 

(2) 6 

Peakall's^ estimate of 16 x 10 lb. of PCBs for leaks and disposal in 1974 is 

about 30 percent higher than the above total. Peakall^^' also estimated a 

total of 50 X 10 lb- for leaks and disposal during 1970, which is over 

two-thirds of Monsanto's 1970 reported danestic sales of about 73 x 10^ lb. 

In the absence of no other ocrparable data, we estimate a current land disposal^ 
6 6 

rate of between 10 x 10 and 15 x 10 Ib./yr. 
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It should be noted that several large first-tier users of PCBs are 

not currently land-filling their solid wastes, but are,storing the drummed 

wastes on-site in anticipation of potential regulations on disposal of such 

wastes. The wastes being stored are estimated to oontain at least 0.5 x 10 

lb. per year of PCBs; tihis is included in the above analysis as being finally 

disposed of in landfills. 

1.4, Release of PCBs via Industrial Effluents (Waterbome) 

Based on data obtained from industry, the follcwing average PCBs 

waste loads for water effluents were estimated: 

PCBs Production 1117 Ib./yr. 

Capacitors 2139 Ib./yr. ' 

Transformers 62 Uj./yr. 

Total 3318 Ib./yr. 

This number is very small in comparison tio the estimated 10 x 10 to 

15 X 10 lb. per year of PCBs going to landfills. 

The above values for industrial discharges do not include PCBs dis-, 

charged to municipal systems for t±iose plants having discharges to rivers (ten 

plants). In the production category, all discharge is to a municipal systan. 

It should be noted that t±ie above waste loads represent current 

industrial pracrtice. It may be assumed that, prior to knowledge of the adverse 

envirormental effects of PCBs, much of the types of material currentiy land-

filled was not disposed of properly and thus entered the environment direcrtly. 

1.5 Spills of PCBs During Transport 

The most ccnplete set of transportation spill data for PCBs avail

able to us are for the pericxi 6/74 to 6/75. The spills during transport and 

the quantities involved are as follows: 
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Location 

Trion, Ga. 

Lawrence, Ala. 

Erie, Pa. 

Unkncwn 

Gallons Spilled 

U7 . 

600 

120 

-100* 

Total 937 (10,213 lb.) 

In addition, during this period, three railroad capacitors failed 

in the New York Citiy area, spilling on the order of 50 lb. each, or a total of 

150 lb. Since this occurred during transit, vre ohose to add this amount to 

tihe above tcjtal, for a grand total of 10,363 lb- spilled in the transportation-

related incidents. This probably represents a minimum figure, since tiransport 

of defective product units (capacitors and transformers) and of PCBs containing 

wastes can be expected to release PCBs. 

On the basis of the above, a tentative number of 10,000 lb. per year of 

transportation-relatied spills of PCBs is advanced. 

*Cap»acitor shipment via truck overturned; leaiing units and soaked dirt 
removed from site for subsequent incineration. 
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SECTION X 

INADVERTENT AMBIENT REACTIONS AS ROUTES OF ENTRY 
OF PCBs INTO IHE ENVIRONMENT 

1.0 INTRODUCTION 

This is a report of a preliminary investigation into the ways that PCBs 

could enter the environment e'ven if tihey vrere no longer manufactured, inported, 

used or disposed of in the U. S. The vrork focused on the reac±ions of arcmatic 

conpounds, particularly the biphenyls, and how the conditions found in ambient 

surroundings in tihe environment could lead.to the inadvertent and undesirable 

synthesis of PCBs. Specifically the major question addressed vras whether 

chlorinatiion water treatments could convert biphenyl contamination into PCBs. 

Beyond tihat, there are questions of the likelihood of the breakdown of 

ccjnpounds such as DDT, followed by recombination to produce a PCB; the break

down and rearrangement of dyestuffs to form PCBs; and other poten'tial routes to 

the inadvertent synthesis of PCBs. 

When a candidate route is identified, one needs then to determine the 

probabilitiy of that reaction proceeding, and ths reaction rate- Also, the 

determination of what relevant-pollution loads and concentrations occur in 

vrastewater or clean water systans is an obviously inportant factor. For this 

study, the objecrti've vras primarily the identification of PCB formation routes 

vMch could be significant. Studies to determine kinetics of these reactions 

have not, to our knowledge, been performed. 

2.0 COMMERCIAL BACKGROUND, PKDDUCTTON AND PROPERTIES OF BIPHENYL 

2,1 Origins and Oanmercial Usage Background 

Biphenyl (previously kncwn as diphenyl and phenyl-benzene) vras first 

reported in 1862 by Fittig. In 1867 Berthelot identified it as the main product 

generated v*ien benzene vapors vere passed through a hot tube. During 1925-1926, 

Dr. Herbert H. Dow carried out experiments with diphenyloxide, using it as a 

heat tiransfer fluid in a steam power process. In 1927, Theodore Svrann of the 
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Federal Phosphorus Oo. was asked to supply biphenyl in commercial quantities 

for use as a heat transfer fluid in the refining of lube oils. He set up a 

pilot plant for this purpose. 

Soon after, the Swann Corp. de'veloped t he "Aroclor" series of PCBs. 

Early in the 1930's, Monsanto took over this production. About that time Dow 

also entered into the field, developing "Dowtherm A", a eutectic of 73.5% 

diphenyloxide and 26.5% biphenyl. Etowtherm has been a popular heat transfer 

fluid since that time. 

During the 1950's, the advantages of using biphenyl as a mild fungi

cide in individual fruit wrappers were appreciated. Later, biphenyl vras used 

as a kraft paper and boxbcard inpregnant and as a coating in closed fruit 

packages. In the 1960's, the usage as a carrier for, dispersed dyes began. All 

of these biphenyl applications tave continued to be inportant ip to the present. 

', Hydroxybiphenyls are also used as preiservatives, and aminobiphenyls are used 

as dye JJitermediates. 

•"• 2.2 Production Methods' and Rates for Biphenyl 

The two principal producers in the U. S., Dow and Monsanto, both synthe

size biphenyl by the thermal dehydrogenation of benzene. 

At tiatperatures of 700-850''C, benzene reacts by a homogeneous gas-

phase reaction (in which a benzene molecule joins with another benzene molecule 

or with a polyphenyl molecule, liberating hydrogen and forming diphenyl or 

higher polyphenyIs), or by a heterogeneous gas-solid reaction giving carbon and 

hydrogen. Most prccess development vrork hais been directed to repressing the 

second reacrtion, vhich is known to be catalyzed by metals, particrularly nickel,-

iron, and copper. 

In 1964 biphenyl appeared on the U. S. market as a by-produc:t of phenol 

produced by the partial oxidation of benzene. Benzene can be o>it3ized to phenol 

and biphenyl with.hydrogen peroxide as the oxidant. Other more recent sources of 

biphenyl are as a by-product of the hydrodealkylation production of naphthalene, 

and as a by-product of the deallq'lation of toluene to benzene. The latter stream, 

-298-



one of tihe bottcms from the benzene plant, has a fuel value of 1 to 2<f/pound. 

Hcwever, a 97 mol % pui'e biphenyl can sell, for about 6<? per pound. By

product streams of this type are rich in biphenyl (typically 15-20'S by 

vjeight). It can be seen that wastewaters frcm a prcoess like this oould be the 

source of methyl biphenyls found in vrater supplies. 

ODal tar amounlis to about 3% by weight of coal processed. Biphenyl -

is part of t±ie heavy oil fraction, along with substituted naphthalenes, 

accounting for about 10% of the tar. Thus biphenyl generation could amount to 

one pound for every ton of coal prcoessed for liquid fuels. As more enphasis 

is placed on coal conversion, tihe potential contribution to the environmental 

load of biphenyl may increase. 

One degradation route to biphenyl was found. It is possibly of 

inportance since it indicates a palihway from chlorinated terphenyls lio PCBs. 

When vapors of terphenyls are mixed with hydrogen and heated to 650-850°C., 

benzene and biphenyl are formed. Best results are obtained when 4 to 6 mols of 

hydrogen per nol of terphenyl are used (based on a Monsanto Patent). Typical 

terphenyls are Dew's "Tarophen" and Monsanto's "Santowax". 

The above indicates that PCBs could be produced by the inconplete 

incineration of chlorinated terphenyls, or possibly from terphenyls themselves =̂  

in the presence of deccrrposing PVC or other source of chlorine. 

" There is no recorded production data for biphenyl for any period of 

time. Data for biphenyl is included in the "other non-fuel" uses of benzene, 

which includes BHC, anthraquinone, and several other compounds, in addition to 

biphenyl. This vhole category has amounted to between 50 and 100 million 

gallons of benzene ecjuivalent per year over the last 30 years. 

One industiry scxirce estimate for the early 1970's was 5 million gallons 

of benzene equivalent going to biphenyl. Allowing for the recent burgeoning 

interest in dye carriers lay doubling that value, there could be as much as 80 

million pounds of biphenyl sold annually in the U.S. This does not seem too 

unreasonable since one localized area of Georgia accounts for 22 million pounds 

oer year. 
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On balance, a "best estimate" of 50 million pounds per year current 

biphenyl use would seem appropriate. 

2.3 Properties and Characteristics of Biphenyl 

Biphenyl is a rather stable organic conpound, and it is resistant to 

thermal and radiation degradation. Seme of its properties are given in Table 

2.3-1. 

TABLE 2.3-1 PHYSICAL CCWSTANTS OF BIPHENYL 

Solubility in water at 20°C., mg/l 

Melting point, "C 

Freezing or congealing point of conmercial product 
°C 

Boiling point at 700 ran, "C 

Flash point, "C 

Fire point, "C 

Ignition tenperature of dust cloud, °C 

Vapor pressure, atm 

Liquid density, g/cm^ 

Heat capacity, cal/g 

Heat of vaporization, cal/g 

lal product. 

100 

0.970 

0.427 

95 

7.5 

69.2 

68.5-69.4 

255.2± 0.2 

113 

123 

650 

Tenperature', "C 

0. 

0. 

0. 

82 

200 . 300 • 

251 2.436 

889 0.801 

,509 0.590 

: 68 

350 

5.509 

0.751 

0.631 

.60 

-300-



3.0 PROVEN BIPHENYL REACTIONS YIELDING PCBs 

The two categories of biphenyl reactions examined in this section are 

the direct chlorination of biphenyl and the joining of tvro chlorinated 

phenyl groups into the biphenyl configuration. 

3.1 Chlorination of Biphenyl 

Although conflicting statanents can be found in the literature, it 

is accepted that biphenyl is more easily chlorinated than benzene due to less 

resonance stability in the biphenyl. The behavior of biphenyl is cxxrplicated 

by the non-coplanarity of the tvro rings. Because of repulsion between the 

2 and 2' hydrogen atoms, the rings of biphenyl itself have an angle of about 45' 

between their planes. This non-coplanarity greatly diminishes the resonance 

interaction between the rings, and is believed to make biphenyl more prone to 

reaction tihan benzene. 

Since benzene can be brominated with brcmine at 0'C in the presence 

of iron, and also chlorinated with chlorine in the presence of iron at 50°C, 

we can expect significant reaction of biphenyl with chlorine in the presence 

of iron below 50°C. Also, solid biphenyl reacts with brcmine vapor to give 

first 4-bromobiphenyl, and then'4, 4'-dibrcmobiphenyl. Biphenyl melts at 

about 70°C. The conmercial production of PCBs by chlorination of biphenyl in 

the presence of an iron catalyst is conducted above 70°C in order to obtain 

and maintain the molten state for ease of transport and for better mixing vdth 

the added chlorine. The higher tenperature conditions nay also be inportant 

in the formation of the higher chlorinated homologs, but this is also dependent 

on contact time. The chlorination is exothermic. 

The ease with vhich biphenyl nay be chlorinated to two isomeric mono-

cdilorcbiphenyls is best illustirated by an early description of a pilot plant 

synthesis by Jenkins, McCullough and Boot±i, of the Federal Phosphorus Conpany, -

in 1929. They used a tenperature just high enough to melt the biphenyl, and 

achieved iron catalysis by using iron filings. Schmidt and Schultz and Kramers 
(2 3) 

had shewn that antimony pentachloride was, a catalyst fcir the reaction. ' 
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The method used by Jenkins and coworkers led to the formation of 

2-chlorobiphenyl and 4-chlorobiphenyl. In this reaction some dichloro

biphenyl is always produced, with the amount depending on the tarperature of 

chlorination and on t h e quantity of chlorine added. Higher tenperatures 

during the chlorination produce higher percentages of dichlorobiphenyl. When 

the theoretical amount of chlorine for moncx^ilorobiphenyl is added, consider

able dichlorobiphenyl is formed. 

The general conclusion derived fron this synthesis evaluation, is 

that it is quite reasonable to expec± tihat chlorine. contacrt with biphenyl at 

ambient tenperatures will yield PCBs at a measurable rate. The effects of 

temperature, dilution by air or vrater, lack of iron catalyst, presence of 

other catalytic cxjrtpounds, presence of UV radiation, and other reaction con

ditions present in tihe environment are not known. 

3.2 Reactions (jombining Phenyls to Produce Biphenyls 

TVro arcmatic nuclei can be joined to form a biphenyl by interaction 

of a diazcsiium salt and a hydrocarbon (benzene), under the catalytic influence 

of metallic copper or zinc (Gatterman procedure). In tihe method developed by 

Ullraann, many biphenyl derivatives are made by the tireatment of aryl halides . 

with copper pxiwder. The halogen atom must be reactive. NO2 is an exanple of 

an actiivating group. Ihese two procedures are of special interest because 

reactants similar to the above reactants, or their progenitors, have been 

found in public water supplies. Examples are nono-, di-, and tirichlorobenzene 

and chlorinated nitrobenzene. 

Hutzinger, Safe and ZitJoo synthesized twenty-three chlorobiphenyls 
(4) 

using a number of different routes. The compounds ranged from mono- to 

decachlorobiphenyl. The general procedure used involved the use of diazo 

oonpounds. The specific chloraniline, selecrt.ed to give tihe desired PCB, is 

heated in concentrated hydrochloric acid to about 50°C, then ccoled to -5''C 

and diazotized witih a solution of sodium nitrite in water. The mixture is 

stored for 30 minutes at this lew tenperature, then filtered. The filtrate is 

added to C0I4 vigorously stirred benzene, and a solution of sodium acetate (or 
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sodium hydroxide) in water. The mixt-ore is stirred for 12 hours at 25°C., and 

tihen the PCB- is recovered frcm the benzene layer. As an example, by this 

method,, starting with 2, 3, 4, 5 - tetrachloroaniline, they synthesized 2, 3, 

'4, 5 tetirachlorobiphenyl. , 

They also prepared decachlorobiphenyl by tihe exhaustive cdiorination '.; 

of Aroclor 1268. The Aroclor was mixed with twice its weight of antimony 

pentachloride, and heated for four hours at 150°C. .. 

Wolf and Kharasch showed that irradiation of orthoiodophenol in 

benzene gave 2-hydroxybiphenyl with a 65% yield. 

The conclusion drawn from this review of the reactions of a number 

of aryls is that there are a nunber of low tenperature reactions (0-50°C.) 

that are capable of yielding biphenyls. In addition, seme of the reactants 

have already been identified as present in water supplies. 

4.0 BIPHENYL USAGE IN HEAT TRANSFER FLUIDS, DYES' AND PACKAGING 

Although the prime usage for biphenyl is the production of PCBs, it also 

has inportant use in heat tiransfer fluids, as a dye carrier, and as a paper or 

paperboard inpregnant. 

4.1 Heat Transfer Fluids ' 

In heat transfer fluids, for the tenperature range 250-360°C, biphenyl 

is used alone, or in combination with other cotpounds. Dowtherm "A", or Diphyl-

in Europe, is the combination of biphenyl vfith diphenyloxide. A mixture of bl

and terphenyls was used as a coolant-moderator in the AEC prototype organic-

liquid cooled nuclear reactor at Picjua, Ohio, 

4.2 Dye Carriers for Polyesters and Polyolefins 

Disperse dyes (dye and carrier combinations) aure the most widely used' 

dye type for immodified polyesters. Dye uptake is rather slcsw, and frequently 

pressure-dyeing above lOO^C is used. Also, carriers or accelerants like 

biphenyl are used to cause the fiber to svrell and allow more rapid penetration 

of t h e dye into the fiber. 
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Polyolefin fibers are also difficult to dye. Their non-polar 

nature and inpermeability are t±e problem propertieis. However, dye carriers 

such as biphenyl penetrate these fibers and leave the insoluble dye residue 

within the fiber. Of course, most of the carrier would be ejpected to leave 

the fabric in dye-setting and washing processes. Disperse-dyed polypropylene 

fibers generally lack the bright colors sought in apparel, but they are used 

in tufted carpets and upholstery fabrics. 

4.3 Biphenyl as a Mold Preventative tn Packaging 

Biphenyl itself has been used for many years as a mild fungicide in 

citrus fruit vrrappers and packaging. The 2-hydroxybiphenyl scxiium salt has 

also been used as a preservative, germicide ahd fungicide. 

The use of biphenyl as one ingredient in inpregnated tissue for 

wrapping citrus fruit began in the Middle East, then grew in the U.S. An odor 

control agent was added since biphenyl has such a pronounced odor. 

',.. Practically all of the biphenyl containing coating is new applied to 

the inside of the corrugated cardboard cartons used for shipping citrus fruit; 

, or the biphenyl is applied to a pad of sheets placed inside the carton. 

It vrould be inpossible to ship citrus fruit across the U.S. in 

cartons, without a blue nold preventative like biphenyl. Years ago, "orange 

crates" of open lattice wood were used bo let air circulate through and reduce 

mold formation. However, this exposed the fruit to the drying effects of air, 

., external molds, water, dirt, etc. The new sealed cartons prevent all'these 

problems, but-absolutely require a nold retardant. The coating on cardboard 

or in tissue consists of a petroleum jelly or similar base with about 15-20% 

of biphenyl. 

During the mid-1950's, the FDA investigated the toxicity of biphenyl, 

and some of the results of this investigation anerged as a threat to the future 

of the $40 million/yr. segmenti of the kraft paper industry devoted to making 

the cardboard cartons, liners, wrappers etc. for citrus fruit shipping. The 

Institute of Paper Chemistry (IPC) was chosen to determine methods of analysis. 
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and to referee an investigation of the potential problem. A^ a result of the 

work by IPC, biphenyl was given a clean "bill-of-health" by the FDA and has 

continued in use. 

4.4 Ĉ eneral Biphenyl Occurrence in the Environment 

The above descriptions of biphenyl usage indicate a potential for 

its widespread occurrence. Of particular interest here is the occrurrence of 

biphenyl in industirial usages where vrater treatment by chlorination is 

practiced, as in paper recycling and dyeing operations. 

5,0 PCBs GENERATION AND WASTEWATER EXPERIMENTS IN A MAJOR U.S., BIPHENYL 
USAGE LXALITY 

For the past three years. Dr. Peter Gaff ney of tihe Biology Department of 

Georgia State University has been investigating the problans of biphenyl and 

PCBs co.ntamination of a watershed in northwest (Georgia. He has also conducted 

experiments on the conversion of biphenyl to PCBs. Support was provided by 

the Georgia Environmental Protection Division. He estinates that this locality 

uses about 22 million pounds per year of biphenyl.as a dye carrier in carpet 

dyeing. Ihis relatively snail geographical area acconmodates 250 to 300 mills 

representing 65% of tihe world's carpet and rug industiry. 

Also, W, C. Tincher of the Environmental Resources Center of Georgia 

Institute of Technology has been studying the problem of biphenyl effluents 

from polyester carpet manufacturing in (Georgia. Other vrorkers have been 

concerned with the residual odor of biphenyl in carpets. 

In New England, R. A. Hi tes of MIT has been analyzing ri'ver water for 

biphenyl wastes from dyeing processes. 

Dr. Gaffney originally became interested in the problems of biphenyl and 

PCBs in water vhen he was called to investigate a BOD problem at a municipal 

waste treatment plant. TWo-thirds of the flow to that plant (4 million gpd 

out of a total of 6 million gpd) came from a carpet dyeing nill. When looking 

for agents that might affect tihe bicmass in the activated sludge portion of 

tihe plant, two questions arose: 
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1. Could the biphenyl (used as a dye carrier) discharged from the 

mill be affecting the biota, since biphenyl is a known nold 

suppressant? 

2. ODuld tihe biphenyl be converted to PCBs during waste treatment 

chlorination, and could the PCBs exert a harmful affecrt on the biota, 

as well as contiribute toxic organics to downstream water supplies? 

Although these studies are still! underway, preliminary data indicate 

that PCBs can be formed in the suspected manner. 

The original report of CSaffney's work told of finding 18 ppm of PCBs in 

the scrapings frcm the surfaces of trickling filter rocks in the municipal 
(6) L . 

treatment plant. At the time, no PCBs were detected in the influent. 

This seemed a strong indication of PCBs formation within a municipal 

tireatment plant. The plant was using about 350 pounds per day of chlorine 

for influent odor control and effluent disinfection. 

when it was later discovered tihat there was an upstream transformer plant 

using PCBs, further testing indicated there were detectable PCBs in the intake 

water to the mill and the town. 

Dr. Gaffney continued his previous work on chlorination of organics as 

they pass through municipal tireatment plants. The tests arid data are consid

ered prelininary at this time, and further reacrtion and analytical data are 

highly desirable. 

In laboratory tests, detectable levels of PCBs were formed when 10 mg/l 

of biphenyl were added to deionized water, held at 20''C, and' tihen 1 mg/l of 

chlorine was added and the reactants kept in contact for one hour. Fifteen 

peaks were formed in the electron capture chrcmatogram (a hexane in'water 

control gave four peaks with the same treatment). When iron was included in 

the reaction mix, four more peaks were formed (total of 19). It is' believed 

that these peaks are largely chlorobiphenyls. Addition of an Aroclor to the 

pure water resulted in the growth, by 50 fold, of the peak height for dichloro

biphenyl due to chlorination. > 
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When municipal wastewater was analyzed before and after laboratory 

chlorination, as described above, the dichlorobiphenyl peaks increased in 

height by ten-fold. 

Although tihe tentati've concli;ision from this work vras that PCBs can be 

formed through chlorination of biphenyl in wastewater under laboratory con- --, 

ditions, extrapolation of the resultis to actual wastewaters from industrial 

sources is probably pratature. Even more tenuous, but of equal interest, is 

the possibility of further chlorination of PCB molecules via chlorination. 

However, it should be noted again that the use of biphenyl as a dye 

carrier leads less to its dissipation in products than to its eventual des-

truction or discharge as waste. Assuming tihat half of the biphenyl so used 

appears as waste, a biphenyl to PCB conversion of even 0.01 percent during 

chlorination treatment for the 22 million pounds per year of biphenyl in 

northeast Georgia corresponds to tihe generation of .over 1,000 lb/year of 

chlorinated biphenyls in that area. 

6.0 POTENTIAL DEGRADATION AND SUBSEQUENT REACTION OF DDT MD RELATED 
COMPOUNDS IN THE ENVIR3NMENT TO FORM PCBS 

• It appears possible that tihere are a number of-conpounds-in the environ- -.̂  

ment that could be partially deccttposed and then reacted with their own de

conposition producrts, or with other reactants, to produce PCBs, 

As early as 1969, Plintner and Klingebiel reported that DDMU, dichloro-

benzophenone, and dichlorobiphenyl, were all products of the photolysis of DDT 
(8) 

or DDE in metihanol at 260 nm ultraviolet radiation. This conversion may be 
sensitiv'e to reaction conditions. In the same year, Mosier, Ĉ ienzi and Miller 

did not observe formation of PCBs or DDMU when they subjected solid DDT or DDT -• 
(9) 

in hexane to UV irradiation at 254 nm. : -

Since that time, most researchers publishing on this topic have suggested "• 

the possibility of conversion of DOT to PCBs. Peakall and Lincer stated that 

the possibility that PCBs oould be derived frcm DOT should be considered.' ' ' ' 

They did not believe this could occrur in metabolic processes in tissues. How

ever, they felt that UV catalyzed free radical reactions to form dichlorobiphenyl 

fron DOT could be expected in t±ie atmosphere. 
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Although they could envision tautomeric shifts leading to various iscmers 

of dichlorobiphenyl, they could not theorize a route to more highly chlorin

ated biphenyls by these DOT reactions. They also pointed out that PCBs extract

ed frcm biological naterials matched well with the PCBs found in Aroclors like 

1254 (one-hadf pentachlorobiphenyl, and about one-quarter each of the tetrachloro 

and hexachJ.oro hcmologs). Thus, if DOT degradation to dichlorobiphenyl were 

taking place, further chlorination would also have to take place, by sane other 

reaction, to lead to lihe material found in .biological specimens. Peakall and 

Lincer also point out that the ethane coHrponent between the tvro rings in DOT 

is the weakest part of the structure and is the site at which most transforrra-

tions of DOT take place. The PCBs, not having that weak point between the tvro 

benzene r.'ings, -thus are expecrted- to be more stable than DOT, which is the case. 

Maugh again reported on the DOT conversion potential, apparently unaware of 

the Plinmer and Kli.ngebiel report, and shewed tihe potential for vapor phase 

photolysis. , 

'̂ '- Peakall, in his recent ccnprehensive reviav, "PCBs and -Their Environmental 

Effects", does not -cite otiher references for other mechanisms of DOT' conver-
(12) 

sicans. Hoivever, KothJiy, in a letter to the editor of Chemical and Engineering 

News, states a case-for the.formation of gaseous chlorine frcm-particulate 
(13) 

chlorides under the influences of ozone and- solar radiation. He states that 

the chloride loss fron particulates, formed by the evaporation of water from 

sea spray, "has been .kncwn for sc3me time". Kothny then gees on to attribute 

;,PCBs formation to the reaction between a wide range of arcmatics that could be 

present in the atmosphere, and chlorine, formed as described above. He also 

suggests potential,PCBs formation from all manner of waterbome arcmatics by 

action of municipal and industrial chlorination of pure and wastewater. 

7.0 COMPARISON OF POTEOTIAL, INADVERTENT AMBIENT REACTIONS 

Of the types of reactions cited in this section as holding potential for 

• inadvertent ambient production of PCBs, the possible chlorination of biphenyl 

during industrial_and muncipal water and waste treatment appears t.o the authors 

to have the most significance. In general, the other - reactions cited vrould 
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require two steps (chlorination plus condensation of aryls or decomposition 

of DOT follcwed by reconbination of selected fragments); they also vrould be 

expected to involve conpounds present in relatively low concentrations ocm-

pared with potential biphenyl concentrations in some industrial waste streams. 

For all of these reactions, hcwever, mono- and dichlorobiphenyls would 

be the e>pected prcxJucts. Although these are believed by many researchers to 

be significant (especially in an aquatic environment), it is generally 

accepted that they are more easily biodegraded and less bioaccumulative in 

comparison to the more highly chlorinated PCB hcmologs. The possible forma

tion of more highly chlorinated PCBs from nono- and dichlorobiphenyls is thus 

also of interest to the environmental PCBs problem. 

8.0 PCBs POLTSID IN THE EFFLUENTS OF THE MACHINERY AND MECHANICAL PRODUCTS 
MANUFACTORING INDUSTRY 

For some tine it has 'been suspected that PCBs could be found in tihe 

effluents of other industrial categories which are not recognized as being 

sources of PCBs entiry into the envircnment. A reviav- of data presented in the 

draft Development Document For Effluent Limitations Guidelines for the Machin

ery and ̂ 2echanical Products Manufacturing Point Source Category.- (EPA Oontiiract 

No, 68-01-2914, Volume 3, June, 1975) indicates high ooncentrations of PCBs, 

in the order of 2 to 28 mg/l, in the effluent of tihe plants grouped in this 

category. 

This group of industries enconpasses 173 different product group segments 

manufacturing over 4000 different products in over 100,000 separate plants. 

These products include such varied goods as wire, tractors, x-ray "equipment, 

sporting goods, automobiles, television picture tiubes, and jewelry. 

Because of the variations in manufacturing operations from plant to plant, 

categorization of this industry was based on the manufacturing processes 

utilized, vhereby a specific plant was defined by the applicable process sub

categories which describe its overall operation. Rationale used in subcate-

gorizing this group of industries was that tihe manufacturing processes, not the 

product, generate the effluent discharge. 
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Based on the above, this group of industries was divided into 

the following twelve general manufacturing subcategories: 

Subcategory 1 Casting and MDlding - Metals 

Subcategory 2 Mechanical Material Removal 

Subcategory 3 Material Forming - All Materials Except Plastics 

Subcategory 4 Physical Property Modification 

Subcategory 5 Assanbly Operations 

Subcategory 6 Chanical-Electrcohemical Operations 

Subcategory 7 Material Ciating 

Subcategory 9 Molding and Forming - Plastics 

Subcategory 10 Film Sensitizing 

Subcategory 11 Dockside Ship Building Activities 

Subcategory 12 Lead Acid Battery Manufacture 

The PCBs concentrations in the raw waste from the overall nachinery and 

mechanical products manufacturing point source subcategories, as abstracted 

frcm the abovementioned draft Effluent Guidelines Document, are presented 

in Table 8-1. This table shows the minimum, maximum and mean PCBs 

concentrations as found frcm sampling and analysis vrork conducted by the con

tractor on 240 raw waste slireams in the point source category. As reported in 

this document, all sanples were taken ifovristream of the manufactiuring prcxresses, 

but prior to any treatment. 

It can be seen from Table 8-1 that PCBs concentrations in the effluent fron 

this group of industries are much higher than those reported for the major PCBs 

user industries (capacitor and transformer industries). Within the machinery 

and manufacturing industries.PCBs could be used in paints, inks and plastics, 

as wax fillers in casting operations, as hydraulic and heat transfer fluids, 

and in lubricants. 

