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RECYCLING TECHNOLOGIES TO ABATE CADMIUM PRODUCT EMISSIONS

Hugh Morrow
International Cadmium Association, USA

Abstract

Cadmium metal, cadatium compounds and cadmium
products account for approximately 2.5 % of total iuman
exposure to cadmium, the majority of which erises from
cadmium impurities in fertilizers, fossil fuels. iron and
steelmaking, natural sources and cement production
Nonetheless, it is imporiant to minimize dny exposure o
cadminm from products to which cadmium s
intentionally added as a functional romponent

Emissions of cadmium from the manufacture and use of

cadmium  products are already well regulated and
controlled, and have decreased significantly in the past
twenty years. The present concern is the disposal of waste
cadminm products after their usefuf life, and the industry
has adopted collection and recycling strategies as the most
bgical and effective technigues to minimize that potential
risk

Cadmium or cadmiwm compounds are intentionally
added o six classes of products - nickel-cadmium (NiCd)
barteries; red, orange and yellow pigmerts for plastics,
plasses, ceramics and enamels; weathering stabilizers for
polyvinylchloride (PVC); corrosion resistant coatings for
ferrous and nonferrous metals;, brozing, soldering,
electrical contact and other specipity olloys; and
semiconducting compouwnds such as cadmium sulfide and
radmivm telluride for electronic applications. At present,
NiCd batteries accouwrnt for 72 % of total usege, pigments
13 %, coatings 8 %, stabilizers 6 %, alloys 1 %, and
electronic compounds less than 0 1 % These use patterns
are expected to change in the future with batteries and
electronic compounds growing, pigments and coatings
stable, and stabilizers and alloys decreasing in market
share. The cadmium content of these producis range from
o high of 20 % to a low of less than 0.1 %

Nickel-cadmium boneries, cadmium-pigmented
clastics, cadmium-coated steels, cadminm alloys and
radmivm telluride solar cells are cadminm products
which can be recycled Widespread efforts and programs
have already beenn undertaken to collect and recycle NiCd
botteries, cadminm’s largest application, and recycling
programs exist for the other products as well, although
not on os large or as econontic ¢ seale. The programs and
technologies for collection and recycling of cadmium
products are described in detail with specific flowcharts
shown for major cadmium recycling facilities around the
world

SOURCES AND LEVELS OF ENVIRONMENTAL AND
HUMAN CADMIUM EXPOSURE

Although the term "heavy metal” has no real scientific
basis in fact, cadroium is one of the metallic elements
which is often considered to be of human health and
enviconmental concern.  Cadmium  and  cadmium
compounds are naturally occurring substances in the
earth's crust and in its waters, but the concentration of
cadmium in the envijomment roay be increased by man-
made or anthropogenic activities. The natural scurces of

A

cadmium include average levels of 0.1 to 1.0 pars per
million (ppm} in the earth’s crust, and average
concentrations in the earth's oceans of 0.2 micrograms per
liter {pg/l}. Higher concenirations may arise naturally
from forest fires, volcanoes, erosion of soils and
weathering of rocks.

SOURCES OF CADMIUM EXPOSURE

Anthropogenic sources af cadmium are genemlly
divided into two main cdasses, products to which
cadmium is intentionally added to accomplish some
enginsering or performance function and products io
which caddum Is present as ap unintentional Impurity
and in which cadmiwum accomplishes no functional role.
The products with cadmium impurities include:

& Nonferrous Metals {Zinc, Lead and Copper)

& Terrous Mewls (lron, Steel, Coke and Limestone)

® Fossi! Fuels (Coal, Oil, Gas, Peat and Wood)

® Feritlizers (Phosphates, Sewage Sludge and Cormposts)
& Cement and Cernent Making Materials

The impurity levels in these materials may vary widely,
from 15,000 ppm in zinc ores to 0.5 ppm in some steel
making and cement making materials. Two factors are
important to rernember. The high levels of cadmium
impurities in nonferrous metals are removed during
smelting and refining operations and are not appreciable
in the final products. While impurity levels are low in
fossil fuels, irons ard steels, and cemment, the volumes of
these products utilized are huge, so that total
environmenta! loading and human exposure from these
sources rnay be appreciable.

The products to which cadmium Is intentionally added
are summarized in Table 1. These include nickel-cadmium
(NiCd} batteries; cadmiumi-sulide based pigments
utitized 1o color plastics, glasses, ceramics and enamels;
cadmium and cadmium alloy coatings for corrosion
protection and other specialized properties of ferrous and
nonferrous metals; organic cadmium compounds such as
laurates and stearates employed to prevent ultraviolet
light degradation of polyvinylchloride (PVC); and a wide
variety of cadmium-containing alloys and electronic
compounds {or many different applications.

The percent of market data are taken from 1997 and in
the past three years the battery share of the market has
continued to grow, pigments and coatings have remained
the same, but stzbilizers and alloys have decreased in
usage Thus, most of the cadmium intentionally utilized in

Table | ~ Products with Intentional Cadmium Contents

Product Pezcent Percent of
Cadmium Market
Nickel-Cadmium Batteries 15 70
Cadrmium Suifide Pigments 1 13
Cadmium Coatings 0z 8
Cadmium Stabilizers for PVC i ?
Aloys and CdTe Solar Cells 0.1-20 2
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products is concentrated in the NiCd battery application,
and it is this sector which has today become the focus of
intense recycling efforts to prevent the entry of disposed
cadmium products into the environment.

The relative importance of the varipus sources of
human and environmental cadmium exposure have been
analyzed in a number of studies {Van Assche and Clarletta
1992, Van Assche 1998, ERL 1590, SEI 1994}. While the
relaljve sources of environmental loading vary from
country to country and from region to region, the relative
sources of human exposure appear 1o depend more on
individual differences such as smoking habits and/or
occupational exposure. For the nom-smoking, nomn-
occupationally exposed general population, the chisl
sources of human cadmium exposure are fertilizers, fossil
fue! combustion, iron and steel, and natural sources,
which together account for about 88 % of general
population human cadimium exposure. All product
applications in which cadmium is present as an
intentional addition account for only 2.5 % of total human
cadmium exposure. Another 1 % may arise [rom the
incineration of materials containing cadmium, which may
or may not be products with intentional cadmium
additions. The nonferrous metals industry and cement
production industry also contribute small amounts to total
human cadmium exposure. The relative contributions of
these various sources are shown graphically in Figure 1.

