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1.1

1.2

1. SUMMARY AND CONCLUSIONS

ldentity, physical and chemical properties, and analytical
methods

Nickel is a metallic element belonging to group VIIb of the peri-
odic table. It is resistant to alkalis, but generally dissolves in dilute
oxtdizing acids. Nickel carbonate, nickel sulfide, and nicke! oxide
are insoluble in water, whereas nickel chloride, nickel sulfate, and
nickel! nitrale are water soluble. Nickel carbonylis a volatile colour-
less liquid that decomposes at temperatures above S0 °C. The
prevalent ionic form is nickel (I1). In biological systems, dissolved
nickel may form complex components with various ligands and bind
to organic material.

The most commonly used methods for the analysis of biological and
environmental materials are atomic absorption spectroscopy and
voltammetry. In order to obtain reliable results, especially in the
ultratrace range, specific procedures have to be followed to mini-
mize the risk of contamination during sample collection, storage,
processing, and analysis. Depending on sample pretreatment, ex-
tractton and eunrichment procedures, detection limits of
1-100 ng/litre can be achieved in biological materials and water,

Sources of human and environmental exposure

Nickel is a ubiquitous trace metal and occurs in soil, water, air, and
in the biosphere. The average content in the earth’s crust is about
(0.008%. Farm soils contain between 3 and 1000 mg nickel/kg.
Levels in natural waters have been found to range from 2 to
10 pg/litre (fresh water) and from 0.2 to 0.7 pg/litre (marine). At-
mospheric nickel concentrations in remote areas range from <0.1
to 3 ng/m”,

Nickel ore deposits are accumulations of nickel sulfide minerals
{mostly pentlandite) and laterites. Nickel is extracted from the
mined ore by pyro- and hydro-metallurgical refining processes.
Most of the nickel is used for the production of stainless steel and
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other nickel alloys with high corrost:z and temperature resistance.
Nickel alloys and nickel platings are used in vehicles, processing
machinery, armaments, tools, electrical equipment, household ap-
pliances, and coinage. Nickel compounds are also used as catalysts,
pigments, and in batteries. Global mining production of nickel was
approximately 67 million kg in 1985. The primary sources of
nickel emissions into the ambient atr are the combustion of coal
and oil for heat or power generation, the incineration of waste and
sewage sludge, nickel mining and primary production, steel
manufacture, electroplating, and miscellaneous sources, such as
cement manufacturing. In polluted air, the predominant nickel
compounds appear to be nickel sulfate, oxides, and sulfides, and to
a lesser extent, metallic nickel.

Nicke! from various industrial processes and other sources finally
reaches waste water. Residues from waste-water treatment are dis-
posed of by deep well injection, ocean dumping, land treatment,
and incineration. Effluents from waste-water treatment plants have
been reported to contain up to 0.2 mg nickel/litre,

Environmental transport, distribution, and transformation

Nickel, which is emitted into the environment from both natural
and man-made sources, is circulated throughout all environmental
compartments by means of chemical and physical processes, and is
biologically transported by living organisms.

Atmospheric nickel is considered to exist mainly in the form of par-
ticulate aerosols containing different concentrations of nickel,
depending on the source. The highest nickel concentrations in am-
bient air are usually found in the smallest particles. Nickel carbonyl
is unstable in air and decomposes to form nickel oxide.

The transport and distribution of nickel particles to, or between,
different environmental compartments is strongly influenced by
particle size and meteorological conditions. Particle size distribu-
tion is primarily a function of the emtting sources. In general, par-
ticles from man-made sources are smaller than natural dust
particles.

Nickel is introduced into the hydrosphere by removal from the at-
mosphere, by surface run-off, by discharge of industrial and

14
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Summary and conclusions

municipal waste, and also following natural erosion of soils and
rocks. In rivers, nickel is mainly transported in the form of a
precipitated coating on particles and in association with organic
matter; in lakes, it is transported in the tonic form, also main-
ly in association with organic matter. Nickel may also be absorbed
on to clay particles and via uptake by biota. Absorption processes
may be reversed leading to release of nickel from the sediment.
Part of the nicke! is transported via rivers and streams to the ocean,
Riverine suspended particulate input is estimated to be
135x 107 kg/year.

Depending on the soil type, nickel may exhibit a high mobility within
the soil profile finally reaching ground water and, thus, rivers and
lakes. Acid rain has a pronounced tendency to mobilize nickel from
the soil, Terrestrial plants take up nickel from soil primarily via the
roots. The amount of nickel uptake from soil depends on various
geochemical and physical parameters including the type of soil, the
soil pH and humidity, the organic matter content of the soil, and
the concentration of extractable nickel. The best known example
of nickel accumulation is the increased nickel levels, in excess of
1 mg/kg dry weight, found in a number of plant species (“hyper-
accumulators”) growing on relatively infertile serpentine soils.
Nickel levels above 50 mg/kg dry weight are toxic for most plants.
Accumulation and toxic effects have been observed in vegetables
grown on sewage sludge-treated soils and in vegetation close to
nickel-emitting sources. High concentration factors have been
found in aquatic plants, Laboratory studies showed that nickel had
little capacity for accumulation in all the fish studied. In uncon-
taminated waters, the range of concentrations reported in whole
fish (on a wet-weight basis) ranged from 0.02 to 2 mg/kg. These
values could be up to 10 times higher in fish from contamirated
waters. In wildlife, nickel is found in many organs and tissues, due
to dietary uptake by herbivorous animals and their carnivorous
predators. However, there is no evidence for the biomagnilication
of nickel in the food chain.

Environmental levels and human exposure

Nickel levels in terrestrial and aquatic organisms can vary over
several orders of magnitude. Typical atmospheric nickel levels for
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human exposure range from about 5 to 35 ng,=’m3 at rural and urban
sites, leading to a nickel uptake via inhalation of 0.1-0.7 ug/day.
Drinking-water generally contains less than 10 ug nickel/litre, but
occasionally nickel may be released from the plumbing fittings,
resulting in concentrations of up to 500 g nickel/litre,

Nickel concentrations in food are usually below 0.5 mg/kg fresh
weight. Cocoa, soybeans, some dried legumes, various nuts, and
oatmeal contain high concentrations of nickel. Daily intake of nick-
el from food will vary widely, because of different dietary habits,
and can range from 100 to 800 pg/day; the mean dietary nickel in-
take in most countries is 100-300 pg/day. Release of nicke! from
kitchen utensils m#+ contribute significantly to oral intake. Pul-
monary intake of 2-23 ug nickel/day can result from smoking 40
cigarettes a day.

Dermal exposure in the general environment is important for the
induction and maintenance of contact hypersensitivity caused by
daily skin contact with nickel-plated objects or nickel-containing
alloys (e.g., jewellery, coins, clips).

Iatrogenic exposure to nickel results from implants and prostheses
made from nickel-containing alloys, from intravenous or dialysis
fluids, and from radiographic contrast media. An estimated
average intravenous nickel uptake from dialysis fluids is 100 wg per
treatment.

In the working cnvirg)nment, airborne nickel congcntrations can
vary from a few ug/m” to, occasionally, a few mg/m’, depending on
the process involved and the nickel content of the material being
handled.

Throughout the world, millions of workers are exposed to nickel-
containing dusts and fumes during welding, plating and grinding,
mining, nickel refining, and in steel plants, foundries, and other
metal industries.

Dermal exposure to nickel may occur in a wide range of jobs, either
by direct exposure to dissolved nickel, e.g., in refining, electroplat-
ing, and electroforming industries or by handling nickel-containing
tools. Wet cleaning work may involve exposure to nickel, because
of the amounts of nickel that become dissolved in the washing water.
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1.5 Kinetics and metabolism in human beings and animals

Nickel can be absorbed in human beings and animals via inhalation
or ingestion, or percutaneously, Respiratory absorption with
secondary gastrointestinal absorption of nickel (insoluble and
soluble) is the major route of entry during occupational exposure.
A significant quantity of inhaled material is swallowed following
mucociliary clearance from the respiratory tract. Poor personal
hygiene and work practices can contribute to gastrointestinal ex-
posure. Percutaneous absorption is negligible, quantitatively, but
is important in the pathogenesis of contact hypersensitivity. Ab-
sorption is related to the solubility of the compound, following the
general relationships nickel carbonyl > soluble nickel compounds
> insoluble nickel compounds. Nickel carbonyl is the most rapid-
ly and completely absorbed nickel compound in both animals and
human beings. Studies in which nicke! was administered via inhala-
tion are limited. Studies on hamsters and rats with insoluble nick-
el oxide showed poor absorption, with retention of much of the
material in the lung after several weeks. In contrast, absorption of
soluble nickel chloride or amorphous nickel sulfide was rapid.
Nickel is transported in the blood, principally bound to albumin.

Gastrointestinal absorption of nickel is variable and depends on
the composition of the diet. In a recent study on human volunteers,
absorption of nickel was 27% from water compared with less than
1% from food. All body secretions are potential routes of excre-
tion including urine, bile, sweat, tears, milk, and mucociliary fluid.
Non-absorbed nickel is eliminated in the faeces. Transplacental
transfer has been demonstrated in rodents. Following parenteral
administration of nickel salts, the highest nickel accumulation oc-
curs in the kidney, endocrine glands, lung, and liver: high con-
centrations are also observed in the brain following administration
of nickel carbonyl. Data on nickel excretion suggest a two-com-
partment model, Nickel concentrations in the serum and urine of
healthy non-occupationally exposed adults are (1.2 pg/litre (range:
0.05-1.1 pg/litre) and 1.5 pg/g creatinine (range: 0.5-4.0 mg/g
creatinine), respectively. Increased concentrations of nickel are
seen in both of these fluids following occupational exposure. The
body burden of nickel in a non-exposed, 70-kg adult is 0.5 u.g.
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Effects on organisms in the environment

In microorganisms, growth was generally inhibited at nickel con-
centrations in the medium of 1-5 mg/litre in the case of actino-
mycetes, yeast, and marine and non-marine eubacteria and at levels
of 5-1000 mg/litre in filamentous fungi. In algae, no growth was ob-
served at approximately 0.05-5 mg nickel/litre. Abiotic factors,
such as the pH, hardness, temperature, and salinity of the medium
and the presence of organic and inorganic particles, influence the
toxicity of nickel.

Nickel toxicity in aguatic invertebrates varies considerably accord-
ing tospecies and abiotic factors. A 96-h LCso of 0.5 mg nickel/litre
has been found for Daphnia spp., while, in molluses, 96-h LCso
values were around (.2 mg/litre in two freshwater snail species and
1100 mg/litre in a bivalve.

In fish, 96-h LCso values generally fall within the range of 4-20 mg
nickel/litre, but can be higher in some species. Long-term studies
on fish, and fish development, in soft water demonstrated some ef-
fects on rainbow trout at levels as low as 0.05 mg nickel/litre. In
terrestrial plants, nickel levels above 50 mg/kg dry weight are
usually toxic. Copper was found to act toxicologically in a syner-
gistic way, whereas calcium reduced the toxicity of nickel. Data on
the effects of nickel on terrestrial animals are limited.

Earthworms seem to be relatively insensitive to nickel, if the
medium is rich in microorganisms and organic matter, thus, making
the nickel less available to the earthworms. Nickel has not been
considered as a broad-scale global contaminant; however, ecologi-
cal changes, such as decreases in the number and diversity of
species, have been observed near nickel-emitting sources,
Microecosystem studies have shown that addition of nickel to soil
disturbs the nitrogen cycle.

Effects on experimental animals and in vitro test systems

Nickel is essential for the catalvtic activity of some plant and bac-
terial enzymes. Slow weight gain, anaemia, and decreas=d viability
of offspring have been described in some animal species after
dietary deprivation of nickel.
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Summary and conclusions

The most acutely toxic nickel compound is nickel carbonyl, the lung
being the target organ; pulmonary cedema may occur within 4 h
following exposure. The acute toxicity of other nickel species is
low.

Though contact allergy to nickel is very common in human beings,
experimental sensitization in animals is only successful under
special conditions, Long-term inhalation exposure to metallic nick-
el, nickel oxide, or nickel subsulfide caused mucosal damage and
inflammatory reaction in the respiratory tract in rats, mice, and
guinea-pigs. Epithelial hyperplasia was observed in rats after in-
halation exposure to aerosols of nickel chloride or nickel oxide,

High-level, long-term exposure to nickel oxide led to gradually
progressive pneumoconiosis in rats. Inflammatory reaction, some-
times accompanied by slight fibrosis, was observed in rabbits after
high-level exposure to nickel-graphite dust. Pulmonary fibrosis was
seen in rats exposed to nickel subsulfide,

Nickel salts, administered parenterally, induced a rapid transitory
hyperglycaemia in rats, rabbits, and chickens . These changes may
be associated with effects on alpha and beta cells in the islets of
Langerhans. Nickel also decreased the release of prolactin.
Nickel chloride, given orally or by inhalation, has been reported to
decrease iodine uptake by the thyroid.

Nickel salts, given intravenously, decreased blood flow in the
coronary arteries in the dog; high concentrations of nickel
decreased the contractility of dog myocardium in vitro.

Nickel chloride affects the T-cell system and suppresses the activity
of natural killer cells. Parenteral administration of nickel chloride
and nickel subsulfide have been reported to cause intrauterine mos-
tality and decreased weight gain in rats and mice. Inhalation ex-
posure to nickel carbonyl caused fetal death and decreased weight
gain, and was teratogenic in rats and hamsters. Information on
maternal toxicity was not given in any of these studies, Nickel car-
bonyl has been reported to cause dominant lethal mutations in rats.

Several inorganic nickel compounds were tested for mutagenicity
in various test systems, Nickel compounds were generally inactive
in bacterial mutagenesis assays, except where fluctuation tests were
used. Mutations were observed in several cultured mammalian cell
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types. Nicke! compounds inhibited DNA synthesis in a wide variety
of organisms. In addition, nickel compounds induced chromo-
somal aberrations and sister chromatid exchange (SCE) in both
mammalian and human cultured cells. Chromosomal aberrations,
but not sister chromatid exchange (except in one study on
electrolysis workers), were observed in human beings, occupation-
ally exposed to either insoluble or soluble nickel compounds.
Nickel induced cell transformation in vitro.

In an inhalation study, nickel subsulfide induced bentgn and malig-
nant pulmenary tumours in rats. A few pulmonary tumours were
seen in rats in a series of inhalation studies with nickel carbonyl.
There was no significant increase in lung tumours in rats in an
adequate inhalation study with metallic nickel. Inhalation exposure
to black nickel oxide did not induce lung tumours in Syrian golden
hamsters (a species resistant to lung carcinogenesis). Adequate
carcinogenicity studies on inhalation exposure to other nickel com-
pounds were not availabie. However, nickel subsulfide, metallic
nickel powder, and an unspecified nickel oxide induced benign and
malignant lung tumours in rats after repeated intratracheal instil-
lations.

Nickel carhonyl, nickelocene, and a large number of slightly seluble
or insoluble nickel compounds, including nickel subsulfide, car-
bonate, chromate, hvdroxide, sulfides, selenides, arsenides, tel-
luride, antimonide, various unidentified oxide preparations, two
nickel-copper oxides, metallic nickel, and various nickel alloys, in-
duced local mesenchymal tumours in a variety of experimental
animals after intramuscular, subcutaneous, intraperitoneal, intra-
pleural, intraccular, intraosseous, intrarenal, intra-articular,
intratesticular or intra-adipose administration. No local car-
cinogenic response was seen in single-dose studies with some
nickel alloys, colloidal nickel hydroxide, or with two specimens of
nickel oxide, especially prepared for carcinogenicity testing by cal-
cining at 735 °C or 1045 °C.

Nicke! sulfate and nickel acetate, but not nickei chloride, induced
tumours of the peritoneal cavily in rats after repeated intra-
peritoneal administration.
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Summary and conclusions

Metallic nickel and a very large number of nickel compounds have
been tested for carcinogenicity by parenteral routes of administra-
tion; with few exceptions, they caused local tumours.

