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Abstract

Chlorine is an important industrial chemical. Not only is it a component of many
important products, it is also needed for many chemical manufacturing processes, even where
it does not appear in the final product. But a number of chlorine chemicals, especially organo-
chlorines, are toxic, carcinogenic, teratogenic or otherwise disturbing (or potentially
disturbing) to the environment. For this reason, some environmentalists — notably
Greenpeace — have seriously proposed and lobbied for a ban, not just on some products, but
on all uses of elemental chlorine itself. The chemical industry is taking this threat seriously,
and mounting a vigorous defense. But the debate so far is not illuminating the issues
effectively, because both sides are selectively using questionable and unverifiable data.

The fact that there are scientific uncertainties is not really the problem. The problem is
that data in the public domain and accessible to environmentalists and even regulatory
authorities is of very poor quality. Thanks to industry secrecy, much crucial information is
unavailable and some of what is available is misleading or wrong. The purpose of this paper,
and the three that follow, is to elucidate the information requirements for an adequate life-
cycle analysis of chlorine and its uses. The present paper deals with electrolytic chlorine
production and the chlorine-mercury connection. The next paper deals with conversion
processes and losses and further chemical industry uses of chlorine. The third paper deals with
major end uses of chlorine and chlorine chemicals. The fourth and final paper considers the
subset of persistent organochlorine pollutants (POPs) that have caused most concern to
environmentalists.
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1. Background

Chlorine is a chemically active element that is invariably combined with other elements,
usually sodium or calcium, but occasionally potassium and magnesium. It's major compound
in the environment is sodium chloride (NaC1) or ordinary table salt, which constitutes roughly
3.7 %, by weight, of seawater. There are large underground deposits of evaporite salt left over
from earlier seas that have since dried up. However, apart from this one mineral, chlorine is
rare in the earth's crust. It's role in biochemistry is equally limited. While salt is a necessary
component of every diet, and chloride ions constantly circulate through the bloodstream, and
through every cell, its biological role is limited. It appears to be mainly that of maintaining
the internal osmotic pressure of cells at an equilibrium level. It is also, of course, the source
of hydrochloric acid released in the stomach to assist with digestion.

There are several hundred organo-chlorine molecules of natural origin, mostly produced
in minute quantities by marine organisms. The most important of these is chloromethane,
which seems to be produced at the rate of about 4 million t/y [SRC 1989]. However, with one
(known) exception -- a tree frog -- organo-chlorines are not found in the tissues of vertebrates
or any terrestrial animals [Neidleman & Geigert 1986; Vallentyne 1989]. Hence terrestrial
animals do not metabolize them or detoxify them efficiently, due to lack of evolutionary
"experience".

Also, a number of organo-chlorines are biologically active in the sense that they are
capable of interfering with certain normal biochemical functions. In other words, organo-
chlorines may be toxic, carcinogenic, teratogenic or even mutagenic. In some cases these
characteristics were deliberately exploited, as in the development of a whole family of
chlorinated pesticides (starting with DDT) and herbicides (such as 2-4 D) during the 1950s
and 1960s. In other cases, the ecotoxic or carcinogenic effects turned up by accident, as in
the case of PCBs.

The exact mechanisms whereby these biological effects occur are not yet understood, for
the most part. (If they were, it would be much easier to design both chemical agents for
particular purposes, and also to design effective antidotes or antigens). All that can be said
at present, with some confidence, is that the biological activity of organo-chlorine molecules
is related to their physical structures (i.e. shapes). This follows from the fact that organo-
chlorines differing only by the exact placement of a chlorine atom on (say) a benzene ring
can have totally different biological effects. For instance, only one of the isomers of benzene
hexachloride (BHC) is biologically active; the rest are essentially inert. (The active isomer,
in purified form, is the insecticide lindane). Similarly, only about 10% of the numerous
congeners of TCDD ("dioxin") are known to be toxic, and only one is really dangerous,
namely the 2,3,7,8 TCDD.

Moreover, since some organo-chlorines are not actively metabolized, but simply stored
(mainly in fatty tissue) and passed on, about 25 of them are bio-accumulated through the food
chain. Thus, what would be an insignificant concentration in a simple organism (such as a
mosquito larva), may become a lethal concentration in a top predator three steps up the food
chain. This is why eagles, ospreys, falcons and game fish were the main victims of DDT and
other chlorinated pesticides, even though they were never its targets. Much the same sort of
problem has been identified for other classes of organo-chlorines, notable the PCBs.

It is not only the organo-chlorines that are manufactured for specific biocidal (or other)
purposes that have been implicated in undesirable side-effects. On the contrary, it may be the
unexpected by-products of chemical reactions involving chlorine, from pulp bleaching to
incineration (and accidental fires) that cause the greatest public concern — justified or not.
The chlorinated dioxins (TCDDs) and dibenzo-furans (TCDFs) are among the candidate
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villains. Apart from its biological activity, chlorine has been implicated in the destruction of
stratospheric ozone. The details of the chemical mechanism involved need not detain us here.
It is only of interest that chlorine is only transported into the stratosphere in the first place
by virtue of the great stability (i.e. persistence) of chlorofluorocarbons (CFCs) in the presence
of atmospheric oxygen and OR radicals. Whereas most organic chemicals are rapidly
oxidized, this is not true of the CFCs. These are compounds used widely as refrigerants, foam
blowing agents and solvents (and formerly as aerosol propellants) precisely because of this
stability.

There are environmental/health arguments against the use of chlorine for bleaching paper
pulp, and against the dissipative use of chlorinated pesticides, chloro-carbon solvents and
chloro-fluorocarbons. Because of these problems the industrial use of chlorine itself is being
challenged, especially by the environmental organization Greenpeace [Thornton 1991, 1993].
However, strong support for reducing the use of chlorine has also come from the International
(US-Canadian) Joint Commission. In its Sixth Biennial Report, the Joint Commission
recommended that "the use of chlorine and its compounds should be avoided in the
manufacturing process" [IJC 1993].

For obscure reasons, the Greenpeace campaign against chlorine has chosen as its primary
target the dominant single use of chlorine, namely in the plastic PVC. In response to public
concern, the Dutch Parliament requested a strategic study of the uses of chlorine, which was
carried out by the laboratory TNO [Tukker et al 1995]. The chlorine industry carried out its
own study of PVC [ECM 1994]. Both studies concluded that PVC itself as well as its
production chain offer minimal hazard to the public. The Swedish government is currently
undertaking starting a similar study, with the cooperation of the chlorine and PVC producer
Norsk Hydro, also focussed on PVC.

The chlorine industry, feeling threatened, is mounting an active defense [Amato 1993].
Through its industry associations, it has also funded a monumental study of the toxic effects
of chlorine chemicals, by a panel of independent toxicologists. This study concluded that "the
alarms about chlorine containing compounds are unwarranted" and that "the mere presence
of chlorine in a molecule does not necessarily confer unique toxic properties or bioaccumulat-
ive potential".' However, the panels conclusions are admittedly based, to a large extent, on
the low exposure probabilities and low concentrations of toxic or carcinogenic chlorinated
compounds in most environments, rather than on the intrinsic harmlessness of the chemicals.

It is indisputable that alternatives can be found to most of the well-known major uses of
chlorine. But there are at least 11,000 chlorinated compounds in commerce, some of which
might be very hard to replace [Tukker et al 1995].2 Approximately 60% of the value added
in the chemical industry involves chlorinated chemicals at some stage (although there are

1 Quotes are from the Editorial of a special issue of the journal Regulatory Toxicology
and Pharmacology (Frederick Coulston and Albert Kolbye, editors), Vol 20, (1), Aug. 1994
Part 2 of 2. The contents of the issue consists of a report entitled "Interpretive Review of the
Potential Adverse Effects of Chlorinated Organic Chemicals on Human Health and the
Environment". The report was prepared by CanTox Inc., with the assistance of Robert F.
Willes PhD, under the direction of an expert panel chaired by Ian Munro, President of
CanTox Inc.

2 Only 1200 or so are produced in "significant" quantities (over 10 t/y), according to
Eurochlor. There is considerable ambiguity in such figures, partly because some chemical
products are actually comprised of mistures of a number of different molecules, isomers or
congeners. This was notoriously true of PCBs, for instance.
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many cases where the chlorine is not incorporated into the final products). For example, in
western Europe chlorine is used for treatment of 98% of the drinking water, and is used in
the manufacturing process for 96% of crop protection chemicals, 85% of health care products
and 55% of all chemical products [Eurochlor 1995].

It is by no means clear how costly the substitutes would be and whether the costs would
be justified by the presumed benefits. A total ban on chlorine use would certainly be
disruptive in the short term and probably excessively costly in relation to the benefits
achieved [MIT 1993]. One US study by Charles River Associates, commissioned by the
Chlorine Chemistry Council and the Chemical Manufacturers Association, estimated that a
ban on chlorine would cost the economy $90 billion per year [Swift 1995]. It would be
advisable to undertake a much more complete and sophisticated life-cycle analysis of the
chlorine industry than anything yet attempted along these lines.

To permit such a study, however, the chemical industry will have to cooperate by making
available much more data than it has traditionally been willing to release to the public. The
chemical industry consistently refuses to publish production, consumption, trade and stockpile
data even for extremely toxic compounds that have long been banned (such as DDT and
PCBs). The extent of the data gaps and difficulties is clearly indicated in this paper and those
that follow. The argument that such information must remain proprietary for "competitive
reasons" rings hollow. The more likely explanation is that the industry prefers to keep the
numbers hidden for fear of embarrassment. It seems very unlikely that the public will be
persuaded to support the industry position on the basis of technical and economic arguments
that depend entirely on "proprietary" data that cannot be released for scrutiny. In the present
circumstances, Greenpeace may be able to make a persuasive case to the public that the
industry must have something nasty to hide.

The only way for industry to take and hold the "moral high ground" is to release the
data.3 Without such data the requisite analysis cannot be carried out and intelligent public
policy cannot be made.

2. Production and consumption of chlorine

Chlorine and caustic soda (sodium hydroxide) are usually co-products of the electrolysis
of sodium chloride, mainly in the form of brine made by solution mining of underground salt
(halite) deposits? World production and consumption of chlorine in 1991 was 35.701 MMT,
of which the U.S. accounted for 29% and western Europe 25% [Tecnon 1993]. A detailed
breakdown of capacity, production and demand by region is given in Table I. Although the
table does not show it, both production and consumption have peaked and begun to decline
in Europe and North America. However demand is rapidly growing in other parts of the
world, especially Latin America and Asia.

Given the focus of this paper on life cycle analysis, some comments on the data in the

3 In fairness, it must be acknowledged that, after the first drafts of these four papers were
completed, copies were sent to several reviewers including the chlorine industry association
Eurochlor. In response, Eurochlor has provided me with extensive data on the production,
trade and use of several categories of chemicals for which published data in Europe is scarce
or non-existent. Some of this data has been provided in reports marked "confidential" or
"restricted". Nevertheless, it has been provided without restriction on my use of it, and I am
grateful.
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table are appropriate. It will be noted that the only officially published government data that
is international in scope is the UN Industrial Statistics. This source is also by far the least
reliable, since it is assembled by UN-crats from data provided by national statistical offices
of member countries which the UN statisticians are not permitted (for political reasons) to
challenge. It is well-known among practitioners that most centrally planned countries
submitted figures from 5–year plans, rather than actual data. Many other countries simply did
not bother to provide data. Because of political sensitivities, some egregious errors were
—and still are — promulgated without comment. In particular, the UN reported no chlorine
production for a number of producing countries, including Argentina, Australia, China and
Taiwan. For a number of other countries the most recent data was from earlier years, although
the UN statisticians did extrapolate regional totals. On the other hand, the UN reported
production in the former USSR, attributed entirely to the Ukraine, ranging from 26,697 kMT
in 1982 to 20,298 kMT in 1990 (the last year reported). These absurd figures were duly added
to the other regional totals, leading to equally absurd global totals to which the Ukraine
contributed over half in some years!

Fortunately, data on production capacity is also available from different sources (the
industry magazine Informations Chimie, published in Paris), which confirm that the actual
production capacity of the former USSR is only about 3000 kMT. Moreover, the UN itself
independently publishes data on the output of caustic soda (NaOH), which is a co-product of
chlorine. The output of caustic soda is essentially proportional to that of chlorine, in the ratio
of their respective molecular weights (40:35.5 = 1.12). Thus 1.12 tonnes of (100%) caustic
soda are produced by electrolysis per tonne of chlorine. 3 While 1991 data are not available,
UN reports caustic soda production in the former USSR for 1990 as 2974 kMT (of which
only 443 kMT was from the Ukraine). This would correspond to chlorine output of 2660
kMT, approximately. The latter is consistent both with capacity estimates and with demand
estimates reported by MIT [MIT 1993]. In other cases where chlorine production data was
unavailable or questionable, I used caustic soda production data to estimate it. In one case
(Australia), lacking other information, I assumed near-capacity production (300 kMT). The
resulting world total of 36,109 kMT for 1991 is very close to the survey-based estimate
(35,701 kMT) by Tecnon Ltd, a major industry consulting group [Tecnon 1993]. This
remarkable coincidence tends to confirm the value of consistently using materials balance
methodology for verification of questionable data points.

3. Production processes for chlorine

Primary chlorine is almost entirely (94% in Europe) produced by electrolysis of sodium
chloride salt (brine), with sodium hydroxide (caustic soda) as a co-product. Minor amounts
are produced from potassium salts and in the production of sodium or potassium metal. There
are three important variants of the basic electrolytic process, viz. the mercury cell, the
diaphragm cell and the membrane cell. The three types of cell are summarized in terms of
inputs and outputs in Table II. In the decades since World War II, perhaps the largest
consumptive use of mercury has been in the manufacture of chlorine and sodium hydroxide
by electrolysis. This technology was commercialized as early as 1894, with Hamilton
Castner's "rocking cell", which was the dominant electrolytic method in the first quarter of
this century. Most new chlor-alkali plants constructed in the 1920s, 1930s and 1940s utilized
diaphragm cells, rather than mercury cells.

The economics of the mercury cell changed dramatically with the advent of the DeNora
cell, developed in Italy and licensed by Monsanto shortly after World War II. Olin Mathieson
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Chemical Company also developed a new mercury cell design. Chlorine production since the
1940s has risen enormously, spurred by burgeoning demand for chlorinated pesticides (like
DDT, aldrin, dieldrin, endrin and chlordane), herbicides (like 2-4-D and its relatives), and
plastics, notably PVC. Roughly half of the new capacity added in the U.S. in the 1950s and
1960s utilized mercury cells (see Figure 1).

By 1970 there were 25 mercury cell chlor-alkali plants in the U.S., producing 2.5 million
tons (2.2 MMT) of chlorine per annum, or about 28% of U.S. production [USEPA 1971].
Production of chlorine in the U.S. rose very rapidly from 1946 through 1970 or so. Since the
early 1970s has remained fairly constant, although the use of the mercury cell has declined
slowly, to about 17% in 1991. In fact, whereas U.S. production is dominated by the
diaphragm cell, European production was, and still is, primarily via the mercury cell (64%
of 1994 output). Of the remainder, 24% was based on the diaphragm cell and 11% on the
newer membrane cell.

The mercury cell was, for many years, a significant source of environmental pollution,
since some mercury is lost in the process. Inorganic mercury can be metabolized to highly
toxic methyl-mercury (CH3)2Hg by anaerobic bacteria and this substance is bio-accumulated
in the marine food chain. It can reach dangerous concentrations in the tissues of fish or fish-
eating sea-birds.4 The biological mercury cycle is summarized in Figure 2.

Because of the Minimata experience, the mercury cell was phased out altogether in Japan
and to some extent in the U.S., since the early 1970s. In 1970 there were 25 mercury cell
plants in the U.S. The number had dropped to 19 in 1989 and 16 in 1993. There are at least
60 mercury cell plants in Europe as of 1994. The European industry has committed itself to
build no new mercury cells in the future, however.

Historical data on chlorine production by cell type in the U.S. was shown in Figure 1.
Data on U.S. use of mercury for this process is shown in Table III, taken from publications
of the U.S. Bureau of Mines. The chlor-alkali industry was the largest domestic user of
mercury in the years 1989-90, despite the fact that only 17% of U.S. production used the
mercury cell. An obvious implication is that mercury consumption by the European chlor-
alkali industry must be considerably higher than U.S. consumption. Unfortunately,
consumption data is not available in published statistics for Europe or any other country.
(However, see Addendum).

At first glance, it would appear that mercury consumption for chlorine production should
be equal to mercury emissions to the environment. However, it is not so simple. Before the
hazardous nature of mercury emissions was fully recognized, actual emissions from the
mercury cell averaged 300 mg/kg of product, or 3 kg/tonne. In response to tighter regulation
and better housekeeping, the emissions rate had declined to 150 mg/kg, or 1.5 kg/tonne by
1971 [ibid]. A 1974 EPA publication uses the same figure [Martin 1974]. This figure was
adopted by the World Health Organization (WHO) for its 1982 guidelines for rapid
assessment of sources of air, water and land pollution [WHO 1982].5

As a cross check, one can compare these rates with reported mercury consumption. In
the pre-regulation days of 1970, the loss rate for mercury cells was acknowledged to be 300
mg/kg. Given a production level of 2.2 MMT via the mercury cell, this loss rate would have
required a mercury replacement of 660 metric tons. Actual reported mercury consumption by
the chlor-alkali industry in that year was slightly less, viz. 517 metric tons [USBuMines
1975], which implies a loss rate of 235 mg/kg. It is not unreasonable to assume that the level
of 150 mg/kg taken from the 1974 EPA document (and assumed by the WHO) was realistic.
The consumption and emissions figures for 1970 and 1974 are therefore roughly consistent
with each other.

The German data (such as it is) tell a similar story. In 1973 the German chlor-alkali
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industry consumed 128 metric tons of mercury. There was a gradual but sporadic decline
through 1985, when consumption was 41.8 tonnes [Rauhut 1988]. This reflects a reasonable,
but not spectacular, improvement in the "housekeeping" of the industry with respect to
mercury. Where did it go? In that year, Rauhut suggests that 1 tonne of mercury was lost to
water, 4 tonnes to air and 40 tonnes to "Deponie", which translates as land deposition [ibid].
The minor difference between losses and consumption reflects stock changes.

According to the industry, however, mercury emissions have continued to decline. One
European author associated with the industry claims an emissions level of 2.47 mg/kg by
1988, as shown in Table IV. [Manzone 1993]. Other estimates of current mercury emissions
in chlorine manufacturing range from 0.47 mg/kg to 3 mg/kg (Table V). I have serious
reservations about these claims, however, for reasons discussed below.

Consider the largest (most conservative) of the emission rate estimates for 1988 or later
in Table V, viz. 3 mg/kg, which happens to come from the Stanford Research Institute's
Chemical Economics Handbook [SRI 1989]. U.S. chlorine production in 1988 was 10.2
MMT, of which about 20% or 2 MMT, was apparently produced by mercury cells. If mercury
losses had been only 3 mg/kg then makeup requirements for mercury would have been a mere
6 metric tons. But, according to the U.S. Bureau of Mines, mercury consumed in chlor-alkali
production in 1988 was 445 metric tons. Simple arithmetic shows that the actual use of
mercury for chlor-alkali production in that year was nearly 75 times SRI's "theoretical" loss
rate.

A far lower (i.e. more optimistic) emissions rate, 0.47 mg/kg, has been recommended for
use in life cycle analyses by a Swiss government publication [Habersatter & Widmer 1991].
If this emissions rate were assumed to be applicable in the U.S. (where environmental
controls in this area are more rigorous than in Europe) the makeup requirements for mercury
in 1988 would have been slightly less than 1 metric ton. What happened to the other 444 tons
that were consumed? The emissions rates claimed in Table V are clearly not consistent with
reported mercury consumption for 1988 and later years.

To dig deeper, one can compare mercury consumption by the U.S. chlor-alkali industry,
as reported by the U.S. Bureau of Mines, with mercury emissions reported by the same
industry to the Environmental Protection Industry (the so-called Toxic Release Inventory, or
TRI). The comparison is shown in Table VI. Evidently, most of the mercury consumed by the
chlor-alkali industry has somehow disappeared from these statistics. A detailed breakout of
reported total mercury releases and transfers for 1992, obtained from the published TRI book,
is reproduced in Table VII (converted from pounds to metric tons). It does not help much. It
merely confirms, again, that most of the mercury consumed in 1992 in the U.S. (621 metric
tons) is unaccounted for in the TRI statistics.

What happens to the missing mercury? Technical publications by EPA suggested that
probably most of it is accumulated in semi-solid or solidified sludges from process water
treatment. The latter may be stored on site, buried on site or shipped to a landfill. According
to the TRI data base for 1992, "transfers to off-site treatment and/or disposal" outweighed
"emissions to air and water" by a factor of 12. Nevertheless, these two routes accounted for
only 108 metric tons in 1992 from all industrial consumers, not just the chlor-alkali
producers.

The mystery was only partly resolved when EPA tightened its controls in 1991 and
explicitly banned the disposal of mercury-containing sludges from waste-water treatments at
chlor-alkali facilities. In the same year, EPA expanded its reporting requirements for TRI to
include a section on "source reduction and recycling". For 1991 the industry reported 350
metric tons of mercury recovered on site, and for 1992 about 320 metric tons. 6 The recovered
mercury had been accumulating in wastewater sludges, previously unreported.



Robert U. Ayres, The Life Cycle of Chlorine; Part I
	

File MERCHLORI as printed on June 14, 1996 	 Page 8

The statistical discrepancies are still partially unresolved. If large amounts of mercury
were being recovered on-site, then consumption of new mercury should fall. The TRI
statistics do not reveal a consistent pattern of recovery. Nearly 3/4 of this reported recovery
in 1991 occurred at a single site: Occidental Chemical Corporation's, plant in Muscle Shoals,
Alabama. Virtually all of the remainder came from just 3 other sites. The majority of plants
did not report either recycling or off-site treatment. In fact, many did not report at all.

It must be concluded that, either the chlor-alkali producers do not know what is
happening to the mercury they use, that they have been deliberately under-reporting
emissions, or that the mercury is still accumulating in wastewater sludge ponds or tanks. Both
of the first two possibilities must be taken seriously, but the most likely is the third. If the
latter is the case (it seems probable) then the stored mercurymay gradually "leak" into water
or volatilizes into air, over a period of years. In short, the unreported mercury may still be
emitted to air and/or groundwater.

The diaphragm cell is also known to be a source of pollution, namely of asbestos fiber.
The membrane cell is the most efficient and least polluting, but the chlor-alkali industry has
been surprisingly slow to adopt it, due to the fact that there were some operational problems
in early installations, has been little growth in demand in Europe and America since the early
1970s and because existing facilities are fully depreciated but still functional. New facilities
in Asia and Latin America tend to be based on "tried and true" western technologies, rather
than newer and riskier ones.

Addendum

Since the material in the foregoing sections were written (summer 1995), new information
has become available on the use of mercury by the European chlorine industry, courtesy of
the industry association, Eurochlor. In particular, mercury balances have been prepared for
the 60 plus chlorine facilities in Europe for the years 1977-1994 [Eurochlor 1995]. The
number of plants responding to the survey varied from a low of 58 (1993) to a high of 72
(1982). The results are interesting and worth summarizing here (see Table IV ). All data are
presented in terms of grams of mercury (Hg) per metric ton (MT) of chlorine, or
g(Hg)/MT(C12)

Total mercury consumption by the European chlorine industry, in these units, was 94.7
in 1977. It dropped to about 57 for the next three years, then fell to 43.7 in 1981. From 1982
through 1989 it fluctuated between 39 and 53. From 1990 through 1993 it fluctuated between
24 and 31.There was another sharp drop in 1994 to 16.8. The decrease was nearly sixfold
counting the first and last years, but considerably less if the period 1978-1993 is considered.

Mercury losses accounted for were (1) product contamination (2) emissions with waste
water (3) airborne emissions (4) storage in "safe deposits" (landfills or mines) under
controlled conditions and (5) unaccounded for (the difference between consumption and
emissions). Emissions were based on measurements. Consumption was based on opening and
closing stocks and stock changes during the year.

Total mercury consumption by the chloralkali industry in Europe for 1994 was 115.5 MT,
while emissions to air and/or water were 14.7 MT, product contamination accounted for 2.8
MT and unaccounted for disappearance was 18.2 MT.

Evidently the "unaccounted for" share amounted to half of the total in 1977 and nearly
half as late as 1988; however, tighter controls and better bookkeeping have improved the
situation considerably in the last few years. The authors of the mercury balance report believe
that most of the "unaccounted for" mercury is actually accumulated in plant equipment, such
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as steelwork, tanks, headers and building materials. It is asserted that, when a facility is
closed, much --perhaps most -- of this mercury is eventually recovered and recycled. It is also
asserted by Eurochlor that the non-recovered portion is held in "safe deposit" after plant
closure, hence does not become an emission.

The mercury balance illustrated above should be standard practice for every hazardous
or toxic material used in industry.
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Endnotes

1. We wish to acknowledge the valuable assistance of Stephen Jasinski, commodity specialist for mercury, Bureau
of Mines, U.S. Department of the Interior, Washington D.C., and Philippe Feron, Executive Director, Eurodilor,
Brussels.

2. There are several other minor routes to chlorine, mainly electrolysis of Ha and mga. In Europe, these routes
altogether accounted for only 3.4% of 1988 chlorine capacity.

3. Admittedly, the situation is slightly confused by the existence of several alternative minor routes to chlorine
(mainly, electrolysis of Ha and MgCI). In Europe, these routes altogether account for only 3.4% of 1988
chlorine capacity. However this would not change the chlorine/caustic ratio very much.

4. This happened in the 1950s in Minimata bay in Japan, due to the discharge of some mercury (a spent catalyst)
into the bay by a chemical plant. A number of people — mostly fisher-folk — became seriously ill and some
were disabled. Mercury poisoning is now known as "Minimata disease".