It should be mentioned, hcwever, tihat there are cjuestions as to the valid

ity of t:he analytical techniques used during this study. Subsequent studies 

conducted by Versar Inc. on Subcategory 12 (lead acid battery manufacture) under 

EPA contract 68-01-3273 have indicated no detectable levels of PCBs in the 
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TABLE 8-1 

PCBs Concentration in the Effluents of the 

Subcategory 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

l4chinery & Mechanical Products 

Manufacturing Operations 

Casting & Molding of Nonferrous 
Metals 

Mechanical Material Renoval 

Material,Forming - All 
Materials Except Plastics 

Physical Property Modification 

Assembly Operations 

Chemical-Electrcr:hemical 
Opera-̂ ions 

Material Coating 

Snelting and Refining of Non-
ferrous Metals 

• Molding and Forming - Plastics 

Film Sensitizing 

Dockside Ship Building 
Activities (2) 

Lead Acid Battery Manufacture 

Manufacturing 

PCBs 

•Min. 

0.2 

0.2 

0.2 

0.2 

0.2 

0.5 

0.2 

0.2 

-

0.3 

^ 

7.5 

C3Dncentration 
mg/l (1) 

Max. 

5.1 

63.3 

63.3 

100.0 

104.4 

2.8 

224.8 

18.0 

None 

123.9 

None 

30.0 

Avg. 

2,1 

6.997 

9.867 

12.842 

15.553 

1.65 

18.241 

9.1 

-

28.136 

-

18.75 

Note: (1) Information obtained frcm the Development Document for Effluent 
Limitations (Guidelines for the Machinery & Mechanical Products 
Manufacturing EPA Contract No. 68-01-2914, Vol- 3, June 1975. 

(2) No water effluent; all solid wastes. 
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effluents; however, evidence of t h e presence of chlorinated hydrocarbons 

v/as found. . Effluent C5uidelines study on Subcategory 10, Film Sensitizing 

Industry, is currently underway. According to the information presented in 

T^le 8-1, this subcategory was demonstrated as having the highest levels 

of PCBs concentration in the outfalls. Verification sampling vrork to be 

conducted on these effluents will provide a further test of tihe validity of 

the data in Table 8-1. 

It is considered cjuite likely that effluents from industries other than 

those directly involved with the production and process usage of PCBs may 

exhibit significant amounts of PCB contamination. Much of this contamination, 

if found, could be attributed to past usage of PCBs and products containing 

PCBs, although, as stated elsewhere in this report, crurrent usage nrost also 

be considered a possibility. Tb our knowledge> no significant effort to 

determine the extent of PCBs contamination from such sources has been made. 
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• SECTION XI 

f«DVEMENT OF PCBs IN THE' ENVIRCNMENT 
GENERAL DISTRIBUTION MODEL 

1.0 INTRODUCrriCN 

Thus far in this report, the history and current status of PCBs 

producrtion and usage, treatment.and disposal aspects, and gross estimates 

of cojnent environmental distribution have been presented and discussed. 

Transport of PCBs within the environment is extremely inportant in the 

assessment of future environmental distribution of PCBs. In tum, knowledge 

of future PCBs distribution will allow the assessment of potential regulation 

of PCBs production and usage. Projection of future biological effects also 

depends' upon the distribution of the substance of interest. 

Tran.sport of PCBs between soil, water, sediments, the biota, and 

the atmosphere is of obvious local environmental inportance. Measurable 

amounts of PCBs have been found in Antarcrtic ice, shewing that atmospheric 

transport over long distances does occur. Transport phenomena at the various 

phase interfaces are of obvious importance to the mobility of any environ

mental contaminant, but in most cases, and this is particularly true of PCBs, 

such transport properties are not kncwn and have not been treated success- . 

fully in a theoretical manner; On'the,other hand, analysis of the tremsport 

and distributicn of a given contaminant requires sufficient knowledge of basic 

transport processes on vhich to base reasonable estimates; the estimates can 

-then be evaluated using an internally consistent model and available experi

mental data. 

A sinple, first-order mass balance model has been constructed to 

tireat the overall PCBs econony of an artificially bounded region of the 

lithosphere. In order to test the validity of the model, it was applied to 

Lake Mic±iig£n and the associated drainage basin. Lake Michigan was selected 

for tills application because of the existence of a considerable body of 
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recent data on PCBs concentrations, Iecause of the environnental and conmer

cial significance of PCBs contamination in Lake Michigan, and because this 

lake, in spite of its size, represents a relati-vely closed system (estimated 

water retention time of 90 years). 

The total environmental load of PCBs, and its variation with time, 

represents a very inportant input to the mass balance model. An analysis of 

available data was performed to provide this input, one inportant result of 

which was an estimate of the variation of atmospheric fallout rate with time. 

Atmospheric fallout appears to be the most inportant source of PCBs . 

entering Lake Michigan, althoui^ this may not be the case for other areas (the_̂ , 

lower Hudson River is one possible exception). For exanple, in 1974, atnos- .-

pheric fallout onto the lake and its drainage basin accounted for approximately 

85 percent of tihe PCBs input to the lake. 

The rationale for the model is described in Section 2.0 below. Sub

sequent sections describe the application to Lake Michigan and the results and 

conclusions therefran. The development of the model is presented, in full, in 

Appendix D to this report, and the supporting data used are tabulated in i^pen-

" dix E. - • 

2.0 RATIONALE FOR IVDDEL DEVELOPMENT 

The first order model deri'ves basically from the assertion tha.t\ t h e 

total of PCBs entering a bounded region of the lithosphere must be fully acr-

counted for by: (1) Incorporation into specific phases of the bounded region; 

(2) Loss from the region via mass transport; and (3) Degradation by processes 

operating within the region. 

In application, the region under stucfy is selected to be sufficiently 

large and veil defined that adequate averaging can be acconplished. The Lake,. 

Michigan area^ vhich meets the above criterion, was selected as a suitable 

region for study. Ihe region included the nominal drainage basin of the lake 
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in order to provide an estimate of the PCBs entering the lake from runoff. 

After suitable boundaries were defined, an overall mass balance 

was constructed. The source function was constructed so as to account 

for all point and non-point sources. The distribution over the various 

internal phases of the system (aqueous solution, biota, and sediment) was 

then estimated. Additional terms were introduced to account for PCBs loss 

fron the region due to mass outflow and surface evaporation. Ihere was ap>-

parently no need to introduce a term to account for degradation since such 

processes are thou^t to be of small inportance for PCBs. The form of the 

mass balance was t hen as follows: 

B(t) At = AM^ -I- AMg -t- AM -I- AM -I- AM^ (2-1) ' 

vhere: 

B(t) is the source or driving function vhich describes the 

input rate for PCBs; 

AM is the change in the mass of PCBs dissolved in the aqueous 

phase of the region; 

AMg is the change in the mass of PCBs contained within the biota 

of the region; 

AM is t h e change in the mass of PCBs contained witihin the sedi

ment of the region; 

AM is the mass of PCBs carried out of the region by (water) 

mass transport; and 

AM^ is the mass of PCBs carried out of the region by evaporation 

(codistillation). 

2.1 Tine Dependence of the PCB Input Rate [B(t)] 

The distribution pf PCBs between phases within the region is governed 

by processes v*iich are assumed to act independently of the actual concentrations 

involved. The time dependence of equation 2-1 is therefore contained in the 

driving function, [B(t)]. 
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Sensitive analytical methods for PCBs have been available only for 

a few years; consequently a sufficiently reliable and detailed data base to 

allcw the direct determination of B(t) is not available. In view of tihis, 

it was necessary to construct a model whieh could be fitted to a direct esti

mate of B(t) for a specific time, in order to approximate the appropriate 

time dependence of B(t), The details of the computation by which B(t) was 

determined are contained in ̂ ^pendix D (Section 2), For tihe purposes of tihis ' 

sunmary, it is .sufficient to state that the major input of PCBs to the region 

selected (Lake Michigan) was from atmospheric fallout; thus the time dependenoe" 
..-I 

of B(t) was estimated from kncwledge of the time dependence of the fallout. 

Table 2.1-1 is a surmiary of tihe input PCB from all sources during the 

period 1973-1974 and is a sunmary of the detailed data vjhic±i are presented, 

along with suitable citations to the sources of tihese data, in Appendix E of 

this report. 

Table 2.1-1 

Sunmary of PCB Input Sources (1973-1974) to 
Lake Michigan 

3 

Point Sources 1.6 x 10 Ibs/yr 

Lake fallout 6.4 x 10̂ ^ Ibs/yr 

Basin fallout* 5.4 x 10"̂  Ibs/yr 

Then B(t) = B(1973-1974) = 13.4 x lO"̂  Ibs/yr 

* It is assumed that 50 percent of the basin 
fallout actually enters the lake as inputd) 

3.0 APPLICATICN OF THE MODEL TO lAKE MICHIGAN 

The results of an analysis of PCBs distribution within Lake Michigan 

are summarized in Table 3.0-1 (The details of the oorrputation are given in 

Section 3 of Appendix D). 
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Table 3.0-1 

Overall PCBs Balance for Lake Michigan Area 
During the Period 1930-1975 

Total Input 1.49 X 10^ lbs. 

Total in Solution (IVater) 1 x 10 lbs. 

Tbtal in Biota 3.64 x 10 lbs. 
4 

Total in Sediment 1,7 x 10 lbs. 
Total in Outflow 9.07 x 10̂ ^ lbs. 

4 
Total Ev^orated 1.93 x 10 lbs. 

The last entiry in Table 3.0-1 indicates that some 13 percent of the 

total input to the lake has been lost by evaporation (codistillation) frcm 

the surface. 

The ooncentration of PCBs in the aqueous phase and the (average) 

;i: ooncentration in the biota vere calculated; the results are displayed in 

Table 3.0-2. 

Table 3.0-2 

..', Derived PCB Concentrations in Lake Michigan 
Water and Biota Over the Pericxi 1930-1975 

. (ppt) (ppt) 

1930 0 0 

1935 4.9 X lo"'* • 1.97 

1940 1.34 X lO"^ 5.36 x 10^ 

1945 7.12 X lO"^ 2.84 X 10^ 

1950 0.28 l.i2 X 10^ 

1955 0.68 2.72 x lo'* 

1960 1.60 6,4 X 10*̂  

1965 2,92 1.17 x 10^ 

1970 5.35 2.14 x 10^ 

1975 . 9.10 3.64 x 10^ 

*The average biotic concentration is taken as 4 x 10 C ^ . 
water 
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The values presented in Table 3.0-2 are lake-wide averages so that 

considerable variations from these values are to be expecrted from point to 

point within the lake; for instance between the northem portions and the 

heavily contaminated regions on the southwestern shore. In addition, because 

of the considerable spread in species-specific concentration factors (and 

the wide variation in intira-species concentiration factors) it can be surmised 

that PCB concentrations in h i ^ e r predators could easily have exceeded tihe ppm 

level by 1960. 

4.0 RESULTS AND OONCLUSICNS 

4.1 Results 

Even though the nodel used is only first order, it is apparently able 

to describe the relative significance of the natural processes which control 

the distiribution of PCBs. Ihe stirong focus on fallout as the primary input 

source of PCB to Lake Michigan suggests the need for further study of the nature 

of the processes by v^ich PCBs become airborne and thus beoome part of the 

available atmospheric reservoir. 

The attenpt to model the atmospheric reservoir of PCBs, discussed in 

i^pendix D (Secrtion 2 ) , yields resultis that indicate sigrificantly greater cumu--

lative atmospheric loads than the preliminary estimate, made by Nisbet and t 
(2) 4 

Sarofim, of a crumulative atmospheric reservoir of 3 x 10 tons ip to 1970. 

The estimate of Nisbet and Sarofim leads to a half-life, frcm the model, for 

PCBs in the atmospheric reservoir on the order of e i ^ t years. This value is 

considerably in excess of the reported lifetime measurementis, on the order of 
(3) . . 

20 to 40 days, for atmospheric PCBs. However, the observation that signifi

cant levels of PCBs are found in present snowfalls and in packed snow in the 
(4) 

Antaurctic suggest that the ^plicable half-life may indeed be considerably 
longer than 20 to 40 days. 

It is suggested that further refinement of the environmental distri

bution model presented in Appendix D (Secrtion 2) will lead to a resolution of 
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this apparent discrepancy. This refinement will focus attention on the 

nature of the physical processes involved in atmospheric transport of PCBs 

and may suggest methods of reducing PCB fallout in the future. 

The observation that evaporation,and/or codistillation seons to be 

a significant process by which PCBs are returned to the atmosphere is of im

portance. It should be noted that the magnitude of the evaporation rate con

stant necessary to achieve mass balance in Lake lichigan is in excellent agree

ment with that computed fron the sinple kinetic theory of gases and also with 

that computed from the theory of codistillation discrussed by Mackay and 

Wolkoff (see Section 4 of Appendix D for a detailed treatment of this 

subject). 

Ihe observation that the PCB input to Lake .Michigan from point 

sources seems to be a rather small part of the total input suggests that re

duction of point source PCB effluents may only slcwly correct the present 

problem. 

4.2 Conclusions 

The first order mass balance model described herein seems useful in 

describing the historical situation as it explicitly addresses the question, 

"Hew did we get here?" The model requires refinement before it can be used to 

allcw a reasonable estimate of future conditions. Significantly more detailed 

data are recjuired as to the taiporal variation of inputs and conoentirations as 

well as on.the internal transport processes by which localized concentrations 

are smoothed and distributed over the whole body. While the present model 

seems to deal very well with the situation that obtains during an interval of 

rising aqueous concentrations, there seems to .be little experimental or 

theoretical guidance as to what will happen if, in the future, aqueous con

centrations begin to fall. It is not knavn whether the biota and the sediments 

will act as reservoirs to return their PCB loads to the system. The processes, 

if any exist, ii/hich will eventually remove or inactivate tihe PCBs already in 

the lithosphere are not kncjwn. 

-320-



The application of this model to the situation in Lake Michigan 

seems successful. It will be of interest to apply it to regions which are 

more conplex or of larger scale. 
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SECTION XII 

REGULATORY ACTIONS ON PCBs 

1.0 INTRODUCTION 

The risk of incareased accumulation of PCBs in the environment as vrell as 

appreciation of tie difficrulties invol'ved in imposing workable environmental 

contirols in most end-use manufacturing operations have led some manufacturers 

and a number of government agencies to take steps to regulate PCBs or 

to restirict seme uses of PCBs where emission risks are obviously quite uncon

trollable. 

1.1 Measures Taken by the Manufacturers 

In 1971, Monsanto Cianpany, the major producer of PCBs, instituted a 

program v?hich led to voluntary restriction on sales by tihe Monsanto of PCBs for 

all uses except tie manufacture of sealed electriccil equipment (tiransformer and 

capacitor applications). Sales for heat transfer applications were phased out 

in 1972 while sales for other non-electric applications were discontinued in 

1971. As a result, current production related to point source discharges of 

PCBs are more controllable than in years prior to 1971 when PCBs were widely 

used in thousands of "Cpen-End" and "nominally closed" operations. 

Furthermore, by 1971, at Mansanto's suggestion, the capacitor and 

transformer industries formed a standards committee. The members of t±e 

oumidttee include representatives from the three affected industries, EPA, 

Department of the Army, Department of Agriculture, the Tennessee Valley Author

ity, the National Bureau of Standaurds, and the General Services Administration. 

Also represented were the Ĉ ertified Ballasts Manufacturers Association, the 

Electroric Industiries Association, the Institute of Electrical and Electronic 

Engineers, and the National Electrical Manufacturers Asscxriation. In the fall 

of 1972, under the auspices of the American National Standards, tihis ccrmittee 

published PCB handling and disposal guidelines (ANSI-Cl07-1-1974). This docu

ment establishes procedures for labelling, shipping, general handling and 

proper disposal of liquid and solid materials containing PCBs. This standard 
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has been proposed also by NEMA and is currently being used voluntarily by the 

transformer and capacitor industries. 

The above neasures taken by the manufacturers could be effective in 

PCB control if they vere supported, inplenented and enforced by the Federal 

Cksvemment. 

1.2 Measures T^en by the U.S. Government 

The Government of the United States has taken a number of steps with 

the objecrtive to reduce the PCBs oontent in foodstuffs and reduce emissions. 

frcm all sources. The following Federal lavrs are relevant for the regulation 

of PCBs. 

1.2.1 Food, Drug and Cosmetic Act (21 U.S.C. 301 et seg.) 

The Pood and Drug Administration has set tolerances for PCBs 

contamination of animal feeds, foods, and focxi packaging in its final rule

making document published on July 6, 1973 (Federal Register, Vol. 38, No. 129). 

These tolerances, ejpressed as parts per million are as follows: 

(1) Milk' (fat basis)' '' 2.5 

(2) Dairy productis (fat basis) 2.5 

(3) Poultry (fat basis) 5.0 

(4) Eggs 0.5 • ,. 
(5) Ccnplete and finished animal feeds 

for food prcxlucing animals 0.2 

(6) Animal feed ccnponents 2.0 

(7) Fish and shellfish (edible portion) 5.0 

(8) Infant and Junior food 0,2 

(9) Paper food - packaging material , 10.0 

The Food and Drug Administration provides, upon request, the 
analytical nethods used for enforcing these tolerances. j 

The FDA enforces the FDC Act by various means, including 

inspecrtions of food establishments to determine whether the provisions of the 

Act are being violated. These inspections include tihe collection and analysis 

of food sanples. Some of the sanples are taken by FDA on a routine surveillance 
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basis to determine the presence of specific contaminants. However, the actual 

nunber of FDA conducted routine sanple and analyses is few and this agency 

relies heavily on information on tilie kncwn or suspected existence of specific 

instances of fcod contamination. 

1.2.2 The Egg, Meat and Poultry Acts 

The Ctonsumer and Marketing Service of the U.S. Department of 

Agriculture (USDA) administers three acts relevant to tie PCB problem: the E^g 

Products Inspection Act (P.L. 91-597); the Wholesale Poultry Products Act 

(P.L. 90-492); and Wholesome Meat Act (P.L. 90-201). 

These authorities apply to meat, egg or poultiry products frran 

the tine they reach tihe.processing plant until they are purchased by tihe 

consumer. Once they leave the plant, they are also under the FEXT Act. 

The Department of Agriculture uses FDA guidelines for its Egg, 

Meat and Poultry Acts. 

1.2.3 Ihe Clean Air Act (42 U.S.C. 1857 et seg.) 

Mr. Davia Young of the Southem Califomia Ccastal Water 

Research Project in a report prepared as part of an ORD (Environnental Research 

Ctenter - Ctorvallis) contract"acdcncwledges tliat "tihe air contributes about one-

third of the total PCB loading of the ocean. His conclusion that air is a sig

nificant route of PCB transport is based on effluent and aerial fallout measure

ments made in the coastal areas of Southem Califomia. 

The current understanding is that air transport of PCBs is a 

contributor to the,PCB loading of other media. Hcwever, the conclusion reached 

by the pollutant 'strategies board of the Stirategies and Air Standard Division is 

that tihe air act of 1970 is not an effective legislative measure for control of 

PCBs; but that monitoring for PCBs should be considered for corilirol. The 

reconrendation made at that time was to control PCBs by regulating the producr

tion, use and disposal of PCB-oontaining products. 

The general authorities contained in the clean air act are not 

applicable to the majority of PCB discharges since PGBs from most PCB applications, 
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such as for closed electric systems, are not anitted into the air by the opera

tion of industrial and municipal facilities. In these applications, PCB 

emissions are associated with accidental losses and waste disposal in landfills.. 

Additionally, PCBs enter the air via the burning of refuse containing PCB waste 

products. These types of air emissions can be contirolled only by preventing 

PCB products frcm being incorporated into the refuse. Control of anissions 

from landfills nay require specifications on hew waste is covered and, in some 

cases, the application of plastic materials to prevent sublimation. However, in'' 

tihe case of PCB applications for the investment casting category, PCBs can 

enter directly into the environment frcm the operation of furnaces vrtuch are 

used for purposes of setting the mold and removing the wax from the mold. In ••• 

this latter application, the air act can be used as,an inportant tool for the 

regulation of PCB entry into the environment. 

1.2.4 Federal Water Pollution Control Act (33 U.S.C. 466 et seg.) 

Section 304(a) of Ft'tPCA 

Section 304 (a). of the Federal Water Pollution Contirol Act 

(EVJPCA) authorizes the Administirator of EPA to enforce state water quality 

standards established by the States and approved by the Federal Government, if 

t h e State is not adequately enforcing tihe standards. 

In 1973, water quality criteria were proposed to limit PCBs to ' 

2 ppt in ambient waters. The 1973 proposed level has been more recently reduced' 

to 1 ppt due to evergrovdng concern on the health and ecological effect of PCBs 

and on the basis of further review of available data. 

Section 307 (a) FWPCA 

A national effluent standard for PCBs has. been proposed under '' *" 

Section 307(a) of FWPCA. 

Section 311 of FVgCA 

In 1974, tihe Office of Air and Water Programs acted to minimize 

accidental spills of P O through the enforcement of Hazardous Substances Section 

of t h e Water Pollution Control Act. Currently, pursuant to Secrtion 311 of this 
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act, proposed guidelines on the levels of harmful quantities of PCBs accident

ally released into navigable waters and rates of penalties for such spills are 

being developed. 

Section 304(d) of FWPCA 

Section 304(d) of the effluent guidelines promulgated for 

several industrial categories contain limitations on PCBs. For exanple, 

effluent guidelines promulgated for tihe steam electric pcwer generating cate

gory contain limitations of "No Discharge" for PCBs. Furthermore, EPA reports 

that NPDES permitis limiting PCB discharges have already been issued for several 

facilities. 

1.2.5 The Refuse Act of 1899 (33 U.S. C.4Q7) ' 

Section 13 of the 1899 Refuse Act forbids the discharge of any 

wastes, otiher than municipal wastes, into navigable waters without a permit. 

This act vrould "be an effective tool in the control of PCB- discharges into tihe 

waterways if the permit program required tihe reporting of PCBs as a separate 

item. Presently tihis is not a requironent. 

' 1.2.6 The Occupational Safety and Health Act (29 U.S.C. 651-678) 

'-Ghemicar hazards in the worlcplace are regulated under, the' 

Occipational Safety and Health Act (OSHA), The Secretary of Labor, in coopera

tion with the Secretary of Health, Education and Welfare, is authorized to set 

and enforce ocoupational safety and health standards applicable to businesses 

affecting interstate ccmmerce. 

In Title 29, Section 1910.93, the limits set for chlorodiphenyl 

cxxtpounds as an air contaminant are 1 mg per cubic meter for Aroclor 1242 and 

0.5 mg per cnjbic meter for Aroclor 1254, based on 8 hours average exposure. 

Ihe Department of Labor could enforce these limits on PCBs. 

1.2.7 Act to Regulate Transportation of Explosives and ot±er 
" Dangerous Articles (18 U.S.C. 831-835) " 

The Department of Transportation (DOT) regulates the tiransport 

of hazardous substances under t h e Act to regulate transportatiion of explosives 
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and other dangerous articles. Under CFR Title 49, Subpart G amended February 

27, 1973, DOT classifies poisonous substances into three categories: 

Class A - highly poisonous material 

Class B - moderately poisonous material 

Class C - irritating material . 

The responsibility for insuring that this standard is net 

remains vdth the manufacturer and the shipper. 

1.2.8 Federal Insecticide, Fungicide, and Radenticide Act (FIFRA) 
(V U.S.C. 13S-155K) . ~ 

On Octdser 29, 1970, the Pesticides Regulation Division, admin-* 

istered then by the Departnent of Agriculture, issued a notice (PR Notice 70-25) 

tjO all pesticide manufacturers and distributors to eliminate tihe use of poly

chlorinated biphenyls and polychlorinated terphenyls from their' fomulation and 

products. Presently, there should be no pesticides on the market or in use 

containing PCBs. 

Under the FIFRA act, all pesticides shipped in interstate 

commerce must be registered witih the EPA. Presently, EPA can refuse to register 

a product if it will cause injury to humans or the environment,if used as direc--

tied. A product alreac^ registered with EPA can be cancelled if it is found that 

it no longer meets the criteria of registration. 

Congress is currently considering bills bo renew the FIFRA act. 

More tihan 20 amendments to FIFRA are pending in the House and Senate. One of 

these amendments, if adopted, will give the Secretary of Agriculture the pcwer 

of •veto over EPA by recjuiring USDA concurrence in procedures leading bo pesti

cide cancellation or changes in classification or regulation. This amendment 

will loosen EPA's controls on dangerous pesticides. 

1.2.9 Needs for Federal Control 

It can be sumnarized that crurrently four government agencies, 

the Monsanto Qstpany and NEMA cxnprise tihe regulatory forces restiricrting the use 

and distribution of PCBs. EPA, OSHA, FDA and USDA have authorities to regulate 
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and monitor food levels, disposal into waterways and housekeeping and safety 

practices in the work place. EPA forbids the use of PCBs in pesticides and 

regulates their discharges into the waterway. OSHA can regulate PCB hazards 

in the work place. FDA forbids PCB use in fcod processing machinery ahd lindts 

PCB levels in fcxxl, feeds and paper fcxxl-packaging material, USDA follows FDA 

guidelines in egg, meat and poultry products. Monsanto manufactures more 

degradable PCBs and sells than only for selective uses, and NEMA recxmrends 

standards and guidelines for handling and disposal of PCB containing materials. 

Each of these available authorities has a limited focus and is inadequate to 

prevent more PCBs from entering the environment. 

Both Monsanto's and NEMA's actions are voluntary and have no 

law behind them for enforcement. The government has no pover to control and 

restrict inports of PCBs and if it desires to restirict the use of PCBs in 

selected applications, it has no authority to inpose this restriction on any 

manufacturer. - ' 

;;• The above actions can only be iitplanented through the proposed 

Tbxic Substances Cisntirol Act (TSCA). TSCA would give EPA the needed authority 

for formal banning of certain PCB uses and sancrtioning National Standards and 

Guidelines for handling ard disposal of PCB containing products. Thus EPA could 

dead with the PC!B problems in a.far more orderly and effective manner. Addition

ally, tihe TSCA would enable EPA to require testing for health and ecological 

effects of new chanicals which are being proposed as substitutes for PCBs. 

Thus, this measure could prevent new chemicals from creating health and ecologi

cal prc±)lems similar to those from PCBs. This preventive approach of controlling 

chemicals is a more reasonable and cost effective method than the current aipproach 

of oorrecrtive measures after the damage has been done. Therefore, the passage of 

tihe Toxic Substances Act by Congress is an inportant step in dealing with problems 

such as PCBs. 

1.3 International Decisions arxi Agreement 

Ihere axe currently no regulations to restrict the inportation of PCBs 

as a chemical for use in applications, banned by the Monsanto Oonpany. As a 
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result, PCB is being imported by a few ocaipanies for use in several "open-end" 

or "nominally-closed" applications. 

In 1972, with hopes to bring about a multi-national understanding on 

PCS uses, tihe United Staties asked the Organization for Economic Ooopieration 

and Development (OECD) tihrough its Environment Committee to revise/ national 

policies on PCBs and also identify products moving in international trade 

which contained PCBs. In Ocrtober, 1972, OEOD, v̂ iose matibers include all major 

westem industrialized countries pli;is Japan and Australia, met to discuss the 

U.S. proposal to ccntirol manufacturing and trade of PCBs. 

In tihe October meeting the OECD Council decided that for adequate 

protection of health and environment, PCBs should be controlled by tihe actions 

of individual member countries. It was agreed that in order to insure that 

home production was not substituted by inports, control action by governments 

tihrough licensing or other means was essential. It was further recsDgnized 

that means to insure proper collection of used materials, safety in tiransport 

of raw PCBs and assessment of substitutes for PCBs were of utmost inportance. 

Details on tihe council's decisions were issued on February 14, 1973. 

The'major thrust of • the decision was:' •'-

A. PCBs should be used for industirial or ccnrercial purposes in 

the follcwing applications: 

- As dielectric fluids in transformers and capacitors 

- In heat tiransfer applications (other than that for 

applications in foods, drugs, feeds and veterinary 

products) • 

- As hydraulic fluid in mining equipment 

With respect to tihe above uses, the OECD Council recommended that PCBs 

should only be used if adequate environmental controls were exercised and vhen 

the requirement for non-inflanmability outweighed the needs.' 

B. Manufacture, use, recovery, disposal, import and export of 

PCBs should be controlled and regulated. Special labelling 

for bulk PCBs and PCB-containing products should be instituted 
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and safety specifications on containers and transport 

should be established. 

C. Manufacture, inport, and export of PCB-containing products 

should be contirolled and efforts should be directed to 

eliminate the use of PCBs in "open end", "ncminally-

closed", and snail capacitor applications. 

p. Amount of material manufactured, exported, inported, 

incinerated and consumed by PCB type should be reported 

and any substitute used for PCB should be identified, 

characterized and defined. 

Ihe decision of OECD leaves it to the member countries to go beyond-

tihe council's agreenents and it further encourages the governments to phase 

out PCB uses wherever possible. OECD council's decision or even more stringent 

measures are currently being exercised in all manher countries. 

1.4 Measures Taken by Foreign Govemmentis 

The measures taken by foreign governments are, in seme instances, 

quite, severe; especially in Japan, where a large scale poisoning episode, 

resulting in the disease syndrcme "YUSHO", occurred in 1966 (after'a heat 

transfer, fluid leaked in a rice-oil pasteurization plant). In other countries, 

like the Netherlands, the control measures are quite informal. The main thrusts 

for PCB oontirol are found in tws main areas; those taken by, the manufacturers 

and those required by the legislative process. 

1.4.1 Measures Taken by Manufacturers - Limitations of Sales 

Several nations have voluntarily limited sales of PCBs. The 

spectirum of limitation ranges fron restricrtions to specific fields of manufac

ture that are considered to be non-polluting or controllable to total svispen-

sion in the manufacturing prcoess. 

Since 1972, Japan has banned production and inportation of 

PCBs; the United Kingdcm has restricted sales of PCBs to all applications witih 

the exception of tiheir usage as a dielecrtric fluid, while CSetmany has lessened 
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this restirictive measure to include the heat-transfer and hydraulic-fluids 

industries; 

1,4.2 Measures Taken by Seme (Governments 

1.4.2.1 PCB Prcxiucing Countries 

Actions taken by governments differ widely, ranging 

from acceptance of the measures taken by the manufacturers to a more strict 

regulation. 