Only nickel subsulfide has been shown convincingly to cause can-
cer after inhalation exposure, However, the number of adequate
inhalation studies is very small.

In studies using repeated intratracheal instillation, nickel powder,
nickel oxide, and nickel subsulfide caused pulmonary tumours,

When nickel sulfate and nickel chloride, which had not induced
local tumours in intramuscular studies, were tested using repeated
intraperitoneal administration, they elicited a carcinogenic
response.

Effects on human beings

In terms of human health, nickel carbonyl is the most acutely toxic
nickel compound. The effects of acute nickel carbonyl poisoning
include frontal headache, vertigo, nausea, vomiting, insomnia, and
irritability, followed by pulmonary symptoms similar to those of a
viral pneumonia. Pathological pulmonary lesions include haemor-
rhage, oedema, and cellular derangement. The liver, kidneys,
adrenal glands, spleen, and brain are also affected. Cases of
nickel poisoning have also been reported in patients dialysed with
nickel-contaminated dialysate and in electroplaters who acciden-
tally ingested water contaminated with nickel sulfate and nickel
chloride,

Chronic effects such as rhinitis, sinusitis, nasal septal perforations,
and asthma have been reported in nickel refinery and nickel plat-
ing workers. Some authors reported pulmonary changes with
fibrosis in workers inhaling nickel dust. In addition, nasal dysplasia
has been reported in nickel refinery workers. Nickel contact
hypersensitivity has been documented extensively in both the
general population and in a number of occupations in which
workers were exposed to soluble nickel compounds. In several
countries, it has been reported that 10% of the female population
and 1% of the male population are sensitive to nickel. Of these,
40-50% have vesicular hand eczema, which, in some cases, can be
very severe and lead to loss of working ability. Oral nickel intake
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may aggravate vesicular hand eczema and. possibly, also eczema
arising on other parts of the body where there has not been any skin
contact with nickel.

Prostheses, or other surgical implants, made from nickel-contain-
ing alloys have been reported to cause nickel sensitization or to
aggravate existing dermatitis.

Nephrotoxic effects, such as renal oedema with hyperaemia and
parenchymatous degeneration, have been reported in cases of
accidental industrial exposure to nickel carbonyl. Transient
nephrotoxic effects have been recorded after accidental ingestion
of nickel salts.

Very high risks of lung and nasal cancer have beenreported in nick-
el refinery workers employed in the high-temperature roasting of
sulfide ores, involving substantial exposure to nickel subsulfide,
oxide, and, perhaps, sulfate. Similar risks have been reported in
processes involving exposure to soluble nickel (electrolysis, copper
sulfate extraction, hydrometallurgy), often combined with some
nickel oxide exposure, but with fow nickel subsulfide exposure. The
risk to miners and other refinery workers has been reported to be
much lower. Cancer rates have generally been close to normal in
stainless steel welding and nickel-using industries, with the excep-
tion of those involving exposure to chromium, particularly
electroplating. However, nickel/cadmium battery workers exposed
to high levels of both nickel and cadmium may have suffered a
slightly increased risk of lung cancer.

Excesses of various cancers other than lung and nasal cancers, such
as renal, gastric, or prostatic cancer, have occasionally been
reported in nickel workers, but none has been found consistently.

The epidemiological data can be used to address two important
questions: (i) whether specific nickel compounds have been shown
to be carcinogenic; and (ii} whether low-exposure cohorts provide
upper limits of risk at specified exposure levels.

(@) Soluble nickel

There was evidence of a cancer hazard in workers e-xaposed to
soluble nickel concentrations of the order of 1-2 mg/m”, both in
electrolysis and in the preparation of soluble salts. These workers

22



Summary and conclusions

were also exposed to other nickel compounds, but often at lower
levels than in other high-risk processes. In the absence of histori-
cal exposure measurements it is impossible to draw unequivocal
conclusions, but the evidence that soluble nickel is carcinogenic is
certainly strong. Refinery dust sometimes contains a substantial
proportion of nickel sulfate in addition to nickel subsulfide, This
raises the possibility that the very high cancer risk observed in
workers employed in the high-temperature oxidation of nickel sub-
sulfide may be partly due to soluble nickel.

{b) Nickel subsulfide

In refinery areas where cancer risks were high, exposure to nickel
subsulfide almost always occurred together with exposure to the
oxide and, perhaps, sulfate (see above). Thus, it is difficull to
demonstrate from epidemiological data alone, that nickel subsul-
fide is carcinogenic, though this seems likely,

(¢) Nickel oxide

Nickel oxide was present in almost all circumstances in which can-
cer risks were elevated, together with one or more other forms of
nickel {nickel subsulfide, soluble nickel, metallic nickel). As for
nickel subsulfide, it is difficult to either demonstrate or disprove its
suspected carcinogenicity on the basis of epidemiological data
alone.

(a) Metallic nickel

No increased cancer risk has been demonstrated in workers ex-
posed exclusively to metallic nickel. The combined data on nickel
alloy workers and gaseous diffusion workers, all of whom were ex-
posed to average concentrations of the order of 0.5 mg nickel/m3,
show no excess risk, though the total number of lung cancers in
these cohorts was too small to exclude a small increase in risk at
this level.

(e) Conclusion

Although some, and perhaps all, forms of nickel may be car-
cinogenic, there is little or no detectable risk in most sectors of the
nickel industry at current exposure levels; this includes some
processes that were associated, in the past, with very high lung and
nasal cancer risks. Long-term exposure to soluble nickel at con-
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centrations of the order of 1 mg/m3 may cause a marked increase in
the relative risk of lung cancer, but the relative risk among workers
exposed to average metallic nickel levels of about 0.5 mg/m3 is
approximately 1. The cancer risk at a given exposure level may be
higher for soluble nickel compounds than for metallic nickel and,
possibly, than for other forms as well. The absence of any marked
lung cancer risk among nickel platers is not surprising, as the
average exposures to soluble nickel are very much lower than those
in electrolytic refining or nickel salt processing.
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2.1

2.1.1

2, IDENTITY, PHYSICAL AND CHEMICAL
PROPERTIES, ANALYTICAL METHODS

identity, and physical and chemical properties of nickel
and nickel compounds

Nickel is a silvery white metal belonging to Group VIIIb of the
periodic table. Nickel is slightly more resistant te oxidation than
iron and cobalt, with a standard potential of - 0.236 V relative to
the hydrogen electrode (Stoeppler, 1980). Several hundreds of
nickel compounds have been identified and characterized. Nickel
has a specific density of 8.90 g/cmB, a melting point of 1555 °C, and
aboiling point of 2837 °C (Table 1). It is insoluble in water, soluble
in dilute nitric acid and aqua regia, and slightly soluble in
hydrochloric and sulfuric acid. Nickel usually has an oxidation state
of two, but also occurs as relatively stable tri- and tetravalent ions
(Stoeppler, 1980). Several binary nickel compounds are commer-
cially and environmentally significant. A brief description of the
chemistry of some of these compounds is given below. Physical and
chemical properties of nickel and its compounds are summarized
in Table 1.

Nickel forms complexes (chelates) that are insoluble in water, but
soluble in organic solvents. These compounds are often very stable
and play an important role in trace analysis. For example, nickel
dimethylglyoxime is the compound that makes possible the separa-
tion of nickel from cobalt, which is similar in its chemical and
analytical behaviour (Stoeppler, 1980). Divided nickel (Raney
nickel} absorbs up to seventeen times its volume of hydrogen and
can act as an catalyst {(Lewis & Ott, 1970},

Nickel carbonate hydroxide

Nickel carbonate hydroxide (2NiCO3.3Ni(OH)2.4H20) is insoluble
in water, but soluble in ammonia and in dilute acids. The composi-
tion of basic nickel carbonate canvary, The most common forms
range from 2NiCO3.3Ni(OH)2. XH20 to NiCO3 Ni(OH)3.XH20.,
The tetrahydrate occurs in nature as zaratite, It is used in nickel
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2.1.2

213

2.1.4

2.1.5

Identity: properties: analytical methods

plating, as a catalyst for the hardening of fats, and in colours and
glazes for ceramics (Windholz et al., 1983). High purity nickel car-
bonate is used in electronic components (IARC, 1976).

Nickel carbonyl

Nickel carbonyl (Ni(CO)4) is a colourless volatile liquid and is
formed when nickel powder is treated with carbon monoxide at
about 50 °C. It is used for the production of pure nickel by ther-
mal deposition at atmospheric pressure and at 200-250 °C
(Stoeppler, 1980). The carbonyl is insoluble in water, but soluble
in most organic solvents (Windholz et al., 1983).

Nickel chloride and nickel chloride hexahydrate

Nicke! chloride (NiCl2) and nickel chloride hexahydrate
(NiCl2.6H20) are both soluble in water. The anhydrate salt is used
as an absorbent for ammonia in gas masks and in nickel plating
{Windholz et al., 1983).

Nickel hydroxide

Nickel hydroxide (Ni(OH)z) is insoluble in water but soluble in
acids (Windholz et al., 1983). When dissolved in ammonia it forms
complexes. It is used as clectrode material for secondary cells
{Blankenstein, 1979).

Nickel nitrate

Nickel nitrate (Ni{(NOa)2) dissolves easily in water and alcohol. It
is used in nickel plating and nickel-cadmium batteries (Neumiiller,
1985).

Nickel oxide

Nickel oxide (NiO) includes several nickel-oxygen compounds,
which differ in stoichiometry, and chemical and physical proper-
ties (see Table 32 in section 8.4.3). The different nickel oxides, and
also the nickel-copper oxides present inthe nickel refining industry,
have different biclogical properties (Sunderman et.al., 1987a),
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Nickel oxide is insoluble in water. The solubility in acids and other
properties depend on the method of preparation. Nickel oxide is
an important raw material for smelting and alloy-producing
processes. It is also used as a catalyst and in glass colours
{Blankenstein & Starck, 1979). Nickel oxide exists in two forms.
Black nickel oxide is chemically reactive and forms simple salts in
the presence of acids. Green nickel oxide is an inert and refractory
material. It is used primarily in metallurgical operations.

2.1.7 Nickel sulfate

2.1.8

2.1.9

2.2

Nickel sulfate (NiSQu4), which exists as a hexahydrate in the a-form,
changes into the B-form at 53.3 °C (Windholz et al,, 1983). It is
produced by dissolving nickel oxide or hydroxide in sulfuric acid
(Neumidiller, 1985}, It is the main component of the electrolyte solu-
tion in electrolytic refining and is a raw material for the production
of catalysts. It is also used in fabrication of jewellery.

Nicke! sulfide

Nickel sulfide (NiS) occurs naturally as millerite. It is insoluble in
water and is of iraportance in catalyst production and in the
hydrogenation of sulfur compounds in the oil industry
{Blankenstein, 1979).

Nickel subsulfide

Nickel subsulfide (Ni3S2) exists at high-temperatures in a bronze-
yellow form (B-Ni3S2). Atlower temperatures, it transforms to the
green B-form, which is stable at normal temperature, and may be
formed electrolytically. The grey mineral heazlewoodite is the
same modification, but has been named «-nickel subsulfide, Nick-
el subsulfide may be formed during the production of nickel from
sulfide ores.

Analytical methods

A variety of methods has been used to determine nickel concentra-
tions in different media. Methods are summarized in Table 2.
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2.2.1

222

Identity: properties: analytical methods

Determination of trace amounts

The use of very sensitive instrumental methods has shown that
detection limits are not so much set by the capabilities of the in-
strument as by contamination from different sources. Sources of
contamination include laboratory air, laboratory equipment and
construction material, reagents and the analyst. In order to obtain
reliable results, especially when determining trace (mg/kg) and
ultratrace (pug/kg) amounts, specific procedures concerning con-
tamination control during sample collection, storage, processing,
and analysis must be adhered to.

Besides contamination control during sample processing, the es-
tablishment of the level of accuracy of the analytical procedure is
of great importance. Thus. analysis of certified reference materials
is recommended. Recovery experiments to check the analytical
procedure include the spiking of samples with known amounts of
nickel.

Sample collection

Great care must be taken to minimize the risk of contamination
during sample collection by the use of suitable procedures (Nieboer
& Jusys, 1983; Boyer & Howitz, 1986). Persons who handle samples
should wear talc-free gloves to avoid nickel contamination from
sweal. When collecting liquid samples, e.g., sea water, fresh water,
or urine, acid-washed polyethylene containers should be used. As
stainless steel is a source of nickel contamination, Teflon®,
intravenous catheters are recommended for blood collection. Tis-
sues should be dissected with plastic forceps and obsidian scalpels
(Sunderman et al., 1985).

Collection of airborne particulate nickel involves pumping a known
volume of air through a membrane filter, which usually consists of
cellulose, PVC, or glass fibre (Mackenzie Peers, 1986). Equipment
of the air sampling system with a cyclone, cascade, or cascade im-
pactor allows sampling of respirable particulate nickel (Roy, 1985).

Volatile nickel compounds, such as nickel carbonyl, can be ab-
sorbed in an alcoholic iodine solution through which the air being
sampled is passed (NIOSH, 1977a; Stedman, 1986a}.
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2.2.3

EHC 108: Nickel

Sample pretreatment

Prior to the determination of nickel in biological and environmen-
tal materials, the organic constituents must be oxidized or removed
to avoid interference during analysis, The most common methods
include wet digestion, i.e., oxidation of organic matter by reagents,
such as nitric acid, sulfuric acid, perchloric acid, or hydrogen
peroxide, or combinations of these compounds, and dry ashing,
which ensures oxidation of organic matter by the action of oxygen
and high temperatures. Puchyr & Shapiro (1986) developed an ex-
traction method for food samples that involved low-temperature
HCI/HNQ3-leaching followed by filtration. This method provedto
be very efficient and less hazardous and less time-consuming than
common wet or dry digestion techniques. Organic substances, dis-
solved in natural waters, and certain liquid foods are successfully
decomposed by oxidative ultraviolet (UV) photolysis (Pilhar et al.,
1981; Weidenauer & Lieser, 1985).

As nickel concentrations are often low in relation to analytical
detection limits, preconcentration steps are introduced, which may
also separate nickel from substances interfering with analysis.
Techniques very frequently emploved include chelate extraction
with  dithiocarbamates, dimethylglyoxime, furildioxime, or
8-hydroxyquinoline into organic non-polar solvents, Tanaka (1985)
used EDTA as a complexing agent prior 1o delermination of nick-
el in waste water and plating solution: Gemmer-Colos et al. (1981)
reported complete extraction of nickel-heptoxime from an aqueous
nickel solution at low pH values. Interfering cobalt and iron ions
were eliminated by treatment of the extract with ammonia. Another
preconcentration technique, prior to analysis of nickel in fresh and
sea water, is the use of chelating ion-exchanged resins, e.g., Chelex
100®, (Bruland et al.,, 1979) or 1-(2-pyridylazo)-2-naphthol (PAN)
(Yoshimura et al., 1980). Brajter & Slonawska (1986) considered
Chelex-P®, a dibasic phosphate ester of cellulose, as very efficient
for the preconcentration of nickel in water samples. A less time-
consuming method for the preconcentration of nicke! in sea water
was developed by Watanabe et al. (1981), Sturgeon et al. (1982),
and McLaren et al. (1985). It involved complexation of the trace
metals by 8-hydroxyquinoline followed by adsorption on Cis
chemically bonded silica gel. Wan et al. (1985) achieved a greater

44



2.2.4

identity: properties: analytical methods

enrichment factor, smaller sample volume, and removal of interfer-
ing humic substances when preconcentrating nickel and other trace
metals in natural waters on XAD-7 regions (cross-linked polymer
of methylmethacryvlate) in a two-step procedure at two different pH
values. A very efficient preconcentration method was developed
by Burba & Willmer (1985} in which trace metals in natural waters
were enriched on metal hydroxide coated cellulose, using iron
hydroxide and indium hydroxide. The use of gallium hydroxide as
a coprecipitation agent for multi-element determination in sea
water, and zirconium hydroxide as a coprecipitation agent for multi-
element determination in sea and fresh water has been described
{Akagi et al., 1985a,b). Zirconium caused spectral interferences in
the inductivelv coupled plasma atomic emission spectrometry,
whereas coprecipitation with gallium proved to be more efficient
with lower limits of detection in subsequent analysis,

Analytical methods

The two most commonly used analvtical methods for nickel are
atomic absorption spectroscopy and voltammetry.