5. The 1982 WHO publication is still the basis of UN environmental planning guidelines, worldwide.

6. I am grateful to Stephen Jasinski, the mercury specialist at the US Bureau of Mines, for calling my attention
to the statistical change that occurred in 1991 [Jasinski 1994].
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Table I: Chlorine & caustic soda (kMT)
I Chemical

Region

I Chlor-alkali
capacity

1991
InfoCh.c

I	 Chlorine
production	 demand

1991	 1990
UNb	 MIT

Caustic soda I
production

1991
UN"

World (reported) 43 811 35 701` 37 433 36 090
(summed) 35 487 38 064

W. Europe 11 257 8 978 9 760 9 060b
Germany 4 674 3 684 3 739 4 130"

E. Europe 2 117 1 550 1 460 1 735

C.I.S. 3 000 2 660b 2 697 2 974

N. America 15 180 12 410b 12 551 13 204b
U.S. 13 179 10 36Id 11 009 11 023

S. America 1 625 1 308b 1 500 1 466
Brazil 1 070 1 034 ' 980 1 147

Africa 538 71.3 346 80
S. Africa 232 — 225

Middle East 730 (e) 750 (e)

Asia 9 035 8 210b 8 214 9 209
Japan 3 136 3 370" 3 550 3 788
China 3 365 3 1601' 2 930 3 541

Oceania 319 300' 155 336b
a. Capacities as reported in Info Chimie Sept. 1989, including capacity additions under

construction at that time and presumably operational by 1991.
b. UN statistics are very incomplete; e.g. no production figures for Argentina, China, the

Middle East or Oceania; Japanese production as liquid chlorine only. chlorine production
for	 as 20,298 kMT (1990, Ukraine), which is clearly erroneous (see capacity data). To
fill in gaps in UN chlorine production data, we have used caustic soda data as a surrogate,
assuming 1.12 tonnes of caustic soda per tonne of chlorine. Where the UN has both chlorine
& caustic soda data and they are inconsistent, we have taken the larger (chlorine
equivalent) as being more likely to be correct.

c. World total from Tecnon Ltd., an industry consulting group.
d. Source for US data is USBM Minerals Yearbook, 1991, page 1301.
e. Included in Asia.
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Table II: Processes for the production of chlorine
A. CHLORINE: BY ELECTROLYSIS OF NACL IN DIAPHRAGM CELLS

Utility inputs & outputs Other uncounted
Water (cooling) (input) 69 tonnes Hydrogen (as fuel) (T-Cal) 906
Steam (input) 2.4 tonnes
Electricity (input) 2811 kWh

INPUTS (metric tonnes) OUTPUTS (metric tonnes)
Sodium chloride 1.712 Caustic soda 1.128
Sulfuric acid 0.0087 Sulfuric acid (65%) 0.008686
Calcium Chloride 0.0129 CHLORINE 1
Hydrochloric acid (20BE) 0.0564 (caustic soda byproduct)
Carbon tetrachloride 0.000011
Water (process) 0.01

INPUTS ACCOUNTED FOR 1.800011 OUTPUTS ACCOUNTED FOR 2.136686
Source: [SRI #110] -0.336675 = Difference = -18.70% of input

B. CHLORINE: BY ELECTROLYSIS OF NACL IN MEMBRANE CELLS
Utility inputs & outputs Other uncounted

Water (cooling) (input) 152 tonnes Membrane (Square cm) 166.9
Steam (input) 0.89 tonnes Hydrogen (as fuel) (T-Cal) 916
Electricity (input) 2798 kWh

INPUTS (metric tonnes) OUTPUTS (metric tonnes)
Sodium chloride 2.43 Caustic soda 1.143
sodium carbonate 0.0345 Sulfuric acid (65%) 0.00934
Sulfuric acid 0.00934 CHLORINE 1
Hydrochloric acid (20BE) 0.0114 (caustic soda byproduct)
Water (process) 3.7
INPUTS ACCOUNTED FOR 6.18524 OUTPUTS ACCOUNTED FOR 2.15234

Source: [SRI #111] 4.0329 = Difference = 65.20% of inputs
C. CHLORINE: BY ELECTROLYSIS OF NACL IN MERCURY CELLS

Utility inputs & outputs Other uncounted
Water (cooling) (input) 208 tonnes Hydrogen (as fuel) (T-Cal) 898
Steam (input) 2 tonnes
Electricity (input) 3575 kWh

INPUTS (metric tonnes) OUTPUTS (metric tonnes)
Sodium chloride 1.711 Caustic soda 1.118
Sulfuric acid 0.008624 Sulfuric acid (dilute) 0.00883
Calcium chloride 0.0144 CHLORINE 1
Sodium carbonate 0.0386
Hydrochloric acid 0.0399
Sodium sulfide (flake) 0.000112
Mercury 0.000003
Water (process) 0.03
INPUTS ACCOUNTED FOR 1.842639 OUTPUTS ACCOUNTED FOR 2.12683

Source: [SRI #112] -0.284191 = Difference = -15.42% of inputs
Note: The inputs and outputs do not balance exactly because only about 98% of the sodium chloride in the
brine is consumed, and because some of the chlorine is lost in the process. Based on Toxic Release
Inventory data for the U.S. (1990), air emissions of chlorine amounted to 45 KMT (fugitive) and 290
KMT (stack), or 0.42% and 2.7% of output respectively [Kostick 1994].



Robert U. Ayres, The Life Cycle of Chlorine; Part I	 File MFRCHLORJ as printed on June 14, 1996

Table III: Mercury consumption in chlorine production

Year Hg used for
CI mfg

US. tonnes

Cl made by
Hg cell
US. %

Cl
production
US. kV T

Cl production
W. Europe

kt117

Cl made by
Hg cell

W. Europe %

1970 25% 8858 5008
1973 450.6 9437
1974 582.5 9755
1975 524.8 8316 6734
1976 553.4 9415
1977 370.4 9592
1978 384.9 10026
1979 419.9 11150
1980 326.5 10361 8272
1981 252.4 9764 8050
1982 215.2 8324 7881 62%
1983 277.6 8948 8715
1984 253.0 20%(`) 9707 9421
1985 235.0 9437 9564
1986 259.0 9473 9422
1987 311.0 10050 9807
1988 445.0 10212 9800 63%
1989 381.0 17%(`) 10354 9750
1990 247.0 16.25%(`) 10713 9376
1991 184.0 10361 8772
1992 207.0 10107 8610
1993(f) 11150 8440
1994(f) na 9099 64%

(a) (d,g) (e) (e)

a) [USBuMines Minerals Yearbooks, various years]
b) [Tellus Institute 1992]
c) [US Bureau of Mines preliminary estimates]
d) [US Department of Commerce, Business Statistic.; 1961-1991 &

Current Industrial Reports: Inorganic Chemicals, 4th quarter 1992]
e) [SRI, various years]
f) [Eurochlor 1995]
g) [CMA 1995]

Page 14
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Table IV	 Mercury Balance for Europe, 1977-1994 in units of gm(Hg)/ MT(C12)
chlorine

Year 1977 1978 1983 1988 1992 1994

consumption 94.7 58.4 39.1 39 26.3 16.6

contamination 5.5 2.7 2.1 1.2 0.7 0.4

emissions to water 9.4 4.6 2.6 0.9 0.5 0.2

emissions to air 11.7 8.8 5.3 3.8 2.4 1.9

safe deposits 21.7 12.8 14.3 14 14 11.4

unaccounted for 46.4 29.5 14.8 19 8.8 2.6

Table V: Various estimates of mercury emissions per ton of chlorine

Emissions (g/MT) Source

150 WHO 1982, based on Martin 1974
3 SRI 1989
2.47 Manzone 1993
0.6 Tellus 1992, based on USEPA 1982
0.47 Habersatter & Widmer 1991
2.5 Eurochlor 1995

Table VI: Where has the mercury gone?
Mercury in SIC 2812 (Chlorine Production) USA metric tons

USEPA TRI Data Base as reported by
USBM EPA Office of Pollution

Minerals Prevention & Toxics U.S. Bureau of Mines
Yearbooks

Year Consumption Releases Releases Transfers Total
1987 311 23.7
1988 445 15.7
1989 381 10.7 11.3 52.9 64.2
1990 247 11.0 11.0 58.5 69.5
1991 184 7.9 8.5 56.0 64.5
1992 209 6.3 4.5 8.7 13.2

Table VII: Transfers of TRI metals and metal compounds, metric tons, 1992
Chemical Transfers Transfers Transfers Transfers Transfers Other off- Total

to to energy to to to site transfers
recycling recovery treatment POTW's disposal transfers

Mercury & its compounds 23.3 0 33.6 .001 74.8 .001 134.0
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THE LIFE-CYCLE OF CHLORINE:
PART

Robert U. Ayres and Leslie W. Ayres
INSEAD, Fontainebleau, France

June 1996

Abstract

In this paper we describe the chlorine chemical industry in Europe and its major
conversion processes and emissions. Four major process chains, beginning with methane,
ethylene, propylene and benzene are analyzed in detail, along with five important "stand-
alone" processes. A self-consistent "version" of the industry is constructed for 1992, based
on data from a variety of different sources. Mass balance conditions are satisfied. Emissions,
by type, are calculated.

It is of interest to note that "raw" chlorine inputs in Europe for 1992 amounted to 8937
kMT (salt). This was used to produce of 8399 kMT of "virgin" elemental chlorine, plus 278
kMT of "virgin" by-product HCI. Total elemental chlorine production was 8610 kMT (of
which 211 kMT was recycled from HCI). The sum total of chlorine inputs, including 12 kMT
of recycled CHCs, was 8689 kMT during 1992, while shipments of chlorine and HC1 to other
sectors (including chlorine for direct use in water treatment and pulp bleaching) was 1367
kMT, leaving 7322 kMT lost within the sector or embodied in products. Of this subtotal, 350
kMT was used to manufacture identified inorganic chemicals and 5694 kMT was used to
manufacture identifiable organic chemicals. The remainder, 1278 kMT was used for "other
unspecified" chemicals, both organic and inorganic.

In addition, 5496 kMT of HCI was generated within the sector, of which 863 kMT was
shipped out of the sector and 211 kMT was recycled back into chlorine. The rest was used
internally as HC1. Altogether, 5496 - 863 = 4633 kMT (C1) was recycled. If we consider
"raw" chlorine inputs, the total would be 9297 + 12 + 4633 = 13,942 (= 13,322 + 620, where
the latter corresponds to the salt wastes in the first stage of processing). Based on this
calculation, the virgin component of all inputs is 66.6 %, while 33.4% was recycled.

Chlorine embodied in chemicals destined for uses outside the production sector cannot
be determined exactly, due to uncertainty regarding the further conversion (within the sector)
of "unspecified" chemicals. Our estimate for 1992 is 4403-4453 kMT, not counting 1367 kMT
of chlorine and HC1 sold as such (noted above). Losses within the sector were therefore in
the range of 2870-2920 kMT. We can directly account for chlorine wastes, including 620
kMT of wastes from chlorine production and recycling processes, amounting to 3490-3540
kMT.

We estimate that products account for 41.6% of inputs (measured at the "fence"), while
wastes account for 24.7% of total chlorine flux. The remainder (33.7%) is recycled.
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1. Introduction

For any produced chemical (indeed, any material) material, there are two possible fates.
The chemical may "converted" i.e. transformed chemically to make something else. Or the
chemical may be used as it is. Again, there are two possibilities. The chemical may be
consumed in a production process (without being converted) or it may be used by a "final"
consumer. If it is either converted into another product, or consumed in the process (e.g. as
a solvent, a lubricant or a catalyst) it is called an intermediate good. If, on the other hand, it
is used by a consumer it is called a final good

Those products that are not transformed further must ultimately become wastes, either
sooner or later. Some products, such as solvents and pesticides are dissipated immediately
after use. On the other hand others, like PVC used for cable insulation, pipe, flooring or
window frames, may have an effective lifetime of several decades.

However, it is analytically convenient to distinguish between losses and wastes that occur
in the manufacturing process, vis a vis losses that occur in subsequent consumptive use. The
former are discussed in the present paper (Part II). The latter are discussed in a later paper
(Part III of the series).

Major uses of chlorine in the U.S. are summarized for 1992 in the pie chart Figure 1
[Thornton 1993] and for Europe in Figure 2 [Tecnon 1993]. A more detailed breakdown is
available for the world, and for Europe, for the years 1989-1992 as shown in Table I and
Table II [Tecnon 1993]. Our own revised estimate for Europe is also presented in pie-chart
form as part of Figure 10.

A few major regional differences in use patterns are worthy of comment. (See Table III
[USBuMines 1994]). According to this source, 25% of Japanese chlorine consumption is
apparently used for inorganic chemicals, as compared to only 8-10 % for Europe, the U.S.
and the rest of the world. This is somewhat mysterious. Another difference is that pulp and
paper bleaching accounted for only 1% of European chlorine consumption — in elemental
form — in 1994 (5.8% in 1987) vs 9% in the U.S. (14% in 1989) and 5% in Japan. 2 On the
other hand, water treatment accounted for 4% of chlorine use in Europe (where ozone also
has a significant market), 5% in the U.S. and Japan, but 11% in the rest of the world.

Of the final products that embody chlorine, in Europe, just over 60% (in terms of
chlorine content) consists of the plastic PVC [ibid]. The remainder consists of solvents (18%),
other organics (15%) and inorganics, such as bleaches (6%) [ibid]. Expressed in terms of
primary chlorine inputs, PVC accounts for 0.60 * 0.515 = 0.31 (31%) of western European
elemental chlorine production. VCM and PVC production by region are given in Table III.
For instance, U.S. production in 1991 was 4157 kMT, while western European production in
1991 was 5005 kMT (in 1992 it fell slightly to 4785 kMT); the world total was 16,087 kMT
in that year (the last for which we have global data). The chlorine content of PVC is 56.7%,
so this product apparently accounted for 2360/10,361 = 22.5% of gross U.S. chlorine output,
2840/8978 = 31.6% of gross west European chlorine output and 9130/35,700 = 25.6% of
gross global chlorine output.

Of the apparent HC1 supply in Europe (5774 kMT for 1992, Cl content), over 80% was
used as a process reactant — mostly in the EDC/VCM chain — 14% was used for pH
adjustment and neutralization, and the rest for miscellaneous purposes (including sale outside
the industry). Uses of HCI in Europe in 1989 are shown in a pie chart Figure 3 [ECOPLAN
undated]. We analyze the year 1992 in greater detail below.



R. U. & L W. Ayres	 Life Cyck of Chlorine: H
	

File CHLORINT.II as printed on June 14, 1996	 Page 3

2. Data sources and data problems

It is important to note, here, that while government sources do provide gross production
and consumption figures for major chemicals, including chlorine and hydrochloric acid,
detailed data on chlorine uses are not routinely available from any U.S. or European
government agency. They are only available from private sources, either the industry itself
(e.g. [Euro Chlor 1995]) or market consulting firms that do surveys from time to time. Data
on wastes and losses are collected, in principle, by the U.S. Environmental Protection Agency
and its counterparts in Europe and Japan. As a practical matter, there is only one source of
such data, namely the chemical industry itself. Considering that the industry is almost
pathologically secretive, even about production and consumption statistics, it should not be
surprising that emissions data effectively do not exist, at least in the public domain.

Our detailed results hereafter are based largely on production data from a major survey
carried out for Euro Chlor by a consulting firm, EcoTec, or from Euro Chlor itself [EcoTec
1995; Euro Chlor 1995]. Tecnon data (Tables I, II) was used to fill in some gaps for
particular chemicals [Tecnon 1993]. The sources were all more or less consistent with each
other, except in the case of solvents. The differences in that case appear to be due to the fact
that Tecnon surveyed consumption rather than production. For most true intermediates, of
course, the two should be essentially identical.

The major purpose of this paper is to construct a plausible emissions profile for the
industry from process data and mass balance considerations. In fact, most chemical process
data are obscure or unpublished. Process schematics and "recipes" are normally available only
from chemical engineering textbooks, patents or private consultants. Even when process
descriptions are available, they do not include wastes and emissions. Fortunately chemical
processes can also be simulated via chemical process design software (e.g. Aspen Plus®) that
is commercially available. The results presented hereafter were obtained by systematically
scanning the published literature for process information, which was subsequently subjected
to a detailed element-by-element "balancing" process using a methodology that has been
described more fully in previous papers [Ayres 1995; Wolfgang & Ayres 1995]).

There are two fundamental problems with the private unpublished market data. In the first
place, survey methodologies are not adequately described or tested. For instance, it is often
unclear whether the numbers in published pie charts and tables refer to inputs to a "process
chain", or to chlorine embodied in outputs. In practice, the correct interpretation was usually
clear from the context, or from mass balance considerations.

A second difficulty is that the Tecnon data for Europe (interpreted as inputs) differs
significantly in the case of solvents from data published by European chlorine industry
association Euro Chlor [Euro Chlor 1995] and the European Chlorinated Solvents Association
[ECSA 1993]. We have used the ECSA data as our primary source for the four major tonnage
solvents (below).

To illustrate other discrepancies, for 1992 Tecnon reported chlorine production of 8760
kMT (Table II) whereas Euro Chlor reported 8610 kMT [Euro Chlor 1995]. Tecnon reported
that 358 kMT of chlorine was used for water treatment in Europe; Euro Chlor reported only
251 kMT for this purpose [ibid]. In the case of the four major solvents [methylene
(di)chloride, trichloroethylene, perchloroethylene, 1,1,1 trichloroethane (methyl chloroform)]
Tecnon reported total consumption of 433 kMT, while Euro Chlor reported 405 kMT [ibid].
In the case of chlorinated polymers (including PVC, PVDC and chlorinated polyethylene PE),
Tecnon reports 3197 kMT for vinyl chloride monomer (VCM), the precursor of both PVC and
PVDC, plus 10 kMT chlorinated polyethylene (PE); for this category Euro Chlor reports 3716
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kMT, presumably including some other polymers [ibid]. Obviously the discrepancy regarding
chlorinated polymers is much too large to explain so easily.

We think that the Euro Chior/EcoTec data are the most reliable. Nevertheless, for reasons
noted above, we use Tecnon data in a few instances where no other source was available.

3. Mass balances for chlorine chemicals in Europe, 1992

Many, if not most, uses of chlorine and its products are intermediate. That is, chlorine
and its organic compounds are mostly transformed into other products. The intermediate uses
and conversion processes are discussed in this section. There are significant losses of chlorine
and its products during the various conversion processes. We have constructed detailed
balances of chlorine inputs and outputs for four major chains and several stand-alone
processes, discussed below. Most of the "lost" chlorine is actually converted to hydrochloric
acid (HC1), which can be recycled within the industry quite easily. A very high percentage
of HCI (95%) is produced as a by-product of some other process. Table IV shows our
categorization of the internal production and consumption of HC1 in Western Europe in 1992
along with EcoTec's more general categories.

The internal production and consumption of HC1 in the chemical industry happens
because chlorination is often an intermediate step in a complex process, often followed by a
subsequent step in which (some or all of) the chlorine is released as HC1. The best known
example is probably the production of vinyl chloride (VCM) via direct chlorination of
ethylene to ethylene dichloride (EDC), which is then catalytically split to yield VCM and
HCI. The HCI is normally used in a complementary process in which Ha reacts with
ethylene and oxygen to yield more EDC (and water). These two processes are roughly
balanced to consume all of the HC1 that is produced. (Actually the EDC chain consumes
slightly more HCI than it generates).

Ethylene dichloride (EDC) is the most important chlorinated intermediate in tonnage
terms, if we disregard hydrochloric acid. However, according to Table III almost all EDC
(95.9% in Europe, 1992) is consumed in the production of vinyl chloride monomer (VCM).
VCM, in turn, is polymerized to make the durable plastic PVC. PVC accounts for nearly 31%
of European elemental chlorine output (24% in the US).

Other intermediate organic chemical categories (Table II) are as follows: chlorinated
methyl (C1) compounds (10.5%); chlorinated ethane and ethyl (C 2) compounds other than
vinyl chloride (12.1%); chlorinated C., compounds (epichlorohydrin and propylene oxide by
the chlorohydrin route),13.2%; phosgene derivatives (5.5%); other higher order chloro-carbons
(2.1%). Inorganic chemicals accounted for 8.4%, with hydrochloric acid (2.8%) and sodium
hypochlorite (2.5%) the major items.

Unfortunately the rest of the intermediate product breakdown shown in Tables I, II and
Figures 1 & 3 is almost meaningless to anyone except an industrial chemist, and its
implications are anything but clear. The sorts of questions one would like to answer include:
how much chlorine is contained in "final" products that are sold to other sectors and not
transformed further? (The plastic PVC is an obvious example, but there are many others).
What is the ultimate fate of that embodied chlorine? How much chlorine is lost to the
environment in conversion processed within the chemical industry? Again, in what forms?
These questions are at the heart of a life cycle analysis of chlorine. As noted above, only
process losses are considered in this paper. The fate of final products is considered in the
third and last paper.
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The situation is complicated by the fact that a chlorine atom may be recycled within the
chemical industry several times before being embodied in a final product or discarded in a
waste. Chlorine is recycled in several ways, although by far the most important is as
hydrochloric acid (HC1). HC1 is used in enormous quantities (5774 kMT Cl, in Europe, 1992),
most of which is a by-product of some other production process. In fact, chlorinated
intermediates are utilized in the production of a number of final products that contain no
chlorine, i.e. all the chlorine is discarded along the way (mostly as HC1). Examples include
polyurethanes, polycarbonates, epoxies, propylene oxide, fluorocarbons, titanium dioxide and
ultrapure (electronic grade) silicon. Some of these are discussed later.

Apart from recycling via hydrochloric acid, there are several other less important
possibilities. In the first place, some secondary chlorine (about 3.4% in Europe) is produced
from by-product HC1 by electrolysis (the Kel-chlor process). In addition, salt itself is recycled
to a small extent, mainly where it is a major waste product (as in polycarbonate production).
A small amount of EDC is recycled from VCM production. Finally, some over-chlorinated
products are recycled by hydrogenation or pyrolysis, again yielding Ha/a, which is recycled.

The most important single chain is the one that begins with chlorination of ethylene and
ends with PVC and some by-products. However the analysis is complicated by the fact that
there are several other by-products of the chain, including vinylidene chloride (VDC), 1,1,1
trichloroethane, trichloroethylene and perchloroethylene. The last three products can also be
made by other processes (e.g. ethane chlorination). In the past, some vinyl chloride monomer
(VCM) was made by direct chlorination of acetylene, but this route has also been closed
down.

We had no direct information on the mix of processes that was used, but we do know
a few other useful facts. As mentioned above, there are two major processes involved in the
production of EDC, namely direct chlorination of ethylene and oxychiorination of ethylene
using hydrochloric acid. The process for making vinyl chloride monomer (VCM) in turn is
pyrolysis of EDC, which produces hydrochloric acid as a by-product. We know that these
three processes are normally carried out jointly, in the same facility, so that the HC1 produced
from the EDC pyrolysis process is then utilized next door in the oxychiorination process to
make EDC. There is no net output of HC1 from these combined processes beyond the plant
boundary itself.

In fact, according to Euro Chlor, there is a small net input of HC1 to the EDC chain (286
kMT Cl or about 5.8% in 1992). This enables us to allocate the EDC output among the two
principal production processes: about 51.2% of the virgin EDC is made by oxychiorination
of ethylene, the remainder being from the direct chlorination process. See Figure 4.

About 92% of the EDC is converted to vinyl chloride monomer, VCM. The remainder
of the EDC — about 8% — is divided between the monomer vinylidene chloride (from which
several products, including "Saran®" are made) and the two solvents, trichlorethylene,
perchloroethylene. Similarly, we know that another solvent, 1,1,1 trichloroethane, is
manufactured partly from VCM itself. (It can also be made from vinylidene chloride, but we
have ignored that route, since it involves an extra step).

As mentioned, all three of these solvents could also be made by direct chlorination of
ethane, but this route is no longer used. All are apparently derived by various routes from
EDC (including some routes involving other intermediates, such as 1,1 dichloroethane and 1,1
dichloroethylene). The only exception is perchloroethylene, which can also be made from
heavy ends (CHCs) generated by the methane chlorination chain. However, we do know the
total European production of the three above-mentioned solvents for 1992, shown in Table
V [ECSA 1993], and of course their chlorine content is easily calculated: viz. 80.95%, 85.51%
and 79.73% respectively. Although we also know the amount of chlorine allocated to these
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three chemicals according to the Tecnon survey (Table II), this information did not appear
to apply to production and was not used.

We had no direct data on the production of vinylidene chloride (VDC). However, to
estimate it we subtracted the imputed use of VCM for PVC and 1,1,1 trichloroethane
production. This procedure yielded an estimate of 13 kMT (C1 content), which we suspect is
quite a bit too low. However, our allocation is at least consistent with most of the known
facts and laws of chemistry. From a description of the VDC process, [SRI 1989] we calculate
that 18 kMT of molecular chlorine would have been used, and that by-product hydrochloric
acid output would have been about 7 kMT (chlorine).

Combining all of the inputs and outputs, then, subject to the mass-balance condition and
using process yield data for EDC and VCM production from various published and
unpublished sources, we arrived at Figures 4 and 5 and the following summary:

Chloroethylene Chain, Part 1: EDC-VCM-PVC (Figure 4)

Direct chlorine inputs to the EDC chain: 3585 kMT
Chlorine in recycled EDC: 122 kMT
Chlorine in HC1 produced (and entirely consumed) in the chain: 3489 kMT
Chlorine embodied in VCM: 2797 kMT (of which 55 kMT to 1,1,1 trichloroethane)
Chlorine embodied in PVC: 2714 kMT
Chlorine embodied in vinylidene chloride, VDC: 13 kMT
Chlorine embodied in 1,1,1 trichloroethane from this chain: 158 kMT
Chlorine in HCH "light & heavy ends": 191 kMT
Chlorine in wastes: 162 kMT (of which 118 was organochlorines)

Taking into account by-products, this chain accounted 41.7% of the chlorine consumed
in western Europe in 1992.

Analysis of the other chains followed a similar methodology. We omit the details. The
next largest final output of chlorine products from the chemical industry in Europe in 1992
was chlorinated solvents, as shown in Table V [ECSA 1993]. Total output of these four for
1992 amounted to 768 kMT, of which about 80% — or 608 kMT — was chlorine.
(Production and sales of chlorinated solvents are declining steadily). Apart from by-products
of ethylene chlorination, solvents are produced by chlorination of methane.

The chloroethylene series based on EDC, not including VCM and PVC (discussed above)
but including ethylene amines, is displayed graphically in Figure 5.

Chloroethylene Chain, part 2: Remainder (Figure 5)

• Chlorine consumed in the extended chloroethylene chain: 207 kMT
• Chlorine consumed as EDC: 527 kMT
• Chlorine consumed as VCM: 55 kMT
• Chlorine consumed as recycled CHC: 31 kMT
• Chlorine embodied in 1,1,1 trichloroethane: 158 kMT
• Chlorine embodied in trichloroethylene: 101 kMT
• Chlorine embodied in perchloroethylene: 180 kMT
• Chlorine embodied in organochlorine wastes: 16 kMT
• Chlorine embodied in inorganic salt wastes: 340 kMT

•
•
•

•

•
•

•
•
•

Products of the chain also included ethylene amines (233 kMT), which contain no chlorine.
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The chloromethane series is diagrammed in Figure 6.

Chloromethane Chain (Figure 6)

Elemental chlorine consumed in the chloromethane chain: 809 kMT
Chlorine in recycled CHCs consumed in the chain: 72 kMT
Chlorine in HC1 produced by the chain: 316 kMT
Chlorine in HC1 shipped from the chain: 181 kMT
Chlorine embodied in methyl chloride (from methanol): 186 kMT
Chlorine embodied in methylene chloride from the chain: 195 kMT
Chlorine embodied in chloroform from the chain: 198 kMT
Chlorine embodied in carbon tetrachloride from the chain: 186 kMT
Chlorine embodied in organochlorine wastes: 20 kMT
Chlorine embodied in inorganic salt wastes: 28 kMT

Together, these two chains consumed 1016 kMT of elemental chlorine in 1992, in
addition to indirect chlorine inputs of 685 1cMT as EDC, VCM and CHCs. Evidently the two
chains yield more than solvents, including carbon tetrachloride (to fluorocarbons), methyl
chloride (to tetraethyl and tetramethyl lead), chloroform (to fluorocarbons) and ethylene
amines (to explosives). The summary results are as follows:

As was noted previously, there are a number of important instances of the use of chlorine
(and HC1) as an intermediate in the production of chemicals that do not themselves contain
chlorine. For such products, it necessarily follows that all chlorine ends up in by-products
such as HC1 that are used in other processes or in wastes. The case of ethylene amines
(mainly for explosives) was mentioned already. Other examples are as follows:

Polyurethanes are polymers of either toluene diisocyanate (TDI), or methylene diphenyl
diisocyanate (MDI). These monomers are made by reacting a feedstock (e.g. toluene
diamine) with a chlorine-containing intermediate (phosgene, CC12O), yielding HCL
as a by-product. (In this case the Ha is recycled to hydrogen and chlorine by
electrolysis.)

Polycarbonates are co-polymers of phosgene with bisphenol A yielding HC1 as a by-
product. The phosgene chain is shown schematically, along with the chlorobenzene
process in Figure 7 below. The phosgene/chlorobenzene chain alone accounted for
867 kMT or about 10% of European chlorine consumed in 1992.