Similarly, a U.S. Environmental Protection Agency
report (US. EPA 1993) on cadmium air emissions
indicated that the large majority of cadmium air emissions
arise from the combustion of fossil fuels and that the
contribution to air eadmium emissions to the environment
from cadmium products is relatively small These results
are summartzed in Table .

Thus, both with regard 1o hurman and environmental
sources of cadmium exposure, cadmium products are a
relatively minor source. In the rase of human exposure,
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Figwre 1 - Sources of Human Cadmium Exposure (Van Assche
1998)

Tabie H - Air Emlssions of Cadmitum in the United Siates (1.5
EPA 1993}

Metric Tennes of
Cadmium per Year

industrial Activity

Combustion of Ceal and 0l 243.8
Praduction of Zn, Pb and Cu 38.1
Waste [ncingration 21.8
Cement Production] 30
Production of Cd & Cd Products Gl

fertitizers would appear to be the major source. In the case
of environmental exposure, at least for air emisslons,
fossil fuel combustion appears tc be a major source.

LEVELS AND TRENDS OF CADMIUM EMISSIONS
AND EXPOSURES

Levels of cadmium emissions and exposures have been
studied extensively and have been swnmarized in a
number of studies [OECD 19935, WHO 1992, Mairow
1998). One of the most important is the data which show
that the daily human intake of cadmium for the general
population today ranges from 10 to 20 micrograms {pg)
per day for the average 60-kg woman and average 70-kg
man. The daily tolerable cadmium intake levels
established by the World Healith Organization {WHO)
range from 60 to 70 mg per day for the same average
woman and man. These results are shown graphically in
Figure 2. Thus, the general population today takes in far
less thas the tolerable levels established by WHO and the
margin between the daily tolerable intake level and the
actual intake levels appears to be widening, crealing a
Jarger margin of safety than in earlier years

Likewise, general levels of cadrmium emissions to the
environment have decteased substantially over the past
twenty o thirty years as a2 result of strengthened
regulations, improved polluticn control technology,
greater socigtal ernphasis on environmental values, and
the adoption of recycling as an appropriate risk
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Figure 2 - Paily Cadmioum Intake Levels for the General
Population {WHQO 1992, GECD 1595)

oo

MCrdmivm Compounds

250 | DCsdmium

1592 19%3 1974

Figure 3 - United States Toxic Release Inventory {(TRI)
Cadmium Releases (1ons), 1988 - 1994
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management option to reduce any risks arising from
cadmium products. The Toxic Release lnventory {TRI)
data for cadmium and cadmium compounds for the
United States for the period from 1988 through 1994, for
exzrmple, show continucus decreases in total emissions
{tons) to air, water and soil (Figure 3}, while progress on
reduclion in emissions of respirable and soluble forms of
rafmium under Capada's Accelerated Reduction and
Elimination of Toxics [ARET) Program is shown in
Figure 4, While the TRI data applies to air, water and soil
emissions and differentiates cadmium metal from
cadmium compounds, the ARET data is focused directly
on those forms of cadmium which are of most concern to
human health and the enviropment, namely the
respirable and soluble forms (Mining Association of
Canada 1999} Respirable forms of cadmium are most
thoroughly absorbed by the human body, and soluble
forms of cadmium interact most readily in the
environument and are therefore more likely to enter the
fond chain. In addition, data on aqueous emissicns of
vadminm in the Rhine River Basin from 1970 through
1988 have similarly indicated decreases in cadmium
emissions from the zine and lead primary smelting and
refining and nonferrous metals mining sectors, although
littie change in cadmiuvm emissions {rom the secondary
lead smelting industry (Elgersma et al. 1992). All in ali,
it is apparent that cadmiurn emission levels from
anthropogenic sources in general have decreased
sybstantially in the past 20 to 30 years, thal sources
other than products to which cadmium has been added

Refwacur, Wi

Figure 4 — Releases of Respirable and Soluble Inerganic Forms
of Cadmiuen in Canada, 7988 - 1998

Perczntof Teta! Cadnlum Comiumption
[4

- 1.

Flgure S - Western World Cadmium Consumption Patlerns,
1994 ~ 1999

73

intentionally are a much more important source of
human and environmental exposure than cadmium
products themsefves, and that human cadmium intake

for the general population is, in any event, well below
levels of hurnan health concern.

EMISS1ONS RESULTING FROM CARMIUM
PRODUCTS MANUFACTURE

Products intentionally containing cadmium are
generally divided into five major market areas - batteries,
pigments, ceatings, stabilizers and alloys and other minor
uses The relative trends in these uses are summarized in
Figure 5. During the past twenty years, the nickel-
cadmium (NiCd) battery market has grown substantially,
while the traditional cadmium markets in pigments,
coatings, stabilizers and alloys have declined. Today, the
pigments and coatings markets have stabilized at 13% and
8% of the total market respectively, but stabilizers and
alloys applications continue 1o decline because of the
more widespread avaliability of substitutes.

With respect to the use of these cadmium products,
earlier studies {Stockholm Environmental Institute 1994,
Yost 1983) and estimates from the International Cadminm
Association updating these studies have indicated
gencrally accepted lifetirmes, dissipation rates and
recycling rates, all of which are summarized in Table 1.
As will be subsequently shown, however, the degree of
recycling cadmiurn products has increased markedly in
the past fve years, especially in the nickel-cadmivm .
battery market sector.