In biological samples, such as tissues and body Fuids, nickel con-
centrations are routinelv determined by electrothermal atomic ab-
sorption spectroscopy (EAAS), Acid digestion is required before
analvsis of biological samples, which is commonly foliowed by an
enrichment step. The TUPAC Subcommittee on the Environmen-
tal and Qccupational Toxicology of Nickel (Sunderman, 1980)
developed a reference method for the determination of nickel in
serum or urine by EAAS, after acid digestion and the subsequent
extraction of nickel with ;inmonium pyrrolidine dithiocarbamate
(APDC) into methyl isebutyl ketone (MIBK).

The introduction of a Zeeman-compensated system improved
background compensation and permilted a more rapid and direct
determination of nickel levels with considerably lower detection
limits, which was suitable for routine use. Sunderman et al.
(1984a,1985) applied EAAS with Zeeman background correction
for the direct determination of nickelinacid-digested serum (detec-
tion limit, 0.05 pgflitre), in whole blood, and in acid-digested tis-
sue homogenates (detection limit, 10 ng/g dry weight). The
suitability of this method for the direct determination of nickel in



FHC 108: Nickel

acidified urine with a detection limit of 0.5 pg/litre has been
demonstrated (Sunderman et al,, 1986a). Andersen et al. (1986a)
presented an even more direct method, which only required dilu-
tion of the human plasma prior to quantification by Zeeman-
corrected EAAS. The limit of detection was 0.09 pg/litre. Recent
progress in voltammetry has made this method the most sensitive.
Ostapczuk et al, (1983) used a new voltammetric method for the
determination of nickel in a variety of biological materials follow-
ing acid digestion of the sample. The method was based on the ap-
plication of differential pulse voltammetry (DPV) after prior
interfacial accumulation by an adsorption layer of nickel-
dimethylglyoxime chelate at the hanging mercury drop electrode
(HMDE). The measurement of nickel concentrations as low as
1 ng/litre was possible using this method, which was also suitable
for analysing food samples (Meyer & Neeb, 1985). Though it re-
quires time-consuming sample digestion procedures, voltammetry
is more sensitive, more rapid, and less costly than EAAS
(Ostapczuk et al., 1983), An isotope dilution gas chromatography-
mass spectrometric method for the detection of nickel in biologi-
cal materials at the ng/litre level was recently introduced by
Aggarwal et al. (1988). The method depends on the preparation
of a thermally stable and volatile chelate (chelating agents: sodium
diethyldithiocarbonate or lithium bis(trifluoroeth¥l) dithiocar-
bamate) followed by on-column injection into a gas chromato-
graphic column and electron ionization of the eluted chelate in the
mass spectrometer.

Analysis for nickel in natural water is frequently performed by
EAAS following preconcentration. Large concentration factors
(200:1) provide detection limits as low as 10 ng/litre in sea-water
analysis (Bruland et al., 1979). Inductively-coupled plasma atomic
emission spectroscopy (ICP-AES) is gaining importance in simul-
taneous multi-element determination. Provided that there is suffi-
cient enrichment, nickel concentrations as low as 60 ng/litre can be
determined in natural waters (Akagi et al., 1985a).

Pilhar et al. (1981) presented DPV-HMDE with prior chelate ad-
sorption at the electrode as a simple, rapid, and inexpensive pro-
cedure for determining nickel levels in natural waters and waste
water, with a detection limit of 1 ng/litre. This method is also
suitable for determining the nickel contents of various kinds of food
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(Valenta et al., 1981; Meyer & Neeb, 1985). Particle-induced
X-ray emission makes possible the detection of various trace
metals in water at the ng/litre level {All et al,, 1985),

Atomic absorption spectroscopy is the most widely used method of
analysis for nickel in soil. The sample must undergo acid digestion
and may be submitted to enrichment procedures. Detection limits
are in the mg/kg range (Abo-Rady, 1979a; Sanzolone et al., 1979;
Schmidt & Diet], 1981) . Voltammetry, which has been success-
fully used for the determination of nickel in a variety of biological
samples, has also been applied in the analysis of acid-digested soil
samples, using square wave voltammetry as the more efficient
method (Ostapczuk et al,, 1985b).

Determination of nickel in air samples has been performed using
different methods (NIOSH, 1977b). However, flame atomic ab-
sorption spectroscopy (FAAS) is the most commonly used analyti-
cal technique for measuring the nickel concentration in air samples,
Following an acid digestion procedure, 1 g of nickelin 1 ml sample
can be detected by this method. Interference by a 100-fold excess
of iron, manganese, chromium, coppet, cobalt or zinc can be min-
imized by proper burner elevation and the use of an oxidizing flame.

A technique suitable for the simultaneous determination of several
metals in air has been reported (Mackenzie Peers, 1986). Follow-
ing acid digestion of the ahsorbing cellulose ester membrane filter
the extracted sample was analysed by ICP-AES with a detection
limit of 1 pg/sample.

Volatile nickel carbonyl in air can be determined by colorimetry,

as a coloured furildioxime-chelate (Stedman, 1986a), or directly,

by photometric detection of chemiluminescence (Stedman, 1986b).
. “oe 3 3 :

Detection limits are 1 wg/m” and 0.2 pg/m”, respectively,

Electron microscopy and X-ray microanalysis can be used for the
determination of nickel in single dust particles, such as welding
fumes and grinding dusts.
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3.1.1

3. SOURCES OF HUMAN AND
ENVIRONMENTAL EXPOSURE

Natural occurrence

Nickel is a ubiquitous element and has been detected in different
media in all parts of the biosphere. It 1s the fifth most abundant
element by weight after iron, oxvgen, magnesium, and silicon, and
the 24th most abundant element in the earth’s crust. However, the
average concenlration of nickel in the earth’s crust is only about
.008% (Mason, 1952). Meteorites have been found to contain
5-50% nickel. Nickel-enriched nodules have been discovered on
the ocean floor (NAS, 1975).

Rocks

Most nickel occurs in the ferromagnesium minerals of igneous and
metamorphic rocks, e.g., olivine [(MgFe)2.5104]. Normal nickel
concentrations in igneous rocks range from 2 to 60 mg/kg (acidic
rocks), 50-200 mg/kg (basic rocks), and 10-2000 mg/kg (ultramafic
rocks) (Boyle, 1981). Among the major sedimentary rocks, shale
and carbonate rocks contain an average of 50 mg nickel’kg;
sandstone contains only 1 mg nickel/kg (NAS, 1975).

The most commercially important nickel ore deposits are accumu-
lations of nickel sulfide minerals in ultramafic igneous rocks. Such
deposits are found in Australia, Canada, and the USSR, The ores
are composed almost entirely of pentlandite [(Fe,Ni)9Sg], chalco-
pyrite (CuFeSz), and pyrrhotite (FexSx+1), and usually contain
1-4% nickel (Duke, 1980). Other nickel ore deposits are formed
by the weathering of ultramafic ferromagnesium silicate rocks in
humid tropical areas. The residual scil (laterite) developing during
the weathering process may contain up to 10 times the amount of
nicke! in the original rock (Duke, 1980). The nickeliferous lateritic
weathering profile is characterized by two deposits, an upper oxide
zone and asilicate zone, both varving in proportion. The oxide zone
is composed of iron oxides containing nickel in solid solution. In
the silicate zone, also called the garnierite zone, nickel is found in
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the mineral serpentine Mg3Si20s5(OH)s substituting for mag-
nesium, The nickel content of lateritic ores is approximately 1-3%
(Duke, 1980). Important deposits are located in Brazil, Cuba,
Dominican Republic, Guatemala, Indonesia, New Caledonia, and
the Philippines.

Soils

In glacial areas, nickel-containing components may have been dis-
persed over wide areas; thus, the nickel contents of the soil can dif-
fer considerably from the nickel content of the underlying bedrock.

In unweathered glacial sediments, nickel occursin the same mineral
phases as those in which it is found in the rocks, 1.e., sulfides and
silicates, Weathering of rocks and soils leads to nicke! release from
nickeliferous minerals. The nickel released is largely retained in
the weathered material in association with clay particles and there-
fore not considered to be very mobile in the superficial environ-
ment {Duke, 1930).

Nickel can exist in soils in several lorms (Hutchinson et al., 1981)
including:

(a¢)inorganic crystalline minerals or precipitates (e.g., in the lattice
of aluminium silicates);

(h) complexed or adsorbed on organic cation surfaces (e.g., organic
matter) or on inorganic cation exchange surfaces (e.g., clay
minerals); and

{c) water-soluble, free-ion, or chelated metal complexes in soil solu-
tion,

In a soil-water system, nickel may form complexes with inorganic
ligands (CI, OH", SO4”", or NH3,) (Richter & Theiss, 1980) and or-
ganic ligands (e.g., humic or fulvic acids) (Nriagu, 1980). Agricul-
tural soils of the world contain between 3 and 1000 mg nickel/kg
(NAS, 1975). In forest floor samples collected from 78 sites in 9
states in the northeastern USA, nickel was present at concentra-
tions in the range of 8.5-15 mg/kg (Friediand et al., 1986).
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Water

Nickel occurs in aquatic systems as soluble salts adsorbed on clay
particles or organic matter (detritus, algae, bacteria), or associated
with organic particles, such as humic and fulvic acids and proteins.

Nickel may enter surface waters from three natural sources (Boyle,
1981), i.e., as particulate matter in rainwater, through the dissolu-
tion of primary bedrock minerals, and from secondary soil phases,

The fate of nickel in freshwater and sea water is affected by several
factors including pH, pE, ionic strength, type and concentration of
organic and inorganic ligands, and the presence of solid surfaces
for adsorption (Snodgras, 1980).

In natural waters, at a pH range of 5-9, the divalent ion Ni2*
(Ni(HzO)s2 ) is the dominant form. In this pH range, nickel may
also be adsorbed oniron and manganese oxides, or form complexes
with inorganic ligands (OH', SO4°", CI" or NH3) (Richter & Theiss,
1980).

If sulfate concentrations are sufficiently high, nickel sulfate may be
the predominant soluble form; under anaerobic conditions, sulfide
is the major factor controlling the solubility of nickel (Richter &
Theiss, 1980). Nickel concentrations of 0,228-0.693 ug/litre, deter-
mined for a vertical open-ocean water profile, were considered to
reflect the actual nickel concentration in this medium (Bruland et
al,, 1979). Concentrations of nickel in {reshwater systems are
generally less than 2-10 wg/litre (Stokes, 1981). For nickel levels
in drinking-water see section 5.1.2 .

Fossil fuels

Nickel occurs in both coal and crude oil in minor quantities,
originating from vegetation and from percolating waters contain-
ing nickel leached from rocks. The average value in some Canadian
coals was found to be 15 mg nickel/kg (Hawley, 1955). The nickel
contents in some Western Canadian crude oils, analysed by
Hodgson (1954), were in the range of 0.09-76.6 mg/kg.
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3.1.5 Air

3.2

3.2.1

3.2.1.1

Atmospheric nickel is considered to exist mainly in the form of
aerosols with different nickel concentrations in particles depend-
ing on the type of source (Schmidt & Andren, 1980). Major natural
sources include the aerosols constantly produced by the oceanic
surface, windblown soil dusts, and volcanic ash. Nickel is released
from plants during growth, at different levels, depending on soil
composition. Forest fires produce nickel-containing smoke par-
ticles, A part of atmospheric nickel originates from meteoric dusts.

Atmospheric nickel concentrations for remote areas that are con-
sidered to be relatively free from man-made nickel emlssmns are
in the range of «<0.1-1 r1g/rn3 (marine) and 1-3 ng/m {continen-
tal) (Schmidt & Andren, 1980). The wide variation in ambient nick-
el concentrations reflects the influence of nickel emissions from
distant sources being transported by means of meteorological
processes.

Nickel from natural sources, excluding volcanic dust and forest
fires, is probably in the form of the oxide (Barrie, 1981),

Man-made sources
Production, use, and disposal

Primary production

The methods for the extraction and refining of nickel minerals
depend on the mineralogical and geological characteristics of the
ore. To date, nickel has mainly been extracted from sulfide and
laterite ores.

Nicke! sulfide ores are mostly mined underground using drilling,
blasting, and other techniques. Milling procedures include libera-
tion, flotation, and magnetic separation. Liberation of the sulfides
from the gangue includes grinding of the rock material. Then the
sulfides are concentrated by flotation processes. Flotation in-
volves streaming air bubbles through an aqueous slurry of the ore
particles in a flotation cell. The particles that are not wetted by the
liquid adhere to the air bubbles, rise to the surface of the slurry,
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and can be removed. The addition of different chemicals to the
flotation medium allows the selective flotation of nickel- and
copper-rich fractions.

Mast of the pyrrhotite (both lump ore and ground ore) can be
separated magnetically, because of its magnetic properties,

Laterite nicke! deposits are mined from surface pits using earth-
moving equipment,

Both sulfide ore concentrates and laterite ores are subjected to
pyro- and hydrometallurgical processes. The pyrometallurgical
processing basically involves three operations, t.e., roasting, smelt-
ing, and converting,.

During roasting, the concentrate is oxidized by hot air, Most of the
iron is oxidized, while nickel, copper, and cobalt remain combined
with sulfur. Part of the sulfur is removed as gaseous sulfur dioxide.

The roasted productis smelted in a furnace together with a siliceous
flux to obtain two immiscible phases, an iron-rich silicate slag and
a nickel-rich sulfide matte, which also contains iron, copper, and
cobalt,

The matte is treated in a “converter” where more sulfur is driven
off and the remaining iron is oxidized and removed as slag. The
matte is allowed to cool and treated in different ways. It may be,
for example, cast into anodes for electrolytic refining or cooled
slowly to facilitate crystallization to nickel sulfide, copper sulfide
and a nickel-copper alloy containing the desired metals. These
three phases can then be separated by flotation and magnetic
separation. The species of nickel likely to be present during roast-
ing, smelting, and converting include the ore, nickel subsulfides,
nickel copper sulfides, nickel oxides, nickel-copper oxides, arsen-
ides, and anhydrous nickel sulfate.The extraction of nickel from
laterite ores is similar to the extraction of nickel from sulfide ores
with the exception that sulfur (commonly gypsum) has to be added.
The molten matte is charged into a converter where the iron is
oxidized and the sulfur combines with nickel to form Ni3Sa.

Smelting to ferronickel is essentially the same as matte smelting,
except that no sulfur is added. It is often applied to laterite ores.
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The resulting iron-nickel alloy contains 20-30% nickel (Duke,
1980).

Most of the nickel matte obtained from sulfide or laterite ore smelt-
ing undergoes further refining techniques, such as electro-, vapo-,
or hydro-metallurgical refining, but a part of the matte is roasted
1o marketable nickel oxide sinter.

Hydrometallurgical refining can be applied both to laterite ore and
sulfide ore or sulfide ore concentrates. Soluble nickel amines are
formed during pressure leaching of the suifide ore concentrate with
strong ammoniacal solution at a moderately elevated temperature.
The saturated solution is boiled to drive off ammonia and
precipitate copper as sulfide. Sulfur is oxidized. Nickel and cobalt
are recovered as pure metal powders by reduction with hydrogen
under pressure.

Laterite ores must first be reduced. The reduced ore is leached
with an ammonia-ammonium carbonate solution. Nickel dissolves
as nickel amine. The saturated solution is heated by steam, am-
monia is driven off, and nickelis precipitated as a basic carbonate,

Pure nickel ( 99.9%) can be produced by electrolytic refining.
Generally, an impure metal anode {produced by reducing nickel
oxide)} and a cathode starting sheet are placed in an acidic electro-
Ivtic selution. When a current flows, nickel and other metals are
dissolved from the anode. The electrolyte is then removed, purified
and returned to the cathode compartment, where nickel is
deposiled on the cathode.