Extended Phosgene/Chlorobenzene Chain (Figure 7)

• Chlorine consumed in the phosgene/chlorobenzene chain: 867 kMT
• Chlorine in HC1 produced by the chain: 604 kMT
• Chlorine embodied in phosgene: 747 kMT
• Chlorine embodied in monochlorobenzene: 31 kMT
• Chlorine embodied in dichlorobenzene: 12 kMT (6 kMT leaves chain)
• Chlorine embodied in organochlorine wastes: 68 kMT
• Chlorine embodied in inorganic salt wastes: 160 kMT

Other products of the chain were mostly pesticides and herbicides.

•
•
•
•
•
•
•
•
•
•
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Propylene oxide (epoxipropane), is an important intermediate feedstock for several
products. It is made by two processes. The older "chlorohydrin" process proceeds via
dichloropropane (DCP). In the dominant version, HC1 is a by-product of the second
stage, but it is neutralized with calcium hydroxide, producing CaC12 as a waste. In
one case (Dow) the propylene oxide facility is co-located with a salt electrolysis
facility. Instead of producing NaOH commercially by dehydration of the cell liquor,
it is used to neutralize the Ha from the chlorohydrin process, regenerating NaCI
brine that is fed back into the electrolysis. The newer peroxidation process (Oxirane)
does not require chlorine, but it is used primarily to produce tert-butyl alcohol
(TBA), from i-butane and/or ethylbenzene en route to the gasoline octane additive
methyl-tert-butyl ether (MTBE). Propylene oxide is only a minor by-product of this
process, whence the Oxirane process only accounts for about 4% of worldwide
capacity as of 1989-90 [Fonds Chem. 1992].

Epoxies are co-polymers of bisphenol A with epichlorohydrin. The latter is derived from
allyl chloride, from direct chlorination of propylene. Not only does the production
process for epichlorohydrin itself generate large quantities of HC1, so does the final
polymerization process [Fonds Chem 1992]. A schematic diagram of the propylene
chlorination chain is shown in Figure 8. The propylene chlorination chain taken as
a whole (see also above) accounted for 1109 kMT of chlorine, or 12.9% of European
chlorine produced in 1992. The ally! chloride sub-chain accounted for 153 kMT of
chlorine or about 1.8% of 1992 European chlorine production.

Extended Propylene Chlorination Chains (Figure 8)

• Chlorine consumed in the propylene chlorination chain: 1109 kMT
• Chlorine in HC1 produced by the chains: 72 kMT
• Chlorine in HC1 shipped outside the chain: 49 kMT
• Chlorine embodied in ally! chloride: 54 kMT (5 kMT leaves chain)
• Chlorine embodied in epichlorohydrin: 41 kMT (0 kMT leaves chain)
• Chlorine embodied in "ends": 55 kMT
• Chlorine in organochlorine wastes: 8 kMT
• Chlorine in inorganic salt wastes: 972 kMT

Butyl rubber is another case of a product that contains no chlorine. It is polychloroprene,
a polymer of chloroprene. Chloroprene is a chlorinated product of butadiene, a C4
hydrocarbon. Inputs to the chlorination process were 82 kMT; of which 37 kMT was
embodied in chloroprene and the remainder is apparently waste salt. No chlorine is
contained in the polymer itself. The polymerization process therefore generates
additional chlorine, probably in the form of HC1.

Chlorofluorocarbons (CFCs) are compounds containing some chlorine and some
fluorine. They are made by direct partial fluorination of chlorocarbons or CHCs,
mainly carbon tetrachloride, releasing chlorine or HC1 [Fonds Chem 1992].
Production is included under "solvents". The main source is CC1 4 with chloroform
as a secondary source.

Tetrafluoroethylene (TFE) is C2F4, the monomer for the polymer best known is
"TeflonTM ". It contains no chlorine, but is made by high temperature pyrolysis of the
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solvent Monochlorodifluoromethane (CC1F 2H), releasing hydrochloric acid (HC1) for
recycling [Fonds Chem 1992].

Silicones are polymers based on a chain of molecules with the composition (CH3)2SiO,
containing no chlorine. However, the starting point is a reaction between silicon
metal Si and methyl chloride (CH3C1) which produces methylchlorosilane
(CH3)2SiC12. The latter reacts with water yielding the silicone monomer plus by-
product HC1 [Fonds Chem 1992].

Important inorganic chlorine compounds include:

Hypochlorite (95% sodium, 5% calcium) an important category of industrial and
household bleaches. Input chlorine was 246 kMT, of which 121 kMT was embodied
in hypochlorite products. Outputs included 115 kMT in the form of HC1, 3 kMT
"pure" salt and 7 kMT in the form of salt wastes.

Titanium dioxide is by far the most important white pigment for paint, paper, and other
products. It contains no chlorine. Titanium is obtained from two ores, ilmenite and
rutile. The process for extracting titanium dioxide from rutile involves direct
chlorination to titanium tetrachloride (TiC1 4) as an intermediate step. The chloride
is then "burned" at high temperatures (above 1000°C), or reacted with high
temperature steam, to produce the oxide. In the case of direct oxidation, most of the
chlorine is recycled internally. In the case of reaction with steam, hydrochloric acid
is generated. In this case HC1 is apparently not recycled, but is neutralized by an
alkali; the waste product is either sodium chloride (salt) or magnesium chloride
[Fonds Chem 1992]. The waste stream also includes small amounts of ferric chloride
(from iron impurities in the ore). This process consumed 104 kMT of chlorine in
1992 or about 1.2% of elemental chlorine in Europe.

Ultra-pure electronic grade silicon (EGS), is the starting point for virtually all semi-
conductor products ("chips"). It is produced by a process in which impure
metallurgical grade silicon (MGS) is chlorinated to trichlorosilane (SiHC13), which
is subsequently reduced again (by reaction with hydrogen) to silicon and hydrochlo-
ric acid. The latter reacts with trichlorosilane to yield silicon tetrachloride (SiC1 4) and
hydrogen gas. In principle the hydrogen can also be recycled. The by-product SiCl4
is an intermediate for other silicon chemicals. However the final fate of the chlorine
is unclear. We have described this complex system is described in more detail in
another publication [Ayres et al, 1995, Chapter 10].

Summarizing, it is interesting to present the various chains in an integrated form. This
is done in Figure 9. Total chlorine inputs from raw materials in 1992 amounted to 8937 kMT
as NaC1, 79 kMT as CaC12 and 281 kMT as KC1, for a total of 9297 kMT. Process wastes
at the first stage amounted to 620 kMT (salt). At the next stage, by far the dominant chlorine
carrier is elemental chlorine itself (8610 kMT), mostly from the electrolysis of salt. However,
211 kMT of this was from recycled hydrochloric acid. On the other hand, in 1992 a modest
amount of hydrochloric acid (278 kMT CD was produced from potassium chloride as a by-
product of potash fertilizer. The total of all "virgin" processed chlorine inputs to the sector
was therefore 8610 - 211 + 278 = 8677 kMT. There was also a small input of chlorine in the
form of (net) imported CHCs (12 kMT), for a total of 8689 kMT.
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By the same token, some chlorine is shipped out of the chemical sector as hydrochloric
acid (for use in other industries or in household products). In 1992, total shipments of
chlorine to other sectors as HC1 were 863 kMT, while 504 kMT of elemental chlorine was
also shipped, partly for water treatment and partly for paper pulp bleaching. Net consumption
of chlorine within the sector was therefore 8689 - 863 - 504 = 7322 kMT.

Chlorine embodied in all identified final products of the sector itself, exclusive of
chlorine shipped out as such or in hydrochloric acid, amounted to 4073 kMT (C1), plus an
unknown amount of unspecified products, which we estimate to be 330-380 kMT (see below),
or 4403-4453 kMT altogether. Including chlorine and HC1 shipped as such (1367 kMT), total
chlorine embodied in products shipped "across the fence" was therefore 5770-5820 kMT (C1).

4. Losses of chlorine during production

Regarding HC1 production as a recycling loop, chlorine inputs to the chemical industry
taken generally may be divided into primary inputs (i.e. "virgin" chlorine produced
electrolytically from NaC1 or HC1 from KC1) and secondary inputs, consisting of secondary
chlorine and HC1. As noted above, the "virgin" inputs were 8689 kMT in 1992, includingl2
kMT (net) imported CHCs as mentioned previously. In addition, 5496 kMT of HC1 was
generated within the sector, of which (as mentioned) 863 kMT was shipped out of the sector
and 211 kMT was recycled back into chlorine. The rest was used internally as HC1.
Altogether, 5496 - 211- 863 = 4492 kMT (Cl) of HC1 was recycled. In addition, 231 kMT
of CHCs were recycled internally, without being converted to HC1.

Thus total chlorine reflux was 4492 + 231 = 4723 kMT (Cl), and total flux (input plus
reflux) was 8689 + 4723 = 13,412 kMT based on processed inputs. If we consider "raw"
chlorine inputs, instead, the total would be 9297 + 12 + 4723 = 14,032 (= 13,412 + 620,
where the latter corresponds to the salt wastes in the first stage of processing). Based on the
former view, "virgin" chlorine accounts for 64.8% and recycled chlorine for 35.2% of the
total chlorine input. Based on the latter view (which seems to us more realistic) the virgin
component is 66.2%.

Looking at the "useful" outputs of the chemical industry (6270 IMI), shown in Figure
10, in comparison with raw inputs (9306 kMT), throughputs (14,032 kMT), reflux (4723
kM'I) and apparent processing losses (9306 - 6270 = 3036 kMT) — see Figure 11 — it
appears at first glance that 33.7% of the chlorine flux is recycled, 44.7% is embodied in
primary products and 21.6% is lost as waste, of which perhaps 3% or so may consist of
organo-chlorines.

The foregoing waste calculations above are underestimates, however. The reason is that
some of the identified products of the chemical industry are in fact intermediates. For
instance, referring to Figure 9, several of the identified chlorine chemicals are actually further
converted within the sector, resulting in additional loss of chlorine. For instance, this is
certainly true of methyl chloride (used to make silicones) and chloroprene (used to make butyl
rubber). We can identify a total of 487 kMT of such "convertible" chemicals (chloroform,
carbon tetrachloride, chlorobenzenes, chloroacetic acid, trichloropropane, chloroethers,
chloroprene, trade EDC, methyl chloride, allyl chloride). Unfortunately, this is not all: there
is another 829 kMT of unidentified "other" products, some of which cross the fence, and
some of which do not.

The EcoTec study assists us with this problem in two ways. First, it explicitly counted
all of the by-product HC1 from intermediates converted within the sector "fence" and, second,
it created a special classification of ("other organics") that presumably consists of products
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that "cross the fence", i.e. are sold for uses outside the chemical and plastics industry [EcoTec
1995]. Examples of such uses (cited by EcoTec) include chlorinated paraffins and
chlorobenzene/toluene. The total output in this category for Europe in 1992 (extrapolated) was
364 kMT.

To confuse matters further, according to the Tecnon data (Table II) more than half
(probably 60%) of the "other" category (829 kMT) consists of inorganic chemicals. Some of
this is also sold "over the fence", but some is further converted (i.e. recycled) within the
sector. Examples of the latter would include phosphorus trichloride and phosphorus
oxychloride (to tricresyl phosphate for detergents), etc. We estimate that the organic fraction
of "other" must have been 325-375 kMT. Some of this was converted into non-chlorinated
final products. (For instance, ethyl chloride is used to produce tetraethyl lead). Unfortunately,
we do not know how much of the organic fraction was sold over the fence and how much
was converted. The total of the "identified" group of candidates listed above (487 kMT) plus
the organic component in "other" (325-375 kMT) adds up to 812-862 kMT.

The mass balance principle can be applied here. According to EcoTec data, extrapolated
to 100% coverage, miscellaneous organics sold "over the fence" in 1992 totalled 364 kMT
(C1 content) [EcoTec 1995]. Subtracting from the corresponding total in these categories,
derived above, (812-862 kMT) implies that 450-500 kMT of chlorinated organics must have
been consumed (i.e. converted) within the sector. In principle, this would generate either Ha,
waste salt or waste organochlorines. However, all the secondary Ha has already been
accounted for in the EcoTec study [ibid]. It follows that the chlorine content of chlorinated
organics converted within the sector must contribute only to waste.

One implication of this correction is that the apparent total of 6270 kMT of "useful
products" estimated earlier is actually too high, because of double counting of (unidentified)
products later converted within the sector. In fact, the total of chlorine embodied in products
"crossing the fence" in 1992 was only about 5800 kMT or so (we cannot be more precise).
But this means, in turn, that wastes and losses are underestimated by the same amount.
Assuming the overcount of shipments was 450 kMT, the waste undercount is also 450 kMT.
Instead of products accounting for 44.7% of flux (measured at the "fence"), they only account
for 41.6%. Wastes increase from 21.6% to 24.7% of total chlorine flux (including recycling).
Based on raw inputs only, products crossing the fence account for 62.6% of the chlorine
content, while the rest is consumed or lost within the industry itself.

Obviously most of the chlorine losses within the industry occurs as sodium or calcium
chlorides. This results from neutralization reactions between hydrochloric acid HC1 and
caustic soda, NaOH or lime (CaO). Certainly, most of the NaOH consumed in the chemical
industry ends up reacting with and neutralizing one of the strong acids, either HC1 or H2SO4.3
Of total NaOH production, 29% in Europe and 36% in America is used within the chemical
industry, mostly for this purpose [USBuMines, 1994].

The composition of the CHC wastes cannot be characterized precisely in molecular terms
by our imperfect mass-balance methodology. Of particular concern are emissions of EDC and
VCM, both of which are produced in extremely large quantities en route to PVC. Both of
these chemicals are highly toxic, while VCM is both toxic and also carcinogenic. 4 The
dangers have been recognized for some time, and strict standards have been enforced, in
Europe and America, both on worker safety and on the allowable content of unpolymerized
VCM in PVC products. However, according to our calculations, Figure 5, about 28 kMT of
EDC was lost or unaccounted for in production wastes (pre-treatment) in Europe in 1992, or
about 0.5% of total production. Similarly, our calculations suggest that roughly 1% of input
VCM is not converted to PVC; of this 0.75% of the produced VCM, or 35 kMT is probably
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lost in process wastes (although some of this may be incorporated in the PVC itself). Clearly,
emissions control at the plant level can — and presumably does — reduce these losses.

There are other scattered data that offer some confirming clues. We have no specific
information on EDC emissions, unfortunately. As regards VCM, 330 tonnes was released to
the environment in Germany during 1989 [Claus et al 1990]. This would be around 0.03%
of German production. One plant in Sweden emitted 140 tonnes of VCM in 1991 according
to its own environmental report [Norsk Hydro 1992], while another in the U.K. emitted 1700
tonnes of VCM in 1991 [ICI 1992]. This is probably not less than 0.5% of production. For
Europe as a whole (where standards are less tight than in Germany) it is plausible that VCM
emissions still amount to 0.2-0.3% of production.

As regards other wastes, the foregoing analysis represents a likely upper limit to useful
products and, hence, a lower limit to CHC production and waste generation. Chlorine not
embodied in products and not converted to HC1, of course, ends up as inorganic chlorides
(NaC1, CaC12) or as unrecovered CHCs. One can estimate the NaC1 wastes directly in the case
of processes using NaOH (for instance, the epichlorohydrin chain). In the case of propylene
chlorination and some inorganic products, we do not have enough information to characterize
the wastes more precisely. This would be a useful object of future research.

Endnotes

1. We wish to acknowledge the valuable assistance and criticisms of Donald Rogich, Director, Office of Mineral
Commodities, Dennis Kostick, commodity specialist for salt, Bureau of Mines, U.S. Department of the Interior,
Washington D.C. Philippe Feron, Executive Director, Euro Chlor, Reinhard Joas, EcoTec, and Peter Johnston,
Group Manager, European Chlorinated Solvent Association.

2. However, sodium chlorate (NaC1O 3) — which yields chlorine dioxide on site — is also produced and used in
significant quantities for pulp bleaching. This chemical is not produced from chlorine, however. It is made by
electrolysis of salt. Sodium hypochlorite (NaCIO) is another widely used bleach, though we are not aware of
any use in pulp bleaching.

3. The latter reaction yields sodium sulfate, which is a product that has a significant market in the paper industry.
However it has no importance for this analysis, except insofar as it accounts for part of the NaOH that is
produced initially as a by-product of chlorine production.

4. At least 157 deaths had been attributed to VCM poisoning in Germany, up to 1990, and at least 140 additional
deaths were anticipated before 2020 [Kollmann et al 1990].
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Table I: World chlorine use data (1(111T)

Page 14

1988 1990 1991 1992

Capacity to produce chlorine 41361 43405 43336 43160
Production 36756 36853 35701 35550
Total consumption 36756 36843 35682 35566

Total inorganic 13825 13423 13063 12580
Pulp & paper 4546 3889 3571 3362
Water treatment 1963 1955 1961 1976
Phosgene 1685 1860 1865 1928
Hypochlorite 934 933 913 913
Other inorganic 4697 4786 4753 4401

Titanium dioxide 522 583 607 632
Bromine 228 230 232 233

Synthesis HO 283 445 508 468
N. E. C. (inorganic) 3664 3528 3406 3068

Total organic 22931 23420 22619 22986
VCM 10428 11474 11406 12278
EDC (solvents) 746 642 624 602
Chloroethanes 1523 1380 1180 1000

111 Trichloroethane 478 545 481 427

Trichloroethylene 368 276 251 208

Perchloroethylene 677 559 448 365

Chloromethanes 2470 2132 2000 1732
Methyl chloride 451 537 536 479
Methylene chloride 498 468 395 304

Chloroform 535 502 481 484

Carbon tetrachloride 986 625 588 465

Propylene oxide
Chlorobenzene+phenol

Chlorobenzene
Chlorinated phenol

Other organic

2265
814
800

14

4685

2334
827

813
14

4644

2490
766
752

14

4211

2594
803

789

14

3976
Chlorinated polyethylene 20 30 34 38

Ally! chloride 608 651 670 690

Chloroprene 273 258 226 217

Chloroacetic acid 69 71 69 70

Agrochemicals 384 284 282 282

Seasonings/MSG 63 62 59 59

Dyes & intermediates 248 253 255 257

N. E. C. (organic) 3020 3035 2616 2363

EDC (trade) 4 -4 -47 14

Data Source: TECNON
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Table II: Western Europe - chlorine use data (kMT)
1988	 1990	 1991	 1992

Capacity to produce chlorine	 11900	 11613	 11488	 11267
Production	 10440	 9773	 9224	 8759
Total consumption	 10437	 9759	 9235	 8760

Total inorganic	 3226	 3076	 2974	 2545
Pulp & paper	 649	 492	 338	 253
Water treatment	 368	 359	 359	 358
Phosgene	 669	 742	 725	 755
Hypochlorite	 259	 256	 256	 246
Other inorganic 1281 1227 1296 933

Titanium dioxide 80 99 104 104

Bromine 25 25 25 25

Synthesis Ha 58 102 121 143

N.E.C. (inorganic) 1118 1001 1046 661

Total organic
VCM
EDC (solvents)
Chloroethanes

7211
3303
390
532

6683
3239
330
410

6261
3032
314
362

6215
3197
294
281

111 Trichloroethane 87 88 86 76

Trichloroethylene 171 93 83 48

Perchloroethylene 274 229 193 157

Chloromethanes 1032 834 776 677
Methyl chloride 191 191 184 173
Methylene chloride 230 210 164 152
Chloroform 178 158 147 137
Carbon tetrachloride 433 275 281 215

Propylene oxide 813 884 917 859
Chlorobenzene+phenol 143 137 108 105
Chlorobenzene 131 125 96 93
Chlorinated phenol 12 12 12 12

Other organic 882 839 786 778
Chlorinated polyethylene 3 7 9 10
Allyl chloride 143 149 151 153
Chloroprene 93 100 89 82
Chloroacetic acid 25 26 26 27
Agrochemicals 12 13 13 13
Seasonings/MSG 0 0 0 0
Dyes & intermediates 11 12 12 12
N.E.C. (organic) 595 532 486 481

EDC (trade) 116 10 -34 24
Inventory change -2 0 12 -1
Net Trade 5 14 -3 0

Chlorine exports 361 381 362 291
Chlorine imports 356 367 365 291

Data Source: TECNON



R. U. & L W. Ayres	 Life Cycle of Chlorine: H
	

File CHLORINTII as printed on June 14, 1996 	 Page 16

Table III: World demand for chlorine by end-use, 1994

Use Category	 Europe	 US Japan Rest of World

Organic Chemicals
EDC/VCM
Pulp & Paper
Inorganic Chemicals
Water Treatment
Miscellaneous

37% 32% 26% 38%
35% 34% 29% 20%

1% 9% 5% 8%
13% 12% 10% 14%
4% 5% 5% 11%

10% 8% 25% 9%

Data Source: Consulting Resources Corporation (for the US Bureau of Mines)
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Table IV: HC1 flows within the chlorine industry: Western Europe 1992

EcoTec(a)
kMT-C1 kMT-HC1	 %

Ayres
kNIT-C1 kIVIT-HC1 %

Chloroethylenes (EDC)
HCI produced	 3204	 3295 55.5% 3204 3295 55.5%
HC1 consumed 3490 	 3590 60.4% 3490 3590 60.4%

Chloroacetic acid
HC1 produced 12 12 0.2%

Chloromethanes
HCI produced	 316	 325 5.5% 316 325 5.5%
HC1 consumed	 134	 138 2.3% 134 138 2.3%

Chlorobenzenes (Phosgene)
HC1 produced	 603	 620 10.4% 604 621 10.5%
HC1 consumed 1 1 0.0%

Chloropropylenes (Ally! chloride)
Ha produced 72 74 1.2%
HC1 consumed 23 23 0.4%

Hypochiorites
HC1 produced 115 119 2.0%

Other process chains
Ha produced	 1220	 1255 21.1% 1021 1050 17.7%
HC! consumed	 746	 767 12.9% 1053 1083 18.2%

Other industry uses
HC1 produced
HC1 consumed	 330	 340 5.7%

Chlorine production from salt
HC1 consumed	 211	 217 3.7% 211 217 3.7%

HC1 production from CFCs
HC1 produced	 153	 158 2.7% 153 158 2.7%

Direct HC1
production	 278	 286 4.8% 278 286 4.8%

sales	 863	 888 14.9% 863 888 14.9%

TOTAL
HC! produced	 5774	 5938 100.0% 5774 5938 100.0%
HC1 consumed 5774	 5938 100.0% 5774 5938 100.0%

(a) EcoTec gives data related to 94% of chlorine production in Western Europe in 1992. It is
e%tended here to 100%.

Data Source: [EcoTec 1995]
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Table V: Western European production & sales of chlorinated solvents (kMT)
Year 1986 1987 1988 1989 1990 1991 1992

Trichloro- Prod. kMT 182.7 165.7 168.9 153.6 130.9 113.3 125.2
ethylene kMT-C1 147.9 134.1 136.7 124.3 106.0 91.7 101.3

Sales kMT 138.7 134.3 133.9 118.4 107.8 96.1 83.0
kMT-C1 112.3 108.7 108.4 95.8 87.3 77.8 67.2

Perchloro- Prod. kMT 340.6 322.8 342.9 317.1 279.8 218.5 210.6
ethylene kMT-C1 291.3 276.0 293.2 271.2 239.3 186.8 180.1

Sales kMT 161.6 151.8 144.1 131.3 122.6 113.4 88.6
kMT-C1 138.2 129.8 123.2 112.3 104.8 97.0 75.8

Methyl Prod. kMT 331.5 305.2 309.8 293.4 293.3 244.0 234.1
chloride kMT-C1 232.8 214.3 217.5 206.0 206.0 171.3 164.4

Sales kMT 197.0 181.2 182.4 175.4 169.6 157.1 153.9
kMT-C1 138.3 127.2 128.1 123.2 119.1 110.3 108.1

1,1,1- Prod. kMT 204.6 203.2 218.1 222.3 228.5 202.1 198.3
Trichloro- kMT-C1 163.1 162.0 173.9 177.2 182.2 161.1 158.1
ethane Sales kMT 137.8 129.6 128.5 129.3 122.4 109.0 92.7

kMT-C1 109.9 103.3 102.4 103.1 97.6 86.9 73.9

Data Source: ECSA
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Figure 1: U.S. chlorine end uses, 1992
Source: [Thornton 1993]
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Figure 2: Western European chlorine end-use, 1992 (kMT Cl-content)
Data Source: [Tecnon 1993]
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Figure 7: Chlorobenzene & phosgene process-product flows, Western Europe, 1992
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Figure 9: Chlorine process-product flows, Western Europe 1992 (kMT Cl-content)
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Figure 10: Disposition of Western European chlorine sector production, 1992 (kMT Cl-content)
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Abstract

In two previous papers of this series we have reviewed the major processes of chlorine
production (Part I) and its intermediate uses, and waste products, in the production of other
chemicals (Part II). In this paper we consider some of the final uses of the element in the
industrial economy the uses of the most important chlorinated compounds. We summarize
known evidence regarding their environmental fates.

In the case of Europe, 504 kMT of elemental chlorine was consumed outside the
chemical industry in 1992, half for pulp bleaching and half for water treatment. Also, 863
kMT of HC1 was consumed for a variety of end uses, including metal treatment, food
processing, brine treatment and cleaning purposes. Most of this chlorine ends up as inorganic
chlorides (salt), although paper pulp bleaching generates significant quantities of organo-
chlorines (somewhat less than 25 kMT in 1992). This category of wastes is far greater in
other parts of the world, where chlorine bleaching is still practiced on a larger scale. The use
of hydrochloric (muriatic) acid to clean up oil stains on concrete surfaces could also produce
some organochlorine wastes of unknown composition.

There were four major chlorinated solvents in use in Europe in 1992, of which one (1,1,1
trichloroethane) has since been phased out in consequence of the Montreal accords on
greenhouse gases. Total European consumption of the four in 1992 was 500 kMT (albeit
production was considerably larger (nearly 770 kMT), presumably the difference having been
exported for use elsewhere. Consumption is falling rapidly -- a 12% decline from 1991 to
1992 alone -- due to environmental regulation and increased recycling (especially in the dry-
cleaning industry). European consumption continues to fall, at about 7% per year. Needless
to say, nearly all of these solvents end up in the atmosphere, with a small part being disposed
of in landfilled sludges. Very little goes into ground water, although the latter is source of
environmental health concerns.

Chlorofluorocarbons are also dissipated in use. The most persistent ones (CFC-11, CFC-
12, CFC-22), which have adverse effects on the stratospheric ozone layer, are being phased
out under the Montreal protocols. We do not have data on specifically European production
or consumption, but 1993 production for the non-communist world was about 667 kMT, of
which Europe probably accounted for at least 40%.

The biggest "end use" of chlorine chemicals is in the plastic PVC, which accounted for
2714 kMT of contained chlorine in 1992 (Europe). PVC products are mostly long-live and
structural (62%), but short-lived uses, in packaging, account for 18% of the total. The
remainder of uses are intermediate (2-10 years). Environmental concerns center largely around
the short and intermediate uses, especially with regard to plasticizer and stabilizer additives
and disposal by incineration resulting in dioxin production. However, on the basis of recent
research, these concerns appear to have been exaggerated.
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1. Final uses of elemental chlorine and HC1

Although most of the environmental concern about chlorine chemistry has focussed on
organic compounds (discussed next), it should be noted that in 1992 (Europe) 29% of primary
chlorine output was either consumed either as elemental chlorine (e.g. for water treatment or
pulp bleaching), or for producing inorganic chlorine chemicals [Tecnon 1993]. This was down
from 31% in 1988, mainly because the use of chlorine for bleaching pulp was being phased
out. Pulp bleaching consumed roughly 6% of European chlorine output in 1987-88 but this
fell to 3% in 1992 [Tecnon] and to 1% by 1994 [USBM]. In the US pulp bleaching consumed
10.9% and water treatment took 5.1% of 1993 production [Swift 1995]. Inorganic chemicals
(excluding hydrochloric acid) consumed 11.9%., while 10% was unaccounted for "miscella-
neous" [Swift].