France 

The govemnent has taken no active legislati've 

action and has accepted the local manufacturers decisions. These include: 

- Conplete cessation of sales for heat transfer 

purposes, in pharmaceutical and food industiries, 

paper production of ccu±»nless copying paper, 

marine paints and cutting oils. 

- Providing information to manufacturers about the 

. dangers of, PCB, with a via^ to cancelling their ••. 

• use in-or on products in contact-with fcxxistuffs. .; 

Germany 

The government is taking the approac±i of supporting 

tihe manufacturers' decision to stop selling PCB and is pursuing the •voluntary 

signing of bilateral agreenents to restrict the amount of inports. Additionally, 

tolerances of PCB in foodstuffs are being established. 

Japan 

PCBs have been under governmental control since 1972. 

There have been practically no production, inport or export of PCBs in tihis 

countiry since 1972. The two conpanies, Kanegafuchi Chemical and Mitsubishi-

MDnsanto, which had been producing PCBs in Japan ceased their operation and sus- ' 

pended their sales in 1972. One exception has been the production of PCBs for 

railroad transformers which was discontinued in September, 1973. The use of 
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existing stocks in railroad tiransformers is permitted, subject to the condi

tions that there be no discharge to the environment. Beginning in 1976, paper 

plants will be prohibited from accepting PCB contaminated paper for recycling 

purposes and they will be recjuired to build treatment facilities to- meet the 

general discharge standards. 

Inports of equipment using PCBs have been decreased 

drastically since 1972. For tihese productis inporters must cooperate with the 

users to ensure that the conponentis containing PCBs are properly disposed. 

Manufacrturing of PCBs are rigidly oontrolled by the 

Ministry of International Trade and Industry (MITI). Any cctrpany who desires 

to manufacture PCBs must apply to MITI for a permit. The Japanese government 

anticipates a total ban on PCBs in 6 to lO years. 

' Ihese efforts have had remarkable results, and the 

environmsntal levels of PCB in Japan have subsided and aure expected to continue 

diminishing. 

Uhited Kingdom 

The govemnent is taJcing no official action and is 

accepting the decisions of-: tihe manufacturers. Additionally,. there is a high 

duty on inported PCBs (about 23%). 

1.4.2.2 NOn-Producing Countxies 

: Canada 

Initial activities are under way to collect necessary 

data for restricting PCBs pursuant to a new Environmental Contaminants Act 

v*ich should be enacted by 1976. 

Finland 

The use of carbonless copying paper is totally banned 

and legislation is being proposed to recjuire prior autihorization for the use of 

PCBs by the Ministry of Social Affairs and Health. Furthermore, ccanpulsory 

labelling and disposal instiructions are being introduced. 
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Netherlands 

A genUeman's agreement-is in effect tMt PCBs will 

no longer be used in the manufacture of paints, inks, lacquers, adhesives, 

resins, wire and cable coatings, lubricating oils, t^draulic fluids and copy

ing paper. 

Norway 

Since October 1971, only the Ministiry of Social 

Affairs can authorize the use cif PCBs. 

Sweden 

Since June 1, 1972, only the environmental parotecrtion 

beard can authorize the use of PCBs or cxjnpounds containing PCBs. Furthermore, . 

compulsory labelling and identification of PCB content on tie wrappings have 

been introduced. 

Switzerland 

Since October 1972, PCBs or products containing PCBs 

nay not be sold to the public;or to.light industry. Heavy industrial use is 

subject to prior authorization. 

1.5 U.S. CXistems Regulations 

Pursuant to Customs Bureau Directive CIE 36-72, July 4, 1975, the 

field offices of tihe Ĉ ustems Bureau have been specifically monitoring the inflow 

of PCBs and this information is forwarded to EPA. The information is not public. 
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APPENDIX A 

PCB ADSORPTION TESTING BY XAD-4 RESIN 

Experiments and Results 

The apparatus and materials used hy Rohm and Haas were: 

TVro glass columns - 1/2 inch in diameter 

Adsorbent volume - 50 ml in each column 

Adsorbent bed height 

XAD-4 Anberlite polymeric adsorbent - 16.5 inches 

Activated carbon (Filtrasorb 300) - 15 inches 

PCB material used - Aroclor 1254 (manufactured by Monsanto) 

A feed solution representing a PCB contaminated waste stiream vras prepared 

containing approximately 160 ppb of PCB. Because Aroclor 1254 is very viscous, 

it was solubilized in methanol prior to dispersion in water. Methanol incrreases 

tihe solubility of PCBs in water. In order to maintain a constant flow through

out the experimental run* tvro batches of feed solution had to be prepared. The 

conposition of each solution is presented in Table A-1. 

Table A-1 

Ccmposition of Feed Solutions 

Feed Solution A - 13.25 liters 

0.0022 gm of PCB or 166 ppb 
2 ml of methanol or 119 ppm 

Feed Solution B - 13.25 liters 

0.0029 gm of PCB or 218 ppb 
2 ml of metihanol or 119 ppm 

The influent solution was passed simultaneously tihrough the oolunn of 

Amberlite polymeric adsorbent and the column of activated carbon at a flow rate 

of 2 bed-volumes per hour (0.25 gpm/ft resin). Samples vere collected from 

each column daily, so that each sanple ncminally represented 48 bed volumes of 
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effluent. Liquid passed through botih columns for five days, or until 240 bed 

volumes of effluent (12 liter total volume) were collected frcm each column. 

Prior to analysis, the PCB in each effluent sanple was extracted into a 

'Volume of hexane equal to one-tentih the volume of the original sanple. The 

influent material^ which was sanpled four times during t±e run, was likewise 

extracted into the same proportion of hexane. This single stage extraction 

removed more than 95 percent of the PCBs present in the aqueous sanples. The 

extracted effluent sanples were tihen evaporated, to 5 mis, further concentirat-

ing the PCBs present. These evaporated sanples were then sent to Versar Inc., 

for analysis.. The results are given in Table A-2. 

Table A-2 

Reductions of PCB (Aroclor 1254) Concentrations Through Use Of 
Amberlite Polymeric Adsorbents and Activated CarSmT 

Day 

1 

2 

3 

4 

5 

Nominal 
Throughput (BV) 

1-48 

49-96 

97-144 

145-192 

193-240 

Influent 
Concentration (ppb) 

25 (Feed A) 

norie detected 

21.1 (Feed B) 

0.69 

0.69 

Effluent Concentration (ppb) 
Amberlite Adsorbent 

0.246 

0.031 

0.023 

none detected 

3.478 

Carbon 

0.05O 

0.055 

0.025 

none detected 

0.045 

A significant amount of PCB was adsorbed onto the walls of the influent 

container, as can be seen with Feed A, vhicdi originally was prepared with 166 

ppb of PCBs. This loss by adsorption on equipment surfaces also has been 

detected in other tests, and must be taXen into account. 

Both tihe Amberlite polyneric adsorbent and the activated carbon reduced 

'the concentiration of PCBs in water to less than 0.05 ppb. The higher concen

tration of PCBs for the first day's passage of effluent through the resin beds 

could be due to .an inconplete conditioning of the beds, resulting in some 

material leaching out of the resin. The high concentration of PCBs in tihe 

last sanple frcm the polymeric adsorbent must be viewed vdth some suspicion. 
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particularly since it indicates an effluent having a concentiration higher 

than that in the influent. 

Aniberlite polymeric adsorbents can usually be solvent regenerated, 

because the energy of adsorption is much lower for resins than it is for 

carbon. Hence, adsorbed solute can be removed sinply by passing an appro

priate solvent through tihe resin. Work performed by Musty and Nickles 

(J. Chrcmat., 89:185 (1974)) with PCBs and a solution of 10 percent diethyl 

ether in hexane as a regenerant indicates that 76 percent of the PCBs adsorbed 

on an Amberlite polymeric adsorbent can be recovered using this mixed solvent. 

In addition, Rohm and Haas have found that sinple alcohols or ketones are 

effective solvents for these resins. Undoubtedly, a more efficient solvent 

could be found that would quantitatively ranove PCBs from polymeric adsorbents, 

Activated carbon, which has a much higher energy of adsorption tihan do 

these resins, requires a more energy intensive process of regeneration, such 

as thermal rejuvenation. 

The ability to solvent regenerate Antoerlite polymeric adsorbents in situ 

vrould provide the advantage of generating only -the more-readily-handled-by 

incineration liquid phase PCBs wastes. 
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APPENDIX B 

MACRORETICULAR RESINS FRCM ROHM AND HAAS CO. 

Description 

Ion exchange resins have the capacity to selectively recover ionic 

constituents, both inorganic and organic, from water through an ion exchange 

mechanism. Organic corpounds are often exchanged or adsorbed irreversibly 

onto an ion exchange resin. This may cause a decrease in capacity so that 

'the operating life of the resin is diminished. The more recently de'veloped 

macroreticular type of ion exchange resins are polymeric adsorbents used 

specifically for adsorbing arcmatic and aliphatic conpounds from water. 

Structures 

The macroreticular stiructures are characterized by having unusually large 

surface areas as conpared with those of conventioral gel stiructures. 

Using -the newer macroreticular polymerization technique, it is possible 

to widely vary tihe particle pore size, pore size distribution, and surface 

area. Polymers with -very small pores (5 nm or less) and high surface areas (in 

the range of 800 square meters per gram) can be prepared. At t h e other end of 

the spectrum, pore sizes on the order of 30 micrometers, visible under modest 

magnification, are possible. 

Ihe macroreticular polymerization technique is applicable to a wide variety 

of monomers. It is possible to intrcxluce functional groups onto tihe surface of 

the preformed macaroreticular polymers. Thus, a great range of surface types is 

possible, limited only by the availability of monomers or the applicability of 

reactions to introduce functionality. The full line of macroreticular adsorbent 

constitutes a spectrum of surfaces from lihe least polar to tihe most polar. For 

PCBs removal, the nonpolar and intermediate polarity adsorbents should be used. 

The chemical structure of Amberlite XAD-2 arxi Anberlite XAD-4 (see Figure B-1) 

is representative of tihe nonpolar adsorbent series. Figure B-2 shows the 

acrylic-ester composition of Amberlite XAD-7 and Amberlite XAEH8, the inter

mediate polarity adsorbents. The physical properties of these Amberlite XAD 

adsorbents are sunmarized in Table B-1 
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Table B-1 

Typical Properties Of Amberlite Polyneric Adsorbentis 

ro 
I 

Chemical Nature 

Helium Porosity 

Volume % 

XAD-1 

XAD-2 

XAD-4 

Polystyrene 

Polystyrene 

Polystyrene 

37 

42 

51 

cc/gram 

0.69 

0.69 

0.99 

Surface Area 
m^/gram 

Average Pore Dia. 
Angstircms 

- Skelatal 
Density 
grams/cc 

Nominal 
Mesh 
Sizes 

Nonpolar 

100 

330 

- 750 

200 

90 

50 

1.06 

1.08 

1.09 

20 to 50 

20 to 50 

20 to 50 

Intermodiate Polarity 

XAD-7 

XAD-8 

Acrylic Ester 

Acrylic Ester 

55 

52 

1.08 

0.82 

450 

140 

80. 

250 

1.25 

1.26 

20 to 50 

25 to 50 



Macroreticular Adsorption Phenomena 

An inportant aspect of the Amberlite adsorbents is the nature of the 

different surfaces. The phenomenon of adsorption on solids involves van der 

Waals' forces which bind the adsorbate on to the solid surface. Many types 

of interactions, such as hydrophobic bonding, dipole-dipole interaction and 

hydrogen bonding, are inportant. It is not possible to predict accurately 

vrfich materials vdll be adsorbed well by a given adsorbent; however', frcm a 

practical point of view, a useful concept is that hydrophobic or nonpolar mole

cules or portions of such molecules are attracted to hydrophobic surfaces. 

While hydrophilic or polar materials are attracted to hydrophilic or polar 

Surfaces. Examples of tihese interactions are presented in Figure B-3. If each 

organic molecule is thoui^t of as having both a hydrophobic and a hydrophilic 

end, then the hydrophobic end will be attracted to hydrophobic adsorbents sucii 

as Amberlite XAD-2 and Aniberlite XAD-4, v*ale the'hydrophilic end will be 

at-tracted to hydrophilic adsorbents. This type of reaction is particrularly 

true when the adsorption takes place from aqueous solution. 

For PCBs, it vrould be expected that the biphenyl portion would be typically 

arcmatic and hydrophobic, and thus attiracted to an aromatic resin. Increasing 

the chlorination of a biphenyl would reduce its water solubility and thus reduce 

what little polar character the PCB night have. Thus, the PCB would not have a 

"polar end" and would be strongly repelled by the vrater phase and strongly 

attiracted by the resin. 

A recent study by James Fritz, et al, of Icwa State University, reported a 

macroreticular resin method for extracting trace organic contaminants from 

water. He also demonstrated the feasibility of selective desorption of these 

contaminants, using appropriate eluants, so that the contaminants could be 

identified. He also established lihe performance or retention efficiency of the 

resin in isolating these conpounds. A sunmary of these results is gi'ven here: 
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Adsorbent: Amberlite XAD-2 unless otherwise indicated 

Particle Size: 100 bo 150 mesh 

Flow Rate: 10 BV/hr. (1.25 gpxr/ft' o'f adsorbent) 

Test Conpounds 
Retention 

Influent Effluent Efficiency % 

Benzene 
Benzene sulfonic acid 
Phenol 
Phenol (Amberlite XAD-7) 
Aniline (Amberlite XAD-7) 
Naphthalene 

100 
3.0 
0.4 
0.4 
4.0 
0.05 

0 
2.1 
0.22 
0,06 
0 
0 

100 
31 
45 
86 
100 
100 

It can be seen that Amberlite XAD-2 and Amberlite XAD-7 vere 100 percent 

efficient in recovering tihe nonionic organic carpounds. These results predict 

good success with PCB adsorption. On tihe other hand, ionic solutes as well as 

strongly ionized conpounds, such as benzene sulfonic acids and p>-toluene sul

fonic acids, were not retained ydtih t±e sane high efficiency. It vras noted 

that retention efficiency of a contaminant increases witih increasing molec:ular 

weight in a homologous series, indicating tihat the higher chlorinated PC:BS 

vould be the best adsorbed. 
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APPENDIX C 

NDN-CARBON ADSORBTION AND OTHER RESEARCH STAGE 
PCB TREATMENT TECHNOLOGIES 

1.0 POLYVINYL CHLORIDE (PVC) AND. POLYURETHANE FOAMS 

John Lawrence and oo-vrorkers of Environment Canada have reported prelim

inary tests using PVC, polyurethane foams, carbon, and the XAD resins for 

removal of PCBs from both synthetic wastewater solutions and actual raw savage. 

H. D. (Cesser (ih Analytical Letters 12:883 (1971)), reported that a poly

urethane foam column quantitatively adsorbed PCBs from water. Iav?rence found 

that carbons, polyurethane foams and XAD-2 stirongly adsorbed PCBs from aqueous 

solutions, but were much less effective with raw sewage. He found that PVC, 

however, was very effective in removing PCBs from raw sewage. 

Dr. Lawrence is the only investigator known to have worked witih PVC for 

adsorbing PCBs, Follcwing is a sunmary of his test procedures and results. 

1,1 Experimental Method for PCBs Adsorption Tests, by Environment Canada 

Tvo stock solutions of Aroclor 1242 and 1254 were prepared by vigor

ously mixing an excess of each Aroclor with water for 8 hours, allowing the 

solutions to stand overnight and carefully decanting off tihe true aqueous phase. 

The water used vras double distilled, tihe second distillation being from an all-

glass systan. The concentiration of these solutions, determined by gas chroma

tography, was 45 i 10 ppb, vhich is consistent witih tihe published solubility 

for Aroclor 1254 of 56 ppb. 

All solvents used were glass distilled pesticide grade (C^edon 

Laboratories, Inc.). The activated carbons enployed were lignite-based hydro-

darco 400 (ICI-United States) and anthracite-based Filtrasorb 400 (Calgon 

Cbrporation). These vere pretireated by heating to 300"C for 12 hours, cooling, 

and twice extracting each 500 gm witih 2 liters of hexane. The extracted carbon 

was then filtered and air dried. The polyuretihane foams used were DiSPo plugs 

(Canlab Supplies Ltd.) and Foams 1115 ard 2328 (B.F. Goodrich Ltd.). (The first 
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two digits in the (Goodrich products relate to the density, i.e., 1.1-and 2.3 

lb/ft and the second tvro digits to the hardness). The foams were shredded 

and successively vrashed vdth n-hexane (several times), acetone and distilled 

water. They were then air dried. This pretreatment was developed to rarove 

tirace organic contaminants from the surface of the foams. The macroreticular 

polystyrene resins Amberlite XAD-2 and XAD-4 (Rohm' and Haas Oxpany) were 

pretreated by successi-vely washing each 500 gm of resin with 1-liter batches 

of vrater, methanol, and vrater. The cleaned resins were stored in sealed glass 

containers under methanol to pre'vent them from drying. Polyvinyl chloride 

ciups (MDnsanto Conpany) were washed several times with n-hexane and air dried. 

Ib determine the adsorption characteristics, 100-ml aliquots of stock 

Aroclor solutions were stirred rapidly for 30 minutes with weighed amounts of 

'adsorbent and then the adsorbent vras removed by filtration through a Millipore 

prefilter pad. Five milliliters of n-hexane were then vigorously stirred witih 

the filtrate for 45 minutes and the organic extract withdrawn. These extracts 

'were analyzed with a gas chromatograph (Varian series) equipped with an 

electron capture detector (Ni ). The gas column (1.8m x 1.5 mm i.d.) was 
80 

packed with 4 percent OV-101 and 6 percent OV-210 on Chronosorb W HP /,-^ mesh. 

Nitrogen was used as a carrier gas at 50 ml/min. The injection port, ̂column and 

detector tenperatures were. 250°C, 200°C, and 300°C, respectively. Extraction 

and analysis of water sanples spiked witih known amounts of Aroclor indicated 

that greater than 98 percent of the PCBs were detected by this nethod. 

Wastewater vas collected from the Hamilton Sewage Treatment plant at 

tihe raw-sewage inlet pipe. Sanpling was carried out using all-glass containers 

to insure against adsorption bf PCBs onto container walls. The sanples were 

stored at a constant tenperature of 3''C and in all cases were tireatied and/or 

extracted vdthin 24 hours.of collection. In lihe evaluation of PCB adsorption, 

frcm sewage, the prcxedure described above for pure Aroclor solutions was 

follcwed, except that 100-ml sanples of raw sewage were stirred vigorously with 

the adsorbent for 1 hour, and then the adsorbent was separated by filtration, 

through a 60 mesh, stainless-steel screen. After washing, the screen did not 

retain any raw sewage and, with the exception of acrti-vated carbon, 100 percent 
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separation of adsorbent was achieved. The filtrates were then twice extracted 

with 50 ml of n-hexane in 500-ml separatory funnels. The aqueous portion was 

discharged and the organic phase, after being dried tihrough 15 g of Na^SO., was 

reduced in a rotary evaporator to approxinately 3 ml. The sanple was purified - •: 

by liquid-solid chromatography on a florisil support column using petroleum 

ether to elute the PCB fraction and then the eluate vras evaporated to 3 ml. •̂ 

Prior to injecting the sanple into the gas chromatograph, it was shaken with 

0.2 ml of mercury to remove residual sulfur ccsipounds. -V. 

The PCBs in the sanples were identified by comparison of their 

chromatograms with chromatograms of standard Aroclors. The tcjtal concentrations' 

of PCB in raw sewage usually averaged 9.8^4 ppb. ._? 

1.2 Experimental Results of PCBs Adsorption from Sewage and Synthetic 
Wastewater 

Adsorption data for Arcolor 1254 and 1242 on PVC, activated lignite 

carbon, antihracite carbon, two polyurethane foams, and Amberlite XAD-2 and 

XAI>4 resins are shown in log-log form in Figure C-l. The weight of PCB 

adsorbed per unit weight of adsorbent is expressed as a function of -the equil

ibrium concentration of PCB renaining in solution. The sets of data do not 

follcw any of the'coimon isotherm expressions (e.g., langmuir, Freundlich, BET)," 

and consequently a theoretical interpre-tation of the results has not been 

attempted. It is evident that the two carbons and XAD-2 have the greatest 

adsorpti-ve capacities; however, a residual concentration of less than 3 ppb 

could not be obtained with lignite carbon. Botih polyurethane foams appear to 

be good adsorbers, with relatively high adsorptive capacities and lew residual 

levels. DiSPo polyurethane foam plugs are also e-valuated but these have identi

cal adsorptive properties to the Goodrich Foam 1115. The lower efficiency of 

XAD-4 is surprising in view of the similarity between it and XAD-2 (they differ̂ -

only in pore diameters: 9 nm for XAD-2 and 5 nm for XAD-4). The lower efficiency 

of PVC, which has no macroreticular structure, can be explained by its lower 
2 

surface area. The surface area peir unit weight is reported as 500 to 2000 m /gm 
2 2 -3 2 

for carbon, 750 m /gm for XAD-4, and 330 m /gm for XAI>2, but only 2 x 10 m /gm 

for PVC chips - there being no macroreticular structure in PVC. Ihis gives an 

area ratio for XAD-2/PVC of approximately 10 . 
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There are two ccnplicating conditions associated with adsorbing 

PCBs frcm raw sewage rather than fron synthetic aqueous solution: (a) sewage 

contains other hydrophobic organic matter vAich oonpetes for the active sites 

on the adsorbent, and (b) much of the PCB has already adsorbed onto tihe sus

pended solids by the time the sevrage reaches tihe treatment plant. Condition 

(b) can be demonstrated easily by filtering raw savage and monitoring tihe 

change in PCB concentration. With typical raw sewage containing 10 ppb PCB, 

vacnium filtiration through a Millipore prefilter pad resultis in the raroval of 

about 75 percent of the PCBs. It is therefore necessary to find an adsorbent 

which is not only relatively specific to PCBs, but which also has sufficient 

affinity for the PCBs to reverse the PCB-suspended-solid equilibrium. 

Table C-l shows t±e percentage of PCB (including both Aroclor 1254 

and 1260) adsorbed from raw sevrage by five different media. Wi-th the exception 

of the' PVC, approximately 1 gm of each media vras stirred with 200 ml of raw 

sewage for 45 minutes; approximately 10 gm of PVC were used to compensate for 

its lower surface area. To minimize tihe inconsistency of raw sewage, the data 

have been averaged over several determinations on different days and with 

different sewage sanples. The data indicate tihat PVC and XAD-4 are more 

effective than carbon or polyurethane foams in terms of percentage of PCB 

ranoved from raw sewage. This is surprising since the graphs for PCB adsorp)-

tion for pjure Aroclor solutions (Figure C-l) predict tihe opposite. Lawrence 

believes the reasons for this apparent anomaly are: (a) the active sites on 

carbon are preferentially cocupied by hydrophobic species o t h e r than PCBs in 

t h e sewage, and (b) suspended solids adhere to the surface of carbon and foam 

acting as a barrier to furtJier adsorption. These results indicate that PVC is 

superior to the other media for removing PCBs frcm sewage. 

Lawrence's vrork is continuing, with studies of methods of scale-up 

and continuous or multistage operations with PVC. Optimum reten-tion tiime, and ... 

methods for continuous addition of fresh PVC and removal of spent PVC are under 

study. 

The stirong oonpetition between organic solids and non-organic media 

is arphasized further in the follcwing discussion. 
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Table C-l. Adsorption of PCBs from Raw Sewage 

ADSORBENT % PCB 
ADSORBED* 

Lignite Carbon 46 

Polyurethane Foam ' 35 

Anberlite XAD-2 - .- 23 

Anberlite XAD-4 60 

PVC - 73 

* Includes both Aroclors 1254 and 1260. Data are averaged over several 

determinations to nonimize the variations in raw sevrage. 
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1.3 PCBs Adsorption on Clays and Organics ih the Soil '• ' 

E. S. Tucker and co-vrorkers at Monsanto reported on studies of 

migration of PCBs (Aroclor 1016) through vario\Js soils as irduced by perco

lating water (Bulletin of Environmental Contamination and Toxicology 

13 (1):86 (1975)). The results were to be used for estimating PCBs leached 

fron landfills. Their tests first led them to believe that the higher the 

clay content of a soil, the better its retention of PCBs. 

The experimental procedure employed consisted of percolating water 

through a column packed wit±i soil coated with Aroclor 1016 and then monitoring 

the effluent water for PCBs. The soil columns esnployed v̂ ere approximately 

3 inches in diameter ty 12 inches high, and were dry packed in layers. Each 

soil layer was 3 inches thick, with the first layer being uncoated soil, 

followed by a layer coated with 2.5 percent (w/w) of Arcolor 1016, and then 

another- layer of uncoated soil. An acetone solution of Aroclor 1016 was used 

to coat the air-dried soil, follcwed by raioval of the acetone in a rotary 

evaporator. 

Three different types of soils were used in this steady. The charac

teristics of each are shown in Table C-2. The intent vras to simulate the 

various soil types which could be encountered at different landfill sites. 

The soil types and the procedure employed have been used previously to evaluate 

the soil nobility of agricultural chanicals. 

Distilled vrater was fed from a reservoir at a constant pressure to 

each soil column. The effluent flow rates v?ere observed to increase t h e first 

few days, then decrease, and finally level out. Apparently, after the wetting 

phase seme channeling o cca r s until the soil becxjmes compressed in the column. 

This effect vras most pronounced with the silty soils. The average flow rates 

fbr Norfolk Sandy Loam, Ray Silty Loam and Drummer Silty Clay loam were 0.26, 

0.53 and 0.32 liters per day, respectively. The effluents then were quantita

tively adsorbed on polyurethane columns, then extracted and analyzed by electron 

capture gas chromatography. 
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Soil 

% Sand 

% Silt 

% Clay 

% Organic ( 

Table C-2 

COMPOSITION OF SOILS USED 

Carbon 

Norfolk 
Sandy loam 

82.5 

11.0 

5.5 

1.0 

IN THE MDNSANTD-

Ray 
Silty Loam 

6.2 

83.2 

9.6 

1.0 

STUDY 

Drummer 
Silty Clay Loam 

2.8 

55.4 

35.8 

6.0 
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1.3.1 PCBs Adsorption Results 

PCBs adsorption results are given in Table C-3. These results 

indicate that clay vras a strong adsorbent for PCBs. This vrould be in agree-

nent with the vrork of R. Hague and co-vrorkers (Environnental Science Ttechnology, 

8:139 (1974), in vrfich clay was found to have a high affinity for PCBs. How

ever, in later work with pure clays, the retention vras found not to be as good 

as expected. Attention was then directed to the organic portion of the soils, 

and Tucker, et al, have tentatively decided that the organic fraction is more 

inportant to the adsorption of PCBs; it can be seen from the data that 1ihe 

high-clay-content soil was also tihe high-organic-content soil. 

Furtiher investigation of seme clays might be warranted. 

S. Pearson of Hercules, Inc., in a personal conmunication, stated that bentonite 

clay was very effective in removing other pesticide wastes frcm vratier. The 

finely divided clay vras then rapidly removed from the vrater with "HereofIco". 

1.4 Spahgnum Peat (Lignin-Cellulose) as an Adsorbent 

The above vrork by Tucker, and the general finding that in sewage sludge 

the solid phase contains many times the amount of PCBs the water phase contains, 

leads to the conclusion that natural organic materials from the earth might make 

good adsorbents for PCBs. 

Although it has not yet been tested for removing PCBs, there is a 

camercial method of continuous wastewater treatnent, called -the Hussong/Ci3i:plan 

Water Treatment System, that uses sphagnum peat. The peat is fomed into a 

continuous mat on a mesh belt through v^ch wastewater is sprayed. The system 

has shown high effectiveness in removing certain organics and metals from waste-

wa tiers. 

Capital costs for this system average about 60<t per gallon of daily 

capacity. Operating costs, v̂ hen treating a dye house .effluent, were 7<: to 14<? 

per 1000 gallons. 

2.0 CATALYTIC REDUCTION 

In 1±e l i t e r a t u r e review, tvro approaches were found for modifying the cheni

ica l s t ruc ture of PCBs in order to aid in vraste cont ro l . One approach vras the 
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Table C-3 

PCBs FCUND IN PERCOLATING VJATER 

Norfolk 
. Sandy Loam 

Ibtal 
Effluent 
Volume (il) . 

i.3-8.1 

10.1 

13.5 

25.5 

48.1 

ppb 
PCRs , 

' ND 

ND 

23 

63 

63 

Ray 
Silty Loam 

Tt)1-a1 
Effluent 
Volume (i) 

2.7-16.4 

20.7 

27,6 

51.9 

98.1 

ppb 
PCBs 

ND 

65 

92 

153 

136 

DruOTter 
Silty Clay ; 

Total 
Effluent 
Volume U) 

1.6-9.9 

12.5 

16.6 

31,4 

59.2 

Loam 

ppb 
PCBs 

N D • 

ND 

ND-

ND 

ND 

ND = None detecrted, < 1 ppb 
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ccnplete chlorination of PCBs, to give decachlorobiphenyl, the rationale being 

that tihe conpletely chlorinated biphenyl would ha-ve the least solubility in 

water of any P O , and thus vould be much easier to adsorb ard remove, Hcwever, 

decachlorobiphenyls are also the most refractory PCBs. 

A better approach is the dechlorination of PCBs to give biphenyl or bi- ,. 

cyclohexyl. Berg, et al (in the Bulletin of Environmental Contamination 

Obxicology 7:338 (1972) state that PCBs can be dechlorinated quantitatively 7 

with hydrogen over platinum or palladium catalysts to give bicr/clohexyl. 

T. Sawai of Japan (in Genshiryohu Kogyo 18(12):43-7 (1972)) reported the 

degradation of PCBs using the cobalt 60 isotope. CSanma irradiation at a level 
18 

of 10 ev/gram produced chain dechlorination in an alkaline propanol solution 

saturated with nitirogen. Alkaline concentrations of 0.01 molar gave about 40 

times the dechlorination that a neutral solution gave. 