During vapometallurgical refining, impure metal obtained by the
reduction of nickel oxide is subjected to the action of carbon
monoxide forming volatile nickel carbonyl [Ni(C()4) (carbonyl or
Mond process). This reaction is reversed by heat and the nickel
carbonyl decomposes to pure nickel metal and carbon monoxide.
The carbonyl process produces the purest nickel (99.97% or more}.

The smelting and refining processes yield various marketable forms
of nickel of different purities {Table 3).
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3.2.1.2 Intermediate products and end-use

Most of the nickel produced is used in the production of alloys
(Table 4). Inthe production of nickel steel alloys, steel scrap, lime-
stone, iron oxide ore, and nickel are charged into a furnace (open-
hearth furnace, electric arc furnace and cupola) where the steel
and iron alloys are melted. After final adjustment of the carbon
and alloy contents, the steel is cast into moulds. Non-ferrous melt-
ing is commonly performed in a reverberatory furnace.

Table 4. Consumption of nickel by intermediate product and
end-use industty fn 1385 in the USA

Index Consumption
(% of total)

Intermediate product

Stainless and alloy steels 42
Nonferrous alloys 36
Electroplating 18

End-use industry

Transportation 23
Chemical industry 15
Electrical equipment 12
Construction 10
Fabricated metal products 9
Petrofeum 8
Household appliances 8
Machinery B8
Other 7

? Data from: US Bureau of Mines (1986).

The forming and shaping of ingots, after the casting of the alloy, is
performed by hot-working, grinding, and welding. Hot-working in-
cludes the reduction of the cross-section, e.g., by forging or rolling.
The resulting product may be cut and then extruded to the desired
form. Grinding is necessary to condition the metal surface for
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further processing, e.g., welding. Welding techniques, such as
electric-arc, electric-spot oxyacetylene-torch, or furnace-brazing,
are used to fabricate assembled shapes.In special cases, forming of
parts may also be performed by sintering, e.g., by sintering nickel
powder from the Mond process.

The addition of nickel to steel and cast iron yields an alloy with in-
creased strength and toughness and resistance to corrosion. Stain-
less steel is used in the chemical and food-processing industries.
Because of their ferromagnetic properties, iron-nickel alloys are
important materials for the electrical industry.

Various medical devices, such as prostheses or orthopaedic im-
plants, are made from stainless steel.

Nickel-copper alloys exhibit the highest mechanical strength and
resistance to corrosion and are used in the chemical and machine
industries (pipes, nozzles, machine patts for the food and textile in-
dustries). Their high resistance to corrosion makes these alloys a
valuable material for the shipbuilding industry. The nickel-copper
alloy containing 77-63% nickel is known as Monel metal.

Nicke! alloys containing chromium, molybdenum, aluminium,
cobalt, titanium, or combinations of these elements are of special
industrial importance, because of their high-temperature resis-
tance,

Nickel-chromium alloys are used for jet engine components, in
nuclear reactors, and for turbine blades. Superalloy is an extreme-
ly high-temperature resistant alloy containing 10-20% cobalt. It is
used in turbine blades and other engine components of jets, ships,
and racing vehicles, where extreme mechanical and high-tempera-
ture resistance is required.

In plating, nickel gives a hard, tarnish resistant surface that can be
polished, which makes the finished product suitable for consumer
items, such as automobile components, household furniture, and
plumbing fixtures. Normally nickel-plated consumer items are
covered with a thin laver of chromium plating,

Other important uses of nickel are in nickel-cadmium batteries,
electronic equipment, and computers, Nickel compounds are used
as catalysts in the manufacture of organic chemicals, petroleum
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refining, and edible oil hardening. They are also constituents of
pigments and colours for ceramics and glassware, and of marine
anti-fouling paint. In the glass industry, nickel is used in moulds
for bottles. Nickel compounds are also used as a ceating for
pressure sensitive papers. Inthe United Kingdom, “silver” coinage
(5 p, 10 p, and 20 p) is based on cupro-nickel alloys containing ap-
proximately 20% nickel. Coinage from other countries contains
higher levels, e.g., Canadian 10 cents (99.8% nickel), and
French 1 and 2 francs (99.8-99.9% nickel).

The production of secondary nickel in the form of scrap recovery
is a major source of nickel. Recycled scrap is generally melted and
refined and subsequently used for the production of steels and
alloys, similar in composition to those in which it entered the
recycling process. Thus, scrap recycling processes are analogous
with those used in primary production.

World production levels and trends

The development of global mine production during this decade is
shown in Table §.

The nickel market weakened considerably from 1981 to 1983, be-
cause of a reduction in demand arising from a recession in the
economy. In 1984, production and demand increased again. From
a 1983 base, the US Bureau of Mines {1986) estimated that there
would be an increase in the average annual demand of about 2.5%,
up t01990.

The identified world deposits with an average nickel content of ap-
proximately 1% or more, contain 143 miilion tonnes of nickel (US
Bureau of Mines, 1986). In addition, there are extensive deep-sea
resources of nickel in manganese nodules, particularly in the Pacific
Ocean (US Bureau of Mines, 1986).

At present, there are only a few actual and potential substitutes for
nickel, e.g., aluminium, coated steel, titanium, and piastic for in-
dustrial purposes, and platinum, cobait, and copper for catalytic
uses. However, the use of these substitutes results in increased
costs and a lower quality end-product (US Bureau of Mines, 1986).
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3.2.1.4
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Emissions from the primary nickel industry

Data on the loss of nickel into the environment during production
are limited. The smelting and roasting stages of ore refining and
alloy production may be considered as the more important sources
of nickel emission, because these processes generate flue dust, i.e.,
fine particulate matter that is swept from roasters and reverberatory
furnaces by air and combustion gases that pass through these units.

During an environmental study initiated by the Ontario Ministry of
Environment, trace metal emission rates from two nickel smelters
were calculated on the basis of the results of chimney stack emis-
sion tests (Chan & Lusis, 1986).

The annual emissions of nickel during the study period are given in
Table 6. Annual emissions from a 381-m stack of one smelter that
emits particulates and gases from pyrometallurgical smelting
processes are listed in Table 7. This was considered the most sig-
nificant emission source.

Table 6. Yearly emissions (in tonnes) of nickel (Sudbury Basin,
Canada) for the period 1973-81 P

Source Variation Nickel

INCO 381-m stack Maximum 342
Average 228
Mirimum 53

INCQ 194-m stack Maximum
Average 226
Minimum

INCQO Smelter Maximum 40

(low level) Average 31
Minimum 15

Falconbridge Maximum

93-m stack Average 9.6
Minimum

? From: Chan & Lusis {1986).
b Basis: 365X 24 h/day production,
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Table 7. Average measured emissions of nickel from a 38%-m stack
(Canada) (in kg/h} °

Year Emission
1873 48
1974 55
1975 15
1976 22
1977 33
1978 20
1979 12
1980 44
Average 31

* From: Chan & Lusis {1986).

Data on the chemical forms of nickel released into the atmosphere
from production processes are practically non-existent, In most
cases, statements are based on assumptions.

Species of nickel emitted into the air from mining garnierite and
processing it 1o produce ferronickel at a facility in the USA, were
assumed to be in the form of silicates, as in the ore, but were ex-
pected to be minimal (Radian Corporation, 1984). Depending on
the temperature reached during drying and calcining, some nickel
on the surface of ore fragments may become oxidized and emitted
as iron-nickel oxide (Radian Corporation, 1984), Emissions during
roasting and smelting would probably be in the form of nickel oxide
combined with iron oxide as a ferrite (Radian Corporation, 1984;
Warner, 1984).

When producing nickel from the sulfide ore, the process of roast-
ing the concentrated ore may lead to the formation of small amounts
of nickel sulfate and the emission of fine particles that are sulfated
as they are carried through the flues (Warner, 1984).

According to the investigations of Radian Corporation (1984),
emissions from matte refining processes at a US nickel refinery are
expected 1o be predominantly in the form of subsulfide, as the
pracessed matte is sulfide, and metallic nickel. A relinery dust
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sample from a Canadian nickel refinery was caleulated to contain
20% nickel sulfate, 579% nickel solfide, and 6.3% nickel oxide
(Gilman & Ruckerbauer, 1962). Warner (1984) reported a nickel
content of 5-10% (10% of which was water-soluble) in flue dusts
from a Canadian smeiter; most of these dusts are captured and
recycled.

Emissions from the intermediate nickel industry

Fumes from stainlesss steel melting processes were found to con-
tain 5% of total nickel in a water-soluble form. Chemically, it oc-
curs in fumes from stainiess steel manufacturing mainly as the
metallic alloyed element in the iron matrix or in small amounts as
nickel oxide (Koponen et al,, 1981). Nickel emissions into the at-
mosphere can occur potentially from electroplating, and from
grinding, polishing, and cutting operations performed on the fin-
ished product and scrap metal. However, in the case of electroplat-
ing, they are considered to be very low or non-existent, or are
retained in the workplace area (Radian Corporation, 1984),

Grinding, polishing, and cutting operations could release metallic
nickel into the working environment with possible emission to the
outside atmosphere as a result of work-area ventilation {Radian
Corporation, 1984).

Lmissions from the combustion of fossil fuels

The major source of airborne nickel is the combustion of fossil fuels
contatning trace amounts of nickel (section 3.1.4), Combustion
sources include facilities burning coal and oil for power generation
ot space heating.

Krishnan & Hellwig (1982) estimated emissions of trace metals in
the USA from various coal and oil combustion sources {Table 8)
and showed that nickel was a substantial trace pollutant. Nickel
was the only trace metal emitted at a significant rate from domes-
tic oil-fired boilers. The combustion of ol is a much more sig-
nificant spurce of nickel emissions than the combustion of coal and
is estimated to contribute 76-98%% of the total nickel emissions from
coal and oil combustion in the USA (Krishnan & Hellwig, 1982),
A quantitative assessment of source contributions to inhalable
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particulate matter in metropolitan Boston revealed a high correla-
tion between inhalable nickel particles (aerodynamic diameter,
2.5-15 um) and residual oil combustion (Thurston & Spengler,
1985).

Cass & McRae {1983) evaluated routine air monitoring data from
sites in the South Coast Air Basin of California, in order to relate
sources to particular trace elements determined in the samples.
Eighty-one percent of fine nickel emissions {aerodynamic diameter
< 10 p.m} were calculated to arise from fuel oil fly ash. However,
a similar study by Kowalczyk et al. {1982) failed to assign nickel
particulate to any specific type of source.

Fly ash emitted from combustion sources has been analysed, in
order to gain information on the chemical species of nickel present
in air. Henry & Knapp (1980) analysed fly ash samples from the
stacks of oil-fired and coal-fired power plants. In fly ash samples
from oil-fired plants, 60-100% of the nickel components were water
soluble, whereas, with one exception, samples from coal-fired
plants contained 20-80% water-soluble material. As the sulfate
ion was the only major ion detected in the water-soluble phase, it
was concluded that nickel sulfate is the predominant form of nick-
elin emissions from cil-fired and coal-fired power plants. This con-
clusion was confirmed by Fourier transform infrared analysis
{Gendreau et al,, 1980).

Analysis of filter-collected fly ash from five oil-fired units revealed
the presence of metals, including nickel, as suifates in the soluble
phase (Dietz & Wieser, 1983). As the sulfate amount measured by
ion chromatography was, on average, 17% less than the sulfate
amount expected from stoichiometric considerations, Dietz &
Wieser (1983) suggested that some of the soluble nickel might have
been present as partially soluble oxide or very finely dispersed par-
ticles of metal oxide.

Major components in the insoluble phase of fly ash samples from
oil-fired utility boilers were determined by X-ray diffraction to be
oxides of iron, aluminium, calcium, and silicon, and possibly nick-
el oxide (Henry & Knapp, 1980).

Hulett et al. {1980) studied the 100-200 pm fractions of fly ash
spectmens from 4 coal-fired power plants. They separated the ash
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magnetically into 3 insoluble fractions, i.e., glass, mullite-quartz,
and magnetic spinel, Chemical determination showed that 90% of
the nickel was present in the magnetic spinel phase. The nickel was
assumed to be in the form of a substituted spinel, Fe3xNixQ4.

The results of studies by Hansen & Fisher (1980) and Hansen et al.
(1984) indicated that most of the nickel, present in coal combus-
tion fly ash particles, was soluble and associated primarily with sul-
fate.

Thus, nickel emissions into the atmosphere from coal and oil com-
bustion are considered to be composed predominantly of nickel
sulfate, with smaller amounts of nickel oxide and nickel combined
with other metals in complex oxides.

Another potentially important source of nickel in the environment
is the combustion of diesel oil, which can contain 2 mg nickel/litre
(2 ppm) (Fishbein, 1981), The vapour phase of diesel engine ex-
haust may also contain nickel carbonyl. In urban air near a busy in-
tersection, Filkova & Jager (1986), using EAAS, measured nickel
carbonyl concentrations in the range of 0-14,1 ng/ma.

Emissions from sewage sludge and waste incineration

Estimates made by Schmidt & Andren (1980) (section 4.1.1) indi-
cated that, after fuel combustion, and nickel mining and refining,
waste and sewage sludge incineration is the next major source of
nickel emissions.

Evaluation of emission data from sewage sludge incinerators indi-
cated that less than 19% of the nickel contained in the sludge feed
was emitted as a fume, while the major part was emitted as fly ash
(Gerstle & Albrinck, 1982). Dewling et al. (1980) noted that 80%
of the nickel in the feed sludge of afluidized bed, waste-water sludge
incinerator in north-west Bergen was retained in the ash, Emission
rates may vary widely, depending on combustion temperature,
sludge composition, pollution control devices, and type of in-
cineralor (Gerstle & Albrinck, 1982; Samela et al., 1986). Nickel
species present in emissions from sewage sludge andwaste incinera-
tion were analysed by Henry and co-workers (1982). The water-
soluble phase of sewage cludge incinerator emissions contained
mainly sulfate ions, indicating that the water-soluble nickel existed
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in the sulfate form. The soluble phase of refuse incinerator emis-
sions also contained chloride ions, suggesting that nickel can be
present in this phase as the chloride or sulfate. The insoluble phases
of emissions from the two sources were similar and it is highly
probable that the nickel may exist as complex oxides and iron
spinels.

Miscellaneous emission sources

Nickel can be emitted during cement manufacturing and asbestos
mining and milling, because nickel is a natural component of the
minerals used in these operations.

During cement manufacturing, nickel is emitted, either as a com-
ponent of the clays, limestones, and shales, used as raw materials,
or as an oxide formed in the high temperature process kilns,
Swedish cement was found to contain 5-59 mg nickel/kg (Wahlberg
et al,, 1977).

Crude chrysotile asbestos fibres from different mines in Canada
(Quebec) contained 63-389 mg nickel/kg. In the host rock, the nick-
el content was 265-3075 mg/kg. Milled fibres are enriched by a fac-
tor of 4 (Barbeau et al, 1985). Nickel emitted into the air is
expected to be in the form of silicates.

Waste disposal

Nickel from various industrial processes and other sources reaches
waste water,

Klein et al. (1974) examined the major sources of nickel flowing
into the New York City municipal waste-water collection system,
The electroplating industry was found to be the dominant source
of nickel (629%) in waste-water treatment plants. The total daily
amount of nickel discharged into the sewers by electroplating firms
was estimated to be 508 kg, The effluent of an electroplating fac-
toryin India contaire.d 578.12 mg nickel/litre { Ajmal & Khan, 1985).
Residential sources contribute 25% of the nickel in waste water,
3% comes {rom other industrial sources, and 109 from run-off,
The total amount of nickel reaching the harbour of New York City,
estimated to be 978 kg/day, originated as 43% [rom the treatment
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plant effluents, 30% from run-off, 209% from untreated waste water
and 7% from sludge. Nickel concentrations in the influents of 12
waste-water treatment plants ranged from 0.05 to 0.31 mg/litre.