In the case of Europe (1992), consumption of elemental chlorine for water treatment was
251 kMT and for pulp bleaching in that year consumption was 253 kMT. Also, 863 kMT
(C1), or 15% of production, was apparently shipped outside the chlorine chemical sector
"fence". Non chemical uses of the acid were mostly for brine treatment (neutralization of
alkalis), food processing, and metal treatment (mainly "pickling" of steel ingots prior to hot
rolling). Also, significant quantities of "muriatic acid" are sold at retail for household and
commercial uses, such as cleaning concrete surfaces and floors. Muriatic acid is particularly
effective at removing oil stains, for instance.

We do not have recent data on the breakdown of non-chemical end uses of HC1.
However, for the year 1989 it was estimated that metal-treatment absorbed 3.3% of total HC1
output, while food processing took 1.1% and brine treatment absorbed 1%. If these figures
were applicable to 1992, the actual quantities consumed in these end uses would have been
190 kMT, 63 kMT and 58 kMT, respectively. Unspecified miscellaneous uses evidently
accounted for the other 9.6%. However, it seems likely that the majority of these uses
involved alkali neutralization, cleaning or bleaching, directly or indirectly.

There are various substitutes for elemental chlorine as a bleach. One is hydrogen
peroxide. However, this substance in high concentrations is unstable and potentially explosive
in the presence of any metallic impurities. It must be diluted for safe shipping and storage.
The other major alternative to elemental chlorine as a bleach for pulp is chlorine dioxide,
C102 which is made (usually in-house) from sodium chlorate, NaC1O 3. Sodium chlorate is a
crystalline solid — hence easy to ship and store — that is manufactured from sodium chloride
(NaC1) by electrolysis, not from elemental chlorine. Thus, it does not appear in the statistics
of chlorine usage. There are at least two routes for conversion of sodium chlorate to chlorine
dioxide. The most likely one utilizes sulfur dioxide (made from burning sulfur) as a reductant
and yields sodium sulfate as a by-product. The sodium sulfate by-product is normally re-used
on-site in the sulfate (Kraft) pulp process.

Pulp bleaching involves successive stages of chlorination (or oxychiorination) followed
by neutralization with caustic soda. The chlorine mainly ends up in combination with
sodium, as sodium chloride (salt). Bleaching wastes are mostly (90%) sodium chloride (salt),
usually too dilute to recover. But it is estimated that up to 10% of the chlorine used in
bleaching is chemically bound to lignins and other organic materials in the pulp as
organochlorines. This is probably an over-estimate. However, such compounds do account for
up to 3.3% of the mass of the spent sludge [Maatela 1992]. Roughly 6% of the mass of the
raw pulp is lost during the bleaching process. Based on the 10% figure (admittedly too high)
organochlorine wastes in 1992 could have been as much as 25 kMT.

As many as 1000 different organo-chlorine compounds may be in this waste material,
many of them with very high molecular weights, and many as yet unidentified. At least half
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of these organo-chlorines have not been tested for toxicity, still less for chronic effects which
take a long time to uncover. It is known, however, that some of these compounds are
teratogenic (i.e. cause birth defects) and some are toxic to animals. In fact, from 70% to 95%
of spent chlorination and alkali extraction liquors (by weight) have molecular weights greater
than 1000. Such compounds cannot be separated, quantified or identified by present means.

Chlorine bleaching of paper pulp is widely accused of being a major source of PCDDs
and PCDFs. Traces of PCDDs and PCDFs have been found in chlorinated pulp bleaching
wastes, albeit at very low levels [Beck et al 1988; Swanson et al 1988; Clement et al 1989;
Holmbom 1991]. Other chloroaromatic compounds, such as chlorinated xanthenes and
xanthones, alkyl PCDFs, alkyl PCDDs occur at much higher levels in pulp bleaching wastes
[Koistinen et al 1992]. These compounds have not been tested much, as yet, for direct
biological activity. However, there is some possibility that such compounds could constitute
effective precursors to PCDDs and PCDFs in the event of combustion. (See later discussion).

These wastes are typically disposed of by incineration or burial of water treatment sludge,
albeit some is still dumped into waterways. For example, some older Canadian pulp mills
dump 10 kg of organochiorines per tonne of pulp; the average for pulp mills in western
Canada (British Columbia) is 7 kg/t [MacLean's vol. 103, Jan 29 1990, p. 32]. Pending
regulations will probably reduce this to 2.5 kg/t for existing mills and 1.5 kg/t for new ones.

The pulp and paper industry is unhappy about being blamed for dioxin emissions, arguing
that the industry is only responsible for 1% to 3% of the problem. Nevertheless the European
pulp and paper industry, prodded by public relations campaigns by Greenpeace and other
(mostly) German groups, decided to phase out chlorine bleaching. This transition began c.
1987 and is now largely complete.

Water treatment is the other major use of elemental chlorine. It accounted for 358 kMT
in 1992 in Europe, about 4% of chlorine produced (5% in the U.S.) As a point of interest,
only 16 kMT was used in France (1993), barely 1.1% of French chlorine consumption. Most
of this chlorine volatilizes and reacts, in the air, with other trace gases. However, chlorinated
drinking water does leave behind traces of other chemicals, such as chloroform. Ozone is a
feasible alternative, extensively used in France, although it is somewhat more costly and
slightly less effective in that it breaks down rapidly and does not guard against contamination
"downstream" from the disinfection plant.

It is difficult to characterize the environmental fate of end-uses of HC1, due to their great
diversity. In the case of metal treatment, most of the chlorine is ultimately combined with the
metal, mainly iron, yielding ferrous and ferric chlorides. Minor amounts are recovered as a
by-product, mostly for use as a flocculent in sewage treatment. The remainder is probably
disposed of as water-treatment sludges or carried away by waterways. Acid used in brine
treatment also generates inorganic chlorides (salts).

Hydrochloric acid used in food processing probably ends up largely as sodium chloride
(salt). In the case of cleaning agents, especially for cleaning concrete surfaces, the acid reacts
with free lime and the major end product is probably calcium chloride. However, when
hydrochloric acid reacts with organic contaminants (such as oil stains), chlorination reactions
can occur and a variety of CHCs may be produced. Unfortunately, little or nothing is known
about these wastes.

2. Chlorinated solvents

Solvents are used for cleaning metals, fabrics and other surfaces, of course. They are also
used as carriers, e.g. to transfer substances such as adhesives, pigments (in paints, varnishes
or lacquers) or biocides to a surface, or to extract soluble substances such as natural drugs
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from raw materials. Finally, they are used as a reaction medium. Many reactive substances
exhibit their greatest efficacy when brought together in a solution.

Chlorinated hydrocarbon solvents have been employed widely since the 1920s. They were
crucial at the beginning of the century as rapid industrialization prompted the need for fast
and effective non-flammable industrial solvents. The materials used previously, benzene and
petroleum fractions did not provide either the cleaning quality or worker safety possible with
chlorinated solvents. The first chlorinated solvents to be utilized were carbon tetrachloride and
chloroform [ECSA 1993]. They were very effective cleaning agents and had the additional
benefit of non-flammability.

Carbon tetrachloride and chloroform continue to be applied today as chemical
intermediates, mainly in CFC production, but they were replaced from the mid-1950s in most
cleaning applications by other chlorinated solvents. Compared to their predecessors these new
solvents offer additional advantages in terms of cost and effectiveness in specialized
applications such as degreasing agents. Chlorinated solvents are currently important in the
textile, pharmaceutical, plastic and metal-working industries. Worldwide, approximately 1.2
million tons of chlorinated hydrocarbon solvents are consumed annually [Euro Chlor 1995].
The four most extensively used chlorinated solvents today are methylene (di)chloride,
perchloroethylene (also known as PERC or tetrachloroethylene), trichloroethylene (or TRI),
and 1,1,1,trichloroethane (also known as methyl chloroform). Production and consumption of
the four major solvents in Europe (1986-1992), and for the US in 1993 are shown in Table
I.

Methylene (di)chloride (CH2C12) is used in the US mainly as a paint and varnish remover
(32.4%). Other uses are for urethane foam blowing (14%), degreasing (10%), plastics
processing (16%), solvent extraction (11.3%), aerosol sprays (8%) and electronics (4%) [Swift
1995]. It is a potential substitute for 1,1,1 trichloroethane as a metal cleaner in some
applications. It is one of the least toxic chlorinated methanes, but it has been classified as
"possibly carcinogenic to humans" by the International Agency for Research on Cancer.
Vapors have an anesthetic action at high levels. It is classed as a "hazardous air pollutant" by
the U.S. Clean Air Act. Methylene dichloride is virtually insoluble in water.

Trichloroethylene, or TCE (CHC1=CC12) was first commercialized in 1911 and used as
an anaesthetic in obstetrics. However general use as an anaesthetic was discouraged after
1961, due to indications of cranial nerve damage, cardiac arrhythmias tachypnea and
convulsions, particularly in children [Kilburn & Warshaw 1993]. It is now mainly used,
because of its low boiling point (87°C) as a solvent for vapor degreasing and metal surface
preparation, especially for heat sensitive materials. This accounts for 91% of US usage [Swift
1995]. It is also a raw material for the production of the hydrofluorocarbon refrigerant
HFC134a. Its mean biological half life is 35-40 hours. There is some evidence that this
chemical — unlike most other chlorinated hydrocarbons — is produced naturally by algae.2

TCE is lipophilic and is bioaccumulated in fatty tissues. It is a neurotoxic, probably
because one of its metabolites, a chlorinated epoxide, tends to bind to central nervous system
(CNS) macromolecules, including neurofilaments, thus inhibiting axon nutrition [Kilburn &
Warshaw 1993]. It is absorbed through the lungs and is listed as a "hazardous air pollutant"
under the U.S. Clean Air Act. There have been a few cases of injury due to accidental
exposure. TCE is slightly soluble in water (1.1 g/l). As a consequence, there have been
instances of ground water pollution resulting from industrial solvent usage, notably in East
Woburn Mass. (1964-1967) and Tucson, Ariz. (1957-1981) [ibid]. In both cases, the principal
solvent was TCE but there were other chemicals involved, especially tetrachloro-ethylene, 1,1-
and 1,2- dichloroethylene, 1,1,1-trichloroethane and chloroform. In Tucson, benzene, xylene
and bis(2-ethylhexyl)phthalate and hexavalent chromium were also found in the water from
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time to time. In E. Woburn, leukemia among the exposed population was 5.3 times the
expected rate and 2.5 times the US average. Excess birth defects and childhood health
problems were also observed. Epidemiological evidence suggests that long-term exposure,
even at low levels, resulted in observable neurological damage [ibid].

Perchloroethylene, or PERC (CC12=CC12) is the most stable of the chlorinated ethanes and
ethylenes, requiring only small amounts of stabilizers. Its main uses in the US are dry
cleaning (55%), fluorocarbons (25%) and metal cleaning/degreasing (13%) [Swift 1995]. Uses
in Europe are in dry cleaning (66%), textile processing (13%), metal degreasing (7%), and
fluorocarbon production [Euro Chlor 1995]. It is the basic raw material for CFCs-113,114,115,
and 116 as well as HFC 134a. PERC is the principal solvent used for dry cleaning, accounting
for 90% of the dry cleaning in North America [Cantin 1992], and a comparably high
proportion in Europe. Perchloroethylene has been used as an antihelminthic (anti-worm) agent,
in relatively large doses, and it is readily absorbed through the gastrointestinal tract [Fuller
1976]. It is more easily absorbed through the lungs. The mean biological half-life is 144
hours. Most is excreted quickly, but some is accumulated in liver, kidney and fat tissues
[Strauss 1992]. It has been classified as "possibly carcinogenic to humans" by the
International Agency for Research on Cancer. One of its metabolites is trichloroacetic acid,
which has been linked to potential cardiac birth defects [NRC 1991]. There is some indication
that long term exposure (by workers) may cause miscarriages. It is a central nervous system
(CNS) depressant. Concentrations of 1500 ppm can cause unconsciousness in less than 30
minutes.

Recent work suggests that the lifetime of PERC in the atmosphere is about 2 months;
about 0.6% of ground level emissions reach the stratosphere, while about 0.03% is converted
into carbon tetrachloride, which is a potent ozone depleting substance [Franklin 1994]. It is
listed as a "hazardous air pollutant" by the U.S. Clean Air Act and is currently subject to
federal VOC controls, though EPA is considering an exemption. PERC is insoluble in water.

1,1,1,Trichlorethane or methyl chloroform (CH3–CC13) is mainly used in the US as an
industrial vapor degreaser (31.4%), metal surface cleaner (18%), aerosol propellant (11%) and
as a solvent for adhesives (8.5%) and coatings (7%). It is also used in the electronics industry
to clean circuit boards (2.4%)[Swift 1995]. There are a number of minor uses (e.g. spot
remover, shoe polish solvent, water-repellant solvent, asphalt extraction, etc.) It is among the
least toxic of the industrial chlorinated solvents. It is nearly insoluble in water (0.3 g/l).
However, it is persistent in the atmosphere and contributes to the problem of ozone depletion,
which is the reason for it's current phase-out.

CHC solvents were a big step forward in terms of safety and health in comparison with
their predecessors. They are chemically stable, non-flammable, non-toxic (with respect to skin
contact) and insoluble in water, all useful properties given the purposes that they are used for.
However, there are other problems. Chlorinated solvents are responsible for about one-third
of volatile organic compounds (VOC) emissions. Some of them, especially tri- and per-
chloroethylenes, are known to be liver toxic and are suspected to be carcinogenic [Enquete
1994]. Also, their high degree of stability means that they are persistent in the environment.
If chlorinated solvents leak into ground water, they do not easily break down and this results
in contamination. One chlorinated solvent (1,1,1 trichloroethane) has been implicated in the
depletion of the ozone layer and its production is being phased out at the end of 1995 in the
European Union, under the Montreal Protocol.

For these reasons, among others, regulation has been increasing in scope and stringency
over the last 20 years. In consequence, solvent-using industries have made a concerted effort
in the last few years to reduce their emissions of CHC solvents. Consumer industries are
actively seeking viable alternatives. This trend, in both Europe and the United States, has led
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to increasing use of substitutes — especially "soap and water" — and to recycling of CHC
solvents.

Until recently, most chlorinated solvents were not recycled at all. They usually found
their way as emissions into the atmosphere or to a lesser extent were burned in incinerators
or would leak into ground water. Recycling has begun to be significant in the last decade,
mainly due to the threat of regulation. 3 About 10% of all solvents used in Europe were being
supplied by specialized regenerators [Informations Chimie, #323 December 1990]. This figure
is probably closer to 15% today.

The dry cleaning industry, which consumes most of the perchloroethylene (PERC) is a
partial exception, since the cleaning process involves immersion of the clothes in the solvent,
followed by drying and distillation of the solvent for re-use. However, there are significant
losses in the clothes drying process, and in the filters. Moreover, the sludge that contains the
dirt removed in the cleaning process also contains about 50% solvent. These losses account
for the annual consumption of new solvent. Declining consumption rates imply increasing use
of closed circuit machines with internal recycling capability. In the early 1970's all dry
cleaning machines in Europe were open circuit. This number had fallen to 60% by 1980, and
continues to fall [Informations Chimie, #323 December 1990] By the year 2000 it is expected
that closed circuit dry-cleaning machines will be virtually universal in Europe.

According to industry sources, atmospheric emissions from dry-cleaning in Europe were
estimated to be 32 kMT in 1975, falling to 18 kMT in 1989, with a final level of 7.5 kMT/y
expected after the year 2000 when all dry-cleaning machines are closed-circuit [Informations
Chimie, # 354, January 1994]. Since most dry-cleaning establishments are small — there are
over 300,000 in North America alone — further efficiency gains beyond that level will be
more difficult to achieve. Between 70% and 90% of the losses are air emissions (90% in
earlier times, more like 70% now). The remainder goes into water or landfill disposal (e.g.
of sludges and filters). It is asserted that emissions of PERC to water have already been
largely eliminated in Europe, but residues to landfills are virtually unchanged, at about 3
kMT/y.

However, it must be said that the above story is partially inconsistent with European
consumption statistics for perchloroethylene, which were 131.3 kMT in 1989 and 88.6 kMT
in 1992. Most of this was, and still is, used for dry-cleaning. Assuming that the inventory of
cleaning fluid in service is not changing much, it is fair to assume that actual emissions are
essentially equal to total consumption. It is the airborne emissions that are almost certainly
being underestimated.

The European Chlorinated Solvents Association (ECSA) estimates that in 1992 500,000
tonnes of chlorinated solvents were sold in Europe, a 12% decline from 1991. ECSA
estimates that 140,000 tonnes went into waste streams and 80,000 tonnes was recycled.
According to another source, 600,000 metric tons of chlorinated solvents were consumed in
1992, of which 15 percent was recycled [Kranendonk 1995]. The remaining CHC solvents
were disposed of in various ways: approximately 450,000 tons were emitted into the
atmosphere, 20,000 tons were incinerated (therefore mostly neutralized) and 40,000 tons were
unaccounted for [ibid]. Presumably most of it was sent to landfills (as sludge), although this
practice is no longer permitted in Germany.

In 1994, sales of the four major CHC solvents produced by ECSA members were
350,000 tonnes, a reduction of 5% in comparison to 1993 and a reduction of nearly 17%
when compared to 1992 (see Table I). According to ECSA, the use of CHC solvents in
Europe has continued to decline at an annualized rate of 7% per annum.

These figures reflect the continuing trend of improved solvent management including
emission reduction and the utilization of recycled materials. Continuing improvements in
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equipment and use technology and investments by end user industries have also contributed
to decreased emissions into the atmosphere. Awareness of the regulation of 1,1,1-trichloroeth-
ane under the Montreal Protocol has caused users of this solvent to begin to move towards
alternatives. However, there are recent indications of a "renaissance of chlorinated solvents"
since substitutes are inferior for some uses.

It should be noted that the four major chlorinated solvents discussed above do not exhaust
the category. There are a number of others. One of the most important of those not listed
above is chlorobenzene, which accounted for 93 kMT of chlorine inputs in western Europe
in 1992 [Tecnon 1993 cited by Ayres & Ayres 1996b, Table II]. According to our
calculations, this sufficed to produce 100 kMT of the chemical itself (containing 31 kMT of
chlorine) [ibid, Figure 7]. The uses of this chemical are not well accounted for. However a
breakdown of monochlorobenzene usage was carried out for USEPA for the years 1974-1977
by a contractor [Hydroscience 1978]. The breakdown was as follows: production of
chloronitrobenzene (35%), solvent use 30%, production of diphenyl oxide (10%), production
of rubber intermediates (10%) and production of DDT and other uses (15%). We have no
reliable recent data on the usage of monochlorobenzene as a solvent in the TDI (or MDI)
processes. If the 1977 U.S. figures are valid for Europe in 1992, 30 kMT of
monochlorobenzene would have been used as a solvent. Of this, 21% or 21 kMT would have
been used in the production of toluylene di-isocyanate, TDI (or MDI). The remainder ( 8.9%
of the total) output was presumably used as solvents for adhesives, paints, polishes and
waxes [Johnston et al 1979]. All of this was presumably dissipated in use (mainly to the
atmosphere).

3. CFCs

Chlorofluorocarbons, or CFCs, are a class of very inert — hence long lived — chemical
products. Most of the past production is either still in service (e.g. as refrigerants or foaming
agents) or in the atmosphere. The major compounds in this group (90% of production) are
as follows:

Monochlorodifluoromethane (CHC1F2), known as CFC-22
Dichlorodifluoromethane (CC1 2F2), known as CFC-12
Trichlorofluoromethane (CC1 3F), known as CFC-11,
1,1,2 trichloro 1,2,2 trifluoroethane (C2C13F3), known as CFC-113

These compounds and similar ones are manufactured from chlorocarbons, mainly carbon
tetrachloride and 1,1,1 trichloroethane, by direct hydrofluorination (reaction with hydrofluoric
acid, HF), yielding HCI as a by-product. However, they all contain some chlorine. CFC-11
and CFC-12 were (and still are) used aerosol propellants, foam-blowing agents and as
refrigerants and for air conditioners and chillers. CFC-22 is primarily used as a refrigerant.
CFC-113 is, or was, exclusively used as a solvent.

Until recently, data on CFC production and use was very spotty. For instance, cumulative
global production of CFC-11 for the years 1950-71 has been estimated (by R. L. McCarthy
of Dupont Co.) to be 1.48 MMT [Wilkniss et al 1975]. Production in the first year (1950)
was estimated to be 5.5 kMT. Growth occurred at a rate of 20% per annum until 1971. It was
also estimated, by the same source, that global production of CFC-11 was 270 kMT for each
of the individual years 1972 ,1973 and 1974 [ibid]. Thus Wilkniss et al estimated global
production (and emissions) of CFC-11 from 1950 through 1974 as 2.3 MMT.
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Recent audited data from 13 reporting companies, not including any production in eastern
Europe, the former USSR or China, give a cumulative total (excluding feedstock use) of 8.523
MMT for the years 1931 through 1993 [AFEAS 1995]. World production and consumption
data for the year 1985, including communist countries, has been estimated for three CFCs by
RAND Corp, as shown in Table II. RAND underestimated production in the non-communist
world by about 10%. But producers in communist or former communist countries apparently
accounted for 41.5 kMT, compared to 326.8 kMT for the 13 companies. On a proportional
basis, the missing producers would have accounted for an additional 1.08 MMT, for a global
grand total of 9.6 MMT. Incidentally, the total for the years 1950-1974 inclusive was
evidently around 3.8 MMT, or 65% greater than Wilkniss et al's estimate cited above
[Wilkniss et al 1975]. Since Wilkniss et al used the numbers to parametrize a model of
stratospheric CFC buildup, it follows that the model was seriously mis-estimated. This is not
a criticism of the modelers, but a reminder of the importance of having accurate worldwide
production and consumption data.

In the case of CFC-12, cumulative production by the 13 reporting companies, for the
years 1931-1993 was 11.06 MMT [AFEAS 1995]. Production in 1885 was 376.4 kMT [ibid];
for the same year RAND (Table II) estimated production in the communist countries at 78.7
kMT, or 20.9% of the non-communist total. On a proportional basis, then, the cumulative total
for the communist (or formerly communist) countries would be 2.31 MMT, for a global grand
total of 13.37 MMT. Summary production data for CFC-11 and CFC-12 in the non-
communist world are shown in Table III [AFEAS 1995].

Use data for the two major CFC's (CFC-11 and CFC-12) in the con-communist world,
taken together, has also been compiled by the Chemical Manufacturers Association (CMA)
for the years 1960-1984. Use data on each of the two major CFC's separately, for 1976-1993,
has been compiled by AFEAS [AFEAS 1995].4 The CMA data, plotted graphically in Figures
1,2 [Miller & Mintzer 1986, Figs. 9a,b], show that aerosol use peaked in 1974, prior to a ban
on such use (in the U.S. only). At the time of the ban, aerosol use of CFCs alone had
reached 470 kMT. Subsequently, it declined to a low in 1982 of just under 200 kMT before
beginning to rise again. Non-aerosol use, in the meanwhile, had continued an almost
uninterrupted increase, from 300 kMT in 1974 to 476 kMT in 1984. The total of non-aerosol
use for 1984, for reporting companies, was 703 kMT.

In 1984, according to CMA, rigid foams accounted for 51% of known U.S. use of CFC-
11, and 39% of use in all reporting countries [ibid, Figs. 8a,bs]. Aerosols accounted for only
5% in the U.S., but 31% for all reporting countries [ibid]. Other foams accounted for 20%
in the U.S. and 19% for all countries [ibid]. Chillers accounted for 6% in the U.S. and 3%
overall [ibid]. The remainder was unallocated. As regards CFC-12, rigid foams accounted for
11% in the U.S. and 12% overall; aerosols accounted for 4% in the U.S. and 32% overall;
refrigeration and air-conditioning accounted for 44% of known uses in the U.S. and 27% of
known uses overall [ibid]. The remainder was classed as miscellaneous or unallocated.

Usage of CFC-11 and CFC-12 from 1980 through 1993 is shown in Table IV below.
Evidently all uses except refrigeration had virtually ceased by 1993. However, refrigeration
uses in 1993 were only moderately lower than the peak years of 1988-89; in fact, refrigeration
use of CFC-12 actually increased 6.5% from 1992 to 1993. CFC-113 has been used
exclusively for metal cleaning in the electronics industry.

Emissions of CFCs used for refrigeration and foam-blowing do not generally occur in the
year of production or consumption. As of the end of 1993 it is estimated that 86.5% of the
CFC-11 produced to date had been released, leaving 13.5% in "inventory" (almost entirely
trapped in foam insulation materials) [AFEAS 1995]. Similarly, as of 1993, 93.4% of CFC-12
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produced to date had been released, leaving 6.6% in "inventory", mostly in refrigeration
systems and air-conditioners.

The chemical inertness of CFCs means that they do not break down quickly in the lower
atmosphere, nor do they wash out. The measured tropospheric concentration of CFC-11
increased from 60 parts per trillion (ppt) in 1972 to 80 ppt in 1974 [Neely 1977]. The latter
corresponds to a tropospheric load of 1.6 MMT, or 70% of cumulative production to that
time. The remainder (30%) was presumably still "in service", mainly in foams or aerosol cans.
This is somewhat contradictory to the 13.5% unreleased inventory reported by AFEAS.

As a point of interest, AFEAS reported total non-communist world production of FCF-
113 in 1986 as 196.6 kMT, with releases of 193.1 kMT. World totals for 1986, reported by
UNEP and EPA (including the communist countries) were 220.7 kMT and 211.2 kMT,
respectively. Of this, the US presumably accounted for 45%, or 90-95 kMT. The so-called
Toxic Release Inventory (TRI) of EPA reported total U.S. emissions of CFC-113 for 1989
of only 30.4 KMT, of which 28% was attributed to the electronics industry. Releases should
correspond almost exactly with consumption, since there was little (if any) change in
inventory and, even with some internal recycling, solvents have a relatively short life-in-use.
Thus, one must conclude that the TRI undercounts true emissions by a factor of 3 in this case.

The combination of inertness and volatility allows CFCs to diffuse into the stratosphere,
where they are broken down by UV radiation. Chlorine ions are released, which react with
atomic oxygen forming chlorine monoxide. The latter is an effective catalytic agent in the
destruction of stratospheric ozone (which protects the earth's surface from about 90% of the
solar UV radiation that strikes the upper atmosphere. One single chlorine atom in the
stratosphere can destroy over 100,000 ozone molecules. Stratospheric ozone loss of 3.5%
annually has been recorded, and the loss is likely to continue for many years, even after
current production of CFC's has ceased, because of the long lifetime of these chemicals in the
atmosphere.

Ozone "holes"of accelerated depletion were first seen over Antarctica in 1985. This
phenomenon is attributed to the formation of extremely cold clouds of ice particles and
catalytic reactions that occur on their surfaces. Ozone holes have now become an annual event
in winter over Antarctica, and recently similar "holes" have also occurred in the northern
hemisphere, as far south as the north of Scotland.

A 1% decrease in stratospheric ozone thus results in an increase of the order of 1% of
UV reaching ground level. This, in turn, is a major cause of skin cancer in humans, genetic
damage and possible immune system suppression. UV may be especially damaging to marine
organisms that spawn in or near the ocean surface or in estuaries.