A process of reductive dechloriration, more amenable to low-cost operation 

and commercial scaleup, is being developed by Sweeny, Saltonstall and co-vrorkers 

at Envirogenics Systems Co. of El Monte, Clalifomia. 

2.1 Reductive Dechlorination of PCBs at Envirogenics Systems Corp. 

Envirogenics, originally working in chlorinated pesticides, has de-vel-

cped catalyzed reduction prcoess methcxis for the following carpounds: 

DDT aldrin Aroclor 1221 
DDD Chlordane Aroclor 1242 
Keltihane dieldrin Aroclor 1254 
Perthane endrin Aroclor 1232 
Methoxychlor heptachlor Aroclor 1248 
Lindane toxaphene Aroclor 1260 

The reductive dechlorination reaction has been run at ambient tearpera-

ture and pressure, by flcwing the licjuid chlorinated hydrcxarbon through a column 

containing metallic iron, granules coatied vdth a metallic copper and blended with 

sand. The copper exerts a catalytic action. pH is maintained at nearly neutral, 

since vdth low pH, say 2.0, the iron conversion rate to ferrous chloride 

increases 10 times, but tihe dechlorination reaction is not much faster. The 

chlorinated hydrocarbon is converted to a hydrocarbon. PCBs, in this process, 

seem to lose chlorines stepwise, leaving unidentified PCB hcmologs. 
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Envirogenics is now under EPA contract (68-03-2364) to develop and 

demonstrate an effective bench-scale (1-3 gpm) low-cost process for the treat

ment of dilute {ppb t o 1 ppm) acjueous manufacturing and processing wastes 

containing PCBs. Specific objectives and guidelines include: ' 

1. Reduction of PCBs to 5 ppb or less, with levels of < 1 ppb 
desirable 

2. Sufficiently low projected treatment cost to be economically 
attractive 

3. Lew expected toxicity of all effluent products, including both 
degraded PCBs and any added reagents 

4. Use of readily available materials, both in .construction and as 
reagents 

The process entails sinply punping the liquid to be treated through 

the catalytic column. Process characteristics that might be proposed for the 

scaled-i^ PCB operation, based on what has been learned about,the otiher pesti

cides thus far, are: 

catalyst: 100-nesh metallic iron granules coated with 0.1 milli
equivalents of copper per gram of iron 

support: 60 to 100 mesh (approx.) sand 

number of beds: 4, operable.in.series or parallel: 

bed cxarposition: 500 pounds of iron catalyst, plus 3500 pounds 
of sand 

flow rates; 2 to 10 gpm /ft^ 

pressure drop: about 10 psi 

pH: kept neuliral, through caustic addition 

piping: 304 ss, with teflon tape seals 

tanks; Steel with epoxy coating inside 

pretreatment: Wastes are assumed to be free of undissolved solids 
and oils and are fabric filtered before entering process 

The expectations for vrastewater PCB reductions with such a pilot plant 

are based on small 1- to 2-inch-diameter column lab tests that gave-reductions 

of PCBs frcm 50 ppb to less than 0.1 ppb. 
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The capital cost of the equipment to process 100 "gpm is estimated 

at $65,000, plus .tank storage and construction costs. Cperating costs, 

including anortization of capital, is estimated at 72t per 1000 gallons of 

effluent. 

3.0 CATALYTIC QXIDATICN AND MISCELLANEOUS PEACTIC^S 

The catalytic oxidation of PCBs includes oxidation by: air, oxygen, ozone,' 

hydrogen peroxide and chlorine dioxide. The reaction is usually assisted by 

catalysts or reaction sensitizers. 

PCBs are very resistant to chemical attack. Monsanto stiates that they 

are not affected by boiling scxiium hydroxide, or by long contact, say 10 days, 

with concentrated sulfuric acid at ambient tenperature. There is no apparent 

reaction in a bomb of oxygen at 250 psi and 140''C. 

3.1 Strong Acids 

Russian workers have reported nitiric acid deconposition of PCBs. 

They used nitric acid at a specific gravity of 1.4, and refluxed tvro PCBs, a 

pentachloro and a heptachloro hcmolog, for periods ranging up to 100 hours. 

They foijnd di- and tricdiorobenzoic acids from the fonter, ahd tri- and tetra 

chlorobenzoic acids from the latter. Less concentrated nitric acid would net -

cjxidize these conpounds, nor vould potassium permanganate or chrcmic acid. 

Hcwever, mono-, di- and trichlorobiphenyls can be oxidized to the corresponding 

chlorobenzoic acids with chronic anhydride and acetic acid. The less rigorous 

conditions can also prcxJuce a large mixture of nitrated chlorobiphenyls. 

3.2 Electirocdiemical Oxidation 

Notwithstanding these examples of oxidative resistance, J. D. Stuart . 

and oo-workers at the ttept. of caiemistry of University of Ctoraiecticut have con

ducted laboratory electrochemical oxidaticans of PCBs at ambient tenperature and-

pressure. They oxidized PCBs having one to ten chlorine atoms, usiryg very high-

anodic potentials in a dry methylcyanide solvent. They hypothesize a series of 

reactions starting with hydrolysis fron traces of water present and ending with 

cjxidation. 
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A number of other catalytic oxidation investigations of refractory 

organics are being conducted in the U.S., witih sane being sponsored by EPA. 

Although PCBs have yet to be tested in these investigations, the metihods have 

sufficient power and flexibility to indicate PCBs could be destroyed.' In 

addition, these methods have the potential for zero discharge of pollutants 

since they have converted refractory organics to CX)2 and vrater. 

3.3 Catalytic Ozonation and Ultrasound Decarposition of Organics 

CSerard Smith and J. W. Chen of Southem Illinois University have 

presented results (68th annual AIChE Meeting in'November, 1975) of catalytic 

ozonations of non-PCB organics in aqueous.systems. They have tested catalysis 

with oxygen, and ozonation without catalyst, and neitiher method had the 

effectiveness of catalytic ozonation. An Fe20, catalyst was used, and phenol 

and ethyl acetcacetate were used as model conpounds in vrater. The liquid re

tention time in their flow reactor system was 25 minutes, and the gas flow 

(using 30 mg/liter concentration of ozone) vras 0.1 liter per minute. Under 

these conditions, TOC was decreased 95 percent for an initial TDC of 100 mg/l, 

and 85 percent for an initial TOC of 400 mg/l. The packed reactor had the 

aqueous solution flowing down, and the ozone flcwing up. 

in experiments oonparing tihe effectiveness against refractory organics 

of ozone plus Raney nicdcel and ozone plus ultrasound. Smith found that tihe 

reactions were similar. Also, he found that ultrasound and oxygen gave similar 
2 

reactions. Ultrasound was applied at 800 KHz, and 4 to 5 watts per cm . It 

appeared, however, that these effects were not additive; for exanple, adding 

ultrasound to an ozone catalytic reaction did not materially change tihe re

activity of the ozone and catalyst alone. He also found that at these ambient 

tenperatures and pressures, phenol disappeared rapidly, but other organics, 

.including oxygenated aromatics,.resulted rather than oonpounds expected frcm 

rupture of t h e aromatic rir^. 

3.4 Wet Catalytic Oxidation of PCBs 

L. W. Ross at Denver Research Institute has stiudied the wet catalytic 

oxidation of strong wastewaters having COD values of 3,000 to 15,000. Tests 
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showed thait reacting Fe- (SO,),, Cu SO^, and H2O2 at a pH of 5.0, and Fenton 

catalyst at a pH of 2.5 reduced COD concentrations by 95.4 and 96.0 percent 

respectively after 2 lours at 400''F. Platinum oxide as a solid catalyst also 

gave good results. Most of the organics vere cellubiosics. 

3.5 Wet Catalytic Oxidation and Catalyst Durability 

J.F. Katzer and co-vrorkers at University of Delaware- have been 

studying elevated pressure and tenperature catalytic air-oxidation of refrac

tory organics. They are currently being supported by EPA in a study of the 

durability of catalysts in wastewater environments. In a paper scon to be 

published in the Journal of the Water Pollution Control Federation, Katzer 

reports on studies of the ccanplete oxidation of phenol to CO2 and water in an 

aqueous medium using a supported copper oxide catalyst. Rapid degradation rates 

were found, and the rate data vere used to run preliminary design and costs for 

ccsrmercial-scale waste treatment plantis. His conclusion is that catalytic oxi

dation of Wastewaters is cost cotpetitive with other physical chemical treatment 

tecdiniques. 

Katzer found that pressures of 10 bo 20 atmospheres, and tenperatures 

of 100 to 200°C, vere required to get adequate reaction rates yielding up to 

99 percent conversion of organics to CO2 and water. It was found that ambient 

toiperature and pressure generally caused more adsorption on a variety of 

catalysts tihan did any reaction. 

3.6 Dye-Sensitized Visible Light Photo-Oxidation of Organics 

R. L. Sanks and co-workers at the Civil Engineering Dept. of Montaxa 

State University are working on the dye-sensitized, aerobic, photo-oxidation of 

refractory organics. They vere able to rapidly break apart the benzene ring of 

cresol using such dyes as metihylene blue and bengal rose. The key to the process 

is that in the presence of sunlight and air, methylene blue can produce singlet 

oxygen frcm the 0- in air. There are two forms of this singlet oxygen, with a 

half life of only a millisecond, but with the ability to easily shatter benzene 

rings. Sanks visualizes a process whereby a lagoon containing wastewater with 

refractory organics, oould have the dye molecules attached to a long chain alkyl 
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or a floe of some kind to keep than at the surface. Ihe sun vrould provide the 

photolysis, and little dye would be consumed as it is a catalyst in the. reaction. 

Such a prcoess, if it can be developed, suggests a route to a very low-cost 

method of obtaining zero discharge, and vrater recrycle systems. 

3.7 Chlorine Dioxide Cacidation 

International Dioxide, Inc., of New York City is offering a stabilized 

chlorine dioxide, whicrh is being used by municipalities for taste and odor con

trol of water. It is used as an adjunct to chlorination,and can decrarpose 

chloramines. It oxidizes and destroys phenol and does not chlorinate. Un-

stabilized CIO2 is a dangerous explosi-ve, thus stabilization offers a very 

powerful oxidizing agent for potential degradation of organics. 

4.0 DESTRUCTICN OF PCBs BY MICROORGANISMS 

The Chemistry of PCBs by Hutzinger reports only two pure cultures of micro

organisms shewing metabolic acrtivity on individual chlorobiphenyls. One 

culture, Rhizopus japorucus only converted the mono- or dichlorobiphenyls to 

chlorohydroxybiphenyls or possibly multi-hydroxybiphenyls. 

More promising results were obtained with two species of achrcmobacter, 

isolated from sewage effluent. Under aerobic conditions, 4-chlorobiphenyl was' 

converted to 4-cMorDbenzoic acid. Ihe organism was apparently able to attack 

the nonchlorinated benzene ring. Most of t h e s e degradations take a number of 

hours to occur. More recently, chlorinated biphenyls up through.pentachloro

biphenyl have been oxidized by achronobacter. Monsanto was able to demonstrate 

a significant reducrtion in the nono-/ di, and trichlorobiphenyls of Aroclor 1242 

•after 72 hours of treatment with activated sludge. The higher chlorinated 

hoitolcjgs did not seem to be affecrted. 

The degradation of PCBs by microbial action fron sludges and frcm pure 

cultures of bacrteria seemed to give results similar to animal netabolism studies. 

The lower chlorinated species, again up through the trichloro hono log, were de

ccnposed to phenols, catechols and related conpounds. 
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The inportance of oxidative conditions was danonstirated in testis with 

silage containing PCBs, After several months of storage of Aroclor 1242 with' -'-

silage that had undergone fermentation reactions under anerobic conditions, no . 

change in any of the PCBs had taken place. 

The use of DDT degradation as a model for PCB degradation conditions may ,, 

not be helpful. Results of a study by Johnsen (PCB Newsletter, January, 1973) .-,. 

shewed that when di- to hexachlorobiphenyls were incubated for one month with .-̂  

soil and with soil containing cattle manure, no-indication of PCB metabolism 

was found. Under these conditions, p,p" DDT degrades almost conpletely. 

It has also been found that biphenyl itself is more easily degraded or 

hydroxylated than any of the chlorinated biphenyls. 

5.0 REVERSE OSMOSIS AND ULTRAFILTRATION 

No tests for PCBs removal by reverse osmosis or ultrafiltration were found, 

in our literature survey. Generally, tihese methods have found most success in ' 

removing dissolved salts frcm water. However, E.I. DuPont reports, in a 

private conmunication, that they have achieved 90 percent removal (rejection) 

•.,or organics in water at the-1000 to 2000 ppm level. ,They accorplished this 

through the de-velopnent and use of a hollow-fiber permeator system having 

fibers of aromatic polyamides. The system is reported to vrork well on organics^ 

having molecular weights greater than 100. This would indicate probable success 

with tihe PC3s, all of which have noleoular weights in the range of 200 to 400.. . 

Based on their experimental vrork with wound polyamide membranes operating 

on chlorinated hydrocarbons in water, U.O.P.'s Fluid System Division predicts a 

95 to 97 percent removal of aqueous PCBs at 50 ppb concentrations. They point 

out however, -that the reject water stiream of concentirated PCBs vrould contain 10 

to 20 percent of the original volune of wastewater so that a certain amount of 

recycle would have to be built into tihe system to reduce the generation of con- " 

centrated wastewater. Reverse osnosis systems cannot tolerate suspended solids 

in the feed vrastewater; under optimum conditions they can operate for six month 

to one year before any maintenance or cleaning is required. 
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W. L. Short of the Chemical Engineering Dept. of the University of Mass. 

reports that with ultirafiltration, 50 percent rejections of phenols and 

chlorinated phenols has been achieved. He believes that rejection of a given 

ocnpound can be inproved by attaching scans of that conpound, or a similar 

naterial, to the membrane to act as an electronic barrier. 
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APPENDIX D 

MASS BALANCE MODEL FOR PCB DISTRIBUTION 

1.0 INTRODUCTICK̂  AND MASS BAIANCE EQUATION 

In order to disco-ver the effecrt of -various possible regulatory efforts on 

the distribution of refractory organics in the general en'vironnent, an attenpt 

has been made to determine the nanner by which a specific group of such com

pounds, PCBs, has become so widely dispersed, to determine the (tynamics of the 

distiribution process and to determire the changes in specific distribution t h a t 

may be ejpected to result from se-veral regulatory alternatives. Specifically, 

the effect of the voluntary ban introduced by Mohsanto in 1970-71 can be 

demcnstirated. 

It vrould be most useful to construct a mathematical representation of a 

suitable segment of tihe environment based cai the existence of large quantities 

of •valid analytical data taken over a sufficientiy long -tine interval so as to 

allow the reliable extrapolation of tihe inportant time effects, Unforturately, 

the necessary data are not available. The recognition that PCBs were an environ

mental hazard came after their prolonged and widespread use in industry. In 

addition, the ability to analyze environnental sanples for very lew levels of 

PCBs is also a recent development. There has been too little time since the 

developnent of these scphisticated and exceedingly sensitive analytical tecrhnicjues 

to have allowed anything like a conplete spatial and tenporal study of the levels 

of PCBs in any given regicn. 

In -view of the serious lack of a truly adequate data base, and because of 

the need to have at least a first order understanding of the physical processes 

involved in the transport and distiribution of PCBs, an attienpt has been made to 

construct a mathematical model which should oontain at least a germ of tihe true 

situation. Specifically, the nodel serves to indicate scroetiing of the nature 

of the problem, and of the types of measurements that vdll be required to con

struct a tiruly satisfactory model to guide future regulatory acrtivities. 

Tto make v*at follcws specific, tihe deri-ved nodel is applied to a study of 

Lake Michigan vhere a considerable body of information, of late origin, is 

available. 
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1.1 Mass Balance Model 

In order to construct a mass balance model to be applied to a body 

of water such as Lake Michigan, it is appropriate to determine the manner in. 

vhich an incremental increase in PCB content is, dis-tributed within the various . 

processes available. In v*iat follows, it is explicitly assuned that: 

(a) There are no effective nechanisms for the degradation 

of PCBs v M c h are operative over the time scale 

involved. 

(b) The PCBs that remain in the body of water are 

distributed between that portion in solution 

in the aqueous phase, that in "solution" in the 

biota and that contained within t±ie sediments. 

(c) The essentiall loss nechanisms are evaporation 

frcm the lake surface and carry off due to the 

outflowing waters (in this case - through the 

Strait of Mackinac). 

In terms of tihese assunptions, a differential equation can be developed that 

describes the time rate of change of the concentration in tihe various phases in 

terms of the input rate of PCBs, This equation may be integrated under various 

assunptions as to the tine dependence of the input rate to yield alternate expres

sions for the concentration of PCB within the separate pliases as a function of 

time. 

1.1.1 Model Development 

Let B(t) be the rate of -injection (Ib/yr) of the PCBs from 

aJ.l sources at a reference time t [where t (years) = 0 in 1930], Then, within 

the interval t t o t + At, an incranental amount of PCBs equal to. B(t)At will be 

injected into the system. This quantity of PCBs vdll be partially partitioned 

into the various phases, vdth the balance removed by ev^oration and/or.outflow. 

If Q(lbs) is taken to represent the total water mass in the 

Lake (ass-umed to be constant) and C (t) the concentration of PCBs in the water 
w 
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at time t, then 

- - AC 

% ( ^ + ^^) = ^w^^^ -̂  A T "t 

which, in terms of the defirition of cxmcentration, causes an increase in soluted 

PCB of magnitude 

AC -
An^ = Q ^ At. (1-1) 

In a wide variety of environmental situa-tions there appears 

to exist a rather definite relationship between the concentration of PCBs vdthin'' 

the sediment and/or tihe "average" member of the biota and that of the water in 

which they are inmersed. - These relaticaiships are herein defined as 

C 
_ 'sed 

P water 

_ ^iota 
r) = 

water 

} (1-2) 

and are assumed to be independent of C ^ and of tine, 

• vrater 

Using the relationships expressed by Eq. (1-2), the incremental 

increase in the mass of PCB stored in the biota is given as 

^iota = ^̂  z r ^̂ ' ^̂ -̂^ 
vhere it is assumed that the concentration of PCB within the biota was in equilib

rium with that in the vrater at time t and that G(lbs), the total mass of the 

exposed biota, is constant over tihe pericxi of interest. 

Similarily, if the rate of deposition of sediments is taken ' 

to be D(lbs/m^/yr) and the area of the lake to be A(m^), then, assuming -that the-' 

principal exchange processes between vrater and sediment occur within the aqueous 

phase during the settiing out process, the incremental PCB pickup by tihe sediments 

is given as: 

Am^^ = ADpC^(t)At (1-4) 
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AC 
[where the additional term (1/2) — At is considered small, especially as At ̂  o]. 

If the rate of outflow from tihe lake (through the Strait of 

Mackinac) is taken as S (Ibs/yr), then the loss of PCB due to this outflow may be 

taken as: 

^outflow = SC„(t) At (1-5) 

Finally, the mass of PCB carried out of tihe system by evapora

tion is given as: 

Am = KC (t)At 
evap w 

(1-6) 

vdiere K is the evaporation rate constant which vdll be discussed below. 

New, tihe principle of conservation of. mass requires that all 

tlie injected PCB be accounted for, (note that ro effective degradation prcxesses 

a r e considered to be operative) frcm vhich it follcws that 

B(t)At = Am + Am. • ^ + Am , + Am , „ + Am • 
' w biota sed outflow evap 

In-troducing the definitions of each of the incremental mass loads, and proceeding 

to the limit At -* a and dropping the subscript w since the only concentration 

appearing is tihat of the PCB in water, the operative differential equation becxanes 

(Q + Gn) ir + (S + K + ADp)C = B(t) 
dt 

(1-7) 

v^Lch, for convenience in what follows, may be rewri t ten using, the subs t i tu t ions , 

. 1 ,• ^ 

Y = 
Q + Gn 

S + K + ADp 
X s Q + Gn 

(1-8) 

^ + XC = YB(t). 
d t 

(1-8 M 
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The general solution of Equation (1-8M takes the form 

, -xt. /-̂ f xt 
C(t.) = e ^ f YB(t)e dt (1-9) 

vhere C (t^) is tihe concentra-tion of PCB in water at the reference time t _ 

(tj = 0, 1930). ^ 

To solve Bqua-tion (1-9) , it is necessary to evaluate the 

•various constants [Equation (1-8) ] and to discover an appropriate form for the 

driving function B(t). 

2.0 PCB PRXUCriON, SALES AND ENVIRCM^ENIAL LOAD 

In the following section, an attenpt is made to evaluate the production 
(2) 

and sales of PCBs during the period 1930-1975. Data published by Monsanto 

have been presented elsevrtiere in this report. Frcm the derived enpirical expres

sion for the total sales as a function of time, as well as from .the enpirical 

expressions for tiransformer, capacitor and other use categories, it will be possi

ble to estimate tihe -total environmental lead of PCBs as a function of time. Frcm 

this analysis, it will be possible to estinate that portion of the total environ-' 

mental load that is, in fact, free and vhich therefore is responsible for the 

vddespread distribution of these refractory conpounds. As a final step, it vdll 

be possible to estimate the time dependence of the free (vdld) PCB input to a 

closed system such as Lake Michigan. 

2.1 Enpirical Representation of PCB Sales, General and in Specific 
Use Categories 

2.1.1 Period 1930-1970 

Frcm the Monsanto sales data for PCBs, it is possible to fit 

an enpirical ejpression for each category which, to a sa-tisfactory degree, rep>-

resen-tsthe time dependence of that parameter. In each case, it is assumed that 

tihe relation is of the- general form: 

In Q(t) = a + n In t (2-1) 
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(a) Total Production 

The deri-ved enpirical expression for the yearly pro

duction takes tihe form, for the period 1930-1970, 

O j^j^(t) = 2.94 X lO^t^'^^^ Ibs/yr (2-2) 

The ^propriate enpirical expression for the yearly sales, for the period 

1930-1970, takes the form 

Qs3leg(t) = 311 t^*^^ Ihs/yr (2-3) 

Tlie corresponding expressions for capacitor sales and for transformer sales are 

(for the period 1930-1970) 

Capacitor sales: Q (t) = 2.03 x 10^ t''^®' Ibs/yr (2-4) 

Transformer sales: Q^gj^(t) = 2.02 x lO' t^'" Ibs/yr (2-4') 

In the above expressions, it should be noted that it is 

explicitly assumed that '' 

(a) the given Monsanto data are acourate and 

. represent the great preponderance of PCB 

production and sales witihin the U.S. 

(b) the trends noted in the interval 1954-1970 

are sinple continuations of earlier trends, 

so -that the crurves vAuch fit tihe period 

1954-1970 can, in fact, be used to cover 

the entire interval, 1930-1970. 

Information reported elsewhere in this report suggests that-

the second assunption abo-ve might result in low estinates for total U.S. sales; 

therefore, tihe resultis derived frcm this analysis must be considered as a lower 

bound on the actual situation. 
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In any case, numerical evaluation of expressions (2-3) and 

(2-4) suggest that a weighted a-verage for the proportion of PCB sales that were 

enployed in electrical applications is of the order of 

6 = 0.62 (i.e., 62%) (2-5) 

The remainder of the. sales during the period 1930-1970 was 

for non-electrical applications. 

2.1.2 Period 1971-1975 

In 1970, Morisanto instituted a •voluntary ban on the sales 

of PCBs restiricting their use to electrical applications- As a result of this 

ban, the enpirical relationship appropriate for sales in the post 1970 period is 

Q'g^gg(t) = 3.31 X 10' Ibs/yr (2-6) 

In addition, during this period essentieilly 100 percent of 

PCB production vras used for electrical applications; i.e. 

6 = 1.00 (1970-1975) (2-7) 

To determine the total sales and total electrical system 

usage for the period 1930-1975, Bguation (2-3) may be combined with Equation (2-6)' 

Integra-tion over the appropriate tine frame yields 

'fo,,,, =9.33 X 10« lbs 1930 sales 

and for total electrical system usage. Equations (2-4) and (2-6) with (2-7) may 

be conbined and, on integration, yield, 

!|;Qelectrical(t^=^-12xlO«ll.s 

The balance, 2.21 x 10® lb s , were used in non-e lec t r ica l appl icat ions . 
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2.2 Eiivironmental Load of PCBs 

2.2.1 Introduction 

PCBs, or for that matter any other refractory ciiemical com

pound, may exist in the environment in two distinct states: (a) that naterial 

v*ich is in a form such as to remain localized and thus is not actually available 

to enter the sensitive portion of the environment, i.e., the biota; and (b) that 

material vMch is not so constirained and is thus free to enter the sensiti-ve 

portion of the environment. This latter portion of the environmential load will 

be referred to as "free" or "wild" PCBs. The significance of the first category 

lies in tihe fact that tihe containment is not of infinite life and thus material 

in category (a) can and will eventually beoome a component of category (b) . For 

those cxapounds for vhich tihere exists relatively high rates of degradation with

in the environment, the category (a) is of somevtot lesser inportance than for 

those refractory conpounds for v*ich the only inactivation mechanism is the en-

traprosnt witih non-available forms, for exanple, in deep ocean sediments. 

In order -to estimate the rate of accrumulation of PCBs in 

category (b), it is first necessary to determine the rate of entiry of PC:BS into 

the category (a). This will be follcwed by an aralysis of the processes by 

which this total environmental load eventually becomes wild PCBs, 

2.2.2 Total Environmental PCB Load, M (t) 
ev 

It is assuned that, in any tine interval t to t -̂- At, a 

fraction a < 1 of the total sales during that interval was directly lost to the 

environnent. It is further assumed that a fracrtion 3 < 1 of the total sales 

vras used in the manufacture of long lived electrical conponents. If the average 

lifetime of tihese electrical cojiponents (time of service prior to their being 

discarded as obsolete) is YJ years, then during the time interval t to t -i- At, 

an amount 

B Qg(t-Y,) At (2-8) 
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will enter the environment as part of category (a). In addition, the direct 

entry is given as 

a Q^ (t) At (2-9) 

The remaining sales (l-a-3) Q(t) was used in tihe production 

of relati-vely short-lived products, such as carbonless paper, hydraulic fluids, 

etc., which are assumed to.ha-ve an average lifetime Y2 years. Thus, the entiry 

of this material into the total en-vironmental pool is given by 

(1-a-B) Q^(t-YJ At (2-10) 

If the tihree conponents of tihe total environmental load, 

M (t) are summed, the resulting differential equation for M (t) becomes, in 
ev e\} 

t h e limit as At -> o '" 

dM (t) 
l ^ = a Qg(t) + (l-a-6) Qg(t-Y2) + B Qg(t-Yi) (2-11) 

or 
L-a-B) I C \ ^ { t ) = a Qg(t)dt+ (l-a-B)l Qg(t-Yj)dt+ BI Qg(t-Yj-Tdt (2-11')^ 

In order to obtain a nunerical evaluation of Equation (2-11^) 

it is appropriate to note that 3, the fraction of initial sales utilized for 

electrical applications, is given ty Equation (2-5) for the period 1930-1970, 

and by Equation (2-7) for the post 1970 period. 

An estimate of the factor a, the fraction of direct losses, 

can be obtained by noting iihat 
• * • ' • 

(a) approximately 10% of tihe electrical material 

vras lost during transport, production and 

processing. 

(b) approximately 30% of the non-electrical 

material was lost during transport, pro-
(4) 

duction, processing, and use. 
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Hence,. 

a = (0.1)(0,62) + (0,30) (.38) 

a = 0.17 (2-12) 

It is further assumed that 

Yi = 20 years 

Y2 = 4 years^^^ (2-12^ 

If the expression of Q (t) given by Equation (2-3), coipled vdth the estimated 

values of a, B, Yi» and Y2' is introduced in Equation (2-11), the total en-viron

mental load Mg^(t) may be oonputed. The integrated form of Equation (2-11) is: 

J (2-1 Mg^(t) = 71.07 0.17t'*^' + (0.21) (t-4)'*-^' + (0.62) (t-20)""'" | (2-13) 

The numerical results are sunmarized in Table 2.2,2-1. It should be noted that, 

in contradistinction to equations such as Equation (2-3), which represent tihe 

yearly sailes. Equation (2-13) represents the cumulati-ve load in pounds. 

2.2.3 Effect of Monsanto's Voluntary Ban on PCB Sales 

In the actual situation, as a result of the voluntary 

Monsanto ban on PCB sales, the expression M (t) given by Equation (2-13) must 

be modified, to account for post 1970 levels. Thus, for the pericxi 1971 and 

later, 

rt-uo r t-'^O+y^ 
Mg^(t) = Mg^(40) + 0.1/ Q'(t)dt + (1-a-B)/ Q(t-Y2)dt 

O ^o 

+ (1-cx-B)/ Q'(t-Y2)dt + B/ Q(t-Yi)dt (2-14) 

t='*0+Y2 fO 
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TABLE 2.2.2-1 

M (t) = Environmental PCB Load 
ev 

Without Partial Ban With Partial Ban 
[From Equation (2-13)] [From Equation (2-13/2-15)] 

Date t(yrs) M^^(t)(lbs) 

0 

1.42 x 10^ 

3.35 X 10^ 

2.32 X 10^ 

9.1 X 10^ 

2.62 X 10^ 

6.23 X lo"̂  

1.31 X 10® 

2.54 X 10^ 

4.58 X 10^ 

7.79 X 10® 

M^^(t)(lbs) 

0 

1.42 X lO'̂  

• . 3.35 X 10^ 

2.32 X 10^ 

9,1 X 10^ 

2,62 X 10^ 

6.23 X lo'' 

i.31 X 10® 

2.54 X 10® 

3.76 X 10® 

4.66 X 10® 

1930 

1935 

1940 

1945 

1950 

1955 

1960 

1965 

1970 

1975* 

1980* 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

•Equation (2-13) is not actually valid for the post 1970 period, but if the 
voluntary ban had not been inposed, tihe estimated M (1975) vrould have been as 
recorded i n Table 2.2.2-1, ® 
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Substitution of the appropriate forms of Q (t) and Q ' (t) and integration 
s s 

results in 

^v^t^^'^) = 1 3 ^ ' " 

ID 

+ a'6'(t-40) + 
(l-a-B)6(t-Y2)'' 

~ 4,39 

•< • 39 

86(t-Yi) 

4739" 

tl • 39 

i iU 

(2:-14M 

which, on introduction of tihe ̂ propriate numerical values [note a' = 0.1, i.e., 

after 1970, the only use of PCBs was in the manufacture of electrical equipment 

from vAich some 10 percent of the material used is discarded as scrap]; becomes 

Mg^(t>44) = 2,99 X 10' + 3,31 x 10^ .(t-40) + 44.1 (t-20) ^ • 39 (2-15) 

This latter Equation (2-15) has been used to conpute the 1975, 1980 entries in 

tihe fourth column of Table 2.2,2-1. By ocnparison of the last two entries in 

Table 2.2.2-1, the direct effect of the voluntary ban in 1970 becomes obvious. 