In the raw sewage of 25 full-scale municipal sewage-treatment
plants, the nickel concentration varied between undetectable and
0.69 mg/litre (Sung et al., 1986).

Conventional treatment of mixed waste water consists of hydroxide
precipitation of the metals at an alkaline pH, followed by removal
of the resulting solids by sedimentation and, sometimes, filtration.
Chen et al. (1974) reported a removal efficiency of the secondary
treatment process (sludge activation and sedimentation) of
25-57%. The final effluent contained 0.14-0.177 mg nickelAitre.
Sung et al. (1986) measured nickel levels in the influents and ef-
fluents of 25 sewage-treatment plants in the USA. In treatment
plants with 509% minimum removal efficiency, 509% or more of the
nickel was removed in the primary effluent at 5% of the plants; 50%
or more was removed in the secondary efftuent in 119% of the plants,
and 50% or more was removed in the discharge of 109 of the plants,

Finally, residues from waste-water treatment are disposed of by
deep-well injection, ocean dumping, land treatment, landfill, or in-
cineration. Deep-well disposal is limited to residual liquids con-
taining low levels of suspended solids and is most applicable to
scrubber water blow-down, Ocean dumping is a source of con-
tamination for coastal areas. Land treatment, such as sewage
sludge treatment of agricultural soils, is a potential source of soil,
and subsequent food plant, contamination.

Leachates from landfills may contaminate ground water and may
contain 1.85-8.2 mg nickel/litre (Hrudey, 1985). Incineration of
sewage sludge gives rise to considerable air emissions
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4. ENVIRONMENTAL TRANSPORT,
DISTRIBUTION, AND TRANSFORMATION

Transport and distribution between media

Nickel is introduced into the environment from both natural and
man-made sources (section 3). It is circulated throughout all en-
vironmental compartments {atmosphere, pedosphere, hydro-
sphere, and biosphere) by means of chemical and physical
processes, such as wet and dry deposition, and, to a much lesser
extent, by means of the biological transport mechanisms of living
organisms,

Air

Nickel is emitted into the atmosphere from various natural
sources, as indicated in Table 9. As only limited data are available
concerning the relative quantities emitted, estimates have been
made. Estimated emission values vary depending on the impact
that is attributed to individual sources. Barrie (1981) considered
sea spray to be a major contributor of atmospheric nickel.
Generally, soil and volcanoes appear to be major sources and may
contribute 40--50% of airborne nickel from natural sources.

Estimated man-made inputs into the atmosphere exceed the natural
inputs (Tables 9 and 10). It has been estimated that the total amount
of nickel that has been disgerscd into the world ecosystems through
the atmosphere is 1.0 x 10 kg (Nriagu, 1979). Asindicated inTable
10, combustion of oit and incineration of waste contribute more
than 70% of the nickel from man-made sources, followed by nick-
el mining and refining with 17%.

The transport and distribution of nickel particulates to, or between,
different environmental compartments is strongly influenced by
particle size and meteorological conditions. Particle size is primari-
ly a function of the emitting source. Generally, particies from man-
made sources are finer than dust particles of natural origin, e.g.,
soil (Beijer & Jerneldv, 1986). As the highest nickel concentrations
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Table 9. Global emission of nickel from natural sources to the

atmosphere. Emission rate {(10° kg/year)

Source Nriagu Schmidt & Andren Barrie
(1980} {1980} (1981)
Soil dust 20 48 7.5-37.5
Volcanoes 3.8 2.5 10-60
Vegetation 1.6 .82 1.5-20
Forest fires - @ 0.19 0.3-15
Metecric dust - 0.18 -
Sea salt - - 27
Sea aerosol - 0.009 -
Total 26 " 8.5 46-160

? No data available.
b Total includes 0.6 for "others"

Table 10. Clobal emission of nickel from man-made sources to

the atmosphere *

Source Emission rate (10° kg/year)
Residual oil combustion 17
Fuel oil combustion 9.7
Nickel mining and refining 7.2
Municipal incinerators 5.1
Steel production 1.2
Gasoline and diesel fuel combustion 0.9
Nickel alloy production 0.7
Coal burning 0.66
Cast iron production 0.3
Sewage sludge incineration 0.048
Copper-Nickel alloy production 0.04
Total 42.85

® Adapted from: Schmidt & Andren (1980).
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are found in the smallest particles collected from ambient air (Lee
& von Lehmden, 1973; Natusch et al,, 1974), these particles are of
special environmental and toxicological significance. There is
evidence that fine particulate matter, which has a longer residence
time in the atmosphere, is carried a long distance, whereas larger
particles are deposited near the emission source (Beijer & Jernelov,
1986). Schmidt & Andren (1980) estimated an atmospheric
residence time for nickel particulates of 5.4-7.9 days.

There are no data on the chemical forms of nickel from natural
sources in the atmosphere. When considering the composition of
the source, a part of airborne nickel may exist as pentlandite
((FeNi)9Ss) and garnierite (asilicate mixture) (Schmidt & Andren,
1980). The chemical composition of nickel compounds released
from man-made sources differs from that of compounds from
natural sources because of the different processes involved. Flue
dust analysis revealed a predominance of oxides and sulfates (sec-
tion 3). Alterations in the chemical forms, following distribution
in the atmosphere, have not been investigated.

The fate of nickel carbonyl, the only gaseous nickel compound of
environmental importance, may be deduced from its chemical
properties. Nickel carbonyl is unstable in air and decomposes to
form nickel carbonate. At 25 °C, the lifetime of ng/m3 concentra-
tions of nickel carbonyl is about one minute, increasing by one
minute for each mg/m3 of carbon monoxide present (Stedman &
Hikade, 1980).

Water

Nickel is introduced into the hydrosphere by removal from the at-
mosphere (wet and dry deposition of naturally and anthropogeni-
cally reteased nickel), by surface run-off, by discharge of industrial
and municipal waste, and following the natural erosion of soils and
rocks.

Insurface or ground waters not polluted by human beings, the nick-
el content often reflects the weathering process of the parent soil
or rock. However, data are insufficient to separate natural
geochemical effects from man-made influences. Keller & Pitblado
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(1986) demonstrated a relationship between elevated nickel levels
in Sudbury area lakes and nickel-emitting sources.

In rivers, nickel is transported mainly as a precipitated coating on
particles and in association with organic matter; in lakes, the ionic
form and the association with organic matter are predominant
(Snodgras, 1980).

Nickel may be deposited in the sediment by such processes as
precipitation, complexation, adsorption on clay particles, and via
uptake by biota. Because of microbial activity or changes in physi-
cal and chemical parameters, including pH, ionic strength, and par-
ticle concentration, sorption processes may be reversed (Di Toro
et al., 1986) leading to release of nickel from the sediment.

Part of the nickel is transported via rivers and streams to the ocean,
Riverine suspended particulate input is estimated to be 135 x 10

kg/year (Nriagu, 1980). Industrial and municipal waste and atmos-
pheric fallout contribute 0.38 x 107 kg/vear and 2,5 x 107 kg/year,

respectively (Nriagu, 1980). Possible routes of removal of nickel
particulate are scavenging by ferromanganese phases on the ocean
floor or algae. The average re51dence time of nickel in the deep
ocean is calculated to be 2.3 x 10* years (Nriagu, 1980).

Rocks and soif

Nickel occurs naturally in several types of rocks {section 3.1) and
it may enter the surface environment by the chemical and mechani-
cal degradation of the rock to soil. Nickelis fractionated within the
different components of the soil profile, depending on the type of
soil and soil chemical conditions. In residual soils nickel is
preferentially adsorbed on alkali and alkaline earth cations in the
clay minerals (Boyle, 1981},

Depending on soil type, nickel may exhibit a high mobility within
the soil profile as demonstrated by Heinrichs & Mayer (1980) for
a brown forest soil in the Solling ecosystem, a relatively unpolluted
area. The soil profile in the study area revealed an accumulation
of nickel in the top organic layer, and a concentration increasing
with depth in the subsequent mineral layer, indicating a high
mobility of nickel. Similar results were obtained for peat muck soil
profiles (Sapek & Sapek, 1980). In the Solling forest ecosystem
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study, comparison of flux data and ecosystem output (seepage) and
input (precipitation) showed that nickel was balanced within the
ecosystem and that the forest ecosystem was neither a source nor
a sink in the geochemical cycle of nickel. However, this balance
may be disturbed in case of heavy pollution,

Water solubility, and thus bioavailability to plants, is affected by
soil pH; decreases in pH generally mobilize nickel. Most nickel
compounds are relatively soluble at pH values < 6.5, whereas nick-
el exists predominantly as insoluble nickel hydroxides at pH values
>6.7. Therefore, acid rain has a pronounced tendency to mobilize
nickel from soil and increase nickel concentrations in ground water,
leading eventually to increased uptake and potential toxicity for
microorganisms, plants, and animals (Sunderman & Oskarsson,
1988). Other factors are the numbers of organic and inorganic cat-
ion exchange sites, the adsorption strength, and the relative num-
bers of other cations competing with nickel for cation exchange
sites (Hutchinson et al., 1981). Depending on the geochemical
characteristics of soils, nickel may become distributed among the
different soil compartments finally reaching ground water and,
thus, rivers and lakes. Transport of nickel to river systems and
oceans is also mediated by erosion and run-off processes.

The main man-made sources of nickel contamination in soils are
emissions from nickel smelting and refining and disposal of con-
taminated sewage sludge. Atmosphericinput of nickel into the soil
and inputs by waste disposal and through the apphcatxon of fer-
tilizers are estimated to be 5.5 x 10* kg/year and 1.4 x 10 kg/year,
respectively (Nriagu, 1980). On the basis of the nickel pool in s0ils
and the denudation of nickel from continents, the residence time
of nickel in soils is calculated to be approximately 3500 years
{Nriagu, 1980).

Vegetation and wildlife

Terrestrial plants take up nickel from soil primarily via the roots,
The nickel concentrations in most natural vegetation range from
0.05 to 5 mg/kg dry weight (NAS, 1975). The amount of nickel up-
take from the soil depends on various geochemical and physical
parameters including the type of soil, soil pH, humidity, the organic
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matter content of the soil, and the concentration of extractable
nickel.

Although nickel concentrations exceeding 50 mgkg (on a dry
weight basis) are usually toxic for plants (NAS, 1975), nickel-
tolerant species growing on serpentine soils can accumulate nick-
el levels that are orders of magnitude higher.

Aquatic plants are also known to take up and accumulate nickel
(Jenkins, 1980a). As algae are at the lower end of many foodchains,
this fact needs special consideration. The highest nickel levels
found in aquatic algae and spermatophytes in contaminated areas
were 150.9 mg/kg dry weight or 690 mg/kg wet weight, respective-
ly, exceeding normal levels by more than 10 times (Jenkins, 1980a).

Investigations of nickel distribution and cycling in the Solling
ecosystem indicated a steady state, i.e., a balance between atmos-
pheric input and binding in the soil and phytomass (Heinrichs &
Mayer, 1980). This steady state may be disturbed by human impact,
e.g., increase of atmospheric nickel input or acidity of rainfall.
Nickel is released into the atmosphere from plant exudates and
forest fires. It migrates into soil and surface waters following the
decay and mineralization of plants.

Since nickel occurs in virtually all plants at different levels, it may
be taken up by herbivorous terrestrial and aquatic animals and their
predators. Increased nickel levels in vegetation can give rise to in-
creased nickel contents in grazing animals and their predators. For
example, nickel levels were found to be higher in the organs of wild
ruminants than in those of domestic animals, because of the higher
nickel content in their grazing areas (Groppel et al., 1980).

Uptake and bioaccumulation
Terrestrial organisms

The best known phenomenon of nickel accumulation in plants is
the considerably increased nickel levels found in certain species
growing on infertile serpentine soils, Approximately 70 nickel
hyperaccumulators, i.e., species with nickel concentrations exceed-
ing 1000 mg/kg, are known, most of them belonging to the genus
Allyssum. Investigations of nickel-accumulating Flacourtiaceae in
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New Caledonia revealed nickel levels in the range of 1000-50 000
mg/kg dry weight (Jaffre et al., 1979). Yang et al. (1985) found a
significant inverse correlation between the contents of nickel and
the nutrients manganese, boren, and sodium in plant material, thus
indicating the role of high nickel concentrations in serpentine sub-
strates as controtling factors in nutrient uptake. Nickel hyper-
accumulators are of scientific interest, because of the possible use
of vegetation, regrowing on mine dumps, for nickel exploitation
{Brooks, 1980).

The major source of nickel accumulation in terrestrial plants is the
increased occurrence of nickel in soils. High levels of nickel in soils
result from nickel-emitting industrial sources (Rutherford & Bray,
1979; Polemio et al.,, 1982; Alloway & Morgan, 1986; Gignac &
Beckett, 1986) and sewage sludge treatment (Berrow & Burridge,
1981; Chang et al., 1984). Nickel was found to be more available to
plants from soils treated with sewage sludge than from inorgani-
cally polluted soils (Alloway & Morgan, 1986). The total nickel
content in sludge samples collected from different municipal
sewage treatment plants in the USA was in the range of 21-1990
mg/kg dry weight (Sung et al,, 1986). Coker & Matthews (1983)
reported a nickel content of 10-2000 mg/kg dry weight in sewage
sludge applied to land in the United Kingdom in 1977. The per-
sistence of nickel in acetic acid-extractable form in soil was found
to be 10 years (Berrow & Burridge, 1981). Nickel in polluted soils
was found to be highly concentrated in the upper crganic soil
horizon (Chang et al., 1982; Brown et al,, 1983a; Chang et al., 1984),
probably because of the high cation exchange capacity of the sur-
face organic layer (Hutchinson et al., 1981).

In a research project initiated by the Federal Environmental
Protection Agency of Germany, vegetables and plant crops were
grown on soils that were polluted with nickel (average 558 mg/kg
soil) through sewage studge application (Grossman, 1988). Levels
in green vegetables, different types of cabbage, and onions ranged
from 10.8 to 65 mg nickel/’kg dry weight. In beans and peas, nickel
levels ranged from 42 to 65.1 mg/kg and 16.5 to 23.4 mg/kg dry
weight, respectively. In root vegetables, nickel was accumulated to
a lesser extent; concentrations of 7.95-26.9 mg nickel/kg dry weight
were measured. Increasing nickel concentrations in the soil
resulted in increasing nickel accumulation in the plants. This also
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held true for maize used as fodder for animals. However, in maize,
nickel levels were generally lower ranging from 2.32 to 4.27 mg/kg
dry weight in kernels, 6.69 to 10.7 mg/kg in leaves, and 4.33 to
5.53 mg/kg in stems. The nickel concentration in the soil was
745 mg/kg.

Reddy & Dunn (1984) grew soya beans on sewage sludge-treated
soil in glass houses and found increasing nickel levels in plant tis-
sues with increasing rates of sludge application. Concentrations
were greater in leaves than in stems and ranged from 2.1 to 8.5
mg/kg dry weight in leaves and from 1.2 to 6.2 mg/kg dry weight in
stems, following application of 0-8.4 kg nickel/ha .

Keefer et al. (1986) found accumulation of nickel in both the edible
and inedible parts of vegetables grown on soils treated with dif-
ferent types of sewage sludge. Nickel loading of the soil was in the
range of 2-2540 kg/ha. Nickel concentrations detected in cabbage
heads were 2.04-22.1 mg/kg dry weight (control, 3.78 mg/kg).
Radish roots and tops contained 1.28-12.3 mg nickel/kg (control,
1.64 mg/kg) and 3.12-18.3 mg/kg (control, 3.16 mg/kg), respective-
ly. In green bean leaves and pods, nickel levels were 4.68-14.0
mg/kg {(control, 4.00 mg/kg) and 5.0-11.0 mg/kg (control 5.04
mg/kg). The water-soluble nickel concentration in sewage sludges
was related to nickel uptake in the species tested. Soil characteris-
tics, such as texture, drainage status, and sorptive capacity, play a
dominant role in nickel availability to plants. When vegetables were
grown in greenhouse pots on sewage sludge-treated soils of a cal-
careous loam, a clay, and a sandy loam type, the highest nickel ac-
cumulation occurred in cabbage grown on clay and lettuce grown
on sandy loam (Alloway & Morgan, 1986). Gignac & Beckett
{1986) found a negative correlation between the nickel content of
peat and the percentage organic content.