Cadmiwm-containing products are, in general, long-
lived products with low dissipation rates. The
environmental and human health concerns for cadmium
products arise mainty {rom their ultimate disposal and not
during theitr manufacture or use. Recycling rates,
according to the Stockholm Envirornimental Institute (SET)
in 1994, were high only for industrial NiCd batteries. More
recent estimates from the I[mernational Cadimium
Association, shown in parentheses in Table I, have
placed these at somewhat higher levels. In most Western
World couniries, such as Europe, the United States and
Japan, consumer NiCd battery recycling, for example, has
now increased to the 25 % to 35 % range. On the other
hand, estimates of cadmium coatings recycling have
probably dropped because of the more recent practice of

Table 1II - Factors in the Use of Cadmium Products

Product Life | Dissipation { Recycling Rate
(vis) | (pct per vr) {percent)

Nickel-Cadminm

Batteries

# [ndustrial 25 001 {0.00) 50 (85}

® Consumer 5 0.01 (D.om) 4 {15)

Cadmium Sulfide

Pigmenls 10 0.01 o {0}

Cadmium Stabilizers 25 0.01 0 [0)

Cadmium Coalings 10 (20)F 2.00 {1.00) 30 (50}

Cadmium-Containing

Alloys 15 1.00 35 (35}
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land filling electric arc furnace (EAF) dust rather than
recycling it to recover zinc, lead and cadmium. More
recenily, cadmium sulfide based pigments have also been
recycled in certain plastics and certain applications, and It
appears as if this trend will continue in the future

There are also numerous studies {SEI 1994, QECD
1995} 1o indicate how cadmium partitions during the
manufacture of cadmium-containing products. These
results are surnmarized in Table IV with both the SEf data
shown and the lower emission levels derived from OECD
studies coupled with ICAA  estimates of cadmium
consumption in product manufaciuring areas in Europe. it
is readily apparent that the vast majority of the cadmium
utiized in the manufacture of cadmivm-containing
products partitions to the fimal product acd is not released
10 the environment. The main differences between the
1wo sets of data are that the SEI Report is based largely cn
data from Yost and other investigators from the late 19705
and early 1980s while the OECD numbers rely mostly
upon the 1990 study performed by Environmental
Resources Limited (ERL) for the European Comrmission.
One of the main problems in reaching any conclusions
regarding cadmium emissions is that they have constantly
been decreasing over the past twenty to thirty years. Thus,
it is moost bmportant 1o establish the present levels rather
than to draw conclusions based on data which are ten to
twenty vears out-of-date. For example, the data in Table IV
from SEI indicate that 97 00 to 97.50 percent of the
cadmiwm in the production of NiCd batteries goes into the
product. The corresponding numbers from the 1994
OECD report, based on the 1990 ERL data and 1995 ICdA
estimates, indicate that 3946 percent of the cadmium
goes into the final product. Data from major NiCd battery
manufacturers in 1998 and 199% have placed cadmium
emission levels during manwacture in the 0.061 o 0.01
pejcent range, meaning that 99.99 to 99.999 percent of the
cadmivm processed goes inte the final product. These
changing levels are the result of increasingly stringent
reguladions and constantly improving pollution control
techniology

The decreasing levels of cadmium emissions during
product manufacturing has been borne out by several
studies {Elgersma et al 1992, Mukunoki and Fujimeto
1996, Environment Canada 1998} which illustrate
continuously decreasing cadmium emissions from
different product manufactudng areas to different
enviroomental compartmenis. Some of these trends are
shown in Figures 6 through 9 for the Rhine River Basin in
Europe, Japan, arwd Canada.

Table IV - Parlitioning of Cadmium During Product
Manufacture

Percent of Total Cadmium
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Terr

Product Air Water Seil Product
NiCd Batleries

® Industria G1-0107) 003-015%] 0.50-2757| 97 00*-99 45
# Consumer | 0 G0*-0.01) 003-005"] 0.50-2.45* 9750 -99.46
Pigmenls 6.05* 020" 225 57.50*
Stabilizers 0.0:* 0.20" 2.4 97.75"
Coatings o oo DO2-1 5% 0.08-3 75*} 95.00*-99 90
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 Siackholm Environmental lostityle 1994
Other Data: OECD 1995 and ICdA Estimates

Figure 6 - Agueous Emission Facters for Rhine River Basin,
1970 - 1988 (Elgersma et al. 1992)
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Figure 7 - NiCd Battery Production and Japanese River Water
Cadmium Concenlration, 1980 - 1992 (Mukunoki and
Fujimoto 1996}

1n the study performed by the International Tnstitute of
Applied Statistical Analysis {Elgersma et al 1992),
significant decreases in agueous emissions were noted for
the four major cadmium product manufacturing areas -
plating, consumer NiCd battery production, pigments and
stabilizers, and industrial NiC& battery manufacturing
{(see Figure 6). The decreases in agueous emission factors
in the plating, pigments and stabilizer areas cannot be
attributed 1o the imposition of product restrictions in
Switzerfand, Denmark, Sweden and The Netherlands
during these years as the data are expressed not as total
emissicns but in terms of grams cadmium emissions per
kilogram of cadmium processed. The simultaneous
reduoctions in agqueous emission factors from both
industrial and consurner NiCd battery manufacture are
even more remarkable in that they were accomplished
during the 1980s which were the years of explosive
market growth in the consumer NiCd battery market

However, this same trend was alse gbserved in Japan,
the world’s largest producer and consumer of cadmium
through NiCd battery manufacturing. Data gathered by
the Battery Association of Japan {BAY}, foonerly the Japan
Storage Batiery Association (JSBA}, are shown in Figures
7 and B {or river water cadmium concentration and
ambient air cadmium concentration from 1980 through
1992, again the years of greatest growth in the NiCd
battery market.

The Japanese river water data indicate that, in spite on
an eight-fold increase in NiCd battery production during
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figure 8 - NiCd Battery Production and Japanese Ambient Air
Cadmivm Coneentration, 1980 - 1992 (Mukunold and
Fujimoto 1996)
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Figure 2 - Annual Cadminm Emissions 1o the Greater
Montreal Sewer Systern, 1980 - 1953 (Environment Canada
1995)

the years from 1980 through 1992, the percentage of river
water radmium concentration samples exceeding the 10
pg per liter Japanese standard decrezsed from
approkimately 0.12 % to 0.02 %