2-3 Mobile or Free Environmental PtBs, m (t)' 
•' -ev 

2.3.1 Cfeneral Considerations on Mobile PCBs 

To consider the processes by v^ch the general environmental 

load of PCBs I M (t) j beccmes free, i,e,, the processes by vhich "̂ -̂ (t) is 

generated, it is necessary to consider tihat some fraction of the direct losses 

are in a form such that the lost material inmediate ly becomes mobile; i.e., 

spills and/or e-vaporation losses. Further, the non-mobile material is usually 

encased or enclosed in scxne sort of container v^ich will eventually be degraded 

thus allowing, the subsequent escape of the oonponent PCB, 

The fraction of the total sales that is waste occuring in all 

production uses of PCBs is aQ (t) of viiich scare fraction e is directly mobile. 
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Thus, in the time interval t to t + At, this oonponent introduces an amount 

EaQg(t)At - (2-16) 

into the free en-vironmental pool. The remainder (l-e)aQ (t) vhich enters the 

environmental reservoir is contained in a state such that the PCB content is 

gradually released with a tine constant T2 - 1/^2* '^'JS, witihin the reference . 

interval t to t + At, an amount 

X (l-e)ctQ (t)At (2-17) 
2 s 

enters the nobile pool. 

Further, a fraction B of the yearly sales was used to manu

facture long lived electrical oomponents, assuned to ha-ve a useful life of YJ 

years, after which the conponents are scrapped. Thus, the contiribution of this 

source to the general environmental pool is 

B Qg(t-Y,)At (2-18) 

The electrical containers in vhich the PCB is enclosed will eventually decay, 

with a half life T^ = 1/A^. The addi-tional oonponent entering tihe mobile res

ervoir vdll be 

,̂B Qg(t-Yi)At (2-19) 
} 

Finally, the renainder (l-a-B)Q (t) was used in the construction of prcJductis 

assumed to ha-ve a useful life of Y2 years, after vAich they are discarded, thus 

contributing a oonponent to the general environmental pxol: 

(l-a-S> Qg(t-Y2)At (2-20) 

If it is further assumed tihat these products ha-ve a lifetime T^ = 1/^^ against 

decay, then the contribution to the mobile environmental pool vdll be 

X (1-a-B) Q^(t-Y,)At (2-21)' 
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On conbining Equations (2-16), (2-17), (2-15) and (2-21), in 

t±ie limit At -> o, the differential equation for m (t) becomes 
ev 

l l = eaQg(t) +.X^(l-e)cxQg(t) + XjBQg(t-Yi) ' 

X2(l-a-6)Qg(t-Y2) (2-22) 

= [ea + X ^ ( l - £ ) a l Q^(t) + X^(l-a-B)Qg(t-Y2) + XiBQ3(t-Yi) 

b u t , from Equat ion ( 2 - 3 ) , Q = 3 1 1 t ^ * " = S t^*^ ' . 

I f t h e p a r a m e t r i c va lue s gi-ven i n Table 2 . 3 . 1 - 1 a r e s u b s t i t u t e d 

i n t o Equat ion (2 -22) , tihe e q u a t i o n becomes 

m g ^ ( t ) = 2 4 , 3 2 / t ^ ' ^ ' d t + 6 . 5 3 / ( t - 4 ) ^ - ^ ' d t + 1 . 9 3 / ( t - 2 0 ) ^ - " d t 
J n ' ' I-I J I-I 

_ 2 4 j 3 2 i t .39 . . 6 . 5 3 ,. . , i» .39 . 1 . 9 3 , on^'»•39 
- ^739 ^ ^4739 ^ -̂̂ ^ "" 0 9 ^^-2°^ 

Thus, 
- I 

m (t) = - 5 . 5 4 t ' " ^ ^ + 1.49 ( t - 4 ) ' " ^ ^ -4- 0.44 (t-20) "• ^' (2-23) 
ev 

The results oonputed from Equation (2-23) are tabulated in 

Table 2.3.1-2 

2.3.2 Effect of 1970 Ban on Mobile PCBs 

It is now apprcpriate to discover the effect that the partial 

ban established in 1970 can be expected to have on the mobile PCB load, m (t). 
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TABLE 2.3.1-1 

Parameter Values for Equation (2-22) and Equation (2-24) 

a = 0.17 E = 0.40 a' = 0.1 

B = 0.-62 1-e = 0.60 6 = 311 

1-a-B = 0.21 . 6' = 3.31 x 10^ 

X = 0.1, X., , , _ 
2 2-1/2 =6.9 years 

\ = 0-01' ^i_i/2 = 69 years 

Y 2 = 4 years Yi = 20 years 
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The operative change occurs as a result of the substitution of Equation (2-6) 

for Equation (2-3) in the time interval after 1970. The resulting expression 

for m (t 240) is given as (recalling that the ban also stopped sales for non

electrical applications): 

m (t > 40) = £a6/ t^'^'dt + ea'6 ev ' 

+ BX 

, ̂ ^ .t-^o r i o 

5/ t^'^'dt + ea'6'/ dt + X2(l-e)a6 I t^"\^ 

•̂ o "^o o 
f t /"ts^^ 

i<S/ (t-Yj>f'''dt + (l-a-3)X^6/ (t-Y^Xat 
J n . •'n 

dt 

(2-24) 

vhich, on integration and evaluation of tihe coefficients, becomes, using the 

parametric values listed in Table 2.3,1-1, 

m (t>45) = 7.59 x 10^ + (0,44) (t-20) "*• " -f 1.32 x 10^ (t-40). (2-24M 

Numerical values derived from Equation (2-24M a r e listed in column.4 of Table 

2,3.2-1, Again, tihe effect of the voluntary partial ban of 1970-71 is apparent. 

It will be useful in v i h a t follows to express the nunerical 

relationship given by Equation (2-24^') in the approximate enpirical form 

m (t<40) = 4.83t'*"^ 
ev 

m (t > 40) = 1.69 X lO^t""^ ev - (2-25) 

2.4 Atmospheric Reservoir of PCBs, m (t) 
3 L I 

,• . " • ' — • • . • - 111-- ^ " • • - • . 1 1 , . 

Suppose that some fraction 6 of the instantaneous addition to the 
mobile environmental material i s vaporized. Then within the interval t to t + At 

dm (t) 
a 
d t d t 

At 

-•a 
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TABLE 2.3.2-1 

Estimated Total Environmental PCB Load [M^^ (t)] 

and Mobile Environmental PCB Load [m (t) ] 
e^ 

Date 

1930 

1935 

1940 

1945 

1950 

1955 

1960 

1965 

1970 

1975 

1980 -

1990 

t 
(years) 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

60 

m (t)(^^ 
ev^ ' 
(lbs) 

0 

6.49 

1.40 

8.62 

3.14 

8.54 

1.89 

3.86 

7.01 

1.19 

1.90 

4.30 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10^ 

10^ 

10^ 

10^ 

10^ 

10^ 

10^ 

10^ 

10® 

10®. 

10® 

m (t) corr^^^ 
ev 

(lbs) 

0 

7.01 X 

8.31 X 

9.04 X 

1.07 X 

10^ 

10^ 

10^ .: - .. 

10® 

M (t) corr^^^ 
ev 

(lbs) 

1.42 

3,35 

2.32 

9.1 

2.62 

6.23 

1.31 

2.54 

3.76 

4.66 

8.41 

""( 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

D 

10^ 

10^ 

10^ • 

10^ 

lo'̂  

lo"̂  

10® 

10® 

10® -

10® 

10® •' 

Notes: (1) From Equation (2-23) 

(2) From Equation (2-24M 

(3) From Ecjuation (2-15) 
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Further, suppose tihat the material contained vdthin the mobile pool is vaporized 

with a time constant TJ = l / \ ^ , then the aidditional oonponent of the atmospheric 

reservoir is given by 

dm (t) 
a 
dt = A3'^ev<t) 

Finally, sippose that the lifetime, x^ = 1/X̂ ,̂ of the atmospheric reservoir 

results in a decay of ra (t) gi-ven a s 

dm^ (t) 
a 
dt 

= T-Â  m (t) 
>* - a 

The t o t a l change in-.m (t) with t ine i s tihen given as 
3. 

dm,(t) 

dt 

dm^(t) 

dt 

dm (t) 

L dt 

dm^(t) 

dt 
(2-26) 

vhich on substitu-tion of the appropriate expressions yields the differential 

equation for rn ̂ (t) as follows: 

dm (t) dm (t) 
a' , -v ,L.\ - a ev -.̂  - • + \ m (t) 

dt 3 ev 
(2-27) 

for which the general solution is 

m (t) = e 1 a 

dm (t) 
ev 
dt 

+ A3 m^^(t) e-̂ M̂  dt (2-28) 

After substitution from Equation (2-25a) and integrating by parts, the interim 

result is 

,^. 4.83 
""â )̂ = - X - \ ^ ' 

,. (3.5) (2.5) ̂ 1.5 _ (3:5) (2 

2'S 

dt (2-29) 
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I t now becxanes important t o evaluate the parameters, ^ 3 , , ^ , and 6 

v*uch appear in (2-29). F i r s t , i t i s noted tha t the cumulative t o t a l of materiail 

entering the environment fron 1930 to sone time .t i s given by the sum 

/

r dm (t) 
h-|r-^A3me,(t) dt (2-30) 

since the two terras in the in tegra l •are sinply source terms. Qn subst i tu t ion for 

m (t) fron Equation (2-25) and carrying o i t the in tegra t ion . Equation (2-30) 

becomes, a f te r s i np l i f i c a t i on . 

^ m ^ ( t ) = 4.83t'*'5 e + ^ t (lbs) (2-31) 
19 30 L • J 

. It is inportant at this point to indicate the essen-tial difference 

between Equation (2-29). and (2-31), The latter. Equation (2-31), represents 

the crumulative PCB load to the atmosphere in the time from 1930 to the time 

t > 1930. On the other hand. Equation (2-29), vAich contains the time constant 

for decay of the atmospheric PCB load, represents the instantaneous PCB load in 

the atmosphere at tine t. 

(7) 
To return to Equation (2-30),. Nisbet and Sarofim ha-ve estimated 

that the crumulative load of vaporized PCB in the period 1930 through 1970 was 
4 7 

3 X 10 tons or 6 X 10 lbs. If.it is assumed -that 6, the fraction of free PCB 
directly vaporized, is 0.1, then Equation (2-31) nay be used to evaluate A3 ^s 

follcws: 

1970 r 40A, 1 

23m^(t) = 6 X 10^ = 4,83(40)'**^ 0.1 + -^-^ 

A3 = 0,0918 yrs" 

. and (x^)^,^ = 7,55 yrs. (2-3lM 
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In view of the results displayed in Equation (2-31') and with the 

additional assunptions that X̂  » A^, X̂  > 1, Equation (2-29) may be approxi

mated as 

m ^ ( t ) = i ^ t ' " ' jX3t + 4.5e^ (2-32) 

By definition of a(t), the fallout. 

a(t)A = X,m,(t) = 4.83t'-=' X t + 4.59 

where A = 8.66 +10'' ft^ as the area of continental United States. Solving for 

a(t). 

P(t)=ii|3t JA,t+4.59! (2-33) 
3 

vhere upon, in 1974, a(t) = 1.06 x lO" Ibs/ftVsec, (2-33) yields a value of 

a ( t = 1974) = 1.3 X lo'' lbs/ftVyr., 

,a result clearly rot consistent with the known value. The obvious suggestion to 

account for tihis discrepency is that the Nisbet value of the cumulative at

mosphere load from 1930 through 1970 is incorrect. Hcwever, no conclusion as to 

the reaison for this can be reached at present. 

2.4.1 Time Dependence of o(t) and of B(t) 

From Ecjuation (2- 33) and the kncwn value of a (t) in 1974 

(1.06 X 10~^ Ibs/ftVyr), it is apparent that Equation (2-33) yields the correct 

value if the term X^t « 4.58, so that, it is appropriate to take, where 6 = 0.1 

o(t) = ao(t)t3'5 ibs/ftVyr (2-34) 

and, since fallout constitutes the predominant PCB irput source to Lake Michigan 

(see Secrtion 3), the forcing function B(t) vdll be taken tb be of the form 

B(t) = at^*5 (2-35) 
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The coefficient a will be evaluated in terms of the specific application for 

vhich Equation (2-35) is the driving function. 

3.0 DERIVATION OF PHYSICAL OCNSTANTS FOR LAKE MICHIGAN 

(8) 

3.1 CSeneral Prcper t ies 

From various atlas and other sources, for Lake Michigan 

A =2.24 X 10^ mi^ = 6.24 x lO"""-̂  ft^ = area of lake. 

S = 1.2 X lO''-^ Ibs/yr [6 x 10 f tVsec in average flow 

through S t r a i t s of Mackinac] 

Q = 1.1 X 10 lbs = t o t a l vrater mass in lake. 

A' = 5 X lo'^ m̂  = 1.29 X lO"'-̂  ft^ (average drainage area) 
3.2 Prcportioring Constants 

In order to determine the most appropriate values for the propor

tionality constants, p'and T]-, in the absence of a well-founded theoreticral ex

planation of the physical processes which determine them, it is necessary to 

rely on in-situ measurements of ooncentration over vdde regions of the target 

vrater body to establish reasonable statistical reliability. Actually, such a 

body of data does not exist for Lake Mchigan at this time. On the otiher hand, 

such data do exist for Lake Ontario which should allow at least a reasonable 

estimate of the appropriate values for Lake Michigan, 

3.2.1 Concentration Ratio of Biota to Water, n 

Sanpling of Lake Ontario, conducted in 1972 at se-veral near-
• (9) 

shore and mid-lake sites, indicated the following: 

a. PCB in fish (alewives, smelt, slimy sculpin) = 2.35 - 5.13 x 10 ppt 

b. PCB in water (total cone, dissolved + particulate)' = 55 ppt 

c. Average PCB in sediments = 1.2 x 10 ppt 

d. Average PCB in vet plankton = 7.2 x 10 ppt 

e. PCB in the benthos = 4.7 x 10 ppt 
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In view of these data, it appears that a realistic value for 

the constant n» considering the nature of the food chain, is 

[n '- 4 X 10**] 

for Lake Ontario which, by inference, should also apply to Lake Mchigan. It 

should be noted tihat n is taken as an average concentiration ratio over all ment-

bers of the biota; thus, there vdll be specific species showing considerable 

-variation from the assumed value. 

Since the basic physical processes that account for tlis 

partitioning of PCB-like materials should be independent of the actual, concen-

traticn cf PCBs in the aqueous phase (so long as the aqueous solution is less 

than saturated), it is reasonable to assume tihat n is independent of tine. 

3.2.2 Ctoncrentration Ratio of Sediment to Water, p 

From,a number of measurementis of sedinent levels within Lake 

Michigan (24 sites) , an average PCB concentiration of 38.2 ppb was calculated; 

this is the presence of an average water concentiration of 20 ppt. Since tihese 

specific pointis vere taken from, the southem part of the lake, where the con

tamination is known to be higher, an average value of p has been taken to be: 

p = 2 X 10 ̂  

The deposition rate for .the lake, D, is^ ' 

D = 5.7 X 10* lbs/mi Vyr 

3.3 Biota Mass, G, fob: Late Michigan 

A representative value for the bionass in Lake Midhigan, reoognizing 

the relatively limited data that are available on specific ^ecies and the ab

sence of a detailed ecological pyramid, may be obtained frcm the estimates con

tained in Table 3.3-1. 

In addition, the relatively polluted nature of tihe southernmost por

tion of the lake results in large masses of benthic species, such as tubifex 
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TABLE'3.3-1 

Estimates of Biota Mass for Lake Michigan 

Estimates for tihe Fish Mass (12) 

a. Lake trout (from Michigan waters of the Lake) 

b. Whitefish (in Northem Lake Michigan) 

c. Qiubs (those a-vailable to bottcm trawls) 

(note: decline in chubs frcm 139 x 10 lb 
in 1963-65) 

d. Alewives (-those a-vailable to bottom trawls + 

estimate of the midwater individuals) 

- U.2 X 10° lb (1972) 

- 55 X 10^ lb (1972) 

- 15 X 10^ lb (1973) 

- 2 X 10^ lb (1973) 

e. Coho Salmon (estimate based on the number stocked) - 7.6 x 10 lb (1972) 

Total - 2.1 X lO'' lb (1972-73) 

Estimates for the Plankton Bionass: 

a. Assune 300 kg plankton/hectare of lake 

2 fi 
b. Area of Lake = 22,400 mi = 5.8 x 10 hectares 

c. Plankton bionass = (5,8 x 10^) (300 kg) = 1.74 x 10''-̂ g = 3.8 x 10^ lb 
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vrorms. In -view of this, it is assumed that the benthic bicmass is of the order 

of 4 X 10' lbs. 

Finally, in terms of the above, a representative value for the total 

biotic mass, G, appears to be of the order of 10'° lbs vrfich, in view of its 

approximate value, is taken to have been constant over tihe time interval of 

interest. 

3,4 Irput Rate [B(t)] for the Period 1973-1974 

The PCB inputs to Lake Michigan consist of three parts: 

a. that due to fallout on the lake; 

b. that due to fallout on the drainage area and subse

quent extracrtion by ground waters; and ' ' 

c. that due to point sources, industrial and sewage 

treatment plants, 

3.4.1 Point Source Irputs 

Data on PCB concentrations are available only -for eight of 

the tributary s-treams in Michigan. In addition,- historical data collections 

seldom extend back beyond 1970-1972. These data, for the St. Joseph, Kalamazoo, 
(13) Grand, Muskegon, Marristee, Broadman, Elk and Portage Rivers indicate lihat, 

during the recent pericxi, the yearly load of PCBs frcm these rivers was about 

1000 Ib/yr. Using these limited data on stream concentration due to industrial 

and sewage treatment plants, the following estimates of yearly load can be 

made:^^^^ 

Michigan - 217.2 Ib/yr (1974, STPs) 

Wisconsin - 1,150.0 Ib/yr (1974-75, paper plant effluents) 

Wisconsin - 130.3 Ib/yr (1974-75, STPs) 

Wisconsin - 20,1 Ib/yr (1974, misc. industry) 

Indiana - 123.3 Ib/yr (1972, STPs) 

Illinois - 3.1 Ib/yr (1971, STPs) -

1,644.0 Ib/yr = 1.6 x 10^ Ib/yr 
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3.4.2 Fallout on Lake Michigan 

A variety of fallout rate measurements have been reported 

indicating rates as high as 0.5 lbs/mi^/yr = 87 yg/m^/yr in the heavily indus

trialized portion of Sweden ' to the other extreme of 17.5 yg/m^/yr observed 

in Iceland. In view of the rather heavy concentration of industiry in tihe 

Lake Michigan area, it will be assumed that the average fallout in tihe 1974 era 

was 50 vg/m^/yr. 

Thus, taking the area of the lake to be 5.8 x 10" m ^ the -

annual fallout should be of the order of 

^fallout direct - ̂ "^ ̂  lO^lbs/yr in 1974. ' 

3.4.3 Fallout onto Drainage Basin 

In order to compute the cantiribution Of PCB input to the lake 

due to fallout on the drainage basin, the separate contiributions frcm each of 

the adjourning states is crcarputed in Table 3.4.3-1. 

3.4.4 Total Irput to Lake (1974) 

Frcm Table 3.4.3-1 and the data in Secrtions 3.4.1 and 3.4.2, 

the contributions to the PCB input are taken to be: ^ 

3 
Point sources 1.6 x 10 Ibs/yr 

Lake fallout 6.4 x 10"̂  Ibs/yr 

Basin fallout 5.4 x 10 Ibs/yr (where it is assumed 

that 50 percent of 

basin fallout actually 

enters the lake) ^^^^ 

B{1913-14) = 13.4 X 10"̂  Ibs/yr 

Frcm Equation (2-35) , . 

B(t) = a t^ ' ^ 
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TABLE 3.4.3-1 

PCBs Inputs to Lake Michigan - 1974 

(18) 
a. For tihe Michigan portion of the drainage basin: 

7 10 2 12 

PCB load = (50 yg/mVyr) (6.0 x lO""" m )̂ = 3 x 10"̂ ^ yg PCB/yr 

= 6,6 X 10^ lb PCB/yr 

(19) 
b. For the Wisconsin portion of the drainage basin: * ' 

2 10 2 12 
PCB load = (50 yg/mVyr) (3.7 x lO"̂ " m'̂ ) = 1.9. x 10 yg PCB/yr 

= 4,1 X 10^ lb PCB/yr 

c. For the Illinois portion of the drainage basin:^ ' 

PCB load = (50 yg/mVyr) (8.0 x 10® m^) = 4.0 x 10"'"° yg PCB/yr 
= 88.1 lb PCB/yr 

(21) 
d. Por the Indiana portion of the drainage basin: 

PCB load = (50 yg/m^yr) (1.85 x 10® m^ = 9.3 x 10^ yg PCB/yr 

= 20.4 lb PCB/yr 

e. Total annual fallout frcm all four sectors of the fcasin: . 

. = 1.08 X 10'* lb PCB/yr 
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vAich for the reference year, 1974, was estimated to be 

13.4 X 10^ = a (44)^'^ 

a = .0237 

so that, in what follcws, 

B(t) = 0.0237t"^ (3-1) 

4.0 APPLICATION OF TOE MASS BAIANCE EQUATION TO LAKE MICHIGAN 

4.1 Physical and Hydrologic Constantis for Lake Michigan 

The values used for the various physical and hydrologic constantis 
(23) 

for Lake Michigan are listed below: 

11 2 
A = surface area of the lake = 6.24 x 10 ft 

14 
S = outflow through Strait of Mackinac = 1.2 x 10 Ib/yr 

16 
Q = water mass in lake = 1.1 x 10 lbs 

' 2 
D = sedimant deposition rate = 0.204 lbs/ft yr 

4 
n = biota/water concentration ratio = 4 x 10 

p = sediment/water concentration ratio = 2 x 10 • 

B (1974) = PCB input rate in 1974 = 1,34 x lo"̂  lbs 
14 

K = evaporation rate constant = 2.2 x 10 Ibs/yr 

[this assunption will be discussed below] 

Then, frcm the data above, the various factors appearing in Equation (1-9 M nay 

be evaluated as follcws: 

ADp ='2,25 X lO^" Ibs/yr 

Q -t- Gn = 1.14 X 10^^ (lbs), (Q + Gn)~^ = 8.77 x 10~^^ (Ibs)"^ 

S + K -̂  ADp = 5.7 X lO"* lbs 

^ = 0 + ^ =8.77xlO-^V 
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4.2 Integration of the Mass Balance Ecjuation 

In terms of the parameters for the lake and the assumed form for 

B(t) from Equation (3-1), the differential equation for C(t), Equation (1-9) 

beccmes: 
-0 .0 5t / ^ 

' j t' C(t^) = 2.08 X lO"'" e " ^ j t^-^ e°-°'^dt (4-1) 
o 

vhere the PCB ooncentration is taken to be zero in 1930, i.e., at t = 0. 

Equaticm (4-1) cannot be direcrtly integrated in terms of sinple 

algebraic functions so that recourse must be had to numerical integration to 

yield the results tabulated in Table 4.2-1. 

Por convenience in what follcws, the relationship between C (t^) 

and t- will be assuned to be of the form: 
t . 

-C„(tf)=bt" 

vhere b, and n are determined by a least squaues fit to the data in Table 4.2-1. 

The results of this analysis nay be sunmarized in the equation 

C (tJ = 4.56 X lO'^'t.'-"' (4-2) 
w r I . 

Frcm Equation (4-2) , the change in C (t) over a one-year period is found to be 

^ ^ =2.01x10-^^'-^'^ (4-2M 
at 

Thus, for the reference year, 1974, the average water concentration was about 
- 1 2 

• 8 X 10 and the change in concentration during the reference year was 
— 12 

0.80 X 10 . • From tihese data, it is possible to determine the material balance 

during 1974 as is shown belcsw: 
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4 
Total input 1,34 x 10 lbs 

3 
Increase in solution 8,81 x 10 lbs 

3 
Increase in biota 0.32 x 10 lbs 

Increase in sediment 1.8 x 10 lbs 
3 

Increase in outflow 0.96 x 10 lbs 

Net loss due to evaporation 1.52 x 10 lbs 

From Equation (1-6), it is new possible to estimate the e-vaporation 

rate constant K, 

A m 1 ,-.•. , ̂  ̂  
TT _ evap _ 1,52 X 10^ _ , „ M ,. , '̂  _ ^ = rr- ~ 2 X 10'̂  Ibs/yr 

C, 8x10" 
w 

To discover the material balance over the entire period, 1930 

through 1975, the total PCB input to the Lake is given by 

= /' B(t)dt = 0.0237/ °input = ' ^^^^'^^ = 0-0237/ t̂ -= dt 

= 1.49 X 10^ lbs (4-3) 

The average concentration C (t) over the reference period is 
1 5 

J 0 

-= 1.58 X 10~^^ 

The cumulative loads in Lake Michigan in the various phases are 

sunmarized belcw: 

Ttotal input (1930-1975) = 1.49 x 10^ lbs 

Total in water " = 1 x 10 lbs 

Total in biota = 3.64 x 10"̂  lbs 
4 

Total in sediments = 1.7 x 10 lbs 

Tbtal in outflow = 9.07 x 10 lbs 
4 

Net loss due to evaporation = 1.93 x 10 lbs 
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TABLE 4,2-1 

Concentration of PCT in Solution in Lake Michigan* 

Date 

1930 

1935 

1940 

1950 

1960 

1965 

1970 

1975 

^f 

.0-

5 

10 

20 

30 

35 

40 

45 

^w^V 

0 

4,94 X lO""""̂  

1.34 X lO"-'-'* 

2.79 X lO""̂ -̂  

1.60 X lO""""̂  

2.92 X lO""""̂  

5.35 X lo""''̂  

9.10 X lo""""̂  

C„(tf) (ppt) 

0 

. 4.94 X lO"-'"'* 

1.34 X 10"^ 

0.28 

.1.60 

2.92 

5.35 

9,10 

*Measurenents in 1970 indicate a range of aqueous concentration of 1 to 7.5 ppt 
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From the net loss of PCB due to evaporation frcm the above data, 

and the defining equation for the evaporation losses, Equation (1-6), the evap>-

oration rate constant K may be evaluated, 

= e^P - -̂̂ ^ ̂  ^0' = 2.56 X 10̂ "* Ibs/yr (4-5) 

^w^^^^^ 1.68x10-^^x45 

The several -values of K, fron Equation (4-5) and the e a r l i e r -value 

determined from the 1974 s i tua t ion , are averaged t o yie ld a useful -value 

K = 2,2 X 10"* Ibs /yr (4-6) 

4.3 Tenporal Variation of Concentration of PCB in the Various Phases 
of the Lake 

It is now possible to combine -the relationship expressed by 

Equation (4-2) with the definition of the biotic concentration factor n from 

Equation (1-2), to determine the variation of biotic concentration with time. 

The data enumerated in Table 4.3-1 indicate the trends. When it is noted tihat 

the concentration data in Table 4.3-1 are given in parts-per-trillion, it is 

clear tihat the average biota concentration neared the one part-per-million level 

on as early as 1965., It is also evident, because of the considerable spread in 

specific biotic concentration factors for specific species, that the higher 

predictors could easily have exceeded the one pfxn level as early as 1960. 
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TAKT-E 4.3-1 

mporal Variation of Biotic Concentration 

Date 

1930 

1935 

1940 

1945 

1950 

1955 

1960 

1965 

1970 

1975 

C 
w 
P̂Pt) 

.0 

4.9 X lO"^ 

1.34 X 10"^ 

7.12 X lO"^ 

0.28 

,0,68 

1.60 

2.92 

5.35 

9.10 

Sjiota 
(ppt) 

0 

1.97 

5.36 X 10^ 

2.84 X 10^ 

1.12 X lO"̂  

2.72 X lo'* 

6.4 X lo"* 

1.17 X 10^ 

2.14 X 10^ 

3.64 X 10^ 
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4.4 Physical Interpretation of K, the Mass Evaporation Constant 

•4.4,1 Kinetic Theory 

(24) 
Experimental data on the evaporation rate of Aroclor 1254 

indicates that, at 100°C (373''K), the evaporation rate is 1.47 x lO" gm/cmVsec 
-2 

and the vapor pressure i s 5 x 10 ram Hg. Frcm elementary k ine t ic theory of 
(25) gases, the relatiionship between evaporation r a t e and -vapor pressure i s gi-ven 

m(gnv'cm^/sec) = 6 m 
2TTKr 

l / l (4-7) 

vAiere 6 = the measure of the probability that a collision with the 

surface does not result in tihe molecule sticking to the 

surface 

R = the gas constant per nole [8.31 x 10 erg CK) ] 

T = the absolute tenperature [°K] 

m = the nolecular weight [gms] 
2 

P = the vapor pressure [dynes/cm ] 

From Equation (4-7) anfl tihe kncwn evaporation rate, 

6 may be oonputed as follcws: 

(24) 

i/ 

the nunerical value of 

1.47 X 10 = 5 325 
2TT X 8.31 X 10^ X 373 

1/2 

5 ^ 10"' X 10^ 
760 

or (5 = 5.47 X 10 
-6 

(4-8) 

If it is assumed that 6 is not tenperature dependent at 

tenperatures considerably removed from the normal boiling tenperature, and that 

Equation (4-7) may be applied to a solution as well as to the pure liquid, then 

at ambient tenperature (298''K) where the -vapor pressure of Aroclor 1254 is 

7.7 X 10"' mmHg, ̂ ^̂ ^ 
1/2 

m(gm/cmVsec) = 5.47 x 10 
-6 325 

27T X 8.3 X 10' X 298 

7.7 X 11 
760 

-5 

X 10^ 

or 
-11 

m = 2.53 X 10 gm/sec/cm 
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Now the area of the lake is 5.8 x 10̂ "* cm^, hence 

m(lbs/year) =2.08x10"' (Ibs/yr) (4-9) 

The value of m from Equation (4-9) is in excellent agreement with the value of K 

enpirical ly determined to be 2.2 x 10̂ '* Ibs/yr. 