Increased acidity of soils resulting, e.g., from SO2” emission,
enhanced nickel solubility and uptake by plants (Hutchinson &
Whitby, 1977; Brown et al., 1983b; Sanders et al., 1986). Liming of
soil can reduce nickel uptake by plants (Machelett & Podlesak,
1980; Francis et al., 1985).

Nickel accumulation in plants growing in the vicinity of a nickel
smelter was investigated by Hutchinson & Whitby (1977). The
nickel contents of foliage from Comptonia peregrina, Deschampsia
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flexuosa, Acer ubnum, and Benila papyrifera, growing at a distance
of 1.6 km from the Coniston nickel smelter near Sudbury, Ontario,
were 113 mg/kg, 902 mg/kg, 109 mg/kg, and 148 mg/kg dry weight,
respectively. The corresponding nickel concentration in the upper
soil surface was 2.679 mg/kg dry weight. The nickel contents of the
soil and the plant leaves declined with increasing distance from the
smelter. Similar observations were reported by Gignac & Beckett
(1986) for vascular plant species, sphagnum species, and bryo-
phytes growing near Sudbury,

Determination of nickel concentrations in plant species growing on
a copper mine spoil heap demonstrated relative bioconcentration
values (mg nickel per kg in plants/mg nickel per kg in EDTA soil
fraction) of 2.7 (leaves) and 1.4 (branches) in Thiaspi montanum,
and 2.0 {leaves) and 0.9 (branches) in Phlox austromontana (Hobbs
& Streit, 1986).

Animals grazing on nickel-contaminated vegetation accumulated
nickel in various organs. Wild ruminants grazing near nickel-
emitting industrial sources accumulated nickel in the ribs and
kidneys at levels of from 1.13-1.50 mg/kg dry weight and
0.47-0.86 mg/kg dry weight, respectively. The nickel contents of
their winter grazing were determined to be in the range of
3.12-14.49 mg/kg dry weight (Groppel et al., 1980). Highly elevated
nickel levels (27 times the control value) were detected in primary
flight feathers of mallard and black duck in the Sudbury district
(20-140 km from a nickel smelter) (Ranta et al., 1978).

Aquatic organisms

In general, aquatic organisms resorb metals over their entire sur-
face. They also incorporate metals from their food. In rooted
aquatic plants, metals can be absorbed not only by the roots but
also by submerged stems and leaves (Mortimer, 1985). Most groups
of aquatic organisms include some species capable of accumulat-
ing nickel (Jenkins, 1980a). The highest levels have been found
in aquatic organisms near sources of pollution, especially nickel
smelters.

Clark etal. (1981) studied the accumulation and depuration of nick-
el by the duckweed Lemna perpusilla. Plants collected from a fly-
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ash pond were allowed to depurate in dechlorinated tap water at
20 °C for 14 days. Accumulation was then examined over a 10-day
period and depuration over the following 8 days. During the 14-
day depuration period, nickel concentrations fell from 160 mg/kg
dry weight to less than 40 mg/kg dry weight and, in clean water,
remained at this level. When exposed to 0.1 mg nickel/litre in the
water, duckweed accumulated nickel to levels of about 800 mg/kg
dry weight at the end of a 10-day exposure period. The peak
bioaccumulation concentration of nickel occurred 2 days after the
depuration period began, with most nickel elimination occurring in
the 2 succeeding days. After 8 days, the nickel level was down to
the original value of <160 mg/kg. Because the concentration of
nickel in the water of the fly-ash pond was also about 0.1 mg/litre,
greater accumulation occurred in the laboratory than in the field.

Cowgill (1976) found that Englena gracilis accumulated nlckel to a
concentration of 1.8 mg/kg dry weight when exposed to8.9x 10 * mg
nickel/litre in spring water. A biological concentration factor of
about 2000 was calculated,

In a study by Hutchinson & Czyrska (1975), Lemna minor was col-
lected from 23 ponds and lakes in Southern Ontario in which the
mean content of nickel in the water was 0.027 mg/litre. The plants
contained 5.4-35.1 mg nickel/kg dry weight, equivalent to con-
centration factors of 200-1300. The authors also cultured Lemna
minor in a growth medium containing 0.01-1.00 mg nickel/litre at
a temperature of 24 =52 °C and a pH of 6.8, for 3 weeks. Nickel
accumulation ranged from 4000 (0.01 mg nickel/litre in the growth
medium) to 6134 (0.5 mg nickel/litre in the growth medium). There
was a correlation between levels of nickel in the plant and levels in
water. Nickel accumulation was greater in the presence of copper.

Elodea densa, cultivated at 21-25 °C in a flowing water system with
a constant nickel concentration in the medium of 0.01 mg/litre,
showed an accumulation factor of 200 after 12 days (Mortimer,
1985).

The highest concentration factor reported, approximately 20 000,
was found in an aquatic ecosystem study, conducted by Hutchin-
son et al. (1975), in periphyton algae sampled from a section of the
metal-contaminated Wanapitei river in the Sudbury area. Analysis
of aquatic macrophytes, which were collected from metal-
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contaminated rivers in this area, indicated a species specificity for
uptake and a significant correlation between total nickel content in
the sediment and water and in rooted macrophytes,

Watras et al. (1985) studied the accumulation of nickel in two levels
of a simple aquatic food chain using Scenedesmus obliquus and
Daphnia magna. The algae accumulated nickel to concentrations
30-300 times the ambient concentration, In Daphnia, concentra-
tion factors were only 2-12. There was little difference in accumula-
tion from incubation in **Ni-labelled medium without algae or from
incubation in labelled medium with labelled algae. The data
indicated that direct uptake from the medium rather than uptake
from ingested algae was the primary accumulation mechanism.
These results confirmed earlier studies by Hall (1982), who
described nickel accumulation in Daphnia magna as the sum of five
processes occurring in the various body components, namely, ad-
sorption to, and desorption from, body and tissue surfaces, absorp-
tion, retention or storage, and excretion.

In the course of the aquatic ecosystem study performed by Hutchin-
son et al. (1975), nickel levels were determined in aquatic animals.
Accumulation factors in animals were lower than in aquatic vegeta-
tion and were found to be 643 in zooplankton, 929 in crayfish, and
262 in clams. In fish species caught in the Wanapitei river (42 mg
nickel/litre), nickel levels in muscle tissue were lower than those in
the liver, kidneys, and gills. The predatory yellow pickerell ex-
hibited the highest nickel levels with 51.6 mg/kg wet weight in kid-
ney tissue, giving a concentration value of 229.

Calamari et al, (1982) reported nickel levels of 2.9 mg/kg wet weight
in liver, 4.0 mg/kg in kidneys, and 0.8 mg/kg in muscle in Salmo
ga:rdnen after 180 days exposure to 1 mg nickel/litre in the water.
Nickel levels at the start of the study were 1.5, 1.5, and 0.5 mg/kg,
in liver, kidneys, and muscle, respectively. The authors also found,
by means of a toxicokinetic model, that theoretical asymptotic
values for liver, kidney, and muscle should be reached in 397, 313,
and 460 days, respectively, yielding bioconcentration values of 3.1,
4.2, and 1.0, respectively. Laboratory studies showed that nickel
had little capacity for accumulation in all the fish species studied.
However, it was also demonstrated that this relatively low con-
centration of nickel in tissues could cause biochemical damage.
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4.3

Environmental transport and distribution

The range of concentrations reported in whole fish in uncon-
taminated waters, on a wet-weight basis, is 0.2-2 mg/kg. This value
could be increased by a factor of ten in contaminated areas
{Calamari et al. 1984).

White et al. (1986) investigated nickel levels in coots (Fulica
americana) resting and feeding by a pond that was used for the dis-
posal of fly ash from a nearby coal-fired power plant. Though the
nickel concentration in the pond sediment was much higher than
the concentration in the water (which was below detection limit,
except at one collection period), accumulation of nickel in coot
livers was ntot observed in 2 years of plant operation.

Biomagnification

Accumulation factors in different trophic levels of aquatic food
chains suggest that biomagnification of nickel along the food chain,
at least in aquatic ecosystems, does not occur.

Hutchinson et al. (1975), in their investigations on nickel com-
partmentation in an aquatic ecosystem, found large concentration
factorsinthe vegetation and decreasing factorsin the higher trophic
levels. In a small food chain consisting of an alga (Scenedesmus
obliquus) and a zooplankton species (Daphinia magna), there was
no biomagnification (Watras et al., 1985). Because nickelin aquatic
ecosystems decreases in concentration with increasing levels of the
food chain, biomagnification does not occur.,
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5. ENVIRONMENTAL LEVELS AND HUMAN
EXPOSURE

5.1 Environmental levels
5.1.1 Air

Owing to the large number of sources releasing nickel into the at-
mosphere and their uneven distribution over the globe, ambient
nickel concentrations may vary over several orders of magnitude.

Urban and rural areas usually exhibit air nickel levels ranging from
5to 35 ng:’m3 (Bennett, 1984). Higher values were recorded in
heavily industrialized areas and larger cities. Nickel concentra-
tions, monitored continuocusly over one year in 4 American cities,
were found to be in the range of 1842 ng/m3 (Saltzmanetal,, 1985),
In the vicinity of a nickel smelter in the Sudbury area, Ontario, levels
of 124 ng/rn3 were measured (Chan & Lusis, 1986). Atmospheric
concentrations at Spitsbergen, measured during two months,
ranged between approximately 1 and 2 ng nickel/m” (Pacyna et al.,
1983). In the Canadian Arctic, the annual mean concentration was
0.38 ng/m3. The winter mean was .62 ng/m3, indicating a seasonal
cycle (Hoff & Barrie, 1986). Assuming a ventilation rate of 20 m>
and air concentrations of 5-35 ngfm3, the amount of nickel enter-
ing the human respiratory tract is in the range of 0.1-0.7 pg/day.

The distribution of nickel among suspended particulates in the air
will determine the fraction that is inhalable. Data on the size dis-
tribution of nickel particulates are limited. Lee & von Lehmden
{1973) summarized data on the size of nickel particulates in urban
air and found mass median diameters of 0.83-1.67 pum, 28-55% of
the particles being <1 um. A more recent summary of size dis-
tribution of trace elements in different areas vielded a mass median
diameter for nickel particulates of 0.98 pum (Milford & Davidson,
1985).  Particles of less than about 1 pm are deposited
predominantly in the alveolar regions of the lung (Stern et al., 1984).
Nickel was found to be most concentrated in the smallest particles
emitted from coal-fired power plants (Natusch et al, 1974).
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51.2

Environmental levels and human exposure

Particles of a mass median diameter of 0.65-1.1 wm contained
1600 mg nickel/kg while 4,7-11 pm particles contained about
400 mg nickel/kg.

Another important route of nickel exposure is tobacco smoking.
Cigarefte tobacco may contain approximately 1.3-4.0 mg nickel/kg.
About 0.04-0.58 pg nickel is released with the main stream smoke
(gas phase and particle phase) of one cigarette (Szadowski et al.,
1969a; Menden et al,, 1972, Gutenmann et al,, 1982). Smoking 40
cigarettes per day may result in the inhalation of 2-23 g nickel per
day. The formation of nickel carbonyl in the main stream smoke is
suspected (Sunderman & Sunderman, 1961a; Stahley, 1973}, but it
could not be detected using Fourier-transform infrared
spectrometry (detection limit (.1 pg/litre) (Alexander et al., 1983).

Drinking-water

Onthe basis of determinations of nickel concentrations in 969 water
supplies in the USA during 1965-70, the average concentration of
nickel in water samples taken at the consumer’s tap was 4.8 p.g/litre
(NAS, 1975).

In Italy, nickellevelsin drinking-water were mostly below 10 ug/litre
(Clemente et al, 1980). Schumann (1980) measured levels of
6.8-10.9 pg/litre in the German Democratic Republic. Leaching
processes from water taps and fixtures contribute to nickel levels
already present in drinking-water. Between 18 and 900 mg of nick-
el were leached from 10 used water taps, which had been filled, in
an inverted position, with 15 ml deionized water, and left overnight
for 16 h (Strain et al., 1980). In Denmark, levels of up to 490 pg/litre
were observed, when water was left standing overnight in nickel-
containing plumbing fittings (Andersen et al.,, 1983).

In areas where nickel 1s mined, as much as 20§} g nickel/litre has
been recorded in drinking-water (McNeely et al., 1972),

Assuming a daily intake of 1.5 litres water and a level of 5-10 pg
nickel/litre, the mean daily intake of nickel from water for adults
would be between 7.5 and 15 pg.
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5.1.3

EHC 108: Nickel

Food

Nickel is ingested by human beings through the consumption of
plants and animals that contain nickel, Nickel levels were deter-
mined, using EAAS, in foods in the Netherlands by Ellen et al.
(1978). They were found to be less than 0.5 mg/kg fresh weight in
most products, except for cacao products and nuts, which contained
nickel levels of up to 9.8 and 5.1 mg/kg, respectively. Smart
& Sherlock (1987} reported that nickel levels, determined using
FAAS, in English meat, fruit, and vegetables were of the order of
= 0.2 mg/kg fresh weight. Aquatic organisms, e.g., molluscs and
fish, may contain relatively large amounts of nickel, if the nickel
concentration in the water is high (Table 11).

Nickel levels were determined in 234 foods from a 1984 US FDA
Total Diet Study, using ICP-AES (Pennington & Jones, 1987); 91%
of the foods contained nickel levels of less than 0.4 mg/kg and 66.2%
contained levels of less than 0.1 mg/kg. Only seven foods had values
exceeding 1 mg/kg. Foods highest in nickel included nuts, legumes,
items containing chocolate, canned foods, and grain products.

Food processing and storage methods apparently add to the nick-
el levels already present in foodstuffs through: leaching from nick-
el-containing alloys in food-processing equipment made from
stainless steel; the milling of flour; and the catalytic hydrogenation
of fats and oils using nickel catalysts (NAS, 1975). Grandjean
(1984) estimated that leaching from cooking ware, kitchen utensils,
and water piping could occasionally add 1 mg to the daily intake of
nickel, i.e., much more than the intake resulting from nickelin food
and beverages.

Schroeder et al. (1962) calculated the average oral intake of nick-
el by American adults to be about 300-600 pg/day, but more recent
estimates are lower. Myron et al. (1978) determined the nickel con-
tent of 9 typical diets in the USA and calculated an average intake
of 165 pg/day. Clemente et al. (1980) evaluated the available data
and derived a mean intake value of 200-300 j.g/day for the normal
adult in the Western countries. However, because of the wide varia-
tion in the nickel contents of single food items, the daily intake may
vary considerably (100-800 pg/day) as a function of dietary habits.
Levels of 250-270 wg/day, determined by Smart & Sherlock (1987)
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5.2

5.2.1

FHC 108: Nickel

for United Kingdom diets, are within this range. This includes an
estimated 100 pg/day for nickel migrating from metal cookware.
An actual measured value using glass cookware for food prepara-
tion was only 140-150 pg/day. The maximum daily nickel intake
from an average Danish diet was calculated to be 900 pg/day
{Nielsen & Flyvholm, 1984).

Terrestrial and aquatic organisms

Levels in terrestrial and aquatic organisms may vary over several
orders of magnitude, according to the species and environmental
factors (Jenkins, 1980 a,b). Tables 11 and 12 include data on nick-
el levels in tissue samples of different organisms, including plants
and animals relevant to human nutrition.