Similarly, the data for ambient air cadmium
concentrations over the same timne period and likewise
compared against the backdrop of NiCd battery
production, Indicate even more marked decreases tn
cadmium levels to which the general population might be
sxposed. These data, which include measurements in
both rwral and industrial areas, are shown in Figure 8
(Mukunoki and Fuojimoto 1996). As expected, the
cadmium air levels in industrial areas are higher than
those in rural areas, most likely due to the burning of
[ossil fuels, which, as previously shown, is the chief
contributor to cadmiwm air emissions. It is also worth
noting that the air cadrniurn levels in Japan today are very
low, in the range from one to five nanograms per cublc
meter, which is virtually a background air cadmium
concentration level,

Finally, total annual cadmium emissions to the Montzeal,
Quebec sewer systern in Canada have been determined and
are shown graphically in Figure 9 (Environment Canada
1996). These ernissions probably reflect changes in emission
levels mostly from the cadmium electroplating industry over
the years from 1980 through 1993,

75

It should be fairly clear Irom the above data that the
fevels of cadmium emissions associated with the
manufacturing and use of cadmiom containing products
have now reached very low levels, and any analysis of the
risks associated with these products should consider the
present and not the past levels of these ernissions. Any
risks to the environmen! from cadmium-containing
products are now mast likely to arise from their ultimate
disposal after use sihce occupational exposure is rigidly
controlled in most countries today

DISPOSAL OF CADMIUM CONTAINING PRODUCTS

There are really oaly four ways to dispose of spent
products - incineration, composting, Jand filling or
recycling. Composting is rarely carried out on cadmium-
containing products because they are not readily
biodegradable. Incineration is, in general, not a preferred
method of cadmiuin product disposal because most
cadmium products possess a low calerific value and do
not result in significant reductions in volume when
incinerated, Moreover, when some cadmiuvm products are
incinerated, the cadmium  generally partitions
preferentially to the {ly ash resulting in a hazardous waste
disposal preblem even though better than 99% of the
cadenium in fly ash is caprured by modern incinerator
emission control devices (Chandler 1595} and anly a very
small amount may be emitted to the air. Land filling is the
mast widely used disposal option for cadmiom products
today, although many nations are running out of available
land fill space and must increasingly look lo other disposal
methods. There is concern that land filing of cadmium
products may pose environmental and human heaith
risks, although a number of studies have shown that
cadmiurn in land fills is largely immobilized, does not
diffuse for great distances threugh soils, and does not
leach out of land fills to any appreciable extent {Thomton
1994, Eggenberger and Waber 1998, Oda 1990) Even if
cadmiurn ions are released from land filled products, there
is data to indicate that they tend to complex in sediments
to a marked degree and be unavailable jor plant and
animal uptake. In addition, plant and animal uptake of
cadmium has been found (o depend very much on the
presence or absence of other elements such as iron and on
dissolved organic matter {Cook and Morrow 1995). In
more recent years, recycling has been increasingly utilized
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Figure 10 - Percentage Secondary Lead Preduction in the
United States, 1900 - 1998
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Tabie V ~ Cadmitmn Emissions from Produclion and Recycling
of NiCd EV Batleries

Recyeling Emissions
{grams Cd per KW-hr)

Production Emissions
(grams Cd per KW-hr}

Air 028 ¢ 3.6 0 0662
Water 04010 2.4 00014
Land Negligible Negligible

as a cadmium product disposal option. A recent study
(OECD 1998) indicated that an average of 63 % of all
municipal solid waste (MSW) was land filled, an average
of 17 % was incinerated, and the balance of 20 % was
either composted or recycled.

These caveats notwithstanding, there is little argument
that the preferred option for the disposal of spemt
radmium products is cbviously recycling. Not only does
this opion greatly reduce any human health of
environmental risk associated with cadmium products,
but it conserves valuable natural resources as well. Lead
and lead acid battery recycling have already achieved
impressive recycling rates, better than 95 % for lead acid
hatteries in the United States, and are growing all over the
world (see Figure 10).

Today, recycling of cadmium products, particularly
NICd batteries, i5 viewed as the best kuman heaith and
environmental option for the disposal of cadmium
products and it is the fastest growing option. Collection
and recycling programs for NiCd batteries have already
been established in dozens ol coumries, and
harmonization programs have been developed within
OECD to promote NiCd collection and recycling on &
worldwide basis Recycling of cadmium products prevents
the major portion of the product from ever being emitted
to the envirenment or even having the potential of being
emitted to the environment.

Another factor is certainly that the emissions associated
with the production of cadmium by a recycling process
have generally been found to be substantially less than the
emissions associated with the production of cadmium
from conventional mining and smelting sources. Therz
have been studies, for example, which demonstrate that
production of cadmiurn metal by recycling requires far less
energy, and thereby less fossil fuel emissions and
greenhouse gases, than production of cadmivm from
virgin are {Gaines 1994) Another report on NiCd batleries
for electric vehicles {Geomet Technologies 1993) shows
that cadmium, nickel and cobalt emissions from recycling
of batteries are roughly 10 to 100 times lower than the
corresponding emissions associated with the production of
MiCd batteries which are already guite low, as previously
shown. These results, normalized to grams of cadmium
emissions per ldlowatt-hour of battery energy and
indicating ranges for different types of NiCd EV batteries,
are summarized in Table V. Thus, it is fairly clear that
recycling is environmentally beneficial in botb the
preduction and disposal of cadmium-containing products

RECYCLING OF CADMIUM CONTAINING
PRODIUCTS

There are four classes of cadmivm-containing producss
which can be and have been recycled on relatively sizable

scales These include nickel-cadmium battecies. both the
large industrial and small consumer types, cadmium
coatings, cadmium-containing alloys, and cadmium
telluride {CdTe) solar cells [n addition, the process wastes
from the production of virtually all cadmium products may
also genetally be recycled, and often are because of the
high costs of hazardous waste disposal For example,
sludges, filter cakes, spent anodes and outputs from
paliution contrel devices often may be recycled to recover
valuable metals. These so-called manufacturing wastes are
recovered {rom NiCd battery, pigment, coatings, stabilizer,
alloy and solar cell production operations and may be
recovered either on the manufactusing site or at a separats
facility. As previously shown in Table 1 and Figure 5,
nickel-cadmium batteries command the largest share of
the cadmivm market and they also are, on the average, the
cadmium-containing product with the highest cadmium
content. Therefore, MiCd batteries are logically the most
attraclive of the cadmium products for recycling, and they
are, in fact, the product which is recycled most today.
Howaver, cadmium coatings, cadmium pigments,
cadmium alloys and cadmiurn 1eluride solar cells are also
all recyclable and have been recycled to varying degrees