- • ( 2 f i ^ 

4.4.2 Application of lihe Theory of MacKay and Wolkoff 
12G) 

Following MacKay and Wolkoff, the rate of material loss 

for a slightly soluble solute from a water-air interface is given, for. a system 

vAierein the solute concentration is less tihan the saturation ooncentration, by: 

dC EP^ M 

-dl = - G ^ , ^i ^'-''^ 
W W IS 

11 2 
vhere: A = area of the lake surface (6.24 x 10 ft ) 

E = mass evaporation rate of water (1.38 x 10 • Ib/yr) ̂ ^ 

p. = ecjuilibrium vapor pressure of pure solute (7.7 x 10 nm Hg) ̂  ' 

• M. = molecular weight of solute (325-Aroclor 1254) 

G' = mass of water from vhich ev^oration occurs ; . . 

M = molecrular weight of water (18) . 
^ —8 (27) 
C. = saturation ooncentration of solute (6 x 10 ) 
IS 

P = ecjuilibrium vapor pressure wa-ter (23.7 mm Hg) 
w 
C. = concentration of solute in tihe evaporation layer 

p = density of water (62.5 lbs/ft ) 

Equation (4-10) must be modified for the present situation to take into account 

the effect of fallout on tihe solute concentration. Thus, for the case in point, 

dC. „,,_>, EP. M. 
_ i g(t)A _ IS 1 p ,._,,. 
dt G' G'M P C. 1 ^ ^ ' 

W W IS 
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The expression a ( t ) which cocurs in Equation (4-11) i s taken > 

to be of the form [from Equation (2-34)] 

a( t ) = 1.67 X lO '^V^ '^ (4-12) 

Further substitution of G' = l\pE., vihere i is the thickness of the layer from 

vhich ev^oration is ocouring, and E = Apl', where 1 is the ev^oration rate in '. 

ft/year, reduces Equation (4-12) to the form 

vAich is now applicable to a unit area of the lake. 

The solution of Equation (4-12^) is conplicated by the fact 

that C, the layer thickness, is unknown. Tb obtain seme idea of tihe magnitude 

of ^, it is reasonable to assume that 

C^(t) = TC^(t) (4-13) 

where y may be a function of time. Substi tut ion of Ecjuation- (4-13) and the 

^ p r o p r i a t e numerical values with Ecjuation (4-12) and e-valuating for t = 44 

years (1974), y ie lds [after using Equation (4-2) for C ( t ) ] 

-10 

-13 -10 Y 1 51 X 10 
8.22 X 10 Y + 2.66 x 10 1 = ±.^.i x lu ^̂ _̂ ^̂  

IP. M. 
Now, $• = - i^ t t — Y frcm the defirition of K. Hence, from this last relation, 

A £M P C-„ 
^ W W IS 

evaluated at t = 44 years, 

-| = 10.92 (4-15) 

Substi tut ion of (4-15) in to (4-14) y ie lds 

T = 0.57 
(4-16) 

C = 0.052 ft^2®^ 
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It is apparent, fron Equations (4-16) and (4-13), that this analysis suggests 

that the average concentration in the layer is less than that in the bulk water, 

i.e., Y < 1. The reason for this apparent anomaly can be seen by recognizing 

that Ecjuation (4-12) is in the form 

IP. M. , 
where A. = '̂ ^ j" = 617 yrs" 

1 ^ P C 
^ w w IS 

is the effecrtive decay constant for the surface layer concentration. In terms 

of the half-life 

(T.) -10 hours (4-17M 
11/2 

Equation (4-17) may be integrated from a -time t to t + 1/X to 

yield, vhere the interval is sufficiently short that a(t) may be assumed to be 

constant; 

C. = 0.37 C. + 3.34 X lO"^^ (4-18) 
1 lO 

If the assumed relationship between C- and C , given by Ecjuation (4-13) is 

introduced as (C. = PCBs concentration at time t) 
lO 

; ' ^o = ^^io 

î = ̂(^w+-^V ~^w -

then 3 34 X lO"^^ 

Yd - 0.37) = -̂ --̂ V 
I 

Y = 0.74 (4-19) 

.This shows good agreement with the results expressed in Equation (4-16). 
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5.0 RESULTS AND CONCLUSIONS 

5 ,1 I n s u l t s 

Even though tihe model used is only first-order, it is apparently 

able.to describe the relati-ve significance of the natural processes v*ich control 

the distiribution of PCBs. The strong focus on fallout as the primary input 

sourcre of PCBs to Lake Michigan suggests tihe need for further s tvdy of the nature 

of the processes by which PCBs becsane airborne and thus becrome part of the 

available atmospheric reservoir. 

The attenpt to model the atmospheric reservoir of PCBs, discussed 

in Section 2, yields resultis that indicate significantly greater cumulative at

mospheric loads than the preliminary estimate, made by Nisbet and Sarofim, of 

a cumulative atmospheric reservoir of 3 x 10'' tons up to 1970. The estimate of 

Nisbet and Sarofim leads to a half-life, from the model, for PCBs in the atmo

spheric reservoir on the order of eight years. This value is considerably in . 

excess of the reported' lifetime measurements, on the order of 20 to 40 days, for 
(29) 

atmospheric PCBs. Howe-ver, the observation that sigrif icant le-vels of PCBs 

are found in present snowfalls and in packed snow in Antarctica suggests that 

the applicable half-life may indeed be considerably longer than 20 to 40 days. 

It is suggested tihat' furtheir refinement of the environmential distiri

bution nodel presented in Section 2 v«.ll lead to a resolution of this apparent 

discrepancy. This refinement vail focus attention on the rature of the physical 

processes invol'ved in atmospheric tiransport of PCBs and may suggest metihods of 

reducing PCB fallout in the future. 

The observation that evaporation and/or cxj-distillation seems to be 

a sigrif icant process by which PCBs are returned to-the atmosphere is qf inpor

tance. It should be noted that the magnitude of the evaporation rate ccmstant 

necessary to achieve mass balance in Lake iichigan is in excellent agreement 

with that ccnputed from the sinple kinetic theory of gases and also vdth tihat 
f26) 

cxjnputed frcm the theory of co-distillation discussed by MacrKay and Wolkoff. 
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The observation that the PCB input to Lake Michigan frcm point 

sources seems bo be a rather small part of the total input suggests that reduc

tion of point source PCB effluents ra^ only slcwly correct the present problem. 

5.2 Conclusions 

The first-order mass balance model described herein seems useful 

in describing the historical situation as it explicitly addresses the question 

"Howdid we get here?". The model recjuires refinement before it can be used to 

allcw a reasonable estinate of future conditions. Significantly more detailed 

data are required as to the tenporal variation of inputs and concentrations as 

well as on the interval transport processes by v^ch Icxalized concentrations 

are snoothed and distributed over the vhtole body. While the present model seems 

to cSeail -very well with the situation that c±itains during an interval of rising 

aqueous ooncrentrations, there seems to be little ejperimental or tiheoretical 

guidance as -to what will happen if, in the future, aqueous concentrations begin 

to fall. It is not knon:i whether the biota and the sediments will act as 

reservoirs to return their PCB loads to the system. The processes, if any 

exist, vhich will eventually remove or iractivate the PCBs alreacly in the 

lithosphere are not krown. 

The application of this node! to the situation in Lake Michigan 

seems successful. It vail be of interest to apply it to regions which are nore 

ccsrplex of of lairger scrale. 

5.3 Discrussion of Results 

Witih regard to Lake Michigan, the mass balance indicates that this 

fresh water system (vrater, sedinent, biota) serves as a significant sink for 

PCBs; tihis must also apply to many other fresh water systems. In tihe case of 

toxic metals-, t±ie oceans are generally recognized as an inportant ultimate sink, 

but this may not be the case for PCBs. 

(26) 
The theory de'veloped by MacKay and Wolkoff, as applied to lake 

Michigan conditions, yiel<3s a lifetime against (until) evaporation of about 
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ten hours. For seawater, this lifetime is greatiy reduced by lower solubility 

of PCBs and higher evaporation rate, so that the calculated lifetime of PCBs 

in seawater against e-vaporation may be as low as ten minutes. 

Altihough attachment to organic and living naterial may well be a 

factor, the above result indicates that PCBs tend to evaporate frcm salt water 

much more cjuickly than from fresh vratier. Then, on this basis, the terrestrial 

systems, such as fresh water lakes, forests, etc., must be regarded as partial 

sinks for PCBs in fallout; the PCBs lost frcm these systems reenter the atmos

phere via direct evaporation or transport by ri-vers to salt vrater from vfcch 

further evaporation occrurs. New PCBs are added to the atmospheric load by direct 

evaporation, through iradecjuate incineration processes, or -via water from runoff, 

industrial discharges, landfill leachate, eto. 
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6.0 GDOSSARiT OF SYMBOLS USED 

A Surface area of reference body of water (ft^) 

B(t) PCB injection rate with reference body of water (Ibs/yr) 

C (t) Aqueous PCB concentration . ^ 

D Sediment rate in reference, body of water (lb/ftVyr) 

G Mass of biota inrefereroe bcx^ of water (lbs) 

K PCB evaporation rate constant (Ibs/yr) 

M (t) Crumulative en-vironmental PCB load (lbs) . 

m (t) Ciimulative free environmental PCB lead (lbs) 

m^(t) Ir̂ stantianeous atmospheric reservoir of PCBs (lbs) a , 

Q Mass of water in reference body of water (lbs) 

^can^^^ Cumulative PCB sales for capacitor application (lbs) 

^elecrtrical ̂ '̂ Cumulati-ve PCB sales for electrical application (lbs) 

CL^^(t) Ciimulative PCB sales for production application (lbs) 

Q ^ (t) Cumulative PCB sales for all applications (lbs) 

Q ^ (t) CXimulative PCB sales for transformer application (lbs) 

5 Water outflow rate from refer^oe body of water (Ibs/yr) 

t ' Tine (yrs), (t = 0 in 1930) 

a Fraction of PCB sales directly lost to the environnent 

6 Fraction o f PCB sales devoted to electrical applications 

,Yj Average in-service life of electrical conponents (yrs) 

YJ Average in-service life of ron-electrical products (yrs) 

£ Fraction of production waste initially free 

9 Fraction bf initially free PCBs that are vaporized 
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A J . Decay constant for discarded PCrB-containing electrical 
ccarponents (yr"M 

A Decay constant for discarded PCB-contairing non-electrical 

products(yr"^) 

A Decay constant for vaporization of free PCBs (yr~M 

A Decay constant for fallout of atmospheric PCBs (yr~*) 

n Ratio of biota PCB concentration to aqueous PCB concentiration 

p Ratio of sediment PCB concentiration to aqueous PCB concentration 

a(t) Fallout rate per uiit area (lbs/ftVyr) 

TJ Half-life of containment of discarded PCB-containing electrical 
crcmponents (yr) 

T Half-life of containment of discarded PCB-containing non-
2 

e l ec t r i c a l conponents (yr) 

T Half - l i fe of free PCBs for -vaporization (yr) 

T Half- l i fe of atmospheric PCBs against evaporation (yr) 
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APPENDIX E 

BACKGROUND DATA USED TO CCNSTTUCT 
THE MDDEL FOR PCBs IN lAKE MICHIGAN 

Table E-1 

Ooncentration of PCBs in Sediments 
Along the Southwestem Shore of Lake Michigan (1970-1971) 

(1) 

Sample Locations 

Along SW shore of lake; 

sanpling 1-3 ni. off-shore* 

(see Figure E-1). 

PCBs 

13.09 A 

6,73 A 

11.81 ? 

26.07 A 

87.89 A 

130.27 ? 

26.61 B 

64.32 A 

3.72 A 

3.87 A 

35.8 A 

8.31 A 

Total = 

Ave. [PCBI = 

(ppb) _ 

15.24 B 

16.09 ? 

12.69 ? 

23.53 A 

17.53 A 

36.7 ? 

58.81 A 

41.06 A 

132.61 A 

80.63 ? 

29.29 A 

13.34 A 

896.01 

37.3 

NOT£: Estimated location of sanpling sites with respect to 

tJemocline: A - above themocline 

B - below tihermocline 

? - cjuestionable 

* Sanpling sites are located in an area with several known STP discharges. 

Data were not available on PCB concentrations in tihese STP effluents; how

ever, judging from PCB data for other area STPs, it is probable that these 

plants discharge PCBs, thereby producing higher concentrations in the 

adjacent sediments. 
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Stream 

S t . Joseph 

Kalamazco 

Grand 

Muskegon 

Mai i s t ee 

Boardman 

Elk 

Por tage 

TOTAL 

Table E-2 

Concen t ra t ion of PCBs i n Michigan Streams 

T r i b u t a r y 

PCB 
(ppb; mean 1971-72) 

0.013 

0.065 

0 .041 

0.010 

0.014 

0.017 

0.012 

0.47* 

t o Lake Michigan^^ '^ '^^ 

Stream 
Discharge 
(CFS) 

4,204 

2,162 

5,814 

2,489 

2,047 

187 

575 

18 

17,478 

(1974) 
(MGD) 

2,716 

1,397 

3,756 

1,608 

1,322 

121 

371 

12 

11,291 

5 

PC 
lb /day 

0.29 

0.75 

1.28 

0.13 

0.15 

0.02 

0.04 

0.045 

Bs 
Ib/yr 

105.9 

275 .1 

466.5 

47 .5 

54.8 

7 .3 

14.6 

16.5 

988.2 

*One-time measurement taken in 1972. 
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- Table E-3 

PCBs Entering Lake Michigan From 
Known Industrial and STP Discharges* 

State 

Michigan 

Wisconsin 

Wisconsin 

Indiana 

Illinois 

Total 

PCB Load (Ib/yr) 

217.2 

1170.1 

130.3 

122.3 

3.1 

1643 

Source 

STPs 

Industries 

STPs 

STPs 

STPs 

*See Tables E-4 - E-9 for tabulations of thei individual waste discharges. 
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TABLE E-4 

Ooncentra t ion of PCBs i n Reported ... ^ -
Michiaan S::T' E f f luen t s T r i b u t a r v t o LakeMichiaan^-^' ' ^ ' ^ ' 

Sl'P l o c a t i o n 

Albion 

B a t t l e Creek 

Benton Harbon, 
S t . Joseph P l a n t 

Meroninee 

Muskegon 

N i l e s 

Por tage 

Eas t Lansing-

Escanaba 

Holland 

Jacikson 

Kalanazoo 

Lansing 

Design Flow 
(MGD, 1974) 

4.0 

22.0 

13.0 

1,2 

10,0 

10. o ' 

3.6 

8.5 

2.2 

4 .5 

. 20.0 

34,0 . 

34.0 

[PCB]' 
(ppb, 1971-72) 

0.44 

0.39 

0.65 

0.35 

0.28 

0.68 

1.9 

0.5 

0.29 

0.6 

<0.1 

0.66 

0.18 

PCB load 
( lb/day) 

0 .015 

0.017 

0.070 

0.004 

0.023 

0.056 

0.057 

0.035 

0.005 

0.022 

0.186 

0.051 

Total 147.0* 0.595* 

PCB Load = 0.595 lb/day = 217.2 Ib/yr. 

* Total does not include flows with [PCB] <0.1 ppb. 
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TABLE E-5 

Ctoncentration of PCBs i n Reported 
Paper P l a n t E f f luen t s 

P l a n t 

3adger Paper Mi l l s 

3oo t t Paper 

Mar ine t t e 

Ooonto F a l l s 

Shawano Paper 

John S t range Paper 

Bergstrcm Paper 

Kimberly dLark 

Thilmany Paper 

F o r t Howard Paper 

Mi l l Eff l i ipnt 

Deinking 

Deinking & M i l l E f f l u e n t 

M e r i c a n Can 

S u l f i t e Sewer 

Paper Mi l l Lagoon 

C3iaTmin Paper 

Green Bay Packaging 

T o t a l * 

Wisoonsin ,^^ 
Discharcrinq t o Green Bav (1974-75) 

Flew (mgd) 

4.78 

5 .91 

11.03 • 

2 .43 

1.11 

5.22 

4.30 

25 .1 

7 .3 

11.04 

18 .1 

2.23 

10.35 

16 .3 

1.77 

77,65 

[PCB] (ppb) 

< . l 

< . l 

< . l 

< . l 

4,00 

28.40 

0.28 

<,1 

2,60 

6.40 

7.07 

0 . 1 

0.14 

0.14 

0.45 

PCB Load 
(Ih/day) 

-

-

' • -

- ' 

0.037 

1.26 

0.010 

-

0.158 

0.586 

1.06 

0.002 

0.012 

0.019 

0.006 

3.15 

PCB load =3.15 lb/day - 1,150 Ib/yr. 

* Total does not include flows with [PCB] <0.1 ppb. 
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TABI£ E-6 

Ooncentration of PCBs in Reported Wisoonsin ,c\ 
Miscellaneous Industrial Effluents Discharged to Lake Michigan 

Plant 

Motor Cas-ting Oo. . 

Grey Iron Foundry, Inc, 

Hovmett, Corp, - Crucible Steel 

Maynard Steel Casting Oorp, 

Milwaukee Solvay 03ke Co. 

Briggs & Stra t ton 

Wshr Steel Oo. 

EST Co. 

Milwaukee Die Casting Oo. 

>feta-MDld Daton Malleable Inc. 

Babcock & Wilcox Cto. 

Tubular Products Div. 

Total** 

Flow (mgd) 

0.22 

0.339 

0.796 

0.133 

4 . 3 

1.523 

0.228 

0.069 

0.012* 

0 .033* 

0.6 

[PCB] (ppb) 

<0.1 

<0.2 

<0.1 

<0.1 

<6 . l 

<0.2 

<0.1 

2.95 

32 .2 , 

170.3 

0.9 

PCB Load 
( lb/day) 

. 

0.001 

0.003 

0.047 

0.004 

0.714 0.055 

PCB load - 0.055 lb/day = 2 0 . 1 Ib/yr , 

* Average of two readings. 

** Total does not include flows with [PC:B]<0.1 ppb. 
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TABLE E-7 

Ooncentration. of PCBs in Reported Wisconsin ,,_> 
STP Effluents Discharged t o Green Bay (1974-75) ^ ' 

STP Loca t ion 

M a r i n e t t e 

Por tage 

•Oslnkosh 

Neenak-Menash 

Appleton 

Kaukauna 

DePere 

Green Bay 

Kewaunee 

Two Rivers 

Manitowoc 

Sheboygan 

P o r t Washington 

Milwaukee (South Shore) 

Milwaukee (S. Milwaukee) 

Raci re 

Kenosha 

Flow (ngd) 

2 .5 

0.736 . 

8.49 

12.75 

11.05 

1.25 

23.45 

30.64 

0.315 

2.28 

9.3 

11.04 

1.59 

66.7 

2.42 

16.92 

18.88 

[PCB](ppb) 

<0.1 

5.0 

0 .1 

0.16 

0.12 

<0.1 

0.5 

<0.1 

0.18 

0.2 

<0 .1 

1.1 

• 0 . 2 ' 

0.29 

0.12 

<0.1 

<0.1 

PCB load 
( lb/day) 

0.031 

0.007 

0.017 

0.011 

0.01 

0.001 

0.004 

0.11 

0.003 

0.160 

0.003 

Total 119.8* 0.357* 

PCB load = 0.357 lb/day = l30,3 Ib/yr , 

* Total dcjes not include flows with [PCB]<0.1 ppb. 
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TABIE E-8 

Concentration of PCBs in Reported Indiana,^. 
STP Effluents Tributary to Lake Michigan 

STP Location 

Michigan City 

•Valparaiso 

Hobart 

Hammond 

East Chicago 

Chestertcwn 

Gary 

South Bend 

Misha'?aka 

Elkhart 

Goshen 

Nappanee 

KendalIvilie 

La Grange 

Ligonier 

Angola 

Syracuse 

Total* 

Flow (mgd) 

12 .2 

4 .0 

2.9 

42.6 

18.7 

1.6 

50,5 

35.8 

10.39 

17.5 

4 .8 

0.9 

1.2 

0.185 

0.434 

0.784 

0.305 

[PCB] (ppb) 

1.32 

0.24 

0.23 

< 0 . 1 

0 .1 

<0.1 

0.38 

<0 .1 

0.13 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

0.17 

0.13 

PCB Load 
. (.Lb/clay) 

0.134 

' 0.008 

0.006 

0.016 

0.159 

0.011 

0.001 

0.0003 

99.8 0.335 

PCB load = 0,335 lb/day = 122.3 Ib/yr. 

* Total does not include flows with [PCBi <0.1 ppb. 
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TABLE E-9 

Conoentration of PCBs in Peported , , . 
I l l i n o i s STP Effluents Discharging to lake Michigan 

STP Location Flow (mdg)' 

N.S.S.D., Waukegan 0.002 

N.S.S.D., North Chicago Plant 1.2 

Total - 1.202 

[PCB] (ppb)' 

2.635 

0.831 

PCB Load 
(lb/day) 

.00004 

.0083 

0.00834 

PCB load = 8,34 X lo'"^ lb/day = 3.04 Ib/yr 

* Data- for 1975 

** Data for 1971 
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TABLE E-10 

Lake .Ĵ chiaan Basin Hydrology ̂'̂ '̂ ^̂'-''̂'-̂•'-̂  

Total mean river discharge (1974) of the 4 states (Michigan, Illinois, 

Wisconsin, and Indiana), into Lake Michigan ~ 34,508 cfs 

= 1.1 X 10-̂ ^ cf/yr 

Total flew of water in the basin = 9 . 4 b i l l i o n gpad 

Flew diverted fron Lake t o Chicago ' = 2 b i l l i o n gpxl 

. Flow diverted through S t r a i t s of Mackinac = 67,000 cfs 

Other withdrawl's from the Lake = 1 1 . 7 mgd 

Volume of STP eff luents entering Lake: 

from I l l i n o i s = 27.6 ngd 

from Indiana = 110.5 mgd 

from fichigan = 161.6 mgd 

frcm Wisconsin = 183.4 mgd 
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TABLE E-11 

np) 
Estinates of Fish Bicmass in Lake Michigan (1972-73) 

Michigan Waters of Lake Michigan - 11.2 x 10 lb. of lake trout 

(̂ e groip II,& older); 1972 

Northem Lake Michigan - 55 x 10 l b . of whitefish 

(age groups I-'VI); 1972 

Frcm bottom trawls of the Lake - 220 x 10 lb. of alewife 

(age groups I & over); 1973 

- 15 X 10^ lb. of ohubs 

(age groups I & over); 1973 

Total. (1972-73) - 3x 10^ lb. . 

9 
If nidwater alewives are included, the total oould be in the range of 2.3 x 10 lb. 
-̂  ' 
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Bacikground CalciLations Used to 
Construct the Model for PCBs in Lake Michigan 

The concentration and total weii^t of PCBs in "Lake Michigan at the present 

was calculated on the basis of PCB input to the lake from the follcwing sources: 

1) atmospheric fallout directly on the lake, 2) atmospheric fallout over the 

drainage basin of the lake, and 3) documented point source discharges from 

tributary industries and sewage treatment plants (STPs). The derived concen

tration in the water of 0.078 ppb PCB (or 8.4 x 10 Ih.) represents the expected 

maximum amount of the chemical in the water, assuming a constant annual input 

PCBs over the past 40 years, and no loss of PCB from the lake, 

A. Estimation of PCBs in the Lake Water Phase. 

1. PCB load from atnospheric fallout directly on tihe lake surface: 

area of lake = 22,400 mi^ = 5.8 x 10^° m̂ -̂""-̂ ^ 

Assume tihat tihe atmospheric fallout of PCBs has a constant annual 
2 

rate of 50 rvg/m. /yr., that PCBs are evenly distributed across the 

lake surface, and that the total accumulation over the past 40 years 

represents, the present load; 

tihen the annual PCB fallout on the lake = (50 mg/m /yr) 

(5.8 x lO''"̂  m^) 

- = 2.9 X lO-"-̂  yg/yr. 
3 

= 6.4 X 10 Ib/yr of PCB 

The total fallout on the lake after 

40 yrs = 2.6 x 10^ lb. of PCB. 

2. PCB loai fron atmospheric fallout,on the lake drainage basin: 
2 

Assume that fallout (at a constant annual rate of 50 yg PCB/m /yr) 

over the basin contributes the majority of the PCBs to the lake -via 

runoff, and that all of the PCBs fallir^ on the drainage basin 

eventually enter the late, 
2 

then the annual PCB load = (50 ug/m /yr) (area of drainage basin) 

For the Michigan portion of the drainage basin -

PCB load = (50 yg/mVyr) (6.0 x 10 m ) = 3 x 10"̂  yg PCB/yr 

= 6.6 X 10-̂  lb PCB/yr 
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(8) 
For the Wisconsin portion of the dreinage basin -

9 in 2 12 
PCB load = (50 yg/m /yr) (3.7 x 10 m"̂ ) = 1.9 x 10 yg PCB/yr 

= 4.1 X 10^ lb PCB/yr 

(9) 
For the Illinois portion of the drainage basin -

2 R 2 in 
PCB load = (50 yg/mVyr) (8 x 10 m"") = 4 x lO"-"" yg PCB/yr 

, = 88.1 lb PCB/yr 

For the Indiana portion of the drainage basin -

PCB load = (50 yg/in^yr) (1,85 x 10® m^) = 9.3 x l O ^ yg PCB/yr 

• = 20.4 lb PCB/yr 

Total annual PCB fallout frcxn all four secrtors of the basin = 

1.08 X 10^ Ib/yr and'total fallout on the basin after 40 yrs = 

(1.08 X lO'* Ib/yr) (40) = 4.3 x 10^ lb PCB. 

3. Total annual PCB load in the lake due to fallout = PCB load frcm 

drainage basin -+ PCB load frcm late surface 

= 1.08 X 10'^ Ib/yr + 0.64 X 10'^ Ib/yr 

= 1.7 X lO"̂  lb PCB/yr ' 

4. Total fallout load of PCB after 40 years = (1.7 x 10^ Ib/yr)(40 yrs) = 

6.9 X 10^ lb PCB 

5. PCB load entering the late via tributary stiream discharges: 

Assume that the concentraticsn of PCBs in the stireams has remained 

constant over the past 40 years, with an annual PCB load eguivalent to 

that in tihe most recently recorded data. 

Data on PCB concentrations are available only for eight tributary 

streams fron the state of Michigan (see Table 2). PCB. neasurenents 

along the St. Joseph, Kalamazoo, Grand, Muskegon, Manistee, Boardman, 

. Elk, and Portage Rivers indicate a total of 988.2 lb PCB/yr. '•^'^'^'^ 
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PCB load entering tihe lake from reported industrial and STP discharges: 

Assume that the ooncentration of PCBs in the industrial and STP 

effluents has remained constant over the past 40 years, witih an annual 

PCB load egui-valent to that in the most recently recorded data, and 

that all the PCBs in the discharges eventually enter tihe lake. 

The annual PCB lead fron the four tributary states is as follows: 

(see Tables 4-9):^^'^'^^ 

Michigan - 217.2 lb PCB/yr (from STPs) 

Wisconsin - 1150,0 lb PCB/yr (from paper plant effluents) 

- 130,0 lb PCB/yr (from STPs) 

20,1 lb PCB/yr (from misc, industry) 

Indiana - 123.3 lb PCB/yr (from STPs) 

Indiana 3.1 lb PCB/yr (from STPs) 

TCTAL - 1644.0 lb PCB/yr = 1.6 x 10^ Ib/yr 

The total PCB .load in the water, phase from all the above sources 
4 

(i.e., fallout, industry, STPs, Michigan streams) = 1.98 x 10 Ib/yr. 

= 7.9 X 10 lb PCB after 40 years- of constant accumulation at this 

annual rate. 

Ooncentration of PCBs in the lake water phase: 
15 Calculation based on the l a t e water volune = 4.91 x 10 1. 

Annual concentiration of PCBs = 

(1.98 x 10^ lb PCB/yr)(454 x 10" yg/lg) = 0.002 ppb/yr. 

4.9 X lO-"-̂  1 

Total maximum concentration of PCBs at present (after 40 years of 

constant accumulation) = 

(7.9 X 10^ lb PCB) (454 x lo'' yg/lb) = 0,073 ppb PCB 

4,91 X 10-̂ ^ 1 
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9. The above calculations estimate PCB fallout over the drainage basin 

based on the size of the drainage areas as computed frcxn USGS stream 
10 2 

flow data, and totaling 9.8 x 10 m . These data were obtained frcm 

flew gaging stations, v*ioh were not all located at the noutihs of the 

tributary streams; therefore, the calculated size of the drainage basin 

nay be underestimated. 

As an ciltemative to the above, tihe same calculations were per
il 2 

formed, but using a value of 1.76 x 10 m for the area of the 

drainage basin (tihis area was estimated by the Late Michigan Federation. 

Then, the annual PCB fallout over the basin = 

(50 yg PCB/mVyr) (1.76 x IO-*-"*" m^) 

454 X 10^ 

= 1.9 X 10^ lb PCB/yr. 