General population exposure

The general population is exposed to nickel species through the
oral, inhalation, and dermal routes,

Oral

Nickel is ingested through the consumption of foodstuffs and
beverages that contain nicke! and through the ingestion of inhaled
material returned to the pharynx by mucociliary clearance. Nick-
el levels in European and USA foodstuffs generally ranged from
less than 0.1 mg/kg to 0.5 mg/kg, though a few foodstuffs, e.g., nuts
and legumes, contained levels of more than 1 mg/kg (section 5.1.3).
The results of dietary studies in the United Kingdom and the USA
showed average intakes from food of 200-300 g nickel/day. In the
United Kingdom, it has been estimated that 100 wg nickel/day is
contributed by nickel-containing cooking utensils and that the level
in food ranges from 100 to 200 ug/day. Drinking-water may con-
tain nickel derived from its source, from environmental contamina-
tion, and from nickel-containing plumbing fittings. Concentrations
in uncontaminated water may range from 5 to 11 pg/litre (section
5.1.2). Assuming a nickel level of 5-10 pg/litre and a daily intake
of 1.5 litres water, a mean daily intake of nickel from water would
be 7.5-15 p.g.
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5.2.2

523

FHC 108: Nickel

Inhalation

Measured atmospheric nickel concentrations have been in the ran-
ges of 18-42 p.g/m3 in industrial areas and 5-35 ;Lg/ms in non-
industrial urban and rural areas. Taking a concentration range of

5-35 p.g/m and a daily ventilation rate of 20 m3 0.1-0.7 mg
nickel/day will enter the respiratory tract; absorptlon will then be
a function of the nickel species and the physical state. Cigarette
smoking also contributes to the inhalation of nickel; for example,
smoking 40 cigarettes daily may result in the inhalation of 2-23 pg
nickel (section 5.1.1).

Dermal

This route of exposure is of particular significance for nickel con-
tact hypersensitivity. Because of the ubiquity of nickel-containing
commodities in an industrial society, dermal exposure to nickel is
almost continuous in the general population. This is reflected by
the constantly increasing number of patients with nickel contact
dermatitis (Dooms-Goossens et al., 1980). Sources of environmen-
tal exposure include jewellery, coinage, clothing, fasteners, tools,
cooking utensils, and stainless steel kitchen utensils (NAS, 1975).
Even jewellery made of white gold containing 2-15% of nickel may
cause eczema (Fischer, 1984).

A number of common sources of nickel dermatitis are listed in
Table 13. The amount of nickel released from these items depends
on the corrosion resistance of the object and the presence of sweat
and other fluids in the environment; because of its chloride content
and relative low pH, sweat can dissolve nickel. The solution of nick-
elin synthetic sweat was examined for 15 different nicke! alloys and
surfaces; a high release of nickel ions was documented for nickel-
plated items (both electrolytically and chemically plated), nickel-
1r0n alloy (65% nickel), German silver (10-20% nickel), Monel
400® alloy (66% nickel), Nicrobraze LM™ alloy (83% nickel), and
coin alloy (25% nickel). These nickel objects were also tested for
their ability to provoke nickel allergy in sensitized persons. Nine
of the materials tested caused a medium to severe degree of aller-
gic skin reactions, and the amount of nickel dissolved was related
to the degree of the allergic reaction (Kato & Samitz, 1975).
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Environmental levels and human exposure

Table 13. Non-occupational exposure to nickel ?

Source causing dermatitis Location
Earrings Earlobes
Garter clasps, metal chairs Thighs
Thimbles, crochet and knitting needles, Fingers

scissors, nickel coins, cover of
fountain pen

Handles of car doors, baby carriage, Palms

umbrella, refrigerator, and handbags

Clasp of necklace, zipper Neck

Watch band, bracelet Wrists

Wire support of brassiere cup Breast
Handbags Antecubital area
Bobby pins Side of face
Spectacie frames Back of ears
Nickel coin (patient had rubbing habit) Side of nose
Eyelash curler Eyelids

Zipper Axilla

Safety pin Pubic area
Eyelets of shoe Dorsum of foot
Metal arch support Plantar aspect of foot
Bobby pins held in mouth, metal lipstick

cases Lips

Hair grips b Scalp

o

Jeans buttons Belly

® Adapted from: Fisher & Shapiro (1956).
From: Cronin (1980).
© From: Fisher (1985).

Fisher’s dimethyglyoxime spot test can be used, in most cases, to
identify nickel alloys and nickel-plated surfaces releasing nickel
ions. Important exceptions are Inconnel 600%, which has a low
nickel release to synthetic sweat, but was positive when tested on
nickel sensitive patients, and Nicrobraze®, which has a high nickel
release and was positive when tested on patients (Menné et al.
1987b).

Stainless steel, which contains about 10% nickel, is very resistant
because of the protective effect of chromium oxides on the surface.
It did not release noticeable amounts of nickel ions into synthetic
sweat and did not produce skin reactions in nickel-sensitive patients
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5.3

EHC 108: Nickel

{Kato & Samitz, 1975; Menné et al., 1987b). However, nickel can
be released from stainless steel in a very corrosive environment or
by prolonged treatment in a sweat solution.

latrogenic exposure

Tatrogenic exposures to nickel arise from: (q) nickel-containing
implants (joint replacements, intraosseous pins, cardiac valve
replacements, cardiac pacemaker wires, and dental prostheses);
{(b) intravenous fluids and medications that are contaminated with
nickel; and (c¢) haemodialysis with nickel contamination of the
dialysate fluid (Sunderman, 1986; Hopfer et al., 1989). Marek &
Treharne (1982) investigated nickel release from surgical implant
alloys (14 and 36% nickel) into Ringer’s solution. Nickel release
from the alloy shavings declined after a few days and reached a con-
stant value of approximately (.3 ng/cm2 per day. Thus, a prosthesis
with a surface area of 200 cm” would release about 60 ng nickel per
day or 22 ug/year. The significance of nickel release from implants
has been questioned (Fisher, 1977; Burrows et al,, 1981 ). Hyper-
nickelaemia (serum-nickel > 1.1 pg/litre) occurred in only one out
of 13 patients with stainless steel hip prostheses. This patient suf-
fered from mild reral insufficiency, suggesting an impaired ability
to excrete nickel absorbed from the prosthesis (Linden et al., 1985;
Sunderman, 1986).

Brune (1986) compiled data on the amounts of different metals
released from dental alloys in natural or artificial saliva in in vigro
and in vivo tests. The quantities released were calculated on the
basis of a standard man with a specified number or area of dental
restorations. Nickel was released in vitro from a metal alloy with a
high nickel content (ca 80%), at the same level as from food and
drink. Nickel release from cobalt-based alloys (0.1-0.2% nickel)
was less than 2 ug per day.

Contamination of dialysate fluids may produce parenteral exposure
to nickel. Hopfer et al. (1985) demonstrated that serum-nickel con-
centrations in haemodialysis patients may, on average, be 11--22
times the mean concentration in serum from healthy subjects.
During normal dialysis, the average intravenous nickel uptake has
been estimated to be 100 pg per treatment (Sunderman, 1983a).
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Environmental levels and human exposure

Hypernickelaemia has also been observed in patients follow-
ing intravenous administration of meglumine diatrizoate
(chograﬁn-76®, a radiographic contrast medium) for coronary
arteriography., Nickel analysis revealed levels of 144%44 ug
nickel/litre contrast medium. Approximately half an hour after
arteriography, the incremental serum-nickel concentration in
patients averaged 1.81 +0.39 ug/litre. The authors recommended
that nickel concentrations in radiographic contrast media should
not exceed 10 pg/litre (Leach & Sunderman, 1987).

Occupational exposure

Nickel concentrations may be significantly higher in the working
environment than normal atmospheric air levels. US NIOSH
{(1977b) estimated that about 250 000 individuals in the USA were
occupationally exposed to inorganic nickel. A list of occupations,
identified as involving exposure to nickel, is presented in Table 14
(US NIOSH, 1977b).

Table 14. Occupations with potential exposure to nickel ?

Battery makers, storage Nickel-alloy makers
Cashiers Nickel miners

Catalyst workers Nickel refiners
Cemented-carbide rmakers Nickel smelters

Ceramic makers Oil hydrogenators
Disinfectant makers Organic-chemical synthesizers
Dyers Paint makers
Electroplaters Penpoint makers
Enamellers Petroleum-refinery workers
Gas-mask makers Spark-plug makers

Glass makers Stainless-steel makers

Ink makers Textile dyers

Jewellers Vacuum-tube makers
Magnet makers Varnish makers
Metallizers Welders

Mond-process workers

? Adapted from: US NIOSH (1977b).
b From: Raithel et al. (1981).

95



EHC 108: Nickel

Representative exposure data are difficult to obtain, and most
published values of occupational exposure were gained during
biological monitoring studies. US NIOSH (1977b) compiled data
onthe concentrations of nickel in air, in smelting and refining opera-
tions, the alloy industry, welding operations, and other processes;
the concentrations ranged from a few pg/m” to several mg/m’.
Recent exposure data from the primary and secondary nickel
industries are summarized in Table 15, Levels may vary con-
siderably, according to the individual operations, or areas of a
manufacturing process. For example, in alloy production an
average concentration of airborne nickel during pickling and han-
dling was determined to be 0.008 mg/m3, whereas, during grind-
ing,the average airborne nickel level was 0.298 mgfm3 (Warner,
1984). Generally, the concentration of nickel in the material being
handled and the operation being performed affect the concentra-
tion of nickel in air. Levels of airborne nickel are expected to be
higher in dusty operations involving fine, dry particulates, e.g.,
metal powder or salis. Weldin3g operations can create airborne
nickel levels of 0.004-0.24 mg/m”. A higher exposure, especially to
metallic nickel, exists in the user industries. Improvements in
operational techniques and ventilation reduce nickel concentra-
tions in the air of work-places (Boysen et al,, 1982; Coenen et al.,
1986).

In the occupational environment, nickel dust may also enter the
bedy through oral exposure, because of poor personal hygiene or
inadequate work practices. This route of exposure was reported in
a battery factory where high faecal levels of nickel were related to
dusty working conditions (Adamsson et al., 1980).

The dermal route of exposure is of significance to workers sensi-
tized to nickel. Occupational dermal exposure to nickel may occur
in battery makers, nickel-catalyst makers, ceramics makers,
duplicating machine workers, dyers, electronics workers,
electroplaters, ink-makers, jewellers, spark-plug makers, and rub-
ber workers (NAS, 1975). In some occupations, the skin may be
directly exposed to dissolved nickel, e.g., in the electroplating and
electroforming industry (Wall & Calnan, 1980). Nickel contact der-
matitis was observed in hairdressers and was attributed to the hand-
ling of nickel-bearing tools and contact with liquids throughout the
day (Wahlberg, 1975). Nickel contact dermatitis has been reported
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in hospital cleaning personnel (Gawkrodger, 1986a). The level of
nickel in the water they used for washing surfaces increased during
the cleaning process by transfer from cleaned areas on wash cloths,
In water from used cloths, a mean level of 90 pg nickel/litre was
found (Clemmensen et al,, 1981).
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6.1

6. KINETICS AND METABOLISM

Health hazards associated with exposure to nickel in the occupa-
tional environment have resulted primarily from inhalation. For
this reason, deposition, retention, and clearance of nickel from the
human respiratory tract are of spectal importance. However, in ad-
dition to this main exposure through inhaled air (ambient and at
the work-place), human beings are also exposed to nickel in drink-
ing-water and food, and through skin contact, which is of special
concern in view of resulting adverse effects, namely, nickel contact
dermatitis.

Absomtion

Human exposure to nickel! originates from a variety of sources and
is highly variable. Nickel and its inorganic compounds can be ab-
sorbed via the gastrointestinal tract as well as the respiratory pas-
sages. Under certain circumstances, the skin is a qualitatively
important route by which nickel enters the body. However, per-
cutaneous absorption is less important for the systemic effects of
nickel than for the allergenic responses to it. Placental transfer is
of importance because of the effects on the fetus. Knowiedge of
this route of absorption makes it possible to estimate the contribu-
tion to the body burden at birth. The diverse routes of parenteral
administration of nickel compounds are mainly of interest in toxicity
studies on animals and are particularly useful in assessing the
kinetics of nicke! transport, distribution, and excretion,

The relative amounts of nickel absorbed by an organism are deter-
mined, not only bythe quantitiesinhaled, ingested, or administered,
but also by the physical and chemical characteristics of the nickel
compound. Solubility is an important factor in all routes of absorp-
tion. Soluble salts of nickel dissociate readily in the aqueous en-
vironment of biological membranes, thus facilitating their transport
as metal ions. Conversely, insoluble nickel compounds are
relatively poorly absorbed.
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Kuehn & Sunderman {1982) incubated 17 nickel compounds in
water, rat serum, and renal cytosol for 72 h at 37 °C. Concentra-
tions of dissolved nickel were determined by electrothermal atomic
absorption and dissolution half-times were calculated. Eleven of
the nickel compounds (Ni, B-NiS, amorphous Ni§, ¢-Ni38;, NiSe,
NisSes, NiTe, NiAs, Nij1Ass, NisAsz, and NiFeS4) dissolved more
rapidly in serum or cytosol than in water. Dissolution of 4 of the
compounds (NiQ, NiSb, NiFe alloy, and NiTiQ3) was not detec-
table in any of the media (half-time, >11 vears). One compound
(NiAsS) had approximately equal dissolution half-times in the 3
media. Because of precipitation, the half-time value for NiSz could
not be determined. These findings were in close agreement with
thc elimination half-time (24 days) obtained from elimination of
Nl in the urine and faeces of rats, after intramuscular injection of
3Ni3S2. The authors suggested that the in vitro dissolution half-
tlmes of nickel compounds might be used to predict their in vive
elimination half-times, since the dissolution process is rate limiting
for the metabolism and elimination of the compounds.

It is possible that other factors, such as host, nutritional and
physiological status, or stage of development, also play a role, but
these have not been studied.

Several studies on the dissolution kinetics of nickel subsulfide have
been performed. Autoradiographic observatlons (Kasprzak, 1974)
showed that extracellular particles of Ni subsulfide or Niz>S3
could persist at the site of injection for many months, without detec-
table alterations, and could eventually become surrounded by
neoplastic tissue, Intracellular localization of 63Ni or *°S was not
detected within muscle or tumour cells, This finding was confirmed
quantitatively by Sunderman et al. (1976b), who measured the
elimination of *Ni following Ni subsulfide administration to rats,
and by Oskarsson (1979), who carried out whole-body autoradlcg-
raphy in mice. After 20 weeks, as much as 19% of the 5*Ni dose
was found at the site of injection, while the retention of nickel in
organs distant from the injection site was less than 0.1% (Sunder-
man et al,, 1976b). Addition of manganese to the administered
nickel subsulflde which significantly decreased the carcmogen:mty
of the latter, did not affect the gross elimination of ©Ni, The role
of manganese was (o effect the subcellular partition of soluble &

derived from ®*Ni subsulfide. Ultrafiltered homogenates ofmuscle
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tissue injected with 53Ni derived from ®Ni subsulfide +Mn con-
tained less nickel than those injected with 53Ni subsulfide alone
(Sunderman et al,, 1976b). Nickel dissolution kinetics, similar to
. . . 638y

those in vivo, were obtained when leachm% of ""Ni was measured
during two weeks of in vitro incubation of *Ni subsulfide with rat
serum or aqueous triethylenetetramine, but not with water
(Kasprzak & Sunderman, 1977). This finding suggested that the
interaction of nickel subsulfide with body fluids could be of the
same nature under both in vive and in vitro conditions. Evaluation
of the kinetic curves and the X-ray diffractometry of the sediments
following incubation of nickel subsulfide in the three media
(Kasprzak & Sunderman, 1977) revealed that solubilization of nick-
el required the presence of oxygen and involved two reactions;

(@) 2a-Ni3sS2 + Q2 + 2H20 <4 p-NiS + 2Ni(OH)2
(b) B-NiS + 202 «=Ni** + SOy

When comglexing agents, i.e. proteins, amino-acids, etc., are
present, Ni‘ * and Ni(OH); form water-soluble Ni(II)-com-
plexes and undergo fast mobilization and elimination. The
remaining B-Ni monosulfide constitutes a surface coating on the
nickel subsulfide particles and requires more oxygen for the fur-
ther dissolution of nickel.