In addition to their role in the destruction of stratospheric ozone, CFC's are also very
potent greenhouse gases. Together with other chlorinated compounds (including carbon
tetrachloride and 1,1,1 trichloroethane or methyl chloroform) and certain fire-extinguisher
chemicals known as halons, they account for around 10% of anthropogenic contributions to
Greenhouse global warming potential. However 90% of the global warming impact of CFCs
arises from the three major long-lived CFCs, viz. CFC-11, CFC-12 and CFC-22.

Because of the ozone depletion problem, most propellant and solvent uses of CFCs have
already been phased out since the 1989 Montreal Protocol and the London Revisions of 1990.
The more critical uses (mainly as foaming agents and refrigerants) are also in the process of
being phased out, with a target date of 2000. Germany has banned production and use of
certain fully halogenated CFCs for certain applications since 1991.

It is interesting to recall that a select international committee of experts convened by EPA
in 1988 concluded that adequate substitutes for CFC-113 only existed (at the time) for
20-30% of applications. It was recommended that continued use of CFC-113 be allowed, with
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an active recycling program to reduce current emissions [Nelson 1988]. In fact, the use of
CFC-113 has already been largely phased out (as of 1996), thanks to far more rapid than
expected substitution of aqueous cleaning systems and other cleaning agents, especially a
terpene based system using solvents derived from orange and other citrus fruit peels. Another
substitute in this application is fully-fluorinated longer-chain perfluorocarbons, or PFCs.5
Data from four large semiconductor manufacturers (IBM, Intel, AT&T and Hitachi) indicated
that CFC-113 emissions had been reduced by more than 80% from 1987 levels by the year
1992 [Bonifant et al 1995].

On the other hand, it has been realized that long-lived uses of CFCs, especially in
automotive air-conditioners, should be recovered and recycled rather than lost during
servicing. In June 1992 the Administrator of EPA signed a regulation (under the 1990 Clean
Air Act amendments) requiring that refrigerants used in such units be recycled. This
regulation applied initially mainly to CFC-12, but in 1995 it was extended to cover all
substitute refrigerants.

The near term substitutes for CFCs are molecular variants containing hydrogen that break
down more rapidly in the lower atmosphere and consequently do not contribute so much to
the stratospheric ozone depletion problem. One such compound is known as HCFC-22.
Production in the non-communist world is shown in Table III. It is used as a substitute for
CFC-11 and CFC-12 in all applications, including refrigerants, foams and aerosols. About
84% of the cumulative production of this material has been released; 16% remains in
inventory.

Another class of compounds being considered substitutes fluorine for the chlorine. For
instance, the partially fluorinated compound CH2F–CF3, known as CFC-134a is considered
to be the most likely replacement for CFC-12. We have no data on production or use of these
compounds. However, the expected impact of substitutions on stratospheric free chlorine is
shown in Figure 3.

Unfortunately, compounds with hydrogen in them are flammable, and thus less desirable
for some applications. Also, being less inert and more reactive, they are more likely to be
toxic than the CFCs, although toxicity testing has not been completed to date on most of these
compounds. On the other hand, fully fluorinated compounds (EFCs) are both inert and non-
flammable, but they are extremely potent greenhouse gases. Also, fully fluorinated compounds
are likely to be relatively expensive to manufacture and viable processes for large-scale
production will take a number of years to develop.

It must be said that the relatively optimistic picture given in Figure 3 apparently assumes
that tropospheric and stratospheric CFC concentrations are very nearly in equilibrium with
CFC reservoirs in service. If this were not the case (due to lags in emission and/or in the
troposphere-stratosphere diffusion process) then stratospheric concentrations would continue
to increase for some time after industrial production stops. A modelling study carried out in
the mid-1970's concluded that stratospheric concentration of CFC-11 would continue to
increase for at least 25 years after the end of production [Neely 1977]. In fact, assuming
production had ceased in 1975, with tropospheric concentration at 100 ppt, and stratospheric
concentration at 20 ppt, the projected stratospheric load would have increased from 348 kMT
in 1975 to 1360 kMT (59% of the total) by 2000 [ibid]. Meanwhile both the oceanic and
tropospheric concentrations would have decreased significantly. Obviously the model was
somewhat oversimplified — it did not allow for any stratospheric loss mechanism, for one
thing — but the implication is clear.
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4. PVC
with Albert Hahn, ECOPLAN International, Paris, France

In contrast to solvents, PVC is generally regarded as a non-dissipative end use. However,
this perception only reflects its relatively long life in most uses, not its potential for recovery
and re-use. PVC is quite durable, but it does not necessarily lock up the chlorine permanently,
even in a landfill. All PVC products have finite lifetimes.

PVC consumption in Europe is allocated roughly as follows :

Construction (pipes, flooring, window frames, etc.) 54%
Packaging (mainly as bottles) 16%
Automotive (seat covers, dashboards, trim, cable harness, underbody sealant) 4%
Electrical (insulation) 9%
Leisure (sporting goods, etc) 4%
Health care, agriculture and other, misc. 13%

In buildings PVC is used extensively for pipes. A typical European house contains 100
kg of PVC pipes and fittings, while 58% of the water supply network and 80% of the waste
water disposal systems of Europe use PVC pipes [ECVM 1994]. In addition, 75% of roller
shutters and 30% of all window frames in Europe are made from PVC [ibid]. Floor and wall
coverings also account for significant amounts of the material.

Of the 16% of PVC used for packaging products in Europe, half is for bottles. Other uses
include pharmaceutical products and film to protect fresh foods. In France, bottles (for
bottled water) account for as much as 25% of PVC produced. Packaging materials, in
particular, have a very short useful life. Virtually all of such materials becomes domestic and
thence municipal solid waste within days or weeks. PVC constitutes 12%-17% of plastics in
municipal wastes (14% average) [Hahn 1995]. PVC packaging accounts for 60% of the
chlorine embodied in household waste, while other PVC products (such as shoes, imitation
leather, toys, etc.) account for another 20% [Brahms 1989].

Health care uses include gloves and blood bags. Agricultural uses include irrigation pipes,
drain pipes, greenhouses and tubes used for milk in the dairy industry. Garden fencing and
sports equipment are other miscellaneous uses.

In mass terms, 18% of PVC is used in short lifetime applications (<2 yrs), such as bottles
and packaging; 20% is used in medium life applications (2-10 years), while 62% is used in
long service-life (>10 years) applications like pipe and window frames [Svalander 1996].
Housing applications are expected to last 50 years or more. Pipe alone accounts for 40% of
PVC consumption. Most of the short life applications are flexible, whereas the long life
applications are almost entirely rigid. Flexible applications require substantial amounts of
plasticizers (below), whereas rigid applications require other additives, especially stabilizers
and fillers.

Emissions from PVC in use are negligible. Almost the only possible emission (apart from
plasticizers, below) is vinyl chloride monomer (VCM) which remains as a trace contaminant
in the polymer, to the extent of 1-10 ppm [ECVM 1994]. VCM is a gas at ambient
temperature, with high vapor pressure and low solubility in water. Dissolved VCM (e.g. from
pipes) volatilizes rapidly to the atmosphere, in a few minutes to a few hours [ibid]. In ground
water VCM hydrolyzes slowly, with a half life of about 10 years [ibid]. In aquatic biota,
VCM has comparatively low bioaccumulation potency, although bioaccumulation factors
range from 10 (fish) to 40 (algae) [ibid]. Toxic levels for aquatic biota would be almost
impossible to reach under any circumstances. In the atmosphere VCM reacts with hydroxyl
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radicals very rapidly (20 minute half life) to hydrochloric acid and formyl chloride [ibid]. The
latter degrades to hydrochloric acid and carbon monoxide, also in about 20 minutes [ibid].
In soil, VCM is rapidly degraded by bacteria under aerobic conditions.

PVC itself is stable, inert and not biologically active. Though it is not highly combustible,
PVC will bum. PVC is definitely a fire hazard. Although it can be burned with relative
safety6 in a properly equipped incinerator, when PVC products burn in an uncontrolled
situation, as in domestic fires — especially electrical fires — the smoke can be very
dangerous. In one fire in a supper club in Beverly Hills in 1977, 165 people died as a result
of contact only with the smoke from smoldering PVC insulation, according to one toxicologist
who subsequently analyzed the event [Wallace 1981]. Smoldering PVC is also alleged to be
a significant source of polychlorinated dibenzo-dioxins and -furans (PCDDs and PCDFs). For
these reasons, the use of PVC in electrical applications, and in many public buildings, has
been sharply restricted in Germany, Sweden and some other countries. A total ban on the use
of PVC in public buildings was imposed in the German town of Bielefeld in 1987.

In a fire with excess air, the chlorine in PVC is largely converted to hydrochloric acid
(HC1), although some other organochlorines (including trace amounts of dioxins) are
produced. It has now been confirmed by a number of studies that the mechanism for dioxin
production is the reaction of hydrogen chloride with organics, catalyzed by heavy metals.
However, this combination is available in most municipal wastes, whether or not PVC is
present. The production of dioxins does not seem to be chlorine limited (it may be catalyst
limited). A number of empirical studies have confirmed that dioxin production in incineration
(and other types of combustion) is essentially independent of the PVC content, because
sufficient chloride is present in, for example, wood [e.g. Wormgoor 1994]. Because of this
recent research, the Dutch Parliament has decided that there is "no reason to ban" PVC.

As a thermoplastic, PVC is potentially recyclable. Scrap generated within the production
process is normally recycled. However, post-consumption recyclability is greatly inhibited by
one major factor: additives. PVC is almost never used in pure or near-pure form. Additives
vary enormously depending on the use to which the product is put. Additives are used to
provide increased plasticity, stiffness, inflammability, color, to protect against damage by UV
radiation, and for several other reasons. They can account for as much as 50% of total weight,
as shown in Table V.

Even if the polymer itself could be easily depolymerized, most additives cannot
easily be removed. Moreover, some of them are toxic. Heavy metals, including cadmium,
have been widely used as stabilizers and pigments, in the past, as shown in Table VI [UBA
1989]. Until recently cadmium was widely used for PVC products intended for exterior use,
such as window frames. As recently as the late 1980s, almost half of the cadmium used in
Germany was used by the plastics industry, mainly for stabilizers [Claus et al 1990]. However
cadmium use for this purpose has been almost entirely phased out in Europe [Svalander
1996]. About half of all processed PVC contains lead-based stabilizers (primarily in pipe and
window frames). PVC for food containers is stabilized with organo-tin compounds. This
means that post consumer recycling can only be done either by returning PVC products to
their manufacturers for recycling in the same or a lower-value but compatible use, or in
conjunction with a very sophisticated identification, sorting and separation system. In practice,
these problems have sharply limited the extent of post-consumer recycling.

As of 1995, only 2% of post-consumer PVC in the U.S.A. was recycled, as compared to
7% in Europe [Hahn 1995]. Yet 11% was recycled in Brazil [ibid]. Nevertheless, recycling
is on the increase. Examples from Germany include pipes, window profiles, flooring, and
roofing membranes. (PVC water bottles, in particular, offer a significant potential for
recycling and even possible re-use).
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PVC fabrication results in varying amounts of scrap, mostly recycled. Pipe extruders
generate very little scrap, which is easily recycled on site. Wire and cable coating operations
generate 7%-10% scrap, mainly from off-spec product [Hahn 1995]. This material is entirely
recovered (because the copper is recovered) and is used as fill for thicker cables. Scrap from
PVC extrusion film operations is also recovered and used for applications with successively
lower transparency requirements. The last step in the chain is to produce black film for
agricultural use. Scrap from calendaring operations is also recycled within the same operation.
In some cases calendaring operations buy back scrap from downstream users e.g. "cut and
weld" packaging. Some producers of "calandrette" extruded PVC coated fabrics buy back
scrap from the cut and sew operations of their clients. This material is reground, remelted and
re-introduced to the feed, of which it constitutes about 20% [ibid].

Scrap from PVC bottle production and blister packaging for the pharmaceutical industry
(where scrappage is quite high, up to 40%) is rigid. This material can be recycled in PVC
pipe, especially for agricultural use, and fittings. Scrap from production of rotomolded
products, such as toy dolls and balls, can be used for shoe soles or hoses, and even for some
injection-molded automobile parts [Hahn 1995]. Scrap from film operations can be used to
make plastic tubes for roll cores. Scrap from textile-supported calandared materials, such as
tarpaulins for trucks, can be used in manufacturing bands for tennis and volleyball nets.

There are other products that can be made from PVC that has been separated from other
plastics. The physical separation process is not too difficult, in principle, since PVC is much
denser than other plastics. For instance, PVC bottles can be melted and incorporated directly
in PVC pipe. However, contaminants from recycled PVC waste tend to migrate to the outside
of extruded products (like pipe); in practice, problems are avoided by co-extruding 3-layer
pipe with recycled material in the center layer [Svalander 1996]. The opposite problem arises
in the case of injection-molded products [Hahn 1995]. Cheap shoe soles can be made from
recycled PVC plastic toys, and beach sandals, for instance; this is done in Brazil [ibid].

PVC insulation from wires and cables is obtained routinely as a by-product, as the wires
are stripped for copper recovery. This material is relatively inhomogeneous and is used to
manufacture garden hose [Hahn 1995]. The recovered material is used on the inside, with
virgin PVC on the outside to improve appearance and mechanical properties. Unfortunately,
it is often contaminated by small pieces of copper wire. The latter can puncture the hose and
cause leakage. Recovered post-consumption PVC insulation can also be used for shoe soles.

Potential recycling routes for pure PVC are shown in Figure 4. As much as two thirds
of PVC demand can potentially be filled by recycled products, although the near-term
potential is much less. The European Council of Vinyl Manufacturers (ECVM) estimates
recycling potential in the next 5-6 years for Europe as 10-15% [Svalander 1996]. Recycling
from unsorted household waste is a particular challenge, since plastics constitute a significant
and awkward fraction of such waste: 6%-7% by weight, but 20% by volume. There are two
approaches (apart from energy recovery), viz. chemical depolymerization and mechanical
mixing/blending. Possible chemical methods of depolymerization include hydrolysis,
alcoholysis, pyrolysis and hydrogenation. However hydrogenation and pyrolysis of PVC
waste results in HC1, which is undesirable. In the case of pyrolysis, about 56% of the product
(by weight) consists of HC1, which is difficult to recover for use in small facilities (although
the chemical industry does quite a lot of pyrolysis of CFCs for HC1 recovery). Neither of the
other processes is known to be used at present.

Mechanical recycling is currently the most feasible approach. One possible product of
mixed post-consumer plastics is "plastic wood". A homogeneous product can be produced
by melting a mixture of plastics, at high pressures. Composition may be up to 20% PVC, the
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rest consisting of polyethylene (PE), polypropylene (PP), polystyrene (PS) and some
polyethylene terephthalate (PET). The mechanical properties of this material improve with PS
content [Hahn 1995]. When the PS content of the mixed waste is too low, virgin PS must be
added, which increases costs. Because of the compatibility problems, long screw extruders are
needed, operating at 200 rpm, rather than the conventional 20-40 rpm typical of extruders for
virgin materials [ibid]. Pigments must be added. Also, surface modification chemicals, such
as silanes and titanates, may be needed to improve compatibility among the different
components [ibid].

Plastic wood products made by this process can be drilled and assembled with metal
screws, but cannot be nailed like natural wood. This sharply limits their applicability to
mainly prefabricated objects like pallets, park furniture, dividers, and flowerpots. At present,
these things often cost more than comparable objects made from natural wood. (They are
often used for public relations value). Nevertheless, plastic wood has significant potential
advantages in use. Such products do not warp or twist. They are impervious to biological
attack and never need painting. They are particularly attractive as a substitute for natural
wood that would have to be chemically treated by toxic metal-based wood preservatives such
as copper-chromium-arsenic (CCA). In future, plastic wood products should find increasing
application for flooring, walls, doors, roof tiles, exterior panels and outdoor furniture. To the
extent that plastic wood can compete with the natural product, of course, it has an enormous
potential demand.

Alternatives to recycling are landfill disposal or incineration. The advantage of
incineration is that there is some energy recovery (similar to that for coal, although
significantly less than for other plastics), as shown in Table VII. The disadvantage is that
fairly sophisticated controls are needed to recapture the hydrogen chloride and other volatile
chlorinated combustion products, as well as the ash which contains heavy metals and fillers.
(Incinerator ash is regarded as hazardous, due to heavy metal content, and its disposal is a
further problem, though not primarily due to PVC). These controls are "state of the art" in
Europe, but older incinerators are not necessarily adequately equipped.

PVC is not known to be hazardous in normal use, despite some suspicions. However,
most PVC products contain significant quantities of other chemicals. Non-rigid PVC products
contain plasticizers, some of which can "leak" into the environment during use. Over a
million tonnes of plasticizers are used annually in Europe, of which over 75% is for PVC.
Even rigid PVC products may contain up to 10% plasticizer (for processing), while flexible
products contain much more. The extreme case, PVC flexible "cling" film — for food — may
be 60% plasticizer.

The most important plasticizer is di-2-ethyl hexyl phthalate (DEHP). Western European
consumption of DEHP and other phthalate esters amounts to more than 850 kMT per annum
currently [Cadogan 1995]. This chemical migrates from packaged foods into the foods
themselves; it is also found in human blood that has been stored in PVC bags. All such
products are tested for safety. However there have been concerns that it may migrate even
from landfills where PVC products are disposed into ground water. Trace amounts of DEHP
are found in sewage sludge; it is also being detected in fish, birds eggs, marine mammals and
other environmental "niches" far from its original use. However, the routes by which this
migration may occur are not known. Also, there is no known environmental hazard arising
from this.

Belatedly, suspicions have been growing that DEHP might be hazardous. It is a possible
estrogen mimic, with possible long term effects on human fertility, although it appears to be
the least likely among the various candidates under consideration. It is a "priority pollutant"
in the U.S. and was put on the priority list of environmentally relevant substances in the
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Netherlands, mainly due to the large tonnages involved and the potential for exposure. Its use
in food packaging has been banned in Austria.

On the other hand, the Dutch authorities, having conducted a preliminary investigation
of the risks to humans, concluded that they were very limited, except possibly in the vicinity
of point sources such as manufacturing facilities. No further investigation was deemed
necessary, at least for the present. The UN (ECE) has declassified DEHP as a hazardous
substance.

Endnotes

1. I wish to acknowledge the valuable assistance of Donald Rogich, Director, Office of Mineral Commodities,
Dennis Kostick, commodity specialist for salt, Bureau of Mines, U.S. Department of the Interior, Washington
D.C., Dr. Gert F. Grau, Dow Europe, Prof. R. Papp, Elf-Atochem, Philippe Feron, Prof. A. J. Lecloux and J.
Y. Van Diest all or Euro Chlor, and John Svalander, European Council of Vinyl Manufacturers (ECVM).

2. Cited by Martin Smith, chairman of ECSA's General Technical Working Group at the Euro Chlor conference,
February 1995 [Euro Chlor 1995a].

3. For a discussion of the recycling of solvents in Europe — including all types, not only chlorinated solvents —
see Informations Chimie #323 Dec 1990, and #354 Jan. 1994.

4. The two sources do not agree exactly; the more recent AFEAS data must be presumed to be more complete.
However, the differences are not very great.

5. Because fully fluorinated compounds used as solvents are extremely potent greenhouse gases (although they do
not contribute to the ozone depletion problem), it is important that they, too, be recovered and recycled.

6. There is much dispute on what constitutes relative safety. Some environmental groups want to ban incineration
totally.
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Table I: Production and consumption of chlorinated solvents in Europe,
1986-1992; USA 1993 (kMT)

Solvent 1986 1987
Western Europe
1988 1989 1990 1991 1992

USb
1993

Trichloroethylene
Production 182.7 165.7 168.9 153.6 130.9 113.3 125.2 65.7
Consumption 138.7 134.3 133.9 118.4 107.8 96.1 83.0 39.5

Perchloroethylene
Production 340.6 322.8 342.9 317.1 279.8 218.5 210.6 123.0
Consumption 161.6 151.8 144.1 131.3 122.6 113.4 88.6 135.6

Methylene (di)chloride
Production 331.5 305.3 309.8 293.4 293.3 244.0 234.1 160.0
Consumption 197.0 181.2 182.4 175.4 169.6 157.1 153.9 107.8

1,1,1 Trichloroethane
Production 204.6 203.2 218.1 222.3 228.5 202.1 198.3 205.0
Consumption 137.8 129.6 128.5 129.3 122.4 109.0 92.7 170.5

Sources: a) [Euro Chlor 19951
	

b) [Swift 19951

Table II: Estimated production & use of CFCs
for 1985 (kMT)

Chemical U.S. Other Communist
OECD	 countries

World

CFC-11 75 225 41.5 341.5
CFC-12 135 230 78.7 443.7
CFC-113 73.2 85 5 163.2
Source: [Miller & Mintzner 1986, Table Hy

Table III: Global production of CFCs in non-communist countries, 1950-1993 kMT,
(reporting companies only)

Year 1950 1960 1970 1980 1985 1990 1993 Total 1931-93
CFC-11 6.6 49.7 238.1 289.6 326.8 232.9 147.1 8523
CFC-12 34.6 99.4 321.1 350.2 376.3 230.95 214.7 11061
CFC-113 NA NA NA 103.7 187 174.8 48 2922
CFC-114 NA NA NA 15 17.1 8.3 4.6 501
CFC-115 NA NA NA 9.3 12.8 11.3 11.4 218
HCFC-22 NA NA 56.1 126.3 153.4 213.7 240.6 3363
Data Source: [AFEAS 19951
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Table IV: Global Sales of CFC-11 and CFC-12, 1980-1993, kMT,
(reporting companies only)

Use CFC 1980 1985 1990 1993 1976-1993
Refrigeration CFC-11 29 26.9 20.2 16.9 453.4

CFC-12 162.2 185 161.7 189.1 3243.8
Foam Blowing,

closed cell
CFC-11
CFC-12

84.1
23.9

117.3
30.2

144.4
23

106.8
7.7

2023.3
472.8

Foam Blowing,
open cell

CFC-11
CFC-12

53.1
12.3

63.5
20.4

38.9
4.4

11.5
0.8

882.6
193.9

Aerosol propellant CFC-11 105.1 100.5 18.2 7 1580.7
CFC-12 138.1 119.7 30.4 12.1 1932.4

Other uses CFC-11 18.3 18.6 11.1 5.3 288.2
CFC-12 13.7 21 11.4 5.1 333.7

Data Source: [AFEAS 19951

Table V: Additives in PVC products as % of weight
Additive Function Flooring	 Vinyl Wallpaper

lasticizers 1
Stabilizers 0.5-1.0 2-3
Flame retardants 9
Pigments 1 1-3
Lubricants 1 0
Fillers 25-50 10-15
Source: [Adelmann 19901.

Table VI: Heavy metals & fluorine in PVC products (ppm)
Product Cd Cr Cu Ni Pb Zn Sn F
Form pieces 2 4 47 10 22 88 362 36
Hollow bodies 15 0 14 0 12 58 452 10
Cups 1 0 20 1 13 46 371 9
Daily articles 420 156 26 13 1679 393 78 35
Source: RIBA 19891
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Table VII: Potential energy recovery from
packaging materials

Packaging
Material

Energy Recovery
Potential

(Heat of Corn-
bustion per kg)

kflkg

Produc-
lion En-

ergy
kflkg

Recover-
able For-

lion
%

Paper 17400 30102 57.8%
Glass — —
Steel — —
Aluminum — — —
LLDPE 41000 63960 64.1%
LDPE 41000 76260 53.8%
HDPE 41000 72570 56.5%
PS 37800 68040 55.6%
PET 27600 82800 33.3%
PVC 14300 47619 30.0%

Source: [Gaines 1981]
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Figure 1: Historical production of CFC-11 & CFC-12 for countries reporting to the

Chemical Manufacturer's Association (CMA)
Source: CMA, Production, sales & calculated release of CFC-11 & CFC-12 through 1985
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Figure 2: Selected historical regional production of CFC-11 & CFC-12
Source: CMA, Production, sales & calculated release of CFC-11 & CFC-12 through 1984
and United States International Trade Commission, Synthetic Organics Chemicals, (annual)
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Figure 3: CFC to HCFC transition can reduce chlorine
Source: Alternative fluorocarbons environmental acceptability study [AFEAS 1995]
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Figure 4: Potential recycling routes for pure PVC products
Source: [Hahn 1995]
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Abstract

This paper is the fourth of a series on the life cycle of chlorine. A number of cyclic
organo-chlorines share several key characteristics to a significant degree, notably volatility,
solubility in lipids (fats), environmental persistence (resistance to photolysis or biodegrada-
tion), a tendency to bio-accumulation and toxicity to aquatic organisms and/or birds and
mammals. A subset of this group has been designated "persistent organic pollutants" (POPs).
Because of their volatility, persistence, and tendency to bioaccumulate they are dispersed
either in vapor phase through the atmosphere, bound to dust or soil particles, or carried in the
bodies of migratory animals. Members of this subset have been found in remote locations,
such as the Arctic, far from the locations where they were initially used or produced.

With one significant categorical exception — the polychlorinated dibenzo-dioxins and
dibenzo-furans (PCDDs and PCDFs) — all are, or were, originally produced for use as such,
mainly as pesticides. PCDDs and PCDFs have never been produced for their own sake; they
are unwanted contaminants in some chemical intermediates (chlorinated benzenes) that were
passed on and incorporated in some final products, notably herbicides; they are also generated
spontaneously in most combustion processes, including fires of all kinds. Polychlorinated
biphenyls (PCBs) were used mainly in capacitors and transformers because of their dielectric
properties and thermal stability. However they escaped into the environment when electrical
equipment was discarded or accidently damaged. The majority of the POPs have been sharply
restricted or banned outright in most of the industrialized countries, although some are still
produced and/or used in less developed countries.

The qualities of persistence and bioaccumulation give special urgency to monitoring not
only point source emissions and local concentrations, but also the mobile environmental
reservoirs (MERs) of these chemicals. This is because human exposure is largely indirect.
To conduct adequate risk analyses, far more detailed data is needed on quantities produced
and used, quantities and location of storage, mode of use, location of use and period of use.
Such data are not collected, or if collected they are not published, by any government or
international agency.
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1. Background

The long-lived cyclic organo-chlorines constitute a special problem. Unlike most chlorine
chemicals, including the major chlorinated solvents and PVC, many of these chemicals are
biologically active, yet slow to biodegrade. The majority of those discussed in this paper have
been targets of attack by environmentalists for many years. For instance, DDT, HCH/Lindane,
chlordane & heptachlor, the "drins" — aldrin, dieldrin and endrin — pentachlorophenol and
2-4-5—t are all included among the so-called "dirty dozen" characterized by the Pesticide
Action Network [PAN 1990]. All except the "drins" and 2-4-5—t (plus PCB's) are also
among the priority list of persistent organic pollutants that were the subject of a major
international meeting jointly sponsored by the governments of Canada and the Philippines,
held at Vancouver, June 4-5 1995.

Currently, the chemical industry distinguishes organic chemical pollutants that are
persistent, toxic and bioaccumulative (PTBs) and a subclass that are prone to long-range
transport and deposition, viz Persistent Organic Pollutants (POPs). All PTBs, by definition,
tend to remain for long periods in soils and sediments, or in the atmosphere. 2 Moreover, all
of the chemicals in this group tend to accumulate in fatty animal tissues. 3 POPs are
transported over long distances and are now found in places (such as the Arctic) far from the
original point of use. 4 There are perhaps 20-25 POPs. Most POPs have been discontinued,
or banned in most countries although in some cases — notably DDT — production continues
in some developing countries. Clearly, it is not current production and use that matters so
much as cumulative past production and environmental inventory.