After 40 years of constant accumulatiai at this rate, PCB lead = 

7.6 X 10^ lb PCB (from fallout) 

For this larger basin, the- total PCBs in the water phase (i.e. 

fallout + industrial & STP discharges) 

= 1.9 X lO'* Ib/yr + 0.16 x 10^ Ib/yr ̂  

= 2.1 X lo'* Ib/yr of PCB 

After 40 years of constant accnjmulation at this rate, the PCB 

load would be 8.4 x 10 lb. 

The PCB • concentration in tihe water phase is: 

on an annual basis = (2.1 x 10 )(454 x 10 ) = 0.002 ppb 

4.91 X lO''-̂  1 

After 40 years of constant acc:umulation a t th i s r a t e = 

(8.4 X 10^)(454 X 10^) = 0.078 ppb 

4.91 X 10-"-̂  1 
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B. Estimates of PCS Transport in Lake Ciitario, with-.?^1 ication to Lake 
Michigan. 

Sufficient data were not available for Lake Michigan to determine the 

relationship of PCB concentrations between the water, sediment, and biotic 

phases. Adeguate data were available to determine this relationshipi for Lake 

Ontario, and due to the similarities between the two lakes, the calculations .; 

were then used to estimate the present situation in Lake Miciiigan. . 

1. Sampling of Lake Ontario, conducted in 1972 at several near-shore and ;'-' 

mid-lake sites, indicated the following: ̂  ' ' " -., 

PCB in fish (alewives, smelt, sliny sculpin) = 2.35 - 5.13 x 10 ppt. 

PCB in water (total ooncentration dissolved + particulate) = 55 ppt. 

Average PCB in sedinents = 1.2 x 10 ppt. 

Average PCB in net plankton = 7.2 x 10 ppt. 

Average PCB in benthos = 4.71 x 10 ppt. 

It was assumed that these concentrations are the result of PCB accumu

lations at a constant rate for the past 40 years, 

2. Determination of the rate of PCB deposition in the sedimerits: 

The average sedimentation rate of Late Ontario is 1.2 mm/yr (as 

conpared to a rate of 1.0 rnn/yr for Late Michigan. 

Therefore, the thickness of sediment today in Lake Ontario, after 

40 years of deposition = 48 mm. 

At this constant rate of deposition, PCBs accumulate in the 

sedinents at a rate = 1.2 x 10^ ppt PCB/40 yrs = 2.5 x 10 ppt PCB^ ̂ ^ 

48 mm sediment/40 yrs _ sediment 

= 3.x 10 ppt PCB/yr. 

3. Annual accnmulation of PCBs in the biota = , . ,, 

P^fish -̂  P^Plankton ^ ̂ ^̂ b̂enths 
(3)(40 yrs) 

= (5.13 X 10^ ppt) + (7.2 X 10^ ppt) + (.471 X 10^ ppt) 
(3) (40 yrs) 

= 0,11 X 10^ ppt/y::. ' 
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4. Annual accumulation of PCBs in the water = 55 ppt = 1.38 ppt/yr. 
40 yrs 

5. Concentration ra t ios of PCBs in the tihree phases are : 

[ ^^sed . ] _ 3 X 10-̂  ppt /yr _ 2.2 x 10^ 

[^^water ] 1.38 ppt/yr 

P ^ i o t a ] = 0-11 ^ 10^ ppt /yr ^ 36 

[ P ^ s e d . •] 3.0 X 10 ppt/yr 

[!^biota]= ^Liiiii-ioij 

P ^ w a t e r ] ^'^^ PPt/yr 

[P^b io ta ]= 0-11 X 10^ ppt/yr ^ .8 x- 10^ 

Therefore, 

[ ^ ^ w a t e r ] - ^ ^ ^ s e d ] ^ . P ^ i o t a ] 
2.8 X 10 

6. Applying these r a t i o s t o Late Michigan: 

P ^ i o t a ] = P^water ]^® ^ ^ ° ' ' 

•= (.078 ppb) (8 X 10^) 

= 6.24 ppm 

[ ^ ^ s e d . ] " [^^wate r ] (2.2 x 10^) 

. = (.078 ppb)(2.2 X 10^) 

= 0.172 ppm 

C. Estimates of Planktion Bieanass in Late Michigan; 

1. Assume a density of 300 kg. plankton/hec±are of lake 
2 6 

Area of lake = 22,400 mi. = 5.8 x 10 hec±are 
6 12 

Therefore, plankton bicmass = (5.8 x 10 )(300 kg) = 1.74 x 10 g. 
= 3.8 X 10^ l b . 
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D. Estimate of Flow of- PCBs Through the Straits of Mackinac: 

1. Water flows out of the lake via Straits at a rate = 67,000 cfs. 

= 1.3 X lÔ '' lb of 

water/yr. 

Using the concentration of PCB in the water as 0.013ppb, the loss 

of PCBs through the Straits is: = (1.3 x lO"'"'̂  Ib/yr) (0.013 ppb) 

= 1.7 X 10^ lb PCB/yr. 

4 
Assunong a constant loss over the past 40 years, 6.8 x 10 lb of PCR 

would have been lost through the Straits. 
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APPENDIX F 

TOXIOOLOGICAL ASPECTS 

1,0 TOXIOOLOGICAL ASPECTS OF POLYCHLORINATED'BIPHENYLS (PCBs) 

1,1 Introducrtion 

A critical biological effecrt of polychlorinated biphenyls (PCBs) is 

the induction of tunors in mice and rats, \%hich inplies potiential hunan activity. 

Cancer is typically progressive and irreversible, in the absence of medical inter

vention. Virtually all chemicals known bo cause cancer in man have been shown to 

cause tunors in aninals, including mice and rats. The use of experimental animals 

to test c±iemicals is generally accepted as a reliable basis for estimating potential 

carcinogencity to hunans. Pathological development of chemically induced tumors 

in experimental aninals and in hunans is very similar, and most of the najor types 

of human cancer can be reproduced in aninals by chemical induction. Mice and 

rats are generally tihe preferred experimental aninals because their relatively 

short lifespan permits lifetime testing within two to tihree years, whereas chem

ical carcinogenesis in hunans is usually marifested by a latent period of 30 to 

40 years between exposure and tihe appearance of synptoms. This long latency period 

coupled with the lack of adequate human data, and tihe lack of identifiable con

trol groups for widespread agents such as PCBs, make it difficult to identify PCBs 

as a "human" carcinogen by conventional epidemiological studies, Hcwever, most 

eaqerts in chemical carcinogenesis, including researchers at the National Cancer 

Institute of NIH and the WOrld Health Organization, accept animal data as pre

dictive of potential human acrtivity. 

To date, no minimum effective dose or maximum safe dose has been estab

lished for carcinogenic chemicals in man or aninals; therefore in approaching the 

problem of formulating regulatory action all naninalian systems are considered 

sensiti-ve and man must be • considered the target systen. 

Although in at least one positive study on PCBs the dosage level used 

would be considered low, high levels are generally used in animal tests because 

the limited nunber of animals nay render the tests relati-vely inconclusive. In 

addition, the strain or species used nay also render the tests comparatively 

insensitive. Failure to dsnonstirate response at low doses of an oncogen is not 

an adequate basis to establish a "no-effect" level. 



Virtually no chemical that has been adequately studied is known to 

cause only benign tumors. Furthermore, oncogens nay cause tumors at different 

sites in different aninals species or strains depending upon facrtors such as 

routes of netabolism and excretion. 

In considering the cnorrent status of medical knowledge, a lack of 

understanding of lihe carcinogenic nechanism within cellular biochemistry is 

evident. One issue that must be resolved in order to establish effee±i've control 

legislation is whether or not there is a level of carcinogenic e>qosure below 

which tihere are, no effecrts. 

The two points of vi&w are known as the "tltreshold" and the "no-threshold" 

concepts. The threshold concept is lased on the theory that there is a dose level 

below which no effect will cx;c:ur regardless of the nunber of test animals exposed; 

since tihis no-effecrt dose level would be higher than any resultant legally-established 

exposure limit, humans would not be harmed by doses at or below the limit. The 

assunption is made tihat the number of animals affected will decrease at a greater 

rate'-than the rate of decrease in the dose until a zero-point is reached. This 

assunption is unverified. Proponents of the threshold concept believe that for 

every toxic chemical there is an exposure level below v*iich ro effecrt can occur 

in a given organism, and that no effect, or possibly even ̂ beneficial effects at 

subthreshold doses, gives way to undesirable' effects as the dose is raised. NO 

valid data have been developed t o support the concept of safe levels of exposure 

to carcinogens since the exturemely large nunfcers of animals needed for such ex-

perirfentis preclude such testing, and extxapolation of animal data to man is tenuous. 

The no-tihreshold proponents insist that any substance which is carcino

genic at any level must be regarded as such at all levels. Ihey further insist 

that it is not possible to predict safe levels of carcinogens based on an arbitirary 

fraction of the lowest effective animal dose, regardless of how many test animals are 

used. For those chemicals v*iich have been shewn to be carcinogens in experimental 

animals, no thresholds have been demonstrated., Thus neither the no-threshold theory 

(or zero-dose concept) rior the tihreshold corieepjt can be denonstrated or disproved 

at the present time. 
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In the development of a standard for a carcinogen, tihe follcwing 

reconmendations, taken frcam the April 22, 1970 reoort to the Surgeon General by 

the Ad Hcc Committee on the Evaluation of Low Levels of Environmental Chemical' 

C^arcinogens, National Institutes of Health, should be considered: 

1. No level of exposure to a chemical carcinogen should be 

considered toxicolcjgically insignificant for nan. For 

carcinogenic agents, a 'safe level for nan' cannot be 

established by application of our present Icnowledge. 

The concept of 'socially acceptable risk' represents a 

more realistic notion. 

2. The principle of a zero tolerance for carcincjgenic exposures 

should be retained in all areas of legislation presently 

covered by it and should be extended to cover other exposures 

as well. Only in the cases vrtiere cxntiamination of an 

environnental source by a carcinogen has been proven 

to be uiavoidable should exception be nade to tihe principle 

of zero tolerance. Exceptions should be made only after 

the most extiraordinary justification, including extensive 

docrumentation of chemical and biological aralyses and a 

specific statement of the estimated risk for man, are pre

sented. All efforts should be made to reduce tihe le-vel of 

contamination to the minimum. Periodic review of the degree 

of contamination and the estinated risk should be made 

mandatory. 

3. A basic distinction should be made between intentional and 

unintentional exposures. 

(a) No substance developed primarily for uses involving 

exposure to nan should be allowed for wide-spread human 

intake without having been properly tested for carcino

genicity and found negative. 
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(b) Any substance developed for uise not primarily 

in-volving exposure in man but nevertheless re

sulting in such exposure, if found to be carcino

genic, should be either prevented from entering 

the environnent or, if it already exists in the 

environment, progressively eliminated* 

The same report states: 

The production of specific carcirogenic chemicals for uses 

that do not primarily involve an intentional exposure of 

man, but which result in such environnental contamination 

that extensive human exposure beocmss inevitable, must also 

be contirolled. The nost effecrtive prevention of exposure 

in man is the elimination of carcinogen production, or 

control of entry into the environment. 

More recently, the Subccxtmit-tee on Estimation of Risks of Irreversible, 

Delayed Toxicity to the Department of Health, Education.and Welfare Committee to 

Coordinate Toxicolcsgy and Related Programs published their report (Hoel et al, 

J. Toxicol. Environ. Health jL, 133, 1975). 

The Subcxmrnittee suggests (on an interim basis only) a 

ccsTputational procedure to assist in setting levels of 

qualitatively unavoidable ciiendcals (both natural and 

•nanmade) in the environment conpatible with a socially 

acceptable level of risk. It includes a sinple arithmetic 

procedure to conpute an exposure dose of a chemical for 

humans so that there will be a high pirobability that this 

dose will give a risk equal to or belcw the specified level. 

Data frora experiments designed to detect irreversible self-

replicating changes (carcinogenesis).in experimental animals 

will be used. Through tihis arithmetic, the results will be 

txanslated to appropriately low levels for humans. In 



addition, human exposure data need to be considered. All 

the knowledge necessary to evaluate these factors does 

not yet exist. We suggest here an interim procedure to 

be used until research points to better procedures such as 

metihods for obtaining direct or best estimates of risk at 

a given dose witJi their corresponding confidence limits. 

Some of this research is now under way. These suggestions 

must be reviewed as new research is available, but not 

longer tihan within two years. 

Specifically, the so-called linear straight-line arithmetic 

metihod ccmtoined with a 99% confidence level for extrapola

tion to very low levels worte this way:* 

1. Say an experiment at a dose, d, using 100 aninals has 

shown no induced tunors, for exanple, in the animals, 

that is, 0/100=0%, 

2. The upper 99% confidence limit on this result (which 

can be found in standard statistical tables) is 0.045,' 

that is, 4.5%. 

3. For a dose, d , that will produce, as an upper limit, 
s 

fewer than 1 in 1,000,000 tumors, divide 1/1,000,000 by 

.045. This gives (in standard notation) 2.22 X lo" d 

as the appropriate dose. If one were to aim for fewer 

* For certain conpounds, sone kncwledge of tihe carcinogenicity process may be 
available, such as with renal concretions resulting in bladder tumors. In tiiese 
instances, models other than the linear model may be nore appropriate. 

For illustration we consider only the case of one experimental dose. In practice, 
however, it is expecrted tihat several dose levels will be available and their tireat
ment can be found in the literature (Ciross et al., 1970; Mantel and Bryan, 1961; 
Mantel et al., 1975). 
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than 1 in 100,000,000, (i.e., 1 X lo' ), the appro

priate dose vrould be 2.22 X 10~ d; f o r fewer than 1 

in a hundred thousand (1 X 10~ ), the appropriate dose 

is 2.22 X 10~^d, etc. If 10. of the 100 animals shewed 

a response (i.e., 10/100 = 10%), then the 99% confidence 

limit is 0.19, that is, 19%, The appropriate dose for 

1 in a million is then 5.3 X 10 d and for 1 in 100,000,000, 

the dose would be 5.3 X lO ' ^d . 

For correcrtions to a 'natural' incidence, the normal distri

bution is used to approxinate a 99% confidence interval on 

the difference between the response at dose d. and the back

ground. SLppose at dose d 60 of 200 (30%) animals were 

affecrted v^ile the natural incidence gave 20 of 200 animals 

(10%). The upper 99% confidence limit is then approxinately 

.3 - .1 + 2.327[.3(.7)/200 + .l(.9)/200]^'^^ = 0.29 

vhere 2.327 is the 99% point of the standard normal distribu

tion. For a dose, d , tihat will produce as an upper limit of 
s 

fewer than 1 in a million changes in excess of the natural 

incidence, 1/1,000,000 is divided by 0.29. This gi-ves 

3.4 X 10~ d as t±e dose, and for 1 in 100,000,000 excess changes 

the dose is 3.4 X lO ' ^d . 

Two questions need to be answered in converting results in 

animals to nan: ' ^ 

1. In vihat units should the dose conversion be nade (i.e., 

weight basis, surface basis, etc.)? At present it 

appears that the appropriate dose unit is the 'surface' 

unit, that is, use the 2/3 power of the weight of the 

two species (test animal-nan) as the surface area con

version factor. For exanple, if a 25-g mouse receives 

a dose stated on a milligram basis, tihen the corres-
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ponding dose (n*g) for a 70-kg man would be (70 
2/3 

kg/25g) ' = 200 tines the mouse dose. Thus, on a 

mg/kg basis, tihe use of surface units would require 

that the corresponding relative dose become 
1/3 

(70 kg/25 g) ' =14 tines the mouse dose. Dose 

expressed in concentiration (ppn) should lead to 

approximately the same levels as dose expressed in 

surface area units. 

2. Should any additional safety factor be added in 

going from aninals to nan? Yes, but not the sane 

factor for all substances. This species conversion 

factor should be determined substance-by-substance 

using appropriate biological considerations (and 

allowing for any safety factors inplicit in other 

parts of the calculation). 

A statutoiry provision exists, however, which provides seme sanc±ion to the no-

tihreshold concept. This is, of course, the "Delaney claUse", Section 409(c) (3) 

(A), of the Federal Food, Drug,, and;Cosmetic Act (21 U.S.C. 321 et seq.), vdiich 

became law in 1958. This clause provides "... tihat no additive shall be deemed ., 

to be safe if it is found to induce cancer when ingested by man or arirral, or 

if it is found, after tests which are appropriate for the evaulation of the safety 

of food and additives, to induce cancer in nan or aninal..." 

In spite of all of the furor conceming this clause, it is interesting 

to'note that since its introduction in 1958, it has been invoked only twice to 

ban food additives and both of these were trivial conponents of- food packaging. 

The'Food and Drug Administration, in addition to.its responsibility 

for regulating food additives, is also supposed to protect the public from carcino

gens which appear naturally or incidentally in our food. These substances are not 

covered by the Delaney clause. Aflatoxins, DDT, aldrin, ritirosamines, and vinyl 

chloride are exanples. Presently, tihese problems are handled on the basis of 

practicality and not on any assessnent of risk. That PCBs presently exist in our 

diet has been anply demonstrated. But the pressure to eliminate such carcinogens 

from entering our fcxxl nuist fall upon otiher regulator agencies such as EPA. 

F - 7 



- In summary, there is no generally accepted toxioological basis upon 

which to es-tablish a no-effecrt level for any carcinogenic material. Methods which 

arrive at estinates of acceptable exposure levels for carcinogens in nan are, there

fore, based on the concept of a "socially acceptable level of risk." In general, 

the methcxis enploy statistical extrapolation of laboratory aninal test data to 

man, whereupon a ̂ litical decision as to the scx:ially acceptable incidence of 

tumors is made. Such estimates of scoially acoeptable level of risk to determine 

human exposure tolerances to ionizing radiation have been atployed by the Atomic 

Energy Ccmnission and adopted by the Environmental Protection Agency, Estimates 

based on acceptable level of risk are only conceptual and must not be taken as 

calcniated no-effect levels. 

1.2 Manmalian .Toxicity 

The current Icnowledge Of the, interaction of PGBs with life forms will 

not be reviewed in detail in this report; an exhaustive review will be submitted 

in the final repoi± on Task I. This report will highlight only those data re

lating tumor inducrtiion. This review, hcwever, is cxjnplete in the sense that najor 

adverse effects, are mentioned including those within the major target organs. 

PCBs have.lew acute toxicity. But because of tiheir near conplete ab

sorption, high lipid (fat) solubility, lew water solubility, and relative chemical 

inertness, PCBs tend to concentrate in the food chain, accumulate in body fat, 

persist in biological tissue, and shew persistent toxicity. Consequently, short-

term studies are not adecjuate indicators of the long-term effects of PCB exposure. 

Latent effects, .those effects that cxour sc3me time after exposure has ceased, and 

crumulative effects, those effects that ocoxur only after a threshold level of PCB 

or tissue damage has been reacdied, may be easilymissed over tihe short term. Since 

most toxicity studies with PCBs have been short-term, there is limited scientific 

evidence establishing or predicrting the chronic effects. 

1.2.1 Sx±>ac:ute and Chronic Toxicity 

"No-effect" levels of PCBs in rats and dogs fed tliree Aroclors 

for two years were reported by Monsanto in 1971. A sumnary of their results is ' 

presented here. 
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Rats - Method 

A two-year chronic toxicity study was conducted using rats 

fed diets containing Aroclors 1242, 1254 and 1260. The animals enployed in the 

test were Charles River strain albino ratis. Four h^dred rats (200 male and 200 

female) were selected for each of tihe experiments. 

Outline of Each Experiment •'-

Group 

Control 

T-I 

T-li 

T-III 

Number of Animals 
Male 

50 

50 

50 

50 

Female 

50 

50 

50 

50 

Dietary Level 
(ppm) 

None Admiristered 

1 

10 

100 

Rat Results - Arcolor 1242. 

At sacrifice after 3, 6 or 12.months on test, organ weights, 

organ to tody weight and organ to brain weight ratios disclosed se-veral randomly 

occurring intergroup differences. The lack of any•consistent-dose-related res- . 

ponse and the absence of any deleterious tissue changes' confirm that these ,.. 

differences were not related to the ingestion of Arcolor 1242. 

At the final sacrifice after 24 months on test, the liver weightis 

and liver to body weight or brain weight ratios were significantly elevated in-

females from the T-III group. Histologic examination of tihe livers from the T-III 

group revealed several animals with -vacuolar changes indicative of fatty degenera

tion. Specific fat stains oonfimed the presence of fat in these vac\oles. Focal 

hypertrophy and focal hyperplasia were also found in the li-vers from aninals fed 

Aroclor 1242. 

Hyperplasia of the urinary bladder was found in animals from "̂  

the control group and from e a d h of the test groups. This hyperplasia was usually 

associated with cystitis. 
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•̂  The incidences and types of all tumors were about the same in 

all groups, including the control group, and are considered normal for rats of 

this age. 

Rat Results - Areolar 1254 

At sacrifice after 3, 6, or 12 months on test, organ weights, 

organ to body weight and organ to brain weight ratios disclosed several randomly 

cxourring intergroup differences. The lack of any consistent dose related res

ponse and the absence of any deleterious tissue changes confirm tihat tihese 

differences were not related to the ingestion of Aroclor 1254. 

At the final sacrifice after 24 months on test, the absolute 

liver weight and liver to body weight or brain weight ratios were.significantly 

elevated in both T-III males and females. Histologic examinations of the livers 

from the T-III grovp revealed several animals with vacuolar c±ianges indicative 

of fatty degeneration. Specific fat stains confirmed the presence of fat in these 

vacruoles. Focal hypertrophy and focal hyperplasia were also found in the livers 

from aninals fed Aroclor 1254. 

Hyperplasia of tihe urinary bladder was found in animals frcm 

the control group and from eacdi of the test groups. This hyperplasia was usually 

associated with cystitis. 

None of the tumors found could be related to the ingestion of 

Aroclor 1254 and are considered normal for a random popniation'of rats this age. 

.., Rat Results - Aroclor 1260 

At sacrifice after 3, 6, or 12 months on test organ weights, 

organ to body weight and organ to-brain weight ratios disclosed several randomly 

ocewrring intergroup differerices. The lack of any consistent dose related res

ponse and tihe absence of any deleterious tissue change confirm that these differences 

were not related to the ingestion of Aroclor 1260. . 

At the final sacrifice after 24 months on. test, the liver weights 

and liver to body weii^t or brain weight ratios were significantly elevated in the 

rats from the T-III group. Histologic examination of the livers from the T-III 
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group revealed several animals also with vacuolar changes indicative of fatty 

degeneration. Specific fat stains confirmed the presence of fat in these vacuoles. 

Focal hypertrophy and focal hyperplasia were also found in the livers from animals 

fed Aroclor 1260. 

Hyperplasia of the urinary bladder was found in an animal from 

the contirol group but not in any of -the test animals. , , 

The incidences and types of all tumors were about the sane inĵ  

all groups, including the control group, and are considered normal for rats of .,; 

this age. 

Dogs - Method 

The two-year toxicity study utilized an untreated control group 

and three test groups, each consisting of eight pjurebred beagle dogs (four males 

and four females). The beagles were all eligible for A.K.C. registration and 

had been previously immunized. 

The material to be tested, Arcolors 1242, 1254,aand 1260 were 

incorporated into a stock diet and fed to the dogs seven days a week in three 

graded dietary levels. The levels were 1, 10 and 100 ppm. 

An outline of the test organization is presented here: 

Outline of Each Experiment 

Group 

UC 

I. 

II 

III 

Number o:: Animals 
Males 

4 

4 

' 4 

4 

Females 

4 

4 

4 

4 

Dietary Level 
(ppm) 

None 

1 

10 

100 

Dog Results - Aroclor 1242, 1254 and 1260 

No significant abnomalities were observed in the following 

parameters: 
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Body Wfeight 

Food Consunption 

Behavioral Reactions 

Hematology 

Urine 

Animals receiving 100 ppm of Aroclor 1260 exhibited increases 

in serum'al]<aline phosphatase activity at the conclusion of the investigation. 

A female receiving 100 ppm of Aroclor 1242 was sacrificed in 

extremis after 60 weete of testing; gross and histologic examinations revealed 

severe ciuonic peritoritis. A male receiving 10 ppm died after 32 weeks of testing; 

death was attributed to chronic pneumonia. Histologic examination revealed no 

abnormalities related to the test material ingestion. 

TVro fatalities occurred during the Arcxrlor 1254 study: a 100 

ppm-.fanale after 33 weeks of testing and a 10 ppm female after 37 weeks. The 

femiLe receiving 100 ppm died frcan injuries received in a fight. Ciross and 

histologic examinations of the 10 ppm female revealed ciuronic peritonitis. 

TVO fatalities occurred during the Aroclor 1260 study: a 100 

ppm female after 29 weeks and a 100 ppm male after 33 weeks. Cioss and histologic 

examinations revealed severe chronic peritonitis in the fonale and acnite pneumonia 

in the nale. 

.*f< All animals receiving- 100 ppm of Aroclor 1260 exhibited elevations 

in liver to body weight ratios. 

Gross and histologic examination of all renaining aninals re

vealed no sigriificant abnormalities. 

Work by Dr. James Allen (U. of Wisconsin) on simians is dis

cussed in the following paragraphs. 

Simians - Method 

The hazards to simians of low level PCB exposure ha-ve been 

demoristrated only very recently. Allen in 1974 reported the results of feeding 
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six adult feitale rhesus monkeys a diet containing 25 ppm of Aroclor 1248 for two 

months. The average total intake of PCBs for five animals fed for two months 

was approximately 250 mg, or 0.78 mgAg body weight per day. The sixth monkey 

consumed a total of 450 mg at 1.34 rogAg/day; this animal died 68 days after 

feeding was stopped. 

The effects in all six animals included facial swelling, severe 

hyperplastic gastritis and liver necrosis. All but one of the surviving were un

able to conceive. The one live birth was a smaller than averaae infant. 

The surviving monkeys continued to have high adipose tissue 

levels, acne, tissue swelling and hair loss two years after this short term, low 

level ejqposure. As will be seen, these signs were similar to those encountered 

in hunians during tihe "Yusho" intoxication in Japan (described later in this report). 

1.2.2 Reproduction 

. PCBs have been shown to affect reproduction in several different 

species. Egg production, egg hatchability, and shell thickness were decreased by 

feeding lew levels of various PCB fomiulations to chickens. Female rats fed 20 

ppm of Aroclor 1254 (1.5 rogAg/day) had a decrease in the number of litters and 

in litter size. In a.two-generation study, 5 ppm was the no effect level for rat 

reproduction. Higher dietary levels caused decreased rat offspring survi-val and 

decreased nating performance. Even at 1 ppm, nale rats were bom with enlarged 

livers. In a more recent study, Allen has reported that levels in the diet as 

low as 2.5 ppm resulted in a narked decrease in the ability of monkeys to conceive. 

1.2.3 Pathology 

One of the most studied toxic effects of PCBs has been-in liver 

pathology in rats and rabbits. PCBs cause similar damage vhen administered by 

injection, inhalation, or by mouth. In cases of PCB poisoning, early liver damage 

has been noted. Many researchers have described the now classical pathological . 

changes in the liver of aiimals ejposed to PCBs. These include infiltration by 

fat, increased cell and liver size, degeneration of cellular contents, and ulti-

nately cell death. The latent nature of these effects is demonstrated by the fact 

the most severe histopathology known cocn;irred 5 to 13 weeks after PCB ingestion 

had ceased. 
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Additional patiholbgical changes have recently been noted. 

These were classified as adenofibrosis and are often seen in association with 

liver carcinoia. Abnormal growth and development of the gastric mucosa has 

also been reported and is furtiher evidence of the carcinogenic potential of PCBs. 

For reasons conpletely independent of any possible association 

witih cancer, the significance of fibrosis, adenofibrosis, and liver necrosis are 

very grave. These lesions may be associated with carciromas in rcxlent liver. 

1.2.4 Carcinogenicity 

Unfortunately, statistically sound dose-carcinogenic response 

studies necessary to tireat nany environnental problems, including PCBs, are 

currently not available. A review of the world scientific literature reveal 

only six studies -pertinent to carcinogenesis. These are listed and discussed 

below. 

1, Kinbrough, R,D., Linder> R.E., and Gaines, T.B., 

"-'• "MDrphological Changes in Livers of Rats Fed Poly

chlorinated Biphenyls", Arch. En'von. Health 25, 

354 (1972)'. 

An extensive c±ironic study of Sherman rats, using 

Arcolors 1260 and 1254, witih dietary levels of 0, 

20, 100, 500 and 1000 ppm, documented a variety of 

histopathological effects after £ months of ex

posure. Degenerative liver changes observed in 

both male and fonale test animals at all dosages 

of both PCBs included hypertrophy of individual 

liver cells, hyperchronatic plecmorphic nuclei, 

cytoplasnic lipid vacuoles, and porphyria, all 

characteristics of chlorinated hydrocarbon (DDT, 

dieldrin) intoxication. In some cases, adenofibrosis 

(uncertain significance) was observed. All of the 

mortalities that occrurred during exposure to the 

Areclor 1260 were fenale. In nearly all gross 
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1) 

pathological examinations, males demonstrated 

enlarged livers, while females did not; liver 

effects of Aroclor 1254 were adjudged more pro

nounced than tihose of Aroclor 1260. 

The short duration of this study is a dravtoack 

for its inclusion in evaluation of carcinogenic 

effects. 

Kimura, N.T. and Baba, T., "Neoplastic C3'ianges in 

the Rat Liver Induced by Polychlorinated Biphenyl", 

Gann 64_, 105 (1973). 

Following the observation, by electron microscopy, 

of specific norphologieal alterations (previously 

observed witih other carcinogens) in liver cell 

nucleoli of aninals ingesting PCBs, a preliminary 

study on PCB carcincjgenic activity was instituted. 