Absorption via the respiratory tract

Respiratory absorption of nickel is normally the principal route for
its entry into the human body, under conditions of occupational ex-
posure. It usuaily involves the inhalation of one of the following
substances: dust of relatively insoluble nickel compounds, aerosols
derived from nickel solutions (soluble nickel), and gaseous forms
containing nickel (usually nickel carbonyl), The mhalation route is
also of importance in exposure from the general environment, in-
cluding tobacco smoke. It has been reported that cigarette smoke
may contain nickel carbonyl (section 5.1.1).

The relative amounts of inhaled nickel absorbed from various com-
partments of the pulmonary tract are a function of both the chemi-
cal and physical forms.
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Particulate nickel

The Task Group on Lung Dynamics (1966) considered that the
respiratory absorption of nickel compounds in particulate form was
influenced by three processes in the lung, namely deposition,
mucociliary clearance, and alveolar clearance. This Group
developed deposition and clearance models for man for inhaled
particulate matter of whatever chemical origin, as a function of par-
ticulate size, chemical category, and compartmentalization within
the respiratory tract. Nickel oxide and nickel halides are classified
as compounds having moderate retention in the lungs and a
clearance time of weeks. Although this model approach has its
limitations, it can be of some value in assessing deposition and
clearance rates for nickel compounds of known particle size and
chemical composition,

Removal ol material deposited in the lung depends on its solubility
characteristics and is slow for metallic nicke! or nickel oxide dust,
faster for soluble nickel salts, and most rapid for the volatile and
lipid-soluble nickel carbonyl.

Nicke!l has a tendency to accumulate in lung tissue and in the
regional lymph nodes. Thus, only part of the nickel retained will
be transferred to the blood, depending on the solubility of the nick-
el compound.

Absorption from the pulmonary tract of nickel in particulate mat-
ter is considerably less than that of nickel carbonyl. Smaller par-
ticles penetrate deeper in the respiratory tract than larger particles
and the relative absorption is greater. Soluble nickel compounds
are absorbed quickly, making them less available for mucociliary
clearance. A solubility model may be the most accurate means of
evaluating the rate of absorption of the dust retained in the alveoli
(Mercer, 1967; Morrow, 1970).

(a) Experimental animals

There are few animal studies dealing with respiratory absorption,
and data on the pulmonary uptake of nickel in particulate form are
limited.

Wehner & Craig (1972) exposed Syrian golden hamsters to nickel
oxide (nickel oxide not specified) particles with a mass mean
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aerodynamic diameter (MMAD) of 1.0~2.5 pm, and observed that
inhalation for 2 days (7 h/day) at a concentration of 10-190 mg/m
air resulted in a deposition of 20% of the inhaled amount. On the
10th day after exposure, more than 75% of the nickel oxide was still
present in the lungs, and, even after 45 days, approximately 509 of
the total amount inhaled still remained. As no significant quan-
tities of nickel oxide were found in the liver and kidney at any time
after exposure, absorption seemed to be negligible during this
period. Inancillary studies, Wehner et al. (1975) exposed hamsters
for 61 days to nickel oxide aerosol (nickel oxide not specified) for
7h/day and cigarette smoke (nose-only exposure of approxi-
mately 10 min duration, twice before, and once after, the daily 7-h
dust exposure). It was found that the inhalation of cigarette smoke
did not change either the deposition or the clearance pattern of the
nickel oxide.

In a later study, Wehner et al. (1979) exposed Syrian golden
hamsters to a highly respirable aerosol (MMAD = 2.8 um) of
nickel-enriched fly ash (NEFA; nickel content 9%), at concentra-
tions of 220 mg/m” (one 6-h exposure) and 190 mg/m (for 60 days,
6 h/day). In the acute exposure, approximately 95% (6.8 ug
nickel = 75 png NEFA) of the total deposited amount (7 pg nickel
= 78 ng NEFA) was found in the deep lung, 1 month after ex-
posure, indicating a very slow clearance. The findings also show,
that nickel in the NEFA isretained and does not leach appreci-
ably from the NEFA into tissue fluids, This assumption is sup-
ported by the observation that the average nickel content remained
practically the same from 7 days after exposure (7 ug) to 30 days
after exposure (6.8 ug), which would not be the case if the nickel
were to leach from NEFA. In the 2-month study, the deposition
was 5.7 mg NEFA or 510 mg nickel on the third day after exposure.

In another study, Wehner et al. (1981) exposed Sgrlan golden
hamsters to a h1gh (70 mg/m ) and a low (17 mg/m”) respirable
NEFA concentration, for up to 20 months, The NEFA contained
approximately 6% nickel. Exposure resulted in heavy deposits of
NEFA inthe lungs of 731 % 507 g and 91 =65 pg nickel/lung in the
70 mg/m3 and 17 mg/m3 exposure groups, respectively).

The short- and long-term NEFA studies showed that the time from
the end of exposure to sacrifice (64 h-7 days) was not long enough
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to allow for mucociliary clearance of the nickel deposited in the
ciliated part of the respiratory tract. In addition, clearance
mechanisms may be disturbed by the repeated 6-hexposures to high
aerosol concentrations, making them decreasingly efficient and
resulting in the retention of larger quantities of material.

However, trace elements are not homogeneously distributed, even
in particles of similar size, and the mean content of a given trace
element in fly ash is determined by relatively few particles with a
very high content of that element, This means that cells in the
respiratory tract or the lung would not come into contact with fly
ash particles containing 0.03% nickel, but instead with particles
containing many times that guamtity. It should be noted that
respirable NEFA is emitted from coal-fired power plants (Natusch
et al,, 1974),

Leslie et al. (1976) exposed mice for 4 h to nickel-containing weld-
ing fume aerosols. Particle size and nickel content were deter-
mined. The nickel content was highest (8.4 pg/m°) with particles
0.5-1.0 pm in diameter. It was reported that no clearance of lung-
deposited nickel had occurred by 24 h, nor was there any elevation
in blood-nickel levels, indicating that there had been no absorption
into the bloodstream. When rats werg exposed through inhalation
to nickel oxide aerosol (0.4-70 mg,/m ) for 6-7 h, 5 days/week, for
a maximum of 3 months, the fraction deposnted in the lung sig-
nificantly decreased with increasing mass median diameter and

slightly decreased with increasing exposure concentration
(Kodama et al., 1985),

The data obtained by Wehner et al,, showing poor absorption and
retention of the greatest portion of inhaled nickel oxide in the lungs,
are supported by the study of Rittmann et al. (1981), who exposed
Wistar rats via inhalation to nickel oxide}, produced by the pyrolysis
of nickel acetate at 500-600°C (50 pg/m” for 15 weeks). They found
a half-life for the clearance of nickel from the deep tract of 36 days.
The half-life for clearance from the tracheobronchiolar compart-
ment was less than one day.

Valentine & F;sher (1984) administered Nis$2 intratracheally to
mice (11.7 ng N1382/an1mal) During the initial phase of clear-
ance, 38% of the instilled dose was cleared, with a biological half-
time of 1.2 days in the final phase. Four hours after instillation, the
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total lung burden was 85% of the administered dose. Thirty-five
days after exposure, 10% of the administered dose was still retained
by the lung.

In a study by Graham et al, (1978), mice were exposed, through in-
halatlon to nickel chloride (particle diameter =3 um, 644 pg
nickel/m’ ) for 2h. Clearance of 709% ( 5.77 mg nickel/kg dry weight)
ofthe deposited fraction (8.06 + 0.506 mg nickel/kg dry weight) was
found in the lung on the fourth day after exposure. In rats that had
received 1 mg nickel, administered intratracheally as a smgle dose
of ®*Ni chloride, most of the administered dose was found in the
kidney (539 ) and the lung (30%%), the rest being distributed among
the adrenals, liver, pancreas, spleen, heart, and testes (Clary, 1975).
As clearance by 3 days was faster in the kidney, the lungs became
the organ with the hlghcst Ni level (64% of the total amount
deposited; kidney: 19%). Lung clearance within 6 h was 27%,
which means that 709 of the material originally deposited had been
absorbed.

Appreciable amounts of radioactive nickel, administered to male
rats intratracheally as the chloride (1.27 ug nickel), were absorbed
{Carvalho & Ziemer, 1982). Twenty-one days after exposure, the
only measurable activity was in the lungs and kidneys. For example,
1 day after exposure, 29% of the initial burden was retained in the
lungs, decreasing to 0.1% on day 21.

Following intratracheal instillation of nickel carbonate in mice
{0.05 mg/animal), most of the nickel was eliminated after 12 days
{Furst & Al-Mahrougq, 1981).

Medinsky et al (1987) administered nickel sulfate solution in-
tratracheally to rats at doses of 1 pg, 11.2 g or 105.7 g nickel/rat.
After 4 h, 49%, 21%, or 8%, respectively, of the instilled dose/g tis-
sue was found in the lungs.

An important factor for retention in the lung is the solubility of the
nickel compounds. Insoluble forms, such as nickel oxide and metal-
lic nickel, seem to be retained in the lung for a longer time, whereas
the more soluble nickel salts are absorbed. They are also solubil-
ized in the fluids and mucus cleared from the lung by the mucociliary
mechanisms into the alimentary tract.
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(b) Human beings

Particulate nickel can be taken up from ambient air and from
cigarette smoke. Respiratory absorption of nickel in particulate
form is the major route of entry, under conditions of occupational
exposture.

The amount of nickel absorbed from the air is expected to vary
according to ambient atmospheric levels. Schroeder (1970) calcu-
lated that 75% of respiratory nickel intake is retained in the body
and 25% is expired, depending on the particle size distribution.
About 50% of the inhaled nickel would be deposited on the
bronchial mucosa (and swept upward by mucociliary transport to
be swallowed), and 25% in the pulmonary parenchyma.

Nickel carbonyl

In the toxicology of nickel, a special position is occupied by nickel
carbonyl, a volatile, liquid compound. After nickel carbonylinhala-
tion, removal of nickel deposited in the lung is the most rapid, com-
pared with the clearance of all other compounds, indicating an
extensive absorption and clearance. Since the alveolar cells are
covered by a phospolipid layer, the lipid solubility of nickel car-
bonyl vapours is of importance for their penetration of the alveolar
membrane. This explains why nickel carbonyl is the only one of the
nickel compounds to cause acute symptoms of poisoning, when in-
haled.

{a) Experimental animals

Because of its industrial importance, nickel carbonyl absorption
through inhalation has been studied extensively in experimental
animal spectes including the dog, cat, rabbit (Armit, 1908;
Tedeschi & Sunderman, 1957, Sunderman et al., 1961; Mikheyev,
1971), rat (Barnes & Denz, 1951; Sunderman et al.,, 1957, 1961,
Ghiringhelli & Agamennone, 1957; Sunderman & Selin, 1968;
Sunderman et al., 1968) and mouse (Oskarsson & Tjilve, 1979a).
Animals_received single doses ranging from 200 to 3050 mg
nickel/m’ air for periods ranging from 5 to 240 min. Sunderman et
al. (1957) administered concentrations of 30 or 60 mg nickel/m” air
for 30-min periods, 3 times/weeks, for 3 or 52 weeks. In all the
studies, nickel was found in the respiratory tissues, brain, liver,
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kidneys, urinary bladder, adrenals, renal cortex, heart, diaphragm,
and blood, from where it was rapidly mobilized after exposure
{within2 dayg Sunderman & Selin (1968) reported that,24 h a.fter
inhalation of ®Ni carbonyl, the partition of the body burden of ®Ni
was: viscera 50%, muscle and gut 30%; bone and connective tissue
16%, and nervous tissue 4%. During 2-4 h following exposure of
rats or rabbits to nickel carbonyl, the lung was the major excretory
organ for the compound (Sunderman & Selin , 1968; Mikhevev,
1971). Elimination of nickel has been reported to be mainly via the
urine: 629 (after 3 days) in rabbit (Mikhevev, 1971); 75% in dog,
cat, rabbit (Armit, 1908); 90% in rat and dog (Tedeschi &
Sunderman, 1957). Sunderman & Selin (1968) indicated that 26%
of the inhaled amount was excreted via the urine in 4 days, Since
the same amount or more might have been exhaled during the same
period. the authors speculated that at least 50% of the inhaled dose
could have been absorbed.

() Human beings

The extensive absorption of nickel carbonyl by human beings after
respiratory exposure has been demonstrated by the measurements
of enhanced nickel concentrations in organs of workers who died
from nickel carbonyl poisoning (Brandes, 1934; Bayer, 1939,
Sunderman & Kincaid, 1954; Ludewigs & Thiess, 1970; Sunderman,
1971; National Academy of Sciences, 1975) and of increased levels
m the blood, serum, plasma, and urine in nickel-refining workers
(Kincaid et al., 1956; Sorinson et al.; 1958; Hagedorn-Gotz et al.,
1977). In general, the highest tissue concentrations after inhalation
of nickel carbonyl have been found in the lungs; lower concentra-
tions have been measured in the kidneys, liver, and brain. However,
there are no firm data on the dose levels of nickel carbonyl that are
toxic {or human beings. Experience suggests that, not only is there
considerable interpersonal variation, but also that a certain degree
of resistance can develop. Exposure to Concentrauons estimated
1o have been of the order of 0.5 mg NiCOq /m? for half an hour have

caused severe illness (Morgan, 1989, personal communication).

Absorption via the gastrointestinal tract

Absorption of nickel from the gastrointestinal tract occurs after in-
gestion of food, beverages, or drinking-water. In the occupational
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environment, an appreciable amount of nickel dust may be swal-
lowed via the mucociliary clearance mechanisms; insufficient per-
sonal hygiene, poor work practices, and inadequate work-place
conditions may also increase this uptake. Gastrointestinal intake
of nickel leaching from nickel-containing dental alloys is of limited
importance.

The rate of nickel absorption from the gastrointestinal tract is de-
pendent on its chemical form. While soluble nickel compounds
(e.g., NiSQa) are better absorbed than relatively insoluble ones, the
contribution of the poorly soluble compounds to the total nickel
absorption may be more significant,since they are more soluble in
the acidic gastric fluids,

Experimental animals

Nickel is poorly absorbed from ordinary diets and is eliminated
mainly in the faeces. This has been shown in a nickel balance study
on dogs (Tedeschi & Sunderman, 1957), in which the nickel intake
in the food was equal to the output in the urine and faeces. The
results also indicated that an average of 90% (1.01 £0.44 mg) of the
amount of nickel ingested (1.12 £0.16 mg) was eliminated in the
faeces. Inrats, even at very high intakes of nickel (approx. 14.5 mg)
from different sources, over periods of 4, 8, 12, and 16 days, nickel
was absorbed poorly (0.15 mg, ie., 1%) and was eliminated
mainly in the faeces (13.9 mg= 96%). Levels of retained nickel
averaged 0.5mg (range: 0.29-0.8 mg), ie., 3.5% (Phatak &
Patwardhan, 1950, 1952).

Schroeder et al. (1969, 1974) did not find any measurable absorp-
tion of nickel in mice that were given 5 mg nickel/litre in the
drinking-water, throughout their lives.

It was reported by Elakhovskaya (1972) that nickel, given orally to
rats as the chloride in the drinking-water (0.005, 0.5, or 5 mg/litre),
was eliminated mainly in the faeces. Ho & Furst (1973) reported
that intubation in rats of ®>Ni (as the chloride) in 0.1 N HCl led to
3-69% absorption of the labelled nickel, regardless of the ad-
ministered dose (1.8 pg/animal, or 4, 16, and 64 mg nickel/’kg body
weight). From these two studies (Elakhovskaya, 1972; Ho & Furst,
1973), it can be concluded that very little nickel in water or
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beverages is bicavailable. Phatak & Patwardhan (1950) showed
that large doses are required to overcome the intestinal absorption-