The processes available today for the recycling of
cadmium-containing products may be conveniently
divided into two types -~ pyrometallurgical processes
which are based on high temperature treatments and
hydrometallurgical processes which are based on
chemical or electrochemnical reactions occurring in
solutions. In the pyrometallurgical processes, cadmium
containing products are often mechanically broken apan
and the cadmium exposed either to vacuum ar reducing
atmospheres at high temperature where cadmium is
present as a vapol. At these lemperstures, cadmium
oxides or hydroxides are reduced back to elemental
cadmium which then condenses in cooler paris of the
treatment furpaces and then collected. In  the
hydrometallurgical processes, the cadmium-containing
products smay aiso be mechanically aitrited and then
dissolved in either strong acids or strtong bases. A series of
ion exchange or precipitation steps are subsequently
employed to remove various impurities and create
relatively pure solutions of cadmium salts which may be
sold as is or used as the solution from which cadmium
metal is obtained by electrolytic processes.

Since mest of the cadmium product recycling carried
out in the world today concentrates on NiCd batteries, this
paper will focus mainly on NiCd battery recycling plants
and processes. It is generally considered that there are
four types of cadmium recycling plants in use today:
® Dedicated Nickel-Cadmium Battery Recyclers
® Srainless Steef Recycling Plants
® Zinc/Cadmium Refineries
# Hydrometallurgical Nonferrous Metals Recycling Planis

A listing of the world’s major cadmium recycling plants
is presented in Table V1. The dedicated NiCd battery
recycling plants treat only NiCd batteries, although some
are pow recycling NiMH batteries as well. SNAM in
France, SAFT in Sweden, ACCUREC ip Germany and Hanil
Metal Recycle Company in Korea are examples of
dedicated NiCd battery recyclers. The SNAM process in
France will subseguently be described in more detail as ag
example of a dedicated MNiCd battery recycling process
INMETCO in the United States is a stainless stee] recycle:
whose chief business is recycling stainless steel scrap. As
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table VI ~ World's Major Cadmium Reeyeling Plants
Company Location Type Capacity(m{)
INMETCO usa Stainless Steel 3,000
Hanil Metal Recycte Co. Katea NiCd Recycler 3,000
Mitsui Mining & Smelting Japan Zinc Relinery 1,800
Tohe Zinc Co., Lid. Japan Zine Refinery 1,700
Kansai Catalyst Japan Zinc Refinery 500
Hydromela! 5.A. Belpium Hydrometallurgical 1,300
SAFT Sweden NiCd Recycler 1,500
SNAM France NiCd Recycler 5,400
ACCUREC Germany NiCd Recycler 1,000
TNO/Esdex/Leto® Netherlands Hydrometallurgical 200
Uniniquel, S.4 Spain Hydrometallurgieal trnknown

a service to their NiCd baltery customers, INMETICO,
which is a subsidiary of INCO, accepts NiCd and NiMH
batteries, and recovers both the cadmium and the nickel
and iron which are fed into their stainless steel recavery
tircuits. The INMETCO processes will subseguently be
desceibed in more detail as an example of this category.
Mitsui Mining & Smelting and Toho Zinc are major
zinc/cadmivm refineries which also have integrated NiCd
battery recycling into their cadmium production circuits.
The Toho Zinc process will subseguently be described in
maore detail, Finally, Hydrometai, TNO and Uniniguel are
all example of hydrometaliurgical processes which are
tapable of recycling cadmium containing processes.
However, These processes have generally not been applied
on major commercial scales to cadmium products, and
only limited information is specifically available on the
cadmium  recovery schemes in  hydrometallurgical
processes. The TNO/Esdex/Leto  process will
subsequently be described in more detail. Processes for
the recavery of cadmium from silver-cadmium oxide

SNAM - SAVAM

-

= DISMARTLING .-
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electrical contact alloys and from cadmium telluride solar
cells will also be reviewed.

The capacities reported in Table VI above are capacities
for treating metric tonnes {mt} of nickel-cadmium
batteries and manufacluring wastes, and do notf refer to
cadmivum production capacities. Depending upon the mix
of feedstocks into the recycling process, the cadmium
production ievels may vary considerably. In addition, not
all of the presently available recycling capacity for
cadmiom products is being utilized presently, which is a
result of deficiencies in collection programs and not
rerycling plants. At present, it is estimared that at least
2,000 metric tonnes of recycled cadmium are produced
annually. Primary cadmium production from zinc mining,
smelting and refining has average about 18,000 metric
tonnes in recent years meaning that at least 10 % of ail
cadmivmm production is derived from recycling. This
amount is expected to grow in the yvears ahead with the

growth of NiCd battery recycling prograrns around the
waorld.

DEDICATED NICKEL-CADMIUM BATTERY
RECYCLING PLANTS

As an example of a dedicated NiCd battery recycling
plant, the process employed by SNAM at two plants in
France {St. Quentin Fallavier and Viviez) is shown
schematically in Figure 11. In the SNAM-SAVAM

Process, both small consurmer and large industrial NiCd
batteries are recycled The small consumer cells are first

Meiric Tonnos Resytivd

"at
Yoor

Figure 11 - Schematic Diagram of the SMAM Dedicated NiCd
Battery Recycling Process

77

Figure 12 - NiCd Batteries and Manufacturing Scrap Recycled
at SNAM - France
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crushed in a hammer mili, while the large industrial cells
are dismantled by removing the tops and draining the
potassium hydroxide electrolyte. A iow temperature
pyrolysis process is also camied out on the small
consumer cells to remove moisture and organic materals.
The nicke) plates are separated from the cadmium plates
in large industrial batteries, and the scrap nickel sold
directly to the stainless steel scrap industry. Small
consumer NiCd batieries are generally of the spiral wound
construction so that nickel and cadraium plates cannot be
separated directly {rom one another as they can for the
large industrial batteries. Thus, the pyrolysized small
consuraer cells and the cadmium plates from the large
industrial materials plus any cadmium containing NiCd
battery manufacturing wastes are the materials which are
next fed into the high temperature distillation fumace.
Because of the marked separation in melling and
vaporization temperaiures between cadeium on the one
hand and iron and nickel on the other, relatively pure
cadmium is quickly and easily separated from other
metals and subsequently recondenses in the cooling
zones of the furnace. The cadmium produced by this
pracess is generally in the 99 92 % purity range, is fully
utilizable for the production of new NiCd batteries, and
may be recycled in this mannet an unlimited number of
tmes