Of particular concern, in view of recent developments, is the fact that some of the
persistent organo-chlorines have been found to disturb the development of animal endocrine
systems and the organs that respond to endocrine signals [Colborn et al 1993]. Effects due
to exposure of eggs or fetuses, or even exposure during early postnatal stages of development,
are likely to be permanent and irreversible. Typical effects include feminization (or de-
masculinization) of males, converse effects on females, sharply reduced fertility, low egg
survival rates, as well as thyroid problems and damage to immune systems [ibid]. Exposure
of females to some of these chemicals can result in transgenerational effects, due to the
accumulation and storage of the chemicals in fatty tissues which are subsequently mobilized
during pregnancy and lactation [ibid].

While the ecotoxicological effects of the chemicals in question are still open to dispute,
and some of the possible effects are still quite hypothetical and far from being proven, the
risk cannot be taken lightly. It is true that the chemical industry in general, and the pesticide
industry in particular, have conferred many benefits on mankind. But it is by no means clear
that these benefits would outweigh the sort of fertility and transgenerational impacts that have
recently been suggested. In short, this is not a situation where it makes sense to wait until a
great deal more scientific evidence is in hand — which might take decades — before
considering possible actions of a preemptive nature.

However this paper is not intended as a review of the evidence pro or con the uses of
organo-chlorines. Still less is it intended as a call to action. We agree that the evidence is still
much too scanty. Why this study? The answer has been phrased very neatly and concisely
by one of the more eminent and effective advocates of the chemical that started the
controversy, namely DDT. The book from which the paragraph quoted below was borrowed
began as a keynote address by the author, Professor Kenneth Mellanby (formerly director of
Monks Wood Experimental Station, in the U.K.) at a 1989 symposium of the British crop
protection council on "progress and prospects in insect control". Prof. Mellanby is not by
any means opposed to the use of chemical pesticides. He says, however:
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"If we are to assess the possibility of DDT becoming a widespread pollutant, we
need to know how much of the chemical has been produced, and so may be present
in the world. We have reasonably accurate figures for the U.S.A. ...There are no
overall figures for the rest of the world....We are probably not very far out if we
assume that something like 2,000,000 tonnes of DDT have been produced
worldwide, and that much of this still exists. We need to know where it is to be
found" [Mellanby 1992 p.34]

Exactly the same point can be made with respect to all of the other chemicals on our list,
most of which are much less well documented even than DDT.

It is our immediate purpose to bring together all the available official (and, where
obtainable, unpublished) information on the "industrial metabolism" of the major persistent
organo-chlorines. (Some have been omitted, notably the insecticide "Mirex" and a few others).
Not all of them are actually hazardous to the environment, if used properly, as will be noted.
However, all are persistent and, are or have been subjects of concern in the past, for various
reasons. Thus the need for data on production and use of these chemicals is, if possible, more
urgent than for other substances. Our major concern is with the scarcity or absence of data.
Unfortunately, as Prof Mellanby points out, a lot of the needed data has not been published
anywhere. This is not to say that the data does not exist. It does exist. But it is buried in the
archives of chemical manufacturers, and government agencies, who treat it as "confidential"
and "proprietary" — even long after the compound is no longer being produced!

By suppressing this data, or allowing it to be suppressed, the chemical companies and
government agencies make it effectively impossible to carry out the sort of quantitative risk
analysis that is needed.

2. Chlorobenzenes & chlorophenols

According to our previous mass-balance calculations for Europe, 93 kMT of chlorine was
consumed to produce approximately 100 kMT of monochlorobenzene and 25 kMT of
dichlorobenzenes (plus 44 kMT of by-product HC1) in Europe in 1992 [Ayres & Ayres 1996].
Our data on higher-order chlorobenzenes and chlorophenols is less complete. However, it
appears that 12 kMT of chlorine was consumed to produce chlorophenol in Europe in 1992.
It would follow from basic chemistry that about 27 kMT of chlorophenol plus a little over
6 kMT of HC1 must have been produced. Production interrelationships among the group are
illustrated by Figure 1.

We do not have a detailed breakdown of current uses of chlorobenzenes. However, based
on 1977 U.S. data, 30% of the monochlorobenzene was used as a solvent, mainly in the
production of isocyanates (TDI, MDI), but also for paints, adhesives, waxes and polishes. The
remainder of the monochlorobenzene was apparently used as an intermediate in the production
of other chemicals, principally phenol, chloronitrobenzene, diphenyl oxide and rubber
chemicals. Monochlorobenzene was also used in the production of DDT (see below). The
chlorobenzene route to phenol seems to have been largely displaced by cumene, at least in
the U.S., by the early 1970s [Lowenheim & Moran 1975]. However, it is likely that the
chlorobenzene route was still significant in Europe at the time, though probably not much
longer.

Chloronitrobenzene itself is an intermediate in the production of several other chemicals,
notably phenylene diamine, nitroaniline, chloroaniline and nitrophenol. These are mostly dye
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intermediates or explosives. Diphenyl oxide is also used in organic synthesis, but it has direct
uses as a heat transfer medium (replacing PCBs) and in soaps and perfumes.

There are three isomers of dichlorobenzene, of which two are important: ortho- (o) and
pars- (p). The main use of o-dichlorobenzene (1977) was in the manufacture of 3,4
dichloroaniline. This is an intermediate in the production of pesticides, dyes, epoxy resins
and polyethers. About 20% of domestic consumption was used as a solvent carrier in the
production process for toluylene di-isocyanate (TDI). It was also used for paint removers and
engine cleaners. The two major uses of p-dichlorobenzene as such were as a deodorant (50%)
and for moth control (40%). The remainder (10%) was used as a chemical intermediate in the
production of dyes, insecticides and polyphenylene sulfide resins.

There are three isomers of trichlorobenzene, of which only one (1,2,4) is significant. It
is used as an intermediate in the production of dyes and herbicides (dicamba and 2,5-
dichlorobenzoic acid). It is primarily used as a solvent for dyes, for crystallization, for
lubricants, as a metal degreasing agent, as a termite control agent and as a transformer fluid
(as one of the substitutes for PCBs.)

Higher chlorinated benzenes — notably hexachlorobenzene — are or have been used in
smaller quantities, mainly as a fungicide. HCB is discussed later. The higher chlorinated
benzenes are more volatile than mono- or di-chlorobenzenes. They are dense but insoluble
(hence they tend to sink to the bottom of lakes or streams) and they tend to bio-accumulate
in fatty animal tissues.

Chlorophenols have been used, as far as we know, mainly as an intermediate in the
production of herbicides, such as 2,4-dichlorophenol (2-4–D) and 2,4,5-trichlorophenol
(2-4-5-1), and the wood preservative pentachlorophenol (PCP).

3. DDT

Dichloro-diphenyl-trichloroethane, or DDT, was first synthesized in 1874 by an Austrian
student, Othmar Zeidler, but no effort was made to find a use for it. It was not until 1939 that
it was rediscovered and proven to be a highly effective insecticide by Paul Muller at
Ciba-Geigy AG in Switzerland. DDT's low vapor pressure, insolubility in water and resistance
to degradation make it very effective in use. This was regarded as a favorable characteristic
in the early years.5

On the other hand, DDT is now classed by EPA as "moderately hazardous" to humans
based on acute toxicity. According to the International Association for Research on Cancer
(IARC) it is "probably carcinogenic" for humans. DDT and its metabolites have induced
tumors in experimental animals. Long term effects that are suspected, if not conclusively
proven, include reduction of male sperm counts, spontaneous abortions and low birth weights.
Its toxic effects on other species — especially aquatic invertebrates — are far more
devastating. DDT can kill most fish species at fairly low exposure levels. It is bioaccumulat-
ed in fatty tissues along the food chain. It had disastrous effects on a number of species of
fish-eating birds, such as the Sea Eagle.

It was first marketed in Switzerland in 1941.The products were patented in all major
countries and licensed by Geigy for production to a number of German, British and American
firms in 1942. British production began at the Trafford Park facility of Geigy in 1943, and
was expanded rapidly. U.S. production began about the same time.

The structure of DDT is shown in Figure 2. It is produced by the reaction of chloral with
monochlorobenzene, in the reaction:
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CC13CHO + 2C6H5C1 (C6H4C1)2CHCC13 + H20

using strong sulfuric acid or oleum as a catalyst. (Chloral is made by chlorination of
acetaldehyde or oxychlorination of ethanol). There are two waste streams, namely acid and
unreacted chlorobenzene. Both are recycled for further use. Waste acid is neutralized with a
dilute caustic, yielding NaCl. The waste stream contains DDT (1-5 ppm) and other related
compounds (analogs) in somewhat higher concentrations.

Total U.S. production of this compound from 1945 through 1972, when most domestic
uses were banned, was 1.337 million metric tons (MMT); subsequent U.S. production (for
export only) appears to have been about 140 kMT.6 World production for the years
1960-1973 is shown in Table I. Interpolations by the authors for missing years are shown in
small italics. It should be noted that the figures in the table are probably an underestimate,
since several producing countries (including the U.K.) have been omitted. Production in
Europe (EEC) in 1981 has been given as 8.1 kMT [Heinisch et al 1993]. Indian production
in the range of 7400-9000 kMT/y has been published in various sources, including official
government statistics, for various years between 1984-85 and 1993. 7 Indonesian production
is of the same order of magnitude. 8 (Indonesian exports of DDT in 1989 were $10.3 million,
mostly to Vietnam).9

Based on the data in the table, it seems reasonable to suppose that U.S. production
constituted about half of the world total prior to 1972, and about a third of the world total
through 1983, the final year. On this basis, the cumulative overall total world production in
the years through 1972 must have been in the neighborhood of 2.7 MMT. Cumulative world
production 1973-1983 would have been around 420 kMT.

Recent production in the rest of the world is unknown; there are no published data.'°
However we can account for about 42.5 kMT/y of annual capacity in the late 1980's in
France, Italy, Mexico, India, China and Indonesia (reduced by 7.5 kMT/y by the closure of
the last French plant in 1990) not including the former USSR. Italian production is said to
be used only as an intermediate for the production of dicofol, an acaricide. Production for use
still continues in a number of countries at a rate of at least 30 kMT/y, and probably nearer
50 kMT/y. The largest known current producer is India (about 7 kMT/y), but the former
USSR is probably the largest actual producer and exporter, with annual production in the
neighborhood of 20 kMT/y. Overall, we think total cumulative world production (and use)
since 1983 must have been not less than 480 kMT, and more likely 600 kMT. Total global
production and use of DDT since 1944 thus approaches 3.6-3.7 MMT.11

In the year of maximum domestic (U.S.) consumption (1959), DDT was registered for
more than 334 applications. Over 450 kMT of DDT were used in the U.S. alone during the
period 1945-1972. Its low cost, persistence, and tendency to accumulate in the body-fat of
living organisms from plankton and worms to birds, animals, and humans has led to its being
widely distributed throughout the environment. These characteristics also resulted in serious
environmental concerns about the impact on fish and birds [Carson 1962; Graham 1970;
Dunlap 1981]. As a result, domestic usage in the U.S. was partially curtailed in the 1960's.

A major change in regulatory authority occurred on December 2, 1970 when the federal
regulation of pesticides in the U.S. was transferred to the Environmental Protection Agency.
On June 14 of 1972 the Administrator announced the final cancellation of all uses (except
public health emergencies). The U.S. ban went into effect January 1, 1973. Since the outright
ban, only minor exceptions have been granted in the U.S., on a case-by-case basis. An
international treaty was signed in 1972 extending the ban to 28 countries, with severe
restrictions in another 30 countries. Since the 1970's DDT has been used mainly in the
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tropics for public health purposes (e.g. anti-malarial mosquito control) and in the former
USSR.

Evidence of continued use in the former USSR, however, is extensive. A few examples
taken from the USSR 1989 State Report on the Environment12 include the following:

• In 1989 DDT contamination in soils in the wheat-growing region of Khirgistan amounted
to 36-46 times the maximum allowable concentration of 1 ppm.

• On Moldavian farms, DDT contamination in some soils soil exceeded the maximum
allowable concentration by factors of 29-92 .

• In the Ukraine, DDT contamination in some soils exceeded allowable concentrations by
factors of 16-29.

• In the cotton fields of Uzbekistan, DDT contamination in some soils exceeded allowable
concentrations by factors of 31-86.

Of 50,000 hectares in a number of regions in the former USSR surveyed in fall 1990 and
spring 1991, 6700 hectares (13%) were found to harbor excess DDT (including metabolites)
while 7300 hectares (14.6%) were over the limit by spring 1991. In Uzbekistan 46% of the
farmland exceeded twice the allowable level in the fall, and 66% exceeded three times the
allowable level in the spring.

Although varying amounts of DDT may be lost by drift, volatility, wind erosion and
removal with crop, a large proportion lands on the soil and becomes mixed with the top layers
down to about 15 cm. It is lost from the soil at a very slow rate. The persistence of DDT in
soil has been proven in many studies. The rate of disappearance is difficult to predict,
however, since many factors can affect the nature, rate and extent of its degradation [Spencer
1967]. It appears that volatilization is the major mechanism for loss from the soil [Mellanby
1992 p.34]. As a result of variation among these factors the half-life may vary from a few
years to decades. The accepted range is 15-190 years [Euro Chlor 1995].

The half life of DDT in the atmosphere is quite long: about 3 years. It may be degraded
by UV light, or return to earth via rainfall. The half life of DDT in water is 12 years [ibid].
At the time of peak use of DDT, in the 1960's, the average amount in the atmosphere was
about 8 kMT [Mellanby 1992 p. 35]. Because of its persistence, a significant amount of DDT
dispersed in the past remains in the environment. DDT lost to the atmosphere, or carried off
by runoff and erosion, finally ends up in the oceans. It was calculated that in 1970 about 12
kMT/y was being deposited by rainfall into the world's oceans, as compared to only 200
tonnes/y via rivers and streams [ibid]. It is not known what happens to DDT in the oceans.
However, its concentration in open oceans is not at detectable levels (< 1 part in 1012).

Because of microbial action in most soils there is a slow degradation of the DDT
molecule to a variety of metabolites. Among the more important products so formed is
dichloro-diphenyl-dichloro-ethylene, or DDE. It can be produced chemically from DDT by
reaction with an alcoholic alkali, catalyzed by iron, aluminum or chromium salts, in which
dehydrochlorination takes place.

Another degradation product is 1,1-dichloro-2,2-bis-(p-chlorophenyl) ethane, known as
TDE or DDD. This chemical was also produced as a commercial product, mainly in the
1950's, but not in large quantities. It is produced in vivo by reductive dechlorination of DDT
— and may in turn be further dechlorinated to DDA, 4,4'dichloro-diphenyl-acetic acid.
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In humans and animals total DDT, DDD and DDE were found to have reached an
average of 12 ppm in 1970 and had fallen below 7 ppm by 1980. Nevertheless, DDT is still
found in whales, seals and seabirds — all high on the food chain — and there is reason to
suspect that it is still causing reproductive problems and eggshell thinning among birds.
Because of its tendency to bioaccumulate in animal fats, DDT is also found in human tissues,
and breast milk women living in the far north. For instance, women from northern Quebec
are found to have DDT levels 5-7 times higher than women from the southern part of
Canada.

4. HCH & Lindane

Benzene hexachloride (BHC) and hexachlorocyclohexane (HCH) are common names for
the same chemical. The technical name is 1,2,3,4,5,6-hexachlorocyclohexane. The generic
formula is C6H6C16. The structure is shown in Figure 3. It has been used as a pesticide since
1942 when production was started in both France and England. Technical HCH consists of
several isomers, of which by far the most important is the active gamma isomer, and four
almost completely inactive isomers. In addition to these there is usually about 4% of
heptachlorocyclohexane and a trace of octachlorocyclohexane, neither of which show
insecticidal activity. Normally the gamma-isomer is about 14% of the total product, although
it is sometimes purified to higher concentrations. The pure gamma isomer (>99%) is known
as Lindane.

The benzene hexachloride process is an addition chlorination process, starting from
benzene (C6H6), catalyzed by UV light. The chlorine to benzene ratio is adjusted so that the
product is a saturated solution of HCH in benzene [Sittig 1980, p.90]. Most HCH is further
processed to separate the gamma isomer. The Lindane manufacturing process consists of
contacting the crude HCH with acetic acid or methyl alcohol. The alpha and beta isomers are
nearly insoluble in these liquids; thus the gamma concentration is more than doubled. A frac-
tional crystallization step is used to remove the remaining alpha and beta isomers.

The disposal of inactive stereoisomers of HCH, which constitute 84% of the weight, is
potentially a serious environmental problem. A theoretical possibility is to convert the un-
wanted stereoisomers of HCH into hexachlorobenzene (HCB). The problem is lack of demand
for that substance (see below). The same technique can probably be extended to the
production of other chlorobenzenes (by the addition of benzene). Although producers with
integrated chlorine chemical facilities could convert the unwanted isomers into other products
or pyrolize them the yield hydrochloric acid, some past producers in the US and Europe and
some present producers elsewhere may have simply dumped this material in landfills or
incinerated it (for example, in the floating incinerator ship that formerly operated in the North
Sea).

During periods when there were as many as six companies producing HCH in the U.S.,
production data was available (See Table II). There is no current production in North
America. Apart from Inquinosa in Spain, the major producers of HCH, currently, are in India,
where it is used to protect cotton, and for malaria control. Total output of HCH in India over
the last 10 years has ranged from 25 to 30 kMT/y. Specifically, production in the years
1984/5, 1985/6, 1986/7 and 1987/8 (est.) was 28.65 25.67, 25.4 and 26.0 kMT, respectively
[Bowonder 1995].

HCH is also produced in Russia, and is apparently used extensively in Central Asia in
the cotton growing areas (Turkmenistan, Uzbekistan, Kazakhstan). Combined exports of DDT
and HCH from the USSR grew from 2.7 kMT in 1960 to 38.8 kMT in 1988, but no
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breakdown between DDT and HCH is available. Nevertheless, it would seem that Russia is
a very large producer of HCH, possibly the world's largest.

Cumulative U.S. production of technical HCH and lindane from 1947 through 1963 was
361 kMT; peak production of 53 kMT occurred in 1951 (Korean War), but both production
and domestic sales remained at a level of around 30 kMT/y through the 1950's. After 1963
only lindane was produced in the U.S. (still from HCH, of course), but quantitative data on
lindane output was not published. Based on agricultural use surveys and EPA actions, it
would appear that U.S. technical lindane use declined from 919 tonnes in 1964 (of which 323
t. was non-agricultural) to perhaps 500 tonnes in 1971. According to USDA/EPA use surveys,
agricultural use virtually ceased thereafter. However, the Association of Lindane producers
asserts that virtually all current North American use — around 700 t/y — is agricultural (as
a seed dressing for cereal grains and rapeseed) [Denkler 1996].

Initially the active crude HCH was widely used. It later became apparent that the
gamma-isomer was actually the only insecticidal component. Use of technical HCH was
banned in the 1970's in both North America and Europe, but large amounts are consumed in
India, for instance, mostly for cotton protection and malaria control [Biegel 1995]. However,
both HCH and Lindane have continued to be produced and used in the rest of the world. A
combination of Lindane (actually, a partially refined form of technical HCH) and DDT was
one of the most widely used general purpose agricultural pesticides in eastern Europe and the
former USSR. This combination is probably still in use in Central Asia. Technical HCH is
mainly used as such in India and central Asia, for control of cotton pests and, to some extent,
for locusts and mosquitos. Indian use is around 20 kMT/y and the former USSR probably
uses as much or more. We estimate global consumption of technical HCH (not including
HCH for lindane production) at around 50 kMT/y, which is roughly the same level as during
the 1950's. While there may have been some decline in the 1960's and 1970's — the figures
are necessarily imprecise — cumulative global consumption of technical HCH as an
insecticide appears to have been around 1 MMT, with an uncertainty of 20% either way.

As regards Lindane per se, current output is presumably the same as consumption (on
average), which is about 4.4 kMT/y. This probably represents an increase during the 1950's,
followed by a modest decrease since the early 1970's, and a recent recovery. Overall,
cumulative global usage since 1950 is probably in the range 150 kMT, plus or minus 30
kMT. This amount of lindane would have required approximately 1.050 MMT of technical
HCH as input feedstock, resulting in about 900 kMT of waste (inactive isomers of HCH) for
disposal or subsequent conversion into other chlorobenzenes.

Lindane is not significantly absorbed by plants through foliage. Lindane has a high vapor
pressure and evaporates quickly if used on the surface: in tests 76-90% evaporates within 24
hours after use [Boehnke et al 1989]. As a consequence, atmospheric transport is the primary
mechanism for dispersion, with runoff accounting for the rest. However, most Lindane has
been used for soil or seed treatment, not foliar treatment. In fact all foliar uses of Lindane
have been discontinued.

Isomers of HCH (including Lindane) have been detected in very remote areas, including
both the Arctic and the Antarctic. High and increasing levels of the HCH isomers have been
detected in rainfall in Europe during the 1980's [Lohse et al 1989]. However, apart from the
possibility of some minor misuse of Lindane, it would seem that the major source of this
material must be attributed to foliar applications of HCH in other parts of the world,
especially India and Central Asia. Indeed, recent data show a decline in gamma isomer
Lindane) concentrations in the North and Baltic Seas [Denkler 1996].

Very little Lindane is taken up by plants through their roots. Lindane decomposes in the
soil, due to the action of bacteria, algae and fungi. The half life of Lindane in water is 10-20
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days; in soil it ranges from 23 to 126 days in temperate zone conditions [Denkler 1996].
Strictly speaking, these values are too low for Lindane to be characterized as "persistent"
according to the criteria mentioned at the beginning of this paper.

The degradation process is slower under aerobic condition than anaerobic conditions;
similarly, it is accelerated by moisture and the presence of organic matter. Of the various
potential metabolites, only two — pentachlorocyclohexene and tetrachlorocyclohexene are
relatively long-lived. However, these occur in negligible amounts only. Others, such as
chlorobenzenes are rapidly degraded, while highly chlorinated compounds like hexachloro-
benzene, pentachlorobenzene and pentachlorophenol are scarcely produced at all because
chlorine is liberated too rapidly.

Lindane decomposes in soil to PCCH (gamma 1,3,4,5,6,pentachlorocyclohexane) [Yule
et al 1967]. The vapor pressure for PCCH is much higher than that of lindane — ranging
from 10 times at 20°C to 22 times at 40°C. In the field with variable temperature conditions
probably two thirds to three fourths of the applied Lindane is volatilized and lost as PCCH
[Cliath & Spencer 1972]. This route for the volatilization of Lindane and its principal
metabolite probably account for the fact that residues in the soil in crop areas are minimal and
found in only a few test sites.13

The bioaccumulation factor BCF) for Lindane in fish is 1400, well below the proposed
5000 criterion for persistence. In mammals, Lindane is excreted rapidly. It does not
bioaccumulate in fatty tissue to a significant extent. The major degradation products excreted
are isomers of di-, tri- and tetra-chlorophenols. The half life of Lindane in mammals is 2-4
days. Overall, very little Lindane is metabolically transformed (except by soil organisms).

5. Hexachlorobenzene (HCB)

Hexachlorobenzene (HCB) is chemically perchlorobenzene. The chemical formula is
C6C16. The structure is shown in Figure 4. It differs from HCH/BHC (which has been
manufactured in much larger quantities) in having no hydrogen.

HCB can be produced efficiently from the unwanted stereoisomers of HCH (those not
needed in Lindane manufacture) by treatment with metal chlorides or anhydrous sulfuric acid
[Sittig 1980 p. 449]. Thus, HCB and Lindane are potentially — and logically should be —
co-products. HCB is also a normal by-product of industrial chlorination processes for
perchloroethylene and carbon tetrachloride. (It is also found in waste streams from chlorine
gas manufacturing). The tarry residue from trichloroethylene, perchloroethylene and carbon
tetrachloride production is reputed to contain 10-15% HCB, along with 70-75%
hexachlorobutadiene (HCBD) and 10-20% hexachloroethane. As such, HCB is a constituent
of some process waste streams. The commercial product is probably recovered as a by-
product of these processes.

HCB has been found to be a major impurity in at least two widely used pesticides,
dimethyl tetrachloroterephthalate (dacthal) and pentachloronitrobenzene (PCNB). At one time,
HCB was also used as an intermediate in the manufacture of the widely used wood preserver,
pentachlorophenol.

Peak U.S. production of HCB appears to have been about 2700 metric tons (1977). It is
a natural by-product of benzene chlorination, Lindane manufacture and a number of other
industrial chemicals (e.g. carbon tetrachloride, perchloroethylene). In the U.S. HCB has been
used as a fungicide to protect seed of wheat, oats, barley and rye against seed borne diseases
such as bunt, smuts, seed decay and seedling blight in the early 1970s, but it was withdrawn
from the market in the early 1980's. HCB is no longer listed in any of the standard catalogs
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of farm chemicals. Use since 1964 must be presumed to have been very small. Most HCB
in the environment arises from industrial process wastes and as a contaminant of several other
pesticides and herbicides. Current emissions appear to be small, probably less than 100 MT.

Cumulative global output (including wastes and contaminants) in the 1960's and 1970's
are extremely difficult to estimate. As a very rough order of magnitude, we conjecture that
the peak might have been around 1980, at about 10 kMT (twice the highest U.S. level),
declining sharply thereafter. On this basis, the global total, to the present time, could have
been anywhere between 100 and 200 kMT.

HCB is extremely stable and long-lived. It is dispersed via evaporation (sublimation) and
deposition. It is nearly insoluble in water but soluble in alcohol and lipids. For this reason it
tends to accumulate in fatty tissues of animals [USEPA 1977]. The dangers of bioaccumulati-
on of HCB in animal fat were first observed in cattle brought to slaughter in 1970. The worst
case occurred in central Louisiana, where the problem was traced to airborne emissions of
HCB from several large chemical plants in the vicinity [USEPA 1977]. There were also
incidents involving sheep in Texas and California. A testing program began at that time, and
it was found that the chemical was already quite widespread in the environment [ibid].

6. The Aldrin group

The "Aldrin group" of cyclic chlorinated hydrocarbon insecticides included chlordane,
aldrin, dieldrin, endrin, heptachlor, endosulfan and toxaphene. Chlordane was developed in
1944 by Julius Hyman and others at Velsicol Corp. in the course of a search for uses of
cyclopentadiene. Endrin, also developed and produced by Velsicol, was put into production
in 1947. Aldrin and dieldrin were developed by Hyman et al in 1948 and found to have very
strong insecticidal properties. Hyman left Velsicol about that time to set up his own company,
Julius Hyman and Company. Because all of the work on chlordane (and much of the work
on aldrin and dieldrin) had been done at Velsicol the rights to the patent applications for all
three products were claimed by Velsicol and were so awarded by the courts. Later Julius
Hyman & Co. was acquired by Shell Chemical Co., which purchased the rights to aldrin and
dieldrin from Velsicol. Velsicol was the sole manufacturer of chlordane, endrin and
heptachlor. Only chlordane and heptachlor are still produced by Velsicol, almost entirely for
export.

The group is related in that production of all of them (except toxaphene) is based on one
cyclic feedstock: dicyclopentadiene, a by-product of synthetic rubber manufacture. The
interrelationships among the pesticides in this group are shown schematically in Figure 5. As
an indicator of possible magnitudes, total U.S. production of dicyclopentadiene (including
cyclopentadiene) for 1991 was 65,911 metric tons, by five producers [USITC 1991]. Of this,
47,923 tonnes were sold to other users, the remainder being consumed internally.