Using rats of the Donry strain, Kanechlor 400 mixed 

in oil was fed at dietary levels ranging upwards 

from 38.5 ppm. Ten male and ten female rats were 

in t h e experimental group with fi-ve of each sex in 

the contirol group. Using body weight gains (can-

pared to controls) the concentration of the Kanechlor 

was, ineareased or decreased according to the following 

scdiedule. 

Period of 
Feeding (days) 

26 
57 
21 
21 
56 
39 
29 
98 
28 
82 

Concentration of 
KanecdiLor-400 

(ppii) 
38.5 
77 

154 
308 
616 
462 

0 
462 

0 
462 

Total 400 
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'̂= ^^^. 

Multiple adenomatous nodules were observed in 

all livers of the female experimental group 

ingesting more than 1200 ngs of Kanechlor 400. 

In sharp contrast, hcwever, the liver specimens -' 

of the male experimental rats revealed no such 

eihanges even in animals receiving cxatparable or 

higher amounts of Kanec±ilor 400 than fenales. 

Although these authors refer to this lesion as 

benign in nature, further discussion of this 

lesion is presented later in tihis report. 

The variable dosage schedule and the snail numbers 

of animals used present drai^acks for its inclusion 

in evaluation of carcinogenic effects. 

ItO, N., et al. "Histopatholcpgic Studies on Liver 

Tumorigenesis Induced in Mice by Technical Poly

chlorirated Biphenyls and its Promoting Effect on 

Liver Tumors Induced by Benzene Hexachloride", J. 

Natl. Cancer Inst., 51, 1637 (1973). 

This paper reports the histopathologic and ultira-

structural observations of livers of dd mice fed 

PCBs in their diet for a period of 32 weeks.. Twelve 

nale mice were used at each of three dosage levels. 

Three PCBs were investigated, Kanechlor 500, 400, 

and 300. The results indicate hepatocellular earcincjnas 

and nodular hyperplasia were induced by Kanechlor 

500 but not by the two other PCBs, as seen below: 
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Cellular 
Hypetropt^ 

-H-
+ 
+ 

++ 
+ 
+ 

+ 

+ 

Nodular , 
Hyperplasia 

7/12 
0/12 
0/12 

0/12 
0/12 
0/12 

- 0/12 
0/12 
1/12 

Hepatocellular 
Carcincma 

5/12 
0/12 
0/12 

0/12 
0/12 
0/12 

0/12 
0/12 
0/12 

PCBS 
Diet (ppm) 

Kanechlor 500 (500) 
Kanechlor 500 (250) 
Kanechlor 500 (100) 

Kanechlor 400 (500) 
Kanechlor 400 (250) 
Kanechlor 400 (100) 

Kanechlor 300 (500) 
Kanechlor 300 (250) 
Kanechlor 300 (100) 

Ctontrol - 0/6 0/6 

The effect of PCBs on neoplastic changes induced 

by isomers of benzene hexachloride (a, 6 and ^ in -

tihe livers of mice fed a diet containing BHC witih 

and without PCBs for 24 weeks was also studied. The 

authors concluded that in addition to the carcinogenic 

activity of PCBs, these materials, also promote tumors 

induced by a BHC and B BHC. 

4. Kimbrough, R.D., and Linder, R.E., "Induction of 

Adenofibrosis and Hepatomas of the Liver in BALB/cj 

^ice by Polychlorinated Biphenyls (Aroclor 1254)", 

J. Natl. Cancer Inst., _53, 547 (1974). 

Two groups of 50 BALB/cj inbred male mice were fed 

300 ppm of Aroclor 1254 in the diet for 11 and 6 months. 

The six-months group was given a recovery period of 

5 months. The results are presented below: 

Dietary Exposure Total 
Level (ppm) Tine (Mo,) Survivors Hepatoma 

0 0 . 34 0 
0 • 0 24 0 

300 11 22 9 
300 6 24 1 
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In addition, all 22 mice in the group receiving 

Arcolor 1254 demonstrated adenofibrosis vhich was 

not observed in any otiher group. 

5. Makiura, S., et al, "Inhibitory Effect of Poly

chlorinated Biphenyls on Liver Tumorigenesis in 

Rats Treated witih 3'.-Methyl-4-Dinethylaminoazo-

benzene, N-2-Fluorenylacetamide, and Diethyl-

ritrosandne", J. Natl. Cancer Inst., ̂ , 1253 

(1974). 

The effect of PCBs (Kanechlor 500) on liver carcino

genesis induced by 3-methyl-4 dimethylaminoazobenzene 

(3' Me-DAB), N-2-fluorenylacetamide (2-FAA) and/or 

diethylnitrosamine (DEN) was stiudied in male Sprague-

Dawley rats. Duration of exposures were 20 weeks. 

Liver; tumors developed with the tihree known liver 

carcinogens, i.e., 3' Me-DAB, 2 FAA, and DEN. No 

tumors developed in the aninals fed PCBs alone and • 

when fed with the above mentioned carcinogens a marked . . 

reduction in tumor incidence, was observed. The lack 

of tumors in the PCBs fed rats nay have been the result 

of lew dose (500 ppm) and/or the short pericxi of ad-

ministiration since these sane authors had induced 

tunors in rats treated with Kanechlor 500 at 1000 ppm 

for 72 weeks. Histopathology findings of the li-vers 

were similar as previously reported; i.e., fatty 

changes and cell hypertrophy. 

6. Kimbrough, R.D,; Squire, R.A.; Linder, R,E.; Strandberg, 

J.D.; Montali, R.J. and Burse, V.W., "Induction of 
(R) 

Liver Tumors in Rats by Polychlorinated Biphenyl Aroclor 
1260", J. Natl. Clancer Inst, (in press, 1975). 

-V 

^ 
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Two hundred Sherman Stirain female rats were fed 100 

ppn of polychlorinated biphenyl (Arcolor 1260) for 

approxinately 21 months, and 200 female rats were 

kept as controls. The rats were sacrificed v*en 23 

months old. Twenty-six of 184 surviving experimental 

rats and 1 of 173 surviving control rats examined had 

hepatcoellular carcincnBS. None of tihe contirols, but 

146 of the 184 experimental rats, had neoplastic 

nodules in their liver. Areas of hepatocellular 

alteration were noted in 28 of the 173 controls and 

182 of the 184 experimental rats. It was concluded 

that Aroclor 1260 had a hepatocarcinogenic effect in 

female Sherman Stirain rats. The incidence of tunors 

in other organs did not differ appreciably between the 

experimental and control groups. 

1.2.5 Bryan-Mantel and One Hit Model Calculations of Aninal Data 
for Extrapolation to Humans ^ 

As indicated previously, statistical handling' of experimental 

data helps resolve cjuestioris of experimental design and the"problems of threshold 

in setting safe doses. We have applied the Bryan-Mantel and One Hit Model calculations 

to two studies. The results of these analyses are presented in Tables I and II,' 

therefore, using the reconmendations set forth previously, we 

conclude that the use of the Bryan-Mantel Probit Model should be used to calculate 

the "safe" level of PCBs using a theoretical maximum acceptable lifetime risk of 

1/10 ,of development of hepatomas (neoplastic nodules). This dose is 167 ppt at the 

99-percent confidence limits if the latest data in rats (Kinibrough 1975) is used. 

In tihe ease of development of hepatocarcinonas, the level would be 11,887 ppt. 

The rather low "safe" dose relative to the hepatonas reflects 

that the dosage level used in the experiment (i.e., 100 ppm) was too high for tihat 

response (146 hepatcmas in 184 rats). These neoplasms are mostly benign tumors 
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Table I 

Analysis of Carcinogenic Risk to Humans from Ingested 
PCBs Based on Kimbrough 1975 Study (Rats) 

Intake Level in ppt for Specified 

Analytical 
mthod 

Bryan-Mantel 
Bryan-r-lantel 

One Hit 
One Hit _• 

Confidence 
Limits (%) 

95 
99 

95 
99 

1/10°* 

1963 
1645 

4 
-4 

1/10^* 

5080 
4257 

45 
39 

1/10°* 

14,187 
111,887 

447 
391 

1/10^* 

43,640 
36,566 

4,472 
3,906 

Intake Level for ppt for Specifled 

Analytical 
Method 

Bryan-Mantel 
Bryan-Mantel 

cne Hit 
One Hit 

,Confidence 
Limits (%) 

95 
99 

95-
99 

Levels of Risk 

1/10° . 

27 
23 -

0 
0 

1/10' 

7o 
60 

2 
2 

for tfeoplastic Nodules 

1/10^ ' 1/10°-

197 605 
167 512 

21 205 
18 - 180 

Intake Level for ppt for Specified 

Analytical 
I^thod 

Bryan-Mantel 
Bryan-Mantel 

One Hit 
One Hit 

Confidence 
Limits (%) 

95 
99 . 

95 
99 

Levels 

1/10° 

0 
0 

0 
0 

of Risk 

- 1/10' 

1 
1 

0 
0 

for Foci 

1/10° 

"3 
2 

0 
0 

•1/10 ̂  

10 
6 

3 
1 

*Risk level of one tumor per 10°,10',10°, or 10° population 
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Table II' 

Analysis of Carcinogenic Risk to Humans frcm Ingested 
PCBs based on Kinbrough-1974 Study (Mice) 

Intake Level in ppt 
for Specified Level of Risk 

for Hepatoma (Neoplastic Nodules) 

Analytical Method 

Bryan-Mantel 

One Hit 

8* 
Confidence Limits (%) 1/10 

95 451 

99 297 

95 2 

99 2 

7* 
1/10' 

1167 

768 

21 

16 

1/10^* 

3258 

1 2145 1 

214 

160 

5* 
1/10 

10022' 

6597 

2140 

1596 

*Risk level of one tumor per 10 , 10 , 10 , or 10 population. 
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occurring late in life. There is little tine left for them to becxjne malignant 
"f 

in the remaining life-time of tihe rat. Until further data becone available or j 

other means are used lo handle existing data, one should assume the "safe" dose 

in lifetime human diet to be between 0,2 p p b and 12 ppb. 4 

It is interesting to note that if the simian reproduction data 

is used and the classical 1/100 safety factor is applied to the lowest dose 

studied (2.5 ppm), a "safe" dose of 25 ppb is obtained. This dose (2.5 ppm), how

ever, appears to be a minimal effecrtive dose, whereas normally the hiahest no-

effect level is used. Use of minimum effect levels and even other safetiy factors 

have been used; e.g., 1/10 to 1/5000. These would result in dosage levels ranging 

from 250 ppb to as low as 0,5 ppb. 

These calcnilations must be considered preliminary since tine 

has not permitted consideration of other factors, such as: 

1) Body surface area instead of body weight in determining 

Si daily intake 

2) Ocrrparison witih nost ̂ likely hunan daily intake 

3) Further calculations of existing data 

4) Combination of all existing aninal data 

5) Consideration of netabolism, storage and excretion data 

anong animals species as compared to nan 

1.3 Observations in Humans 

In acJdition to data provided by continuing studies of the various effecrts 

of PCBs on laboratory aninals, some information is a-vailable on the subacute or 

chroric ef fectis of PCBs on hunans. 

Human intoxication witih Kanechlor 400, a PCB manufactured in Japan 

{48-percent chlorine) was edoserved after a heat exchanger leaked fluid into rice 

oil which was then consumed by Japanese families in 1968. Approxinately 1,000 

persons were affecrted, and typical clinical findings included: ^ 
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1. Increased eye discharge 

2. Acne-like eruptions 

3. Dark brown pigmentation of nails 

4. Pigmentation of skin 

5. Transient visual disturbance 

6. Feeling of weakness .-•' 

7. Nuntoness in limbs ;£• 

8. Headache 

9. Weight loss 

10. 'Vomiting 

11. Diarrhea 

12. Fetal toxicity 

Items 5 tihrough 8 represent synptoms of damage to the nervous syston 

seen in "Yusho" patients. PCBs are known to enter the brain, but they do not 

have a predominant central neurotoxic effect like the related hexachlorophene. 

Laboratory findings in the severe cases included: 

1. Red blood cells and hemoglobin decreased; leukocytes increased 

2. Total serum lipids, triglycerides, alpha 2-globulins increased 

3. Slight increase in alkaline phosp*iatase 

4.' Liver biopsy-reduction of rough endoplasmic reticulum; hypertrophy 

of smooth endoplasmic reticulum; giant mitochondria were fre

quently encountered 

When 159 "Yusho" patients were examined in 1969 and 1970, it was found 

that 50 percent shewed no clinical improvement and 10 percent were worse, another 

indication of the persistence of PCBs in the hunan body. The chemical was found 

to be stored primarily in the adipose tissue but also passed into tihe placenta and 

fetus. 

A very early and common synptcm in these patients was chloracnie. 

Chlorache is an cxoupational skin disease caused by many chemicals. Chloracne 

resembles adolescent acne in some ways, but is generally more severe. Its synptoms 

consist of comedones with or wi-thout cysts and pustules. The openings of the hair 
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fallicles are filled with oil and protein material. Darkening of the skin and 

secondary inflammation nay also occrur. During the_ 1930s and 1940s several large 

outbreaks occurred in workers engaged in the nanufacture' of PCBs and closely 

related chanicals. 

The disease can be produced by both direct skin exposure and by oral 

intake of PCBs. The ability of oral consunption of PCBs to cause persistent 

chloracne was convincingly demonstirated in the "Yusho" incident, v*iere chloracne 

was still present in several people three years after oral consunption of PCBs 

had ceased. 

The sane study shewed no significant difference among sexes, but a 

significant difference in clinical severity by age was observed, with the 13- to 

29-year-old group being the most sensitive. Of the 11 babies bom to affected 

mothers, 2 were stillborn, 9 had dark-brown stained skin, and increased eye dis

charge was noticeable in most. -Grcwth rates of affected children, as measured by 

both height and weight gains, were monitored and ccnpared with unaffected class

mates; a significant decrrease in growth rate was detected in the males vho were 

poisoned, but no definitive change was observed in tihe females. 

Rice oil exposure levels were calculated at approxinately 15,000 mg/day 

(average); the oil itself ̂ r̂as reported to be contaminated at about 2,000 ppm 

Kanechlor 400 (derived frcm the Icncwn organic chlorine content of rice oil in 

relation to tihe kncwn organic chlorine content of the PCB). The average total dose 

of PCBs causing an effect in these victims was reported as 2,000 mg. The lowest 

PCB level that produced human effects (50 kg man) was 500 n^ consumed over a period 

of 50 days at a rate of approximately 200 ugAg/day. The effecrt level was based, 

hcwever, on overt synptoms, rather tlian on sensitive bicxdienical indicators that 

might have demonstirated effects at even lower levels. Since PCBs probably have a 

long biological half-life in humans, a toxioological analysis of the human data 

nuist be based on the assunption that ingested PCBs vrould continue to accnimulate in 

tissues for a long period of time. 

The apparent human health threat from chronic ingestion of PCBs prarptied 

the U.S. Fex3d and Drug Administiration to issue proposed limitations on the levels 
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of PCBs in foods, animal feeds, and food packaging materials. On July 6, 1973, 

final regulations were promulgated that established tenporary tolerances for 

PCB residues arising frtsn una-voidable contamination. These tolerances are: 

1. 2,5 ppm in milk (fat basis) 

2. 2,5 ppm in manufacrtured dairy producrts (fat basis) 

3. 5 ppm in poultiry (fat basis) .... -

4. 0.5 ppm in eggs 

5. 0.2 ppm in finished animal feed for fcxxl-producing aninals 

. (except the follcwing finished animal feeds: feed concentirates, 

feed supplements, and feed premixes) 

6. 2 ppm in aninal feed exatponents of aninal origin, including 

fishmeal and other by-products of marine origin and in fish 

animal feed concentrates, supplements, and premixes intended 

for food-producing aninals 

7. 5 ppm in edible portions of fish aivi shellfish (the edible 

portion of fish excludes head, scales, viscera, and inedible 

•• bones) 

8. 0.2 ppn in infant and junior foods 

9. 10 ppm in paper fcxxl-packaging naterial intended for or used --

wi-th human fcxxi, finished aninal feed and any corrponents in- '̂• 

tended for aninal feeds (the tolerance dees not apply to paper 

fexsd-packaging naterial separated fron the fexxi by a barrier -" • 

I inpermeable to migration of PCBs) 

1.4 C^onclusions 

PCZBs localize in certain tissues and do rot break dcwn easily in the 

body. This persistence leads to cumulative toxicitry. Early toxioological evidence 

oonceming the chronic adverse health effeert̂ s of PCBs frcm experimental animals 

such as mice and rats and frcm e±)servatioral <3ata in humans has teen more recently 
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supplemented by additional experimental findings in monkeys. A close correlation 

exists iDetween the synptoms noted in hunans and those noted in tihe monkeys, 

suggesting that the dose response relationships and metabolic and excretion pheno

mena of PCBs are similar in both hunans and monkeys. According to scjme pathologists, 

PCB exposure can cause cancerous liver lesions. 

Evidence from relatively short-term exposure (several montihs) and 

chronic exposure in animals or hunans danonstrates that PCBs are a significant 

health hazard. 
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EVALUATIC^ OF RISK FOR POTENTIAL SUBSTITUTES, FOR PCBs 

2.0 INTRODUCTION 

Although unattainable, absolute safety (i.e., absolute control) is the .goal 

society would like to achieve with regard to all chemicals introduced by industry. 

Safety as practiced, hcwever, always entails some degree of risk. But experience 

has shown that maximization of chemical, physical, and toxioological infomation 

will minimize risk. For exanple, if a given compound is kncwn to end up in man's 

fcod supply, information on its chonistiry and potential chronic toxicity vrould be 

essential to minimizing the public health hazard. 

The experience with PCBs illustrates the enormous range of ccsnplexity of risk 

evaluation that nany new conpounds may require for maximum public safety. We 

believe no one could have foreseen the present situation with PCBs. Thus we 

strongly feel all substances should not be subjected to a single rigid routine of 

study, as suc± action vould be self defeating. 

Instead, we propose that an orderly step>-wise approach be made. Information 

gathered on specific chanicals should show the direction for the acquisition of 

additional infomation. The continuous use and especially the increasing use of 

new cdiemicals should be parallelled by additional testing of the chemicals. Such 

a hierarchy or secjuential testing will: (1) result in avoidance of unnecessary 

test preoedures and (2) answer those questions vAiich will in the long run reveal 

the most productive infomation. 

2.1 Estiination of Dose to the Target System 

Mass production of chemicals invariably results in scsne degree of 

environnental contamination, but the route by v*ich a gi-uen contaminant affec±s 

humans varies according to the type of conpound. Vinyl chloride, for instance, 

presents a hazard almost entirely on the occ:upational level - tihat is, among 

vrorkers dealing with vinyl chloride. For PCBs, on the other hand, exposure through 

direct contact is not the issue; bioaccrumulation through the food chain is the 

exposure route of interest. 
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The pattem of use is one of the most significant fac±ors in deter

mining the ejcposure of the target system. The use of PCBs in carbonless paper 

prior to the voluntary ban on this use in 1971 has proven to be an excellent 

exanple of the devious routes by which pollutants find their way into our food — 

carbonless paper is recrycled to paperboard for fcxxi packaging,' and, in addition 

to PCB release to the vaterways during the recycling process, the paperbeard itself 

leaciies PCBs to food it contains. 

The nethod of disposal of waste also presents problems, especially with 

such highly stable cxjipounds as PCBs. Ease of disposability and rapid deexjnpositibn 

to inert compounds after disposal are characteristics v/hich are hi.ahlv desirable in 

substitutes for PCBs. 

For scite PCB substitutes an elaborate examination of their movement 

tJirough the environment, their turansformation by chemical, physical or biological 

interactions and tihe dissemination and transport of the resultant cxaipounds may 

be essential. 

The nature of injury must be considered. A reversible functional effect, 

though undesirable, would be of vastly less consequence t±ian irreversible and 

fatal effects. Mutagenesis and teratogenesis are more subtle forms of injury, but 

the testing methods for these grave threats generally are elaborate and in-volved. 

This field, hc3vrever, is advancing rapidly. 

With respee:t to wildlife, considerations-are substantially different 

than with man. Because of the inpossibility of pretesting all species with all new 

chemicals, concern must of necessity be an the endangerment of a species or of a 

Icxal animal popula-tion. This type of information frequently can only be obtained 

by constant surveillance of the environnent within v?hich a compound is released. 

2.2 Nature of Tests Needed to Evaluate Human Health Effects 

The major determinants of the effects of chemicals upon the health and 

vsrell-being of the individual and scoiety are: 

1. The nature of the chemical per se 

'»' 
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2. The duration of exposure 

•5(, 3 . The cjuantity of the chenical 

i 
If a relatively large amount of a toxic chemical acts for a short 

fv period of time, tihe effects are acute, while relatively small amounts acting over 

long pericjds tend to produce chronic ef fecrts. Other more subtle effectis have -

been noted, and cancer, modification of behavior, genetic effects, potentiation--

of the toxicity of other environnental conpounds may also have to be investigatiefd. 

Clearly there is no one protcxol by v*iich to evaluate toxicity of every 

chemical. The follcwing protocols are presented as guidelines only, .:.' 

2.3 Physical and CSiemical Properties 

Basic, information on physical and chemical properties are, of course, 

essential. These data are needed not only for analysis and monitoring, but to 

assess stability and determine vThetiher and where a c±iemical is likely to be found 

in -the environnent. The follcwing data can be easily gathered in a laboratory: 

1. Chemical corposition 

2. Conron name, if established 

3. Chsnical name (Chemical Abstracts, Wiswesser nomenclature) 

4. Trade name 

5. Structural formula 

6. Melting point 

7. Boiling point ;.u 

8. 'Vapor pressure 

9. Density or specific gravity 

10. Solubility in water and in selected' organic solvents and oils 

11. Dissociation constants (pKa or pKb) 

12. Physical state 

13. Color 

14. Odor 

15. pH 

,̂, 16. Flashpoint 

17. Viscosity 
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Reactions and other characrteristies of a chsnical in relation to other 

corpounds such as, water, air, and soil should include the follcwing: ^ 

1. Oxidizing properties 

2. Reducing properties - J 

3. Corrosive hazard 

4. Explosive characteristics 

5. Hydrolysis rate 

6. Photochemistry 

2.3.1 Strucrture and Reactions 

Elemental conposition, structure, and formula weight may suffice 

to suggest various reaction a compound is capable of, but the c:hemistiry of new 

cxsipounds may be highly specialized, and predictive characrteristies nay not be 

apparent. In addition to the oxidative, reducrtive and hydrolysis reae±ions, 

reactions of biological inportance should also be considered; for exanple,. 

alkylation, deaUQ'lation, esterification, iscmerization, and conjugation with 

animal and plant constituents may aid in tihe choice of future testing procedures. 

Rates and degree of conpletion of reactions also are useful; for exanple, the rate 

of dehydrohalogenation of organochlorine conpounds at high pH could provide leads 

to relative persistence. 

2.3.2 Physical Properties 

Krowledge of physical properties assists not only in determina-

tion-'Of purity, but more inportantly, aids in assessnent of the potential behavior 

in aind flow through the environnent. Physical properties are also useful to the 

toxicolcjgist in the design of his studies. 

2.3.3 Inpurities 

Inpurities such as residues of reacrtants, residual solvent and 

congeners, and the producrts of side reactions must be identified. Many final 

ccmtercial producrts are deliberate mixtures. The toxieologist must reccsgrize the 

jareblems of inpurities and mixtures. The recent experience of 2,4,5T having dioxin 

oontamination is an exanple. This impurity later vas shewn -to have an IDCQ for '̂̂  
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guinea pigs of 1 yg/Kg. Chlorobenzofuran appears to be not only a likely inpurity 

Y of the parent PCBs, but may also be produced in the intended use of tihe PCBs; 

indeed it nay even be a metabolic transformation product. 

V 2.4 Information on Manufacturing Process and Possible Losses 

The following data on manufacture will be useful in the assessment of 

PCB substitutes: 

1. Description of the basic nanufacturing prexress 

2. Purity of starting and intermediate materials 

3. Description of cjuality controls 

4. Conposition of the technical product including the names and . 

amounts of inpurities 

5. Annual production reports 

6. Present and anticipated uses 

7. Means of transportation to site of use 

8. Disposal of waste of production 

9. Disposal of "spent" material that may contain the chemical 

10. Accidental losses likely to occur 

2.4.1 Production, Use, Disposal 

aiowledge of the production, use and disposal of a chemical will 

be extrenely helpful, along with physical and chemical properties, to estinate 

exposuris levels to specific target systems. These estinates then can be used to 

identify the control systems tihat night be instituted to minimize release to the 

environnent. In general, releases associated with production are anenable to 

controls on manufacturers; releases associated with use are anenable controls on 

users. Voluntary control C3ver releases during use (equivalent to the -voluntary 

controls exercised by Monsanto witih regard to production) varrant further investi

gation, because the use of a chemical is intimately related to its potential re

lease to the environment. Releases associated witih disposal are also related.to 

production and use, but are most easily controlled at the municipal level. 
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2.4.2 Production Specifics 

Producrtion is the first level at v^ich a chemical is likely.to Z' 
be introduced to the environnent (i.e., through emissions); it is also at this 

stage that human toxicological data may be first obtained, through occupational } 

exposure. Records of health, and exposure levels of employees as now required by 

the Occupational Health and Safety Administration will be of inestimable value 

in assessing health effects; the discovery of hemangiosarcoma in workers exposed 

to vinyl, chloride is an exanple. 

Data on prcxiuction and production losses must be obtained from 

manufacturers. Inventory statistics and da-ta on methods of transporrt to major 

clients will be essential in quantifying losses. All data should be expressed on 

the final prcxiuct, i.e., conmercial grade, since inpurities may prove more harmful 

than the product itself. Data on the losses from prcxiuction and transport pro

cesses are of critical inportance. Much of these data are company confidential and 

allowances will be necessary to protect confidentiality. 

2.4.3 Uses 

By far the most inportant infomation needed to estimate the 

exposure of a target population is a knowledge of the uses of a chemical. The 

first step in understanding how chemicals get to the environment would be to 

classify the uses into two categories: (1) contained uses, and (2) dispersive uses. 

In general those uses designated as contained will not introduce 

large''•quantities of chemicals to tihe environment. However, experience with PCBs. 

has shown tihat accidents, vrfien tihey occur, frecjuently result in massive spills. 

Infomation on possible methods and amounts of release during normal contained 

usage should be carefully considered. The ultimate air route of dispersal of PCBs 

was never considered a serious tihreat, though it now appears this rnay be the najor 

route of dispersal. 

The use of consumer products containing toxic materials can result 

in significant direct exposure as well as affect the disposal pattem of these 

naterials. 1̂ ' 
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2.4.4 Disposal 

The disposal of chemicals in contained uses is, of course, a 

major concern, especially with persistent materials such as PCBs. Labelling and 

refund incentives nay be necessary in order to get "spent" materials in-to the 

hands of persons knowledgeable in proper disposal techniques. The flew of dis- .. 

carded consumer products, hcjwe-ver, presents a much more serious threat. Lack of 

ability to contirol this type disposal is c±)vious. 

For products having a short life, disposal rates are approximately 

equal to production rates. For prex3ucts with a longer life and rapidly growing 

eonsuirption rate, the rate of disposal will be smaller than the rate of production 

and may be estinated from the service life of the product and from production 

records. 

2.5 Environmental Rate - Chemodynamics, Environnental Alteration, and 
Bioaccnjnulation 

2.5.1 Outline 

The following outline lists the type of information needed to 

investigate adequately the toxicological consecguence of introduction of a new 

chemical such as a PCB substitute. It is not meant to be conclusive but is only 

intended as a guideline. These data will assist the toxieologist in relating the 

adverse effect levels in animals to appropriate exposure levels for humans. 
I; 

I. Movsnent and fate in water 

A) Dissipation rate in distilled water 

,1. hydrolysis rate at acid, basic, and neutral pH 

2. photodegradation 

B) Degradation in water containing suspended solids 

C) Degradation in bottom sediments 

D) Rate and extent of movenent in flowing water — chemical 

aralysis of water downstream 

E) Bioaccumulation in aquatic microorganisms 
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I I . Movenent and fate in soil 
•7 

A) Soil metabolism studies — aerobic and anaerobic | 

B) Soil persistence studies 

C) Leaching studies 

III. Movement into and fate in air 

A) Volatilization frcm vater, soil and nomal use 

B) Photodegradation ~ . 

TV. Fish uptake — in flĉ wing water until plateau is 

reached and clearing ih clean vater 

V. Biodegradability under sewage treatnent conditions 

2.5.2 Behavior in Aquatic Environment 

The major factors contributing to the partition of a chenical 

into the aquatic environment are its solubility and latent heat of solution. Be

cause so nany organic cotpounds are.hydrophobic, exact solubilities are diffienilt 

to obtain. .Many of these compounds tend to accrumulate at the air/water interface 

and to form clusters of -varying particle size. Tenperature, pH, salt content, and 

other variables affec± solubility. 

Microbial, p̂ hotocheraical and chemical transformations in aquatic 

systems play an inportant role in the ultimate fate of chemicals. Bioaccnjmulation 

oeours through: 

1.) Direct, ac±ive ("intended") tiransport into an organism's 

system 

2.). Active transport, where the conpound is mistaken for 

one with similar properties (e.g., arsenic being taken 

up in place of phosphorus) 

3.) Passive conplex formation, with ligands in the organism 

4.) Solubility equilibrium between fat (in the organism) 

and water . • 

1' 
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The inportance of item #4 can be appreciated by observation of 

t±e PCBs data showing that bioaccrumulations exceeding 100,000 tines the ambient 

level are reached in scxne microorganisms that are the primary fcod source of 

fish. 

2,5,3 Behavior in Soil 

The major processes affecting tihe behavior of chemicals in soils 

are adsorption and leaching-diffusion, both of v^ich are influenced by tenperature 

and moisture. Another process that af fecrts transport of a chemical in soil is the 

chemical's movement with water. Altihough downward novenent is nost conmon, lateral 

and even upward movenent are sonetimes significant. The upward novement, vrtich 

often is the result of e-vaporation ali the surface, is effecrtive in removing chenicals 

from the root zone, thus preventing possible movement into the fcxxl chain. 
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