The amounts of industrial and consurner NiCd batteries
as well as the tonnage of NiCd battery manufacturing
scrap recycled at SNAM in recent years in shown in Figure
12. As is the case with most NiCd recycling facilities
around the world, the tonnages of NiCd batteries and
manufacturing scrap have increased steadily during the
19905 Eventually, the consumer battery recyeling portion
will be the largest component of recycled materials since
the consumer battery sector accounts for about B0 % of
the NiCd battery market today. Today in Eutope, Morth
America and Japan, industrial NiCd batteries are recycled
at fairly high rates, approximately B0 % to 85 %, while
consumer NiCd batteries generally are recycled in the
25 % to 35 Y4 range. The recycling rate for indusirial scrap
is quite high since regulations do not allow even minule
quantities to be emitted or discarded.

The SAFT tecycling plant in Oskarshamn, Sweden is
also a dedicated NiCd battery recycling plant which has
been operating in conjunction with SAFT's industrial NiCd
battery production facility at the same location since the
1970s Industrial NiCds are returned by SAFT customers
to their plant for credit towards the purchase of new
batteries, and the cadmium recycled froxm old batteries
can almost immediately be incorporated into new NiCd
batteries The Hani} Metal Recycle Company facility in

T it i

Figure 14 - Schematic Diagram of INMETCO Process for
Recycling Consumer NiCd Bauteries
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Figure 13 - Schematic Diagram of INMETCO Process for
Reeycling industrial NiCd Batteries

Figure 15 - Nickel-Cadmium Batteries Recycled at INMMETCO,
1990 - 1997

Changwon City, Korea is one of several companies who
recycle the NiCd batteries collected under the program
organized by the Battery Assaciation of Japan ACCUREC
GmbH in Mulheim, Germany utilizes a partial vacuuin
distilladon process rather than a high temperature
reduction process, and recycles NiCd batteries collected
under various Buropean collection programs.

STAINLESS STEEL RECYCLING PLANTS

The International Metals Reclamation Company, inc
{INMETCO), a subsidiary of INCO Limited located in
Eilwood City, Pennsylvania, USA, operates a stainless
steel recyeling plant capable of processing approximately
60,000 tons of nickel-chromiumm-iran bearing rnaterials
annually. Their principal product is an Fe-Ni-Cr master
alloy which is utilized by the stainless steel industry in the
production of new stainless steel Although the vast
majority of their input materials is stainiess steel scrap,
such as turnings, swacf, pickde Hiquor, plating sludges and
pther materials high in nickel, they process NiCd, NiFe
and NiMH batteries for their nickel and iron values
Several years ago they installed a cadmium distillation
plant similar in design to the system employed by SAFT in
Sweden. The cadmium separation is accomplished in a
manner similar to that previously indicated for the
dedicated NiCd battery recyclers, but the iron and nickel
residues from the cadmium distillation step are
subsequently fed into their high temperature metal
recovery (HTMR) unit and blended with their other iron-
nickel-chromium materials. Schematic diagrams of the
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INMETCO processes for recycling industrial and
consumer NiCd batteries are shown in Figures 13 and 14.

INMETCO serves both as a collection point in the
Rechargeable Battery Recycling Corporation’s {RBRC)
rechargeable battery cocllection program in the United
States, and as the recycling piant for the RBRC collection
programs in bath the United States and Canada. The
jornage of NiCd batteries and manufacturing wastes
which have been recycled at INMETCO has grown steadily
during the 1990s as shown by the date in Figure 15 Until
recently, only total tonpage was recorded, but beginning
in 1997, separate figures were maintained for industrial
and ronsumer NiCd batteries. One interesting advantage
of the stainless steel NiCd battery processing operation is
mat integration with a stainjess recycling facility allows
for certain economies of scale not available to other
processes and ensures that the nickel recovered from
spent NiCd batteries is prompily moved into the recycling
loop

PRIMARY ZINC/CADMIUM REFINERIES

Both NiCd battery manufacturing wastes and spent
nickel-cadmiumn batteries may also be recycled in primary
zinc/cadmium refineries. Since Japan is the largest NiCd
batlery producing country in the world, considerable
amounts of NiCd battery manufacturing wastes are
generated. Japan is also the world's largest producer of
cadimium, and the Japanese NiCd battery producers are
the Japanese cadmium producers’ largest customers. In
addition, Japan has ome of the highest use rates of
rechargeable batteries per capita in the world, much
higher than in Europe or North America Thus, it is not

TOHO Zinc

" SLUDEE OF T - B8 BATIERY -
BATTERY RLANT. FAZIMSAAET
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Figure 16 - Schematic Diagram of Toho Zinc Co.. Ltd Nicd
Baltery and Waste Recycling Processes
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Figure 17 - NiCd Batieries and Manufacturing Wastes
Recycled in Japanp, 1992 - 1098

unexpected that Japanese indusiry has developed a
sophisticated collection and recycling system for jts NiCd
battecies and manufacturing wastes, and that it has
already begun to integrate cadmium and cadmiuwm oxide
production with nickel-cadmiurn battery recycling Two of
the largest primary zinc/cadmium producers in Japan,
Mitsui Mining & Smelting Co., Ltd. and Toho Zinc Co,
Ltd. have modified their cadmium production circuits so
that feedstock from NiCd battery manufacturing wastes
and spent NiCd batteries, both consumer and industrial,
may be incorporated into their processes.