A process and an intermediate common to all members of the aldrin group is the
production of cyclopentadiene and hexachlorocyclopentadiene (HCP), starting from
dicyclopentadiene. This is a two step process, consisting of heating to cause separation of
dicyclopentadiene, followed by chlorination. The chlorination is direct. By-product HC1 is
neutralized by caustic soda, resulting in NaCI (salt) waste. The product hexachloropentadiene
is soluble in carbon tetrachloride or perchloroethylene [Honea & Parsons 1977]. The structure
of this intermediate is shown in Figure 6.

Some data on production, sales and exports of the aldrin-toxaphene group as a whole, and
aldrin and dieldrin in particular, was assembled in 1983 for hearings of the U.S. Congress
to determine whether a number of further uses of chlorinated pesticides should be suspended.
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See Table III. These data are not specific to particular chemicals, but they provide some
guidance for interpolation and extrapolation where precise data are not available.

6.1. Chlordane & Heptachlor

The process for manufacturing chlordane starts with a mixture of hexachloropentadiene
(chlordene) and chlorine. The chlorine is reacted with sulfur dioxide to yield sulfur-(oxy)-
chloride. The latter reacts, in turn, with chlordene at atmospheric pressure to yield chlordane
and sulfur dioxide, with excess sulfur chloride and chlorine gas. The batch process takes
about 1 hour. Chlordane (liquid) is removed and the gases are recycled [Honea & Parsons
1977]. Heptachlor is a co-product of chlordane (about 7%). It is also made by chlorination
of chlordene. Heptachlor is 3 to 5 times more effective as an insecticide than chlordane. The
structures of chlordane and heptachlor are shown in Figures 7 & 8.

Due to increasing concerns with regard to both human and environmental toxicity, most
U.S. uses for chlordane and heptachlor were initially suspended by EPA in 1975 with the
remaining applications phased out during the years 1978-1983. As of 1989 chlordane had
been banned in 25 countries and severely restricted in 21 countries [PAN 1990].14

Chlordane consumption as a general-purpose agricultural insecticide in the U.S. probably
peaked in the 1950's, with a second peak around 1971 (partly due to switching from other
banned pesticides), at around 8.5 kMT. Specific data on chlordane production since then is
entirely lacking, but in the early 1970's U.S. consumption ranged from 300 tonnes to nearly
1 kMT, mainly as a soil poison for termite control; exports were probably comparable. This
seems to have declined gradually to a current level of perhaps 200 tonnes/y (based on
historical ratios of chlordane/heptachlor and trade statistics). Extrapolating backward from
these figures, we estimate that cumulative chlordane production from 1950 through 1992 was
around 150 kMT, with a large uncertainty factor.

Production of heptachlor in 1971 has been estimated to be 2.7 kMT [Matsumara 1975].
Production in the years 1976 and 1977 was 0.68 kMT and 1.12 kMT, respectively, almost all
of it exported [US Congress 1978]. We have no later figures.

Residues of chlordane have been found to be more persistent than those of aldrin and
heptachlor but less so than DDT and dieldrin [Edwards 1966]. The half life of chlordane in
the soil is estimated at about 3.8 years [Euro Chlor 1995, Appendix 3]. The half life of
chlordane in water is also estimated at 3.8 years [ibid]. Residues have been detected in soil
after 14 years. The measurement of chlordane residues is complicated by the variety of
compounds (including heptachlor and as many as 18 unidentified compounds) that make up
technical chlordane. Apparently all other constituents degrade more quickly than the pure
isomers.

Trans-nonachlor, a degradation product, is of specific concern because of its tendency
to be accumulated by fish. In a study to determine the amount of technical chlordane that
would affect fish it was found the component accumulated to the greatest extent was
trans-nonachlor for which whole body residues were up to 145,000 times higher than those
in the water [Cardwell et al 1977].

6.2. Aidrin, Dieldrin, Endrin

These three insecticides are closely related in structure; as shown in Figures 9, 10, &
11 below. As noted above, all are manufactured from cyclopentadiene and hexachlorocyclo-
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pentadiene. Dieldrin can also be made from aldrin. They were manufactured in the U.S. (by
Shell) until both were banned in 1974; subsequently they were produced for a number of
years in the Netherlands. The only production data available is that given in Table III above.
No current production is known. However, as of 1990 these pesticides were apparently still
being used in a number of developing countries [PAN 1990].

These three insecticides, especially endrin, are acutely toxic to humans, as well as other
species. Endrin metabolites are apparently even more toxic than endrin itself. Ingestion,
inhalation or skin absorption can all lead to poisoning by aldrin or endrin. Dieldrin is toxic
by either inhalation or skin absorption. They are classed as highly hazardous by WHO.
Despite being widely banned and restricted, they have caused many accidental deaths and fish
kills. (One case of water contamination allegedly caused 400 deaths). Aldrin and dieldrin are
classed as "probable human carcinogens" by IARC. Dieldrin may reduce human fertility.

All three are extremely persistent in the soil. All three are bioaccumulative. In biological
systems aldrin is epoxidized to dieldrin. The half life of aldrin in soil is estimated to be 1
year; the half-lives of dieldrin and endrin are 3 years and 12-14 years respectively [Euro
Chlor 1995 Appendix 3]. Half lives in water are 2 years for aldrin, 4 years for dieldrin and
112 days for endrin [ibid]. Dieldrin residues are found in many organisms, including food
crops.

63 Endosulfan

Endosulfan was introduced by Hoechst in the mid 1960's. It is a sulfurous acid ester of
a chlorinated cyclic diol. The formal nomenclature is 6„7,8,9,10-hexachloro-1,5,5a,6,9,9a-
hexahydro-6,9-methano-2,4,3-benzodioxathiepin 3-oxide (IUAP). There are two isomers. It's
structure is shown in Figure 12.

There are two manufacturing processes [Goebel et al 1982]. The final stage is a reaction
between thionyl chloride and an intermediate, endosulfandiol. The latter is produced by either
of two routes. The first is diene synthesis of hexachlorocyclopentadiene and cis-butene-(2)-
diol-(1,4). The second is itself a two stage process, beginning with synthesis of endosulfandiol
diacetate by Diels-Alder addition reaction of hexachlorocyclopentadiene with cis-1,4-
diacetoxybutene-(2). This in turn is hydrolyzed to form endosulfandiol. The reaction between
endosulfandiol and thionyl chloride yields a constant mixture of isomers, consisting of 70%
a-endosulfan and 30% f3-endosulfan.

Current global production is estimated to be 12-13 kMT/yr, in at least 6 countries. The
biggest producing country appears to be India, with six plants producing about 5.4 kMT/y.
This level appears to be relatively steady. Lacking any historical data it is reasonable to
extrapolate backward, allowing for a few years for initial market penetration. This implies
cumulative global production to date of the order of 300 kMT, plus or minus 50 kMT.

Unlike the other members of the aldrin group, endosulfan is still registered for a great
many crop uses in many countries. It does not appear to be unduly hazardous, if used with
reasonable care. However, endosulfan is definitely persistent: the half life in soil is 60-900
days, depending on climate [Euro Chlor 1995 Appendix 3]. The half life in water is 178 days
[ibid].

6.4. Toxaphene
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Toxaphene is one of a group of chlorinated terpenes. Hercules Co. developed toxaphene
in 1946 as an outgrowth of research on uses of pine oils. It was the major producer (and the
only producer for many years). Alpha-pinene (camphene), the feedstock, is recovered from
turpentine and reacted with alkali. Toxaphene is then manufactured by direct chlorination of
camphene in the presence of a catalyst (UV light). When chlorinated it has the empirical
formula C10H10C118 and contains 67-69% chlorine. The technical product is reported to contain
some 175 polychloro derivatives. The most insecticidally active of these are 2,2,5-endo-6--
exo-8,9,10-heptachlorobomane and 2,2,5-endo-exo-8,9,9,10-octa-chlorobomane, each of which
forms some 2-6% of the technical product. The structure of toxaphene is shown in Figure 13.

Toxaphene was produced and used until 1983 in the U.S. We have no U.S. production
statistics, but consumption estimates are available from USDA for a number of years between
1964 and 1983. Toxaphene was the most heavily used general purpose insecticide from the
early 1960's (post-DDT) to the mid 1970's. While toxaphene has been recommended for a
long list of crops and pests, by far its largest application has been on cotton — 17.5 kMT in
1974 — with a mere 2.2 kMT being applied to other field crops, mainly soybeans, in that
year.

The peak period of consumption appears to have been 1972-1975. A fairly accurate
estimate of total cumulative U.S. consumption can be made, viz 450 kMT. We have no data
on U.S. exports, although there were undoubtedly some. East German production began in
1956 and continued until 1990. The peak year was 1982. East German production continued
until 1990. Total East German production was 45.95 kMT, of which 28.74 kMT was exported
[Parlar 1995]. There is no known current production anywhere in the world, though
consumption is still legal in some countries. Russia is a possible producer, based on
technological capability and large-scale cotton production, but we have no confirming data.
It is of interest that Eva Voldner, of Environment Canada, has "interpolated" a cumulative
total global usage of 1.33 MMT over the period 1950-1993 [anon].

Toxaphene is extremely persistent. Its half life in both soil and water is estimated to be
20 years [Euro Chlor 1995, Appendix 3].

7. Pentachlorophenol (PCP)

Pentachlorophenol is an organo-chlorine pesticide, mainly used as a wood preservative.
Chemically it is a benzene ring with five chlorines and an OH. It's structure is shown in
Figure 14. The chemical name is 2,3,4,5,6 pentachlorophenol. About half of the PCP is
compounded as a sodium salt, sodium pentachlorophenate (Na-PCP). Both substances are
classed as "moderately toxic" to man, based on acute effects. It is toxic to mammals, and
aquatic organisms, as well as insects. It bioaccumulates along the food chain in fatty tissues.

Pentachlorophenol is produced by two routes. One route is simple chlorination of phenol
with excess chlorine, at atmospheric pressure and 105 C, in the presence of a catalyst (FeC13
or A1C13). Wastes from this step (mainly C12 and HCI) can be cycled to a secondary reactor
where more phenol is added and a mixture of (ortho- and para-) mono, di, tri, and tetra
chlorophenols is produced [Honea & Parsons 1977; Sittig 1980]. This sequence can be
reversed, beginning with partially chlorinated phenols, then making pentachlorophenol in a
subsequent reaction from polychlorinated feeds, with the help of a catalyst. Dichlorophenol
and trichlorophenol are then separated from each other by fractional distillation. The dichloro-
and trichloro- phenols are intermediates in the production of several herbicides 2,4-D,
2,4,5-T, Silvex and hexachlorophene, (see next section), whence all of these products tend
to be produced together in one location.
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An alternative process, based on hydrolysis of hexachlorobenzene (HCB) has been used
by Dynamit Nobel. HCB is reacted with caustic soda (NaOH) yielding PCP and sodium
chloride as a waste.

It has been found that, in the past, representative samples of wood preservatives with
technical grade pentachlorophenol have been high in impurities — particularly polychlorinated
benzodioxins (PCDDs) and polychlorinated benzofurans (PCDFs). While more recent PCP
products are much less contaminated, it must be remembered that large quantities of PCP
produced in past years are still embodied in treated wood.

Production of PCP probably began in the 1930's, but we have no information on that.
U.S. production was 22.6 kMT in 1974, 20 kMT in 1977 and about the same in 1980. West
German production in 1976 was 4.5 kMT, continuing at that level through 1981, and at a
slightly lower level (3.3-3.8 kMT/y) through 1984 [BUA 1985]. Production in Europe in the
early 1980's was around 9 kMT/y. World production in that year was estimated to be 50 kMT
[Crosby 1981]. 15 Since then it has declined steadily, partially due to environmental concerns.
None is currently produced in Europe, where its use has been heavily regulated for some
time, and was scheduled to be phased out by 1995. The 1995 world total is about 16 kMT/y,
of which half is produced in the U.S. and the remainder is divided between Mexico and
China. Thus, cumulative world production 1981-1993 would seem to be in the range 300-350
kMT. Assuming production began in 1950 and peaked in 1970 at 50 kMT/y, we can
extrapolate a total world output during the period 1950-1980 to have been about 1 MMT,
plus or minus 10%, for an overall total of 1.3 MMT.

Thanks to its persistence and toxicity to a variety of organisms, PCP was and is mainly
(80%) used as a wood preservative (against fungus decay, termites, and lyctus beetles), having
largely displaced creosote (a coal tar derivative) in that use in the 1950's. Over the years
1955-1981 300 kMT of pentachlorophenol (PCP) were consumed in the U.S. for wood
preservation [Ayres et al 1988]. Eventually part of this PCP preserved wood, whether in the
disposal of sawdust and scraps left over from construction or in the accidental or intentional
disposal of wooden structures, is likely to be burned. The burning of PCP treated material or
chlorinated phenoxyphenols in general will yield trace amounts of PCDD. These are likely
to be carried into the atmosphere. This concern appears to be supported by a number of
reports that dioxins have been found in incinerator effluent in Canada, France [Clement, Viau
& Karasek 1983] and the Netherlands [Lustenhouwer, Olie & Hutzinger 1980; Olie, Lusten-
houwer & Hutzinger 1982]. (See section 5.6. below for further discussion of the dioxin
controversy).

In recent years PCP, as a wood preservative, has been displaced by other compounds,
notably copper-chrome-arsenic (CCA). This substitution largely accounts for the decline in
PCP sales. PCP is also a molluscicide. In the latter use it is used to control snail carriers of
larval human blood flukes causing the disease schistosomiasis in Egypt and other tropical
countries.

PCP is an intermediate in the production of pentachloronitrobenzene (PCNB), a soil
fungicide and seed dressing agent. The chemical structure of PCNB is similar to that of PCP,
except that there is a nitrite (NO 2) group in place of the OH radical. We do not know how
much PCNB is produced, but there are at least six producers in the world.

PCP is persistent, but is gradually degraded by exposure to UV light, and by bacteria and
fungi. Because of its low solubility and its tendency to combine with cellulose and other
organics, it remains in soils and sediments. Its half life in soil is estimated at 48-1500 days,
depending on conditions [Euro Chlor 1995, Appendix 3]. The half life of PCP dissolved in
water is less than one day [ibid].



R. U. & L W. Ayres	 Accounting for persistent cyclic organ-chlorines File CHLORPOP.IV as printed on June 14, 1996 	Page 15

It is probably transported as soil or sediment, mainly by water flow and/or erosion.
Consequently the chemical is widely dispersed in trace quantities. PCP has been detected in
groundwater, sewage effluents, sediments, landfill leachates, and even in snowpack at remote
locations. It is bioaccumulative. Residues have been detected in many species of animals, and
fish.

8. Chlorinated phenols & herbicides (2-4-5 T & Silvex):

The manufacturing of 2,4,5-T began in 1948. Phenol is chlorinated stepwise to a mixture
of (ortho- and para- ) mono, di, tri, and tetra chiorophenols. These are separated from the
unreacted phenol by reacting with potassium carbonate to form water soluble salts.
Polychlorophenols are then separated from each other by fractional distillation. Pentachloro-
phenol is usually made in a subsequent reaction from polychlorinated feeds, with the help of
a catalyst (FeC13 or AlC13). The 2,4,5-Trichlorophenol isomer is reacted with chloroacetic acid
and sodium hydroxide to produce 2,4,5-T. Another route to 2,4,5-trichlorophenol is from
1,2,4,5-tetrachlorobenzene at high temperatures and pressures in the presence of NaOH. (See
Figure 1). Silvex was produced by replacing the chloroacetic acid with chloropropionic acid.
Alcohols were then reacted to provide the esters where these were desired.

Production levels were reported to the U.S. Tariff Commission beginning in 1951.
Production rose erratically to 2.87 kMT annually in 1960 (Table IV). Production jumped
during the period 1961 - 1968 to accommodate heavy military -use in Vietnam (mainly during
1964 - 1968), which consumed 20 kMT of the chemical in "agent orange". Military sales
slowed sharply in 1969 and output in that year dropped to 2.27 kMT and some producers
dropped out. Production statistics are unavailable after 1969. Table V shows some of the U.S.
companies which manufactured 2,4,5-T and derivatives in 1955, 1965 and 1969.

Production data for Silvex and hexachlorophene are not available at all, although U.S.
consumption data for 2,4,5-T and Silvex have been published for 1978 (Table 'VI). No data
on production of the intermediate 2,4,5-trichlorophenol is available. The use pattern for 1978
is probably fairly typical of use over the past three decades, averaging 9.3 million lbs./yr.
sprayed on 2 million acres in the U.S.A.

Data for 1978 are shown because this is the last year of unrestricted use. Both 2,4,5-T
and Silvex were restricted in February 1979 by a suspension of their registration for use on
rights-of-way and pastures [USEPA 1979]. Uses not suspended at that time included
permanent rangeland, airports, fences, hedgerows, lumber yards, refineries, non-food crop
areas, storage areas, tank farms, industrial sites, and all other areas not previously suspended
were suspended by the final order banning all uses which was issued in 1980.

The principal uses of 2,4,5-T (as compared to 2,4—D) have been for the control of
broad-leafed woody growths and weeds, while leaving grass unaffected. In the private sector,
railway, electric power and pipeline companies use it as a way of keeping clear rights-of-way
and other areas that were likely to become overgrown. In the government sector highway
departments, forestry and parks departments use it for clearing shoulders, fire lanes and access
roads all with considerably less manual labor than was previously needed. It has also been
used in forest management to remove undesirable deciduous trees and prepare land for
planting. This application, using helicopters for aerial spray coverage, is blamed for having
caused a high frequency of miscarriages among the women in one area in Oregon (this
episode led to the product being suspended for most uses March 1, 1979).
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9. Polychlorinated biphenyls (PCBs)

Another well-known category of cyclic organo-chlorines, no longer produced but still
persistent in the environment, was the chlorinated biphenyls (PCBs). The class of polychlorin-
ated biphenyls consists of compounds formed by chlorination of a biphenyl with the general
formula (C121110). Biphenyls are double ring hydrocarbons. The basic structure is shown in
Figure 15. There are 10 possible forms, depending on the number of chlorine substitutions
in the biphenyl molecule as viz. monochloro-, dichloro-, trichloro-etc. Chlorine content ranges
from 18% to 71% by weight. There are several isomers of each form.

The major U.S. (and world) producer of PCBs was Monsanto, which designated its PCB
products by the trade name Aroclor®. The manufacturing process used by Monsanto was a
straightforward (iron-based) catalytic batch chlorination, at elevated temperatures, yielding a
mixture of crude PCBs. Excess chlorine and HC1 were removed by alkaline washing. This
was followed by distillation to separate the products by density and boiling point [Kaley
1995]. Small quantities of polychlorodibenzofurans (PCDFs) were apparently produced in
some batches, at the wash or distillation stage, reflecting variations in the process details
[NRC 1980, p.147].

Production began in 1930. Total cumulative U.S. production from 1930 through 1975
totalled an estimated 625 kMT (of which exports were 65 kMT). Of gross U.S. consumption
of 570 kMT an estimated 340 kMT were still in service in 1975 [Versar 1976, p. 7]. 16 Annual
domestic sales by Monsanto have been released for the eighteen years 1957-1974 accounting
for about 300 kMT [Versar 1976, pp 199-200].

PCBs are bioaccumulative, persistent and toxic to aquatic life. When this information
became known Monsanto voluntarily eliminated sales for non-electrical uses (1971) and then
it ceased all U.S. production in 1977. Japan stopped all production in 1972. Most other
industrial countries continued production through 1982.

Data on recent output are summarized as shown in Table VII [Bletchly 1984]. It is worth
noting that Monsanto (including its U.K. operation) accounted for 542.4 kMT of which 43
kMT was produced in the U.K. However, 499 kMT is actually a lower bound estimate of
Monsanto's U.S. production. EPA has recently used the figure 635 kMT. All other producers
(excluding Czech production) accounted for 359.2 kMT, possibly also a lower bound estimate.
The world total was therefore somewhat in excess of 900 kMT, and possibly over 1 MMT.

PCBs are very stable compounds. They also have good dielectric properties and heat
transfer properties. Finally, they are virtually non-inflammable. Their past industrial uses as
transformer fluids and in large capacitors were based on these characteristics. From 1930 to
1975, 76% of total PCBs consumed in the U.S. were used as dielectrics in electrical
equipment, mainly transformers (26%) and capacitors (50%). About 8% was used in relatively
long-lived applications: hydraulic systems, heat transfer fluids and lubricants. The remainder
(16%) was divided up between several short-lived dissipative uses, mainly plasticizers — e.g.
for "baggies" — (9.2%), carbonless copy paper (3.6%) and miscellaneous industrial uses such
as adhesives, ink and dye carriers, pesticide extenders, etc. [Versar 1976, Table 1.2-1, p. 7].

Substantially all the PCBs used in non-electrical equipment or for other purposes in the
U.S. are by now out of service. Lubricants have a short life and are either lost in situ (e.g.
by leakage) or collected and discarded later. The same is true for hydraulic fluids. Most of
these ended in landfills, with a fraction leaked onto factory floors or paved areas where they
could be washed into sewers. Plasticizers for packaging materials and carbonless copy paper
rapidly become refuse and go to landfills (85%) or to incinerators (15%). The incineration of
paper and packaging products containing PCBs probably accounted for most of the airborne
PCBs observed in the early 1970's.
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As of 1975 223,000 tonnes of PCBs were estimated to have been disposed of in various
ways [NRC 1980]. The estimated rate of PCB entry into landfills in 1975 was estimated to
be 5500 tonnes/yr for the U.S.. However the ending of PCB production has substantially
reduced the contribution from manufacturing processes. From 1980 onward, the major
contribution to landfills was expected to be from obsolete electrical equipment, specifically
liquid filled capacitors and large transformers. It has been estimated that just over 1 million
tonnes of PCB-contaminated liquids (assumed 25% PCB content) remained in "inventory" —
for future disposal — as of 1984 [Bletchly 1984]. Using the same assumptions about
lifetimes and rates of replacement, we have updated his estimates in Table VIII.

As of 1975, the total of all PCB reservoirs in the U.S. was estimated to be about 545
kMT, of which 340 kMT was then still in service and 68.2 kMT was in potentially mobile
environmental reservoirs (excluding soils, equipment dumps, landfills, and marine sediments),
as shown in Figure 16. [NRC 1980] . The quantity being added to landfills each year at that
time was roughly 5.7 kMT. However the quantity removed from service each year via various
routes is very difficult to estimate. Transformers and power capacitors tend to have very long
useful lives (est. 40 years), while plastics and hydraulic fluids have intermediate periods of
useful life (est. 6 years)[ibid p.63]. Based on this assumption, the annual removal from the
electrical equipment in service reservoir in 1975 would have been roughly equal to
consumption for that purpose 40 years earlier (i.e. in 1935) By the same argument, the
reservoir of non-electrical equipment in service should have been largely depleted by 1975
since production for this purpose was discontinued after 1969. The annual rate of removal in
the early 1970's would have been roughly equal to peak annual consumption for these
purposes in the late 1960's (4.5 kMT/y) and would have begun to decline sharply as the
reservoir itself was emptied.

The present situation in the U.S. is far better than Figure 16 (which was for 1975)
implies, and probably better than Table VIII suggests. In the U.S. most utilities have
accelerated their replacement of PCB-containing equipment, and knowledgeable industry
sources assert that virtually none remain in service today. In any case, large quantities have
PCBs have been disposed of by incineration17 in the U.S., and little now remains. We have
few data on the current situation outside the U.S., except that large amounts of PCB-
contaminated material still remain in storage in Europe and elsewhere. As of 1989 it was
reported that 200 kMT of such material awaited disposal in Europe, and that 17 special
purpose incinerators — capable of producing temperatures up to 1200°C — were needed
[New Scientist 19 August, 1989]. Only a few such facilities were then in existence. One of
the problems was (and is) that it is difficult to obtain permission to cross state lines in the
U.S., or provincial/national boundaries elsewhere with shipments of PCBs (or other toxic
materials) needing such treatment. For instance, the only facility in Canada (in Alberta) is not
allowed to accept PCBs from outside the province. A Canadian shipment intended for a
specialist handler in Britain, was not allowed to land its cargo in Liverpool, and so on.

The environmental fate of PCBs is a matter of concern. The mobile environmental
reservoir (MER) consists of PCBs that have escaped into the environment by various routes
but that have not been permanently immobilized. As of 1980, most of the MER was still in
river bottom sediments — much of it in the Great Lakes and the Hudson River — which are
mobile to the extent of the potential for disturbance by dredging and floods, with attendant
risks of evaporative loss or biological uptake.

The MER is gradually being reduced by three routes: the largest fraction is attached to
soil particles or finds its way to lake or river bottom sediments that move very slowly to the
ocean. The second largest fraction is apparently being 'recycled' to landfills by way of sewage
sludges and incinerator ashes. A small amount is degraded each year to simple chemicals. The
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half life in water is 108 days [Euro Chlor 1995, Appendix 3]. Unfortunately PCBs in water
bodies can escape to the atmosphere by evaporation from saturated waters. As noted
previously, PCBs are very stable and unreactive under ambient environmental conditions. In
particular, oxidation, reduction, nitration, isomerization and nucleoplectic reactions with
alkalis, alkoxides or amines take place only under conditions of temperature and pressure not
likely to be encountered in the natural chemical environment. Irradiation by sunlight
(especially UV) can cause a variety of reactions, including the replacement of some (ortho)
chlorines by hydroxy groups. This permits an oxygen atom to bind in the corresponding
position on the other ring to form CDFs.

However PCBs in soil or in the aquatic environment, are very unlikely to be exposed to
sunlight. The half life in soil is 5 years [ibid]. Microbes can degrade the less chlorinated
PCBs fairly readily in sewage plants but the more highly chlorinated forms (constituting the
bulk of all production) are biodegraded only very slowly by microbial action.

Apart from resistance to biological degradation, PCBs are almost insoluble in water, but
are soluble in fats (lipids). This accounts for the fact that they are gradually incorporated into
microfauna and filter feeders. They tend to be accumulated via food chains and build up in
the tissues of higher animals and fish. For example, a concentration factor of 230,000 has
been reported in fathead minnows. Cod and pike have been found with up to 10 mg/kg of fat.
Further concentration occurs in fish-eating birds, where levels as high as 400 mg/kg have
been found in the fat of cormorants and 600-700 mg/kg in the fat of herring gulls [USEPA
1979; NRC 1980]. In humans, PCBs have been conjecturally linked to a few cases of cancer
and liver disorders, although the existing epidemiological evidence does not support this
hypothesis.

10. The dioxin controversy

Polychlorinated dibenzodioxins (PCDDs) are a sub-classes of poly-chlorinated compounds
consisting of two chlorinated benzene rings linked in two places by oxygen atoms. There are
75 congeners (depending on the number and position of the chlorines), of which the most
toxic by far is known as 2,3,7,8-tetrachloro-dibenzo-p-dioxin or 2,3,7,8 TCDD, which the
generic formula C12H402C14. Closely related are the polychlorinated dibenzofurans (PCDFs),
of which there are 135 congeners.

PCDDs can withstand temperatures up to 800 C, even in the presence of excess oxygen.
Thus they are extremely persistent and tend to become widely dispersed in the environment,
primarily through the air. The average human exposure to PCDDs in industrialized countries
has been calculated to be 70 picograms per kg of body weight per year. Average concentra-
tion of the (apparently) most dangerous congener, 2,3,7,8-TCDD in human fatty tissues is in
the range 2 to 20 parts per trillion (ppt).

It is generally acknowledged that 2,3,7,8-TCDD, in particular, is the most potent
carcinogen yet tested on animals (rodents). It is toxic to rats at 5 parts per trillion in food,
causing cancer and other disabilities. This fact has been accepted by many environmentalists
as conclusive evidence of extreme risk to humans. Other PCDDs and PCDFs are also
suspected of causing liver and kidney damage to humans. However, the evidence is weaker
than supposed, as noted below.