A4 schernatic diagram of the process employed at Toho
Zinc Co., Lid is shown in Figure 16 Essentiaily, the
manufacturing wastes are recycled by a
hydrometallurgical process which involves dissolution in
a suifuric acid solution, filtration, purification and
sulfuration to form a cadminm sulfide precipitate which is
then fed into the zinc refinery. Spent batteries, on the
other hand, are processed by a pyrometallurgical process
whereby cadmium is separated from nicke} and iron by
volitalization and once again then fed into the zinc
refineries. Thus, by placing some prelisinary steps before
the zinc refinlnery operations, the Tohe Zinc process is
able to accept a broader range of feddstacks, including
NiCd batteries and manufacturing wasies.

The NiCd batteries recycled at both Toho Zinc and
Mitsui Mining & Srmelting are collected as part of the long
standing collection program currently operated by the
Battery Association of Japan (BAJ), formerly known as the
Japan Storage Battery Association (JSBA). All of the major
battery producers in Japan, both rechargeable and non-
rechargeable, support this prograrn. The other major
recyclers who process NiCd batteries and NiCd battery
manufacturing wastes include Kansai Catalysts and Hanil
Metal Recycle Co, Ltd. in Korea which operates in
conjunction with the Japan Recycle Center, Lt in Japan.
This collection and recycling effort has gathered and
recycled large tonnages of batteries and manufacturing
wastes for many years now, well back Into the 1980s, and
has realized the largest tonnages in the world of total NiCd-
related materials recycled. The large amounts aof NiCd
battery manufacturing wastes recycled in the Japanese
program is reflective of the large amount of NiCd barteries
produced in Japan This material is normally recycled
fairly pramptly, within the same year as it is utilized for the
production of batteries. Spent batteries, of course, enter
the recycling loop many vears after their manufacture,
depending upon application, service lives, collection
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systems, and many other factors. Estimates have been
made that show that it is not unreasonable to assume that
consumer NiCds will be recycled approximately 15 years
zfter manufacture, and that industrial NiCds will be
recycled approxirnately 25 years after manufacture. The
zmounts of NiCd batteries and manufacturing wastes
recycied in the BAI program for the period from 1992
through 1998 are summarized in Figure 17.

The amounts of manufacturing scraps have begun to
decline after 1995, indicating the decline in the production
of NiCd batteries in Japan and a shift to other
manufacturing areas The relalive amounts of industrial
NiCd barteries collected and recycled has been rather
steady while the tonnages of consumer NiCd batteries
collected and recycled has continued to increase. Because
of the explosive growth in the consurmer NiCd market in
the mid to lale 1980s, it is expected that it will be the
consurner NiCd battery recycling sector which will grow
the most in the years ahead. This trend was also noted in
the collection programs in Eurcpe and North America
previously discussed

HYDROMETALLURGICAL CADMIUM PROBUCT
RECYCLING PLANTS

In principle, nickel-cadmium batteries and a number of
other cadmium-containing products, as well as wastes and
scraps from product manufacturing processes, may be
recycled by hydrometatluzgical technigues. [n these
processes, the wastes and/or scraps are generally

TNO/ESDEX/LETO

NiCads

waler

Lo - cadmium
eaad brecipitation

Figure 18 - Schematic Diagram of TNG/Esdex/Leto
Hydrometallurgical Process for Reeycling NiCds

gy

] PATENT PENDING

Figure 19 - Schematic Biagrmm of Drinkard Metallox of
Reeycling CdTe Solar Cells

dissolved in either strong acids or strong bases and then
subjecied to a series of chemical or electrochemical steps
to successively remove various other constituents.
Hydrometallurgical recycling operations are ordinarily
wall adapted to handle manufacturing wastes in Hguid
form such as spent plating solutions or sludges from water
pollution  control  systems. The drawback 1o
hydrometallurgical processes is that they are relative
expensive compared to pyrometallurgical processes, and
must be justified by the recovery of economically more
valuable metals. With cadmium and nickel prices both at
record low prices in recent years, NiCd battery recycling
by hydrometallurgical means has not been as {avorable as
utitization of pyrometallurgical systerns. Nonetheless,
there are some systems and circurastances under which
hydrometafiurgical techniques may be the only available
method, and hydrometallurgical recycling is often capable
of recovering many different metals whereas a
pyrometallurgical plant might onty recover a few

An example of a pilot type hydrometallurgical recycling
plant designed for the recovery of nickel and cadmium
from NiCd batteries is shown in Figure 18. This pilot was
originally designed by TNO in The Netherlands, and later
modified by Esdex and Leto, also io The Netherlands. {t
was never operated on a full commercial scale, its
maximum throughput being about 200 metric tonnes per
year. Nonetheless, it was always considered a techrical
success if not an economic or commercial one
Hydrometal in Belgiuvm, on the other hand, processes a
wide variety of nponferrous materials by a
hydrometallurgical process, but relies on recycling of
more commercially viable materials than on NiCd
batteries. Uniniguel S.A. in Spain had alsc developed a
hydrometallurgical process for recycling NiCd battery
manufacturing wastes, but that process also never
achieved full comumercial operation.

Another interesting variation on the hydrometallurgical
process js one specifically developed by Prinkard
Metallox in the United States for the recovery of cadmium
tellurium from Cadmium Telluride (CdTe) solar cells.
CdTe solar cells contain very thin layers of both cadmium
telluride and cadmium sulfide (CdS) on glass substyates.
The first step in the Drinkard Metallox process is Jeaching
of the CdS and CdTe from the glass by dissolution in
strong pitric acid sclutions. Tellurium is removed from the
acid solution by electrolytic means, leaving an impure
eadmiuvm sall solution from which cadmium oxide is
removed by decomposition, The cadrpium oxide so
praduced is presumably pure enough so that it may be fed
into a cadmijum oxide production plant for use in the
production of NiCd batteries. The exact details of this
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process are proprietary. Similar processes for recycling
cdTe solar cells have also been developed by First Solar
LLC in the United States and BP Solarex in the United
Kingdom and United States. Ordinarily, these recycling
processes would not be cost effective except that solar
cells employ very high purity and therefore higher cost
raw materials. Furthermore, cadmium, even bigh purity
cadmivm, may not be enornously expensive, but
tellurivm is. Thus, the econormics of the CdTe solar cell
recycling processes are driven by three factors - the cost
of tellurium, the low cost of solar cell raw materials
compared to the overall cost of the solar cell system, and
the widespread adoption of recycling poiicies by the CdTe
solar cell industry to ensure proper disposal of
manufacturing wastes and spent products. A schematic
and very simplified diagram of the Drinkard Metallox
process is shown in Figure 19.

SILVER ~ CADMIUM OXIDE (AG — CDO)
ELECTRICAL CONTACT ALLOYS RECYCLING
PROCESS

One of the minor uses for cadmium is in electrical
contact alloys where cadmium oxide (CdQ) is employed to
give strength, reduce arcing and prevent erosion in silver-
based electrical contact alloys utilized in switches. Unlike
many other materials which could be used in this
application, cadmium will improve strength, arcing and
erosion  charactedstics  without  diminishing  the
conductivity of the contact alioy. Because of the high
silver content of these alloys, they are valuable and are
recycled Lo recover as much silver as possible In this case,
the cadmium is recycled because silver is recycled, but
simultaneous recovery of cadmium also simplifles
subsequent production of new Ag-CdO electrical comtact
alloy Essentially, this process appears to be a loop of
alloying, internal oxidation, formation of mill products,
and recycling of scrap by reduction at high temperatures
to form AeCd alloy which is then fed back into the original
alloving process,

The development of such a recycling process is
important in that many cadmiurn-containing brazing and
soldering alloys have been replaced with cadmivm-free
alternatives, but it has been very difficult 1o find adeguate
substitutes for the AgCdO electrical contact alloys.
Cadmium-containing brazing and soldering alloys are one
application in which inhalation exposures of cadmium
fumes at high levels might be expected, and are therelore

Tabie V11 - Estimated Recycling Rates for Cadmium-
Containing Products

Produet Type Area Estimated
Recycling
Rate
MiCd Batteries Industrial { Western World 85 %
Consumer | Western World 15 %
All Types usAa 23 %
All Types Japan 0%
All Types Burope 25 %
Cadmium Coatings Western World 30 %
Alleys Westem World 35 %

Sources: Borst 1995, Mukunold and Fuiimoto 1996, Morrow 1995
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Figure 20 ~ NiCd Battery Recycling Goals for North American,
Japanese and European Programs

an application where substitution should be encouraged
as much as poessible. If such substitution is not possible,
then adequate respiratory protection must be provided for
workers handling cadmium-containing brazing and
soldering alloys. Silver-cadrniuvm oxide elecirical contact
alioys, on the other hand, do not generate high exposures
of cadmium fumes, and concerns with these alloys would
be with their disposal and not their use. The Ag-CdO
recycling process, fortunately, can abviate much of that
COELCET:

RECYCLING RATES AND RECYCLING GOALS FOR
CADMIUM PRODUCTS

Nickel-cadmium batleries contain the highest average
cadmium content of any of the cadmium-containing
products and represent the largest share of the cadmium
consumption market. They are, therefore, the most logical
target upon which to concentrate the rnost efiorls to
collect and recycle cadmium producis. At present,
estimates of NiCd battery recycling rates vary widely from
country, particularly sinee there is no one widely accepted
definition on how 1o properly calculate recycling rates. It
is relatively easy to determine how much material is
collected and recycled. It is extremely difficult to establish
what the amount recycled should be compared against to
yield a recycling rate. Most systems up to the present have
compared the amount recycled against the arnount sold
into the rnacket at some point in the past which is meant
to represent the lag between the time batteries are
manufactured and the time that they become available for
collection and recycling. A more recent technique simply
measures the amount of NiCd batteries recycled and
compares that amount to the amoun! in municipal solid
waste in any given year. Both methods essentially
compare the armount of batteries recycled to the amount
of batteries available for recycling during a given year.

Some of the estirnates for the recycling rates associaied
with nickel-cadmium batteries and other cadmivm
products made about 4 to 5 years ago are summarized in
Table VII. While everyone believes that these tates are
increasing, there is little agreement on the present actual
recyching rates.

There are ambitious programs for collecdon and
recycling of NiCd batteries in North America, Europe and
Japan, and more recntly the Organization for Economic
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Cooperation and Developrment (OECD) has worked on Report of December 13, 1994, Energy Systems Division, HEA\
coordinating programs in such a way as to improve and Argonne National Laboratory, United States Department
facilitate NiCd collection apd recycling. For example, an of Energy, Argonne, illinois.
OECD website is now available which lists the NiCd [9] Geomet Technologies 1993, “Nickel-Cadmium Batteries
collection programs in QECD nations and how (o access for Electric Vehicles - Life Cycle Environmental and
thern through the internet, phone, fax or mail, and, most Safety Issues,” Final Report No [E-2629 prepared for the
irnportanty, where 0 take spent NiCd batteres for Electric Power Research Institute (EPRI}, December 1993,
collection. The address of the OECD NiCé collection  {10)Morrow 1995, “Update on Worldwide Cademium Heawy
website is; www.oecd.org/ehs/ NiCd/index htm Recycling,” 187th Meeting of The Electrochemical element:
n addiion lo the Rechargeable Battery Recycling Society, May 21-26, 1995, Reno, Nevada. usually {
Corporaton [RBRC) program in the United States and {11]Motrow 1998, Cadmium: The Issues and Answers, also arse
Canada and the Battery Association of Japan {BAJ) program International Cadmium Association, Brussels, Belgium are men
in Japan, a new pProgram, designated "Collect NICad", has and Great Falls, Virginia, USA, June 1998. metal o
just been formed in Europe and promises to achieve high  [12]Mining Association of Canada 1999, Environmental dominan
recycling rates in the very near future. It is obvious that the Progress Report 1999, Mining Association of Canada, fram the
NiCd battery manufacturers, Users, raw materials suppliers December 1999, Outawa, COntario, Canada dominan
and recyclers around the world have ail made a big  [13] Mukunoki and Fujimoto 1996, "Collection and Recycling fuels anc
commmitment 1o the recycling of NiCd batteries, and that of used Ni-Cd Batteries in Japan,” Sources of Cadmium in The C
~onsiderable financing and sustained etfort will be required the Environment, Inter-Organization Programme for the the sop
to achieve the levels of recycling rates expected by the Sound Management of Chemicals (HOMC), Organization years. F
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