PCDD/Fs tend to be quite stable against thermal decomposition. For example, they
survive temperatures up to 800 C, even in the presence of excess oxygen. However there are
other mechanisms for destruction. It is reported that TCDD in an organic solvent may have
a half-life as short as one hour on leaves in sunlight. When deposited on the soil surface it
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has a half life of about 50-55 hours [Wagner 1983]. Under the soil, however, degradation
depends on bacterial action which is much slower. In this case the half life is believed to be
about one year [Kearny et al 1973].

It is known that the herbicide 2,4,5-trichlorophenoxyacetic acid known as (2,4,5-T), and
as a component of "agent orange" in Vietnam, contains some of the chlorinated dibenzo
p-dioxins, especially 2,3,7,8 TCDD, as a contaminant. The 2,4,5-T used in Vietnam was
reported to contain 8.36 ppm TCDD [Imhoff & Fair 1980, Table 2]. A related product
(2,4,5-tri-chlorophenoxy)propionic acid commonly called Silvex also has the same
contaminant, as does the germicide hexachlorophene. In all three cases, the contaminant
probably arises from the production of a common intermediate, 2,4,5 trichlorophenol.

There was a major controversy in the late 1970's and early 1980's as to the effects that
exposure might have had in industrial plants producing the material and to sprays encountered
by military personnel in Vietnam. It is a fact that many people have been exposed to these
substances. Those exposed include persons who have sprayed dioxin-containing herbicides,
including professional herbicide applicators, farmers, and Air Force personnel who sprayed
Agent Orange over jungles in the Vietnam War (known as "Ranch Hands"). 18 Some of the
latter group were later found to have elevated dioxin levels in body fat, as high as several
hundred parts per trillion (ppt), as contrasted to average levels in the range 2-20 ppt among
persons who have no occupational exposure. Vietnam War veterans, including many soldiers
who fought on the ground amid contaminated jungles, later filed class action suits against the
government. The Veterans Administration had spent over $500 million testing Vietnam
veterans who thought they had been exposed to Agent Orange. No significant effects were
found. Nor have any been reported from Vietnam where the herbicide was used. In a case
of known excessive application (accumulating 1000 lb/acre of 2,4,5-T at Eglin Air Force
Base) TCDD persisted for more than ten years [Wagner 1983], albeit with no evidence of
harm to humans.

Apart from military use, large amounts of the herbicides 2-4-5—T (and Silvex) have been
used to control leafy growth in areas such as railroad and power line rights-of-way. It is
known that the dioxin (2,3,7,8-TCDD) is generated in trace amounts when 2,4,5-T is burned
(as in a brush or forest fire) at low or moderate temperatures. About 1 mg of dioxin would
be formed by combustion of 1 kg of 2,4,5-T (1 ppm) under certain conditions. [See Stehl,
Lamparski & Ahling et al cited in Imhoff & Fair, op. cit]. Yet, despite the furor, no evidence
of harm to humans has been attributed to such fires.

Others exposed to PCDDs and PCDFs include workers in chemical plants, and people
exposed accidently. An accident at BASF in 1953 resulted in 3 deaths, although not
necessarily as a direct result of exposure to PCDDs. The two most famous incidents of that
kind were at Times Beach, Missouri, and Seveso, Italy.

Times Beach was a small town in Missouri, which sprayed its dirt streets with an oily
chemical waste in the late 1970's, to suppress dust. It was later discovered that the chemical
waste contained dioxins. Panic ensued among the citizens, stirred up by environmental
activists. The Federal Government stepped in and effectively legitimized their fears by
purchasing the entire town for $36 million in 1983. A number of former residents sued the
chemical companies that generated the wastes in question. Some out of court settlements were
reached. But only one case was tried in front of a jury (1988). The jury could find no
evidence that anyone had actually suffered harm.

Seveso is a small town in northern Italy, where a chemical plant exploded in 1976,
releasing a cloud of chemical vapors that drifted over the town. Dioxins were later detected
in the fallout from the vapor. In Seveso the half life of PCDD has been estimated at ten years
[DiDomenico et al 1980]. Again, there was widespread publicity and near panic. However,
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apart from some cases of skin rash (chloracne) among children, there have been no other
confirmed adverse health effects among those people exposed, although there are many
documented cases of health effects among domestic animals.

Both dioxins and furans are formed in all kinds of combustion processes [Choudry &
Hutzinger 1983]. Specific examples that have been verified include municipal waste
incineration [Hutzinger & Fiedler 1988],[Bartelds et al 1985], the burning of gasoline in
automobile engines [Muller & Buser 1986], in household furnaces [Thoma 1988], and in
forest fires [Gribble 1994]. In fact, it is now known that the smoke from burning wood
contains over 100 organo-chlorine compounds, including numerous PCDDs and PCDFs.

The importance of ordinary combustion processes as a source of PCDDs and PCDFs was
not even suspected for a long time, because there was no obvious mechanism for their
formation. Scientists from Dow Chemical Co. attempted to argue that dioxins were produced
only by incineration and energy production [NRC 1980], but this study was challenged by
environmentalists, both for methodological weaknesses and on the specious grounds that Dow
had an obvious conflict of interest. It was generally assumed, for example, that PCDD/F
formation in municipal incinerators would only occur because of the presence of PVC and
other chlorinated plastics in the waste. However, in the light of new evidence of the ubiquity
of PCDD/Fs it has been necessary to reconsider the possible formation mechanisms.

It is an open question whether the dioxins found near incinerators were produced by the
incineration process or whether they were present in the materials being burned. There are
three logical possibilities: (1) survival of trace levels of PCDD/F from the original fuel; (2)
generation of PCDD/F from chlorinated precursor chemicals (such as PCP or PVC) or (3)
synthesis of PCDD/F de novo from organic carbon and inorganic chlorine [Lustenhouwer et
al 1980]. The first possibility is the old standard assumption, but it does not account for the
facts. The second of these possibilities has been elaborated considerably, but the basic idea
is that PCDD/Fs are formed on the surface of fly ash particles by heterogeneous catalysis,
from chloroaromatic chemicals already present in the environment [Dickson & Karasek 1987].
The third of these possibilities has been explored in some detail by German researchers who
proposed a theory for the synthesis of PCDD/F from active carbon particulates by gas-solid
and solid-solid reactions, catalyzed by copper Cu(II) ions [Stieglitz et al 1989a,b, 1990].

Recently experiments have been carried out to try to determine which of these
mechanisms is dominant. While both types of reactions apparently do occur, model studies
have shown that the relative yields of PCDD formed from PCP were enormously higher (by
factors of 72 to 99,000) than the yields of the de novo synthesis process [Dickson et al 1992].
This tends to confirm that it is the combination of chloro-aromatic precursors and fly ash with
catalytic properties that is most effective in producing PCDD/Fs.

In this context, however, it is important to emphasize that there are still other routes that
have yet to be explored in detail. For instance, while synthesis of PCDD/Fs from inorganic
chloride ions may be too slow to account for much of it, there are other possible non-aromatic
organo-chlorines in the environment. The simplest is methyl chloride (CH 3C1), which is pro-
duced in fairly large quantities (c. 5 million tonnes) from natural sources, such as seaweed.
It is likely to be this, or some other non-aromatic chlorine compound, that accounts for
PCDD/Fs from forest fires. It has been estimated recently that forest fires in Canada, alone,
generate around 60 kg of PCDDs per year [Gribble 1994]. (By comparison, the famous
Seveso accident in Italy in 1976 generated about 6 kg of PCDDs.) Obviously wildfires in
other parts of the world, especially where wood is the major source of fuel for all purposes,
must generate much larger amounts of dioxins. Slash and burn agriculture is also likely to be
a major contributor.
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In fact, it now appears that combustion of wood and other fuels is actually the major
source of PCDD emissions, even in the industrialized countries. (In other words, Dow's
contention in 1975 was substantially correct). For example, Table IX shows data from a recent
German study on sources of dioxins (in toxic equivalents).

This is a rather surprising discovery, since it implies that humans have probably been
living with dioxins for a long time without any detectable ill-effects. (This does not mean
there are no ill effects, however; see below.) It is even possible that tens of thousands of
years of evolutionary development in close contact with open fires have left humans with
relatively effective protective mechanisms visa vis many trace chemicals carried by smoke.
Humans may have protective mechanisms lacking in rats or guinea pigs. Be this as it may,
it is an implication that the environmental groups find difficult to accept, since they appear
to be attacking some of the least important causes of a problem whose importance is not even
scientifically established.

It is common practice for the USEPA and other agencies with responsibility for
minimizing public health risk, to calculated "expected" cancer deaths from environmental
exposure to carcinogens by extrapolating from animal test results. Based on this procedure
— which is of questionable scientific validity 19 — EPA originally estimated an upper limit
of 528 cancer cases annually in the U.S. from an average annual exposure of 70 picograms
of dioxins per kg of body weight. In 1987 the EPA proposed to lower the assumed cancer
potency factor by a factor of 17, based on new data. This led to a much smaller estimate of
31 cases of cancer per year, in the U.S. (There are nearly 500,000 reported cancer cases each
year in the U.S.) It also led to violent objections from environmental groups, especially
Greenpeace. On this basis dioxins constitute a small, (though not necessarily negligible),
risk. Nevertheless, there is no significant epidemiological (or other) evidence of any actual
adverse health effects attributable to dioxins, even among those with the highest exposures
[Gough 1988].

The lack of positive evidence of human health effects should not be taken as evidence
of harmlessness, of course.

11. Concluding remarks: Data needs

Specifically, the kind of picture that policy-makers need, in order to make sensible and
rational decisions, is the entire "life cycle" of a chemical pollutant, from its initial introduction
into the environment to its final breakdown into harmless components, or its permanent
burial in regulated landfills or deep ocean sediments. This life cycle picture is more
complicated than it might seem to be at first glance, since long-lived chemicals can move
from one environmental "storage bin" to another, and again to yet another. The complexity
of the system is illustrated by the box model shown in Figure 17 (adapted from Figure 16
above).

Notice that, in order to quantify the picture, several environmental parameters are critical.
These include the rate of uptake into the food chain (by various mechanisms), the rate of
volatilization from soil or foliage, under various climatic conditions, the rate of deposition
or "washout" from the atmosphere back to the land (or water) surface, the rate of conversion
of the chemical into other forms (metabolites) in various environmental media, and so on.2°

How are these rate parameters to be determined in practice? Most of them cannot be
measured directly. What can be measured directly is (mainly) the concentration of the
chemical in air, water, or some other substrate. What we still need to know, however, are
the fluxes between the boxes, and their changes over time. If, and only if we know both the
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concentrations and the fluxes we can determine the rate constants. Concentrations alone are
not sufficient.

Only with both types of data — concentrations of critical contaminants as a function of
time and fluxes (inputs to the system) as a function of time — will we have the basis for a
quantitative model of the chemical's distribution and life cycle in the environment. Scientists
can take point measurements of pollutant concentrations from now to eternity. But without
corresponding data on input fluxes over time, such measurements are wasted effort. Life cycle
models require both kinds of data.

Similarly, firms and governments can — and do — invest huge sums in toxicological
measurements, as they have been doing. But without quantitative life cycle models, it is
impossible to assess exposure probabilities over time. What is the point of spending a fortune
to determine the relative risk of chronic exposure to a particular chemical if the exposure
itself cannot be predicted. Lacking the ability to predict population exposures to toxic
chemicals sensible regulatory policies cannot be formulated.

Without reliable quantitative models, prediction of population exposures — not to
mention ecological consequences — is impossible. Lacking such information, risk analysis
is also impossible. Without the ability to forecast, and to assess risk, policy-making will be
irrational. It will continue to be dominated by ignorance, prejudice, political manipulation and
happenstance — which is largely the case, now. The chemical industry often complains that
the public "does not understand". It spends a great deal of money to advertise its good
intentions and its "progress". But, so long as data essential to rational policy-making is
suppressed, the public will continue to misunderstand (usually suspecting the worst) and much
of the policy that is made will be contrary to the best interests of industry, as well as the
public.

The bottom line is that the corporate "secrecy veil" must be pierced, in the case of
hazardous materials such as the persistent organo-chlorines, in the larger public interest.
Competitive factors are indeed worth taking into account, especially the protection of
proprietary technologies developed at great expense. But there is also a larger public interest
in making good environmental and health policy. The two aspects need to be weighed jointly.
It is no longer sufficient — or reasonable — to allow vital production/consumption data to
be suppressed at will on "competitive" grounds. The whole issue needs to be reconsidered.

Endnotes
1. The selection of chemicals discussed in this paper was based on an international experts meeting on persistent

organic pollutants, entitled "Toward Global Action", co-sponsored by the governments of Canada and the
Philippines. The meeting was held June 4-5 1995, in Vancouver, Canada. Most of the technical material herein
was originally assembled by the authors for that conference, where it was included in the background document
prepared for the attendees (but not attributed). We hereby acknowledge financial support from the International
Development Research Center (IDRC) of Canada for that effort. The authors also drew somewhat upon earlier
work supported by the US National Oceanographic and Atmospheric Administration (NOAA), entitled "An
Historical Reconstruction of Major Pollutant Levels in the Hudson-Raritan Basin: 1880-1980" (3 volumes). This
work was published as a NOAA Technical Memorandum NOS OMA 43, Oct. 1988 [Ayres et al 1988]. In
addition to reviewers of our earlier work, we are extremely grateful for constructive comments and assistance
from Dr. P. Feron, Executive Director, Euro Chlor, Prof. A. J. Lecloux Scientific Director, Euro Chlor, Mr. J.
Y. Van Diest, Technical and Safety Coordinator, Euro Chlor, Dr. W. Siegel, Executive Director, International
Society of Lindane Producers (CEIL), Dr. M. Denkler, Scientific Consulting Co. and Prof. Roger Papp, Director
of Safety and Environment and Technology Advisor, Elf-Atochem.

2. The proposed EU criterion for persistence is that a substance have a half life in the water of (> 60 days) or soil
of or sediments (anaerobic) of >180 days. Atmospheric persistence is a characteristic of CFCs and other
greenhouse gases, but is not relevant, since the latter chemicals are not biologically active.
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3. The accepted criteria for bioaccumulation are defined in three ways, viz, in terms of the Bioaccumulation Factor
(BAF), the Bioconcentration Factor (BCF), or the octanol-water partition coefficient (known as log Kow). First,
The BAF is defined as the ratio of steady-state concentrations of the substance in the organism as compared
to the medium. The BCF is a special case of the BAF where the organism obtains the substance only from the
medium (usually water) and not from other organisms. If either BAF or BCF are greater than 5000, the
substance is bioaccumulative. ( As an example, VCM is not regarded as bioaccumulative, despite its BAF values
ranging from 10 to 40. If this information is not available, but 5 < log Kow < 7, bioaccumulation can be
regarded as likely (subject to verification), unless the molecular weight of the compound is greater than 600.
In the latter case, or in the case of log Kow >7, the molecule is probably too large to pass through biological
membranes.

4. The currently accepted criterion for long range transport and deposition is that the atmospheric half life be in
excess of 5 days and vapor pressure is less than 1000 Pa, or there is monitoring evidence of deposition far
from the source.

5. Paul Muller received the Nobel Prize in chemistry for his discovery.

6. Annual production, sales and export statistics for the U.S. were published between 1945 and 1982 by the US
International Trade Commission (ITC). See also [USEPA 1975; cited in Ayres et al 1995, Table 3.3].

7. Sources cited in [Ayres et al 1995], chapter 3, p.3-4.

8. The last U.S. DDT plant, Montrose Chemical Co. of California, was closed in 1983 and shipped to Indonesia
where it reopened under local ownership in Bogor. It has a known capacity of 7500 kMT/y, and employs 270
persons.

9. Data provided courtesy of R. Aten, USAID mission, Jakarta. Taken from Annual Report of the Indonesian
Pesticide Association, 1989 and local interviews.

10. Ciba-Geigy, the discoverer, first producer and licensor, has never released its own production figures or those
of licensees, and still declines to do so, despite the fact that production in its own plants ceased some 25 years
ago.

11. As a point of interest, Kenneth Mellanby estimated total world DDT production (to 1992) as 2 MMT. See
[Mellanby 1992].

12. Data courtesy of Murray Feshbach, Georgetown University, cited in a report to the World Bank [Feshbach
1994].

13. In a soils monitoring study in 1970 by the United States Environmental Protection Agency, a summary table
of chlorinated hydrocarbon residues in cropland soils at all sites shows that of 1,506 analyses in 35 states
lindane was detected at only 6 sites or 0.4% of sites tested and residues detected ranged from <0.01 to 0.15
ppm, with an arithmetic mean of <0.01 [Tashiro et al 1980]. A similar study for 1971 appears to have found
no trace of lindane [Carey et al 1978].

14. We do not attempt to summarize toxicity data in this paper. Indeed, most of such data is not publicly available,
but is retained in confidential industry reports accessible only to regulatory authorities. Summaries extracted by
an international committee of experts are available through UNEP and WHO.

15. The Crosby figure is probably an educated guess. We agree that it is plausible. We also have an estimate of total
worldwide production of all chlorophenols for the year 1979, of 150,000 tonnes [Hutzinger & Blumich 1985].
This may or may not be reasonable, but it is not based on authoritative data.

16. Somewhat suspiciously, a 1989 report for the International Joint Commission (IJC) by Eva Voldner of
Environment Canada and Lowell Smith of USEPA estimated PCBs still in service in the U.S. as 340 kMT
(along with 20 kMT destroyed, 70 kMT exported, 140 kMT buried in landfills (of which 100 kMT was
potentially leaky), and 70 kMT circulating in the environment, with reference to the year 1982. We suspect these
data originally came from the same source we have quoted [Versar 1976], and should refer to the year 1975.
But the Versar figures were then cited in various subsequent EPA documents, which were (in turn) cited as the
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original source. This practice is common, but deceptive.

17. The only significant chemical breakdown process identified so far occurs when PCBs are heated to 500-600°C.
Unfortunately, at these temperatures some polychlorinated dibenzofurans (PCDFs) are formed. This occasionally
happens in electrical fires, though the quantities affected are small.

18. Military use in Vietnam (mainly during 1964-1968) consumed 20 kMT of the herbicide (2-4-5—T) in "agent
orange".

19. The method of extrapolation from animal tests at very high dose levels has been sharply challenged by a number
of scientists, including Bruce Ames, for whom the test protocol was named. see [Ames 1992] and references
therein.

20. If transition rates are known, then "half-lives" can be determined, and conversely. The two types of parameters
are effectively equivalent to each other.
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Table I: Production of DDT, 1960-1973 (kMT)

Country	 1960 1965 1968 1969 1970 1971 1973

7.5 7.5 7.5 6.4. 3.5 1.6 2.5
5 5 3.6 5 5 5 4

10 10 10 10 10 10 8
15 23.7 15 25 25 25 25

0.5 1.1 0.9 0.9 0.9 0.9 0.9

0.8 1.7 1.8 2 2 2 2
1.5 3.4 4.4 4 4.9 4 4
1 1 1 2 2 2 2

2.4 2.8 7 9 9 9 9

Total (est.)153.3 150.2 144.4 145.1 104.2 103.1103

USA	 72.6 64 63.2 55.8 26.9 28.6 33.5
Germany (FRG) 35 30	 30	 25	 15	 15 12

Germany (DDR)
France
Italy
USSR
Czechoslovakia
Hungary
Rumania
Yugoslavia
India

Source: Heinisch et al 1993

Table H: U.S. production
of HCH (kMT)

Year Produc Domestic Export
don	 Sales

1947	 4.7	 2.3
1948	 7.1	 5.4
1949	 12.7	 9.4
1950	 34.8	 30.7
1951	 53.1	 32.3
1952	 38.6	 29.5
1953	 26.0	 27.6
1954	 34.9	 26.0
1955	 25.4	 31.5
1956	 38.4	 32.2	 1.0
1957	 17.9	 18.7	 1.9
1958	 14.0	 14.8	 1.5
1959	 12.5	 13.6	 0.9
1960	 17.0	 13.9	 0.7
1961	 11.4	 10.5	 1.1
1962	 10.4	 5.6
1963	 3.1	 4.5
1964	 5.3
1965	 3.2
1966	 3.9
1967
Sum	 360.9	 323.8	 7.2

Production-Exports 	 0.7

Sources: [USITC ann, USEPA
1976]. N. B. The active gamma iso-
mer averaged about 15% of produc-
tion.
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Table III: Aldrin-toxaphene group: U.S.
production, sales & exports (kMT)

Aldrin group total
	

Diel-

Year Production Domes- Exports 	 Aldrin	 drin
Sales Salestic Sales

1950
1951

0.660
1.491

0.000
0.084

1952 22.226 0.369 0.343
1953 13.154 0.560 0.515
1954 20.502 not	 not 1.358 0.806
1955 34.927 available available 1.983 1.173
1956 39.326 prior to	 prior to 2.946 1.649
1957 34.201 1962	 1970 1.103 1.212
1958 44.588 2.255 1.394
1959 39.417 2.525 1.364
1960 40.823 (e) 3.678 1.202
1961 43.091 (e) 4.502 1.254
1962 45.359 (e) 19.051	 4.938 1.356
1963 48.081 45.858	 5.512 1.218
1964 47.763 47.899	 5.757 0.931
1965 53.887 50.258	 6.476 0.823
1966 59.194 58.105	 8.767 0.906
1967 54.794 60.917	 4.578 0.668
1968 52.617 55.338	 6.210 0.600
1969 47.174 (e) 50.077	 4.491 0.574
1970 40.188 38.192	 10.251 4.041 0.340
1971 52.753 63.594	 13.835 5.268 0.320
1972 64.365 64.410	 13.789 5.383 0.336
1973 66.043 18.144	 28.486 4536 (e) 0.256
1974 64.274 21.727	 28.985 4.441 (e) na
1975 26.898 na	 9.208	 na na
1976 19.142 18.325	 9.662	 na na
1977 18.053 na	 13.653	 na na
1978 18.325 na	 9571	 na na
1979 na na	 6.350	 na na
1980 na na	 5.398	 na na
1981 na na	 3.992	 na na
1982 na 4.309	 na na

Source: Federal Register, vol 39, #203, p.37251 & Velsicol
Corp.
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Table IV: U.S. production
of 2,4,5–T acid, 1948-1969

(kW)
year kMT year kMT

1948 na 1959 2.516
1949 na 1960 2.874
1950 na 1961 3.134
1951 1.113 1962 3.796
1952 1.583 1963 4.123
1953 2.395 1964 5.186
1954 1.223 1965 5.262
1955 1.327 1966 7.026
1956 2.345 1967 6.834
1957 2.419 1968 7.952
1958 1.668 1969 2.268

Table V: U.S. producers of 2,4,5–T and/or derivatives,
1955-1969

1955 1965 1969

Berkeley Chemical (Millmaster Onyx), Berkeley Heights, NJ	 x	 x	 x
Chemical Insecticide Company, Metuchen, NJ 	 x
Diamond Alkali, Newark, NJ 	 x x
Diamond Shamrock (Biochemicals Division), NJ 	 x
Dow Chemical Company, Midland, Mich	 x x x
Ethyl Corp., Richmond, VA	 x x
Hooker Chemical (Occidental Petroleum), Niagara Falls, NY 	 x
Monsanto Chemical-Nitro, WV	 x x
Pittsburgh Coke & Chemical, Pittsburgh, PA 	 x	 x
Thompson Chemicals Corp.-St. Louis (1955) 	 x

Table VI: 1978 U.S. use pattern for
2,4,5–T & Silvex (kMT)

2,4,5–T Silvex

Non-Agricultural
Industrial/commercial	 2.13 0.50
Pasture/rangeland	 0.91 0.32
Lawns/turf	 0.05 0.09
Aquatic	 0.01 0.27

Total Non-Agricultural	 3.10 1.18
Agricultural (mainly rice) 	 0.14
TOTAL	 3.24 1.18
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Table VII: OECD production of PCBs, 1930-1982 (kMT)
!Bayer AG1Protolec
Germany France

I Caffaro
Italy

IKanaga
-fuchi

Cros SA
Spain

I Monsanto
UK	 US

1930-1949 112.8 .3 JaPan
1950-1954 2.54
1955-1959 7.427 7.085 .52 3.96 .15 2.042	 68.
1960-1964 14.854 14.4 1.92 10.53 1.289 10.215	 94.5
1965-1969 25.466 16.975 4.43 24.75 4.296 22.973	 166.3
1970-1974 34.427 25.759 7.195 a 19.879 9.433 22.017 b 114.
1975-1979 35. 28.141 8.076 8.829 9.501	 ' 32.9

1980 7.309 6.419 1.388 1.131 0	 0
1981-1982 7.7 6.5" 2.482 2.354

Total 144.983 101.609 26.011 59.119 27.482 66.748 475.7
a. Stopped in 1972 	 b. Stopped miscellaneous uses 1970 c. Stopped all uses 1978
Data source: [Bletchley 1984)

Table VIII: Inventory of PCB-contaminated liquids* for
disposal as of 1984 & 1994 in OECD countries (tonnes)

Large transformers Large capacitors
Domestically produced 1984	 1994 1984	 1994

France 178.152 100 7.52 3.8
Germany 159.944 103 16.68 10.2
Italy 40.72 28.2 1.443 .9
Japan 68.44 23.052 11.407 3.842
Spain 77.405 62.4 3329 2.2
UK 22.215 9.6 7.737 3
US 328.84 151 87315 33.7

Imports from other 136.847 93 20307 13.24
OECD
Total accounted for 1012 570 156 70
* assumed 25% PCB's	 Data source: OECD

Table IX: Dioxin sources

Source
Toxic

Equivalent
Household refuse incineration 432
Non-ferrous metal refining 380
Household coal burning (for heat) 164
Gasoline (leaded) 21
Medical wastes 5.4
Cable insulation smoldering (in
fires)

4.6

All other 4.4

Source: [Fonds Chem 19921
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Figure 1: Flow sheet for DDT & some aromatic chlorinated hydrocarbon pesticides
Source: [Honea & Parsons 1977, p.17]
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CI Cl 

CC13 

1,1'-(2,2,2-trichloroethylidene)bis(4-chlorobenzene)
(p,p'- DDT)

Figure 2: Structure of DDT

Cl CI
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1,2,3,4,5,6-Hexachlorocyclohexane

(C6H6C16)

Figure 3: Structure of HCH
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CI Cl 

Cl	 Cl 

Hexachlorobenzene (HCB)
(C6C16)

Figure 4: Structure of HCB
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Figure 5: Flow sheet for diene-based pesticides
Source: [adapted from Honea & Parsons 1977, Figure 61
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Cl

Cl

Hexachlorocyclopentadiene
Figure 6: Structure of HCP
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Cl
1,2,4,5,6,7,8,8-Octachloro-2,3,3a,4,7,7a-

hexahydro-4,7-methano-1H-indene
Figure 7: Structure of Chlordane
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Figure 8: Structure of Heptachlor
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Figure 9: Structure of Aldrin
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Figure 10: Structure of Dieldrin

c,C1

CH

	

/C11 CII	 c_____ Cl
C/ 1 CH2 1 CC1	 L20

C	 Cl
IICII	

C1

CH

3,4,5,6,9,9-hexachloro-la,2,2a,3,6,6a,7,7a-octahydro-
2,7:3,5-dimethanonaphth[2,3-b] oxirene

Cl

Cl

Figure 11: Structure of Endrin
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Figure 12: Structure of Endosulfan
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Figure 13: Structure of Toxaphene (Camphechlor)
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CI
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(C 6 CI 5 OH)

Figure 14: Structure of PCP
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Figure 16: Sources & reservoirs of PCBs: U.S. 1975 (metric tons)
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Figure 17: Relationships Between Sources & Reservoirs


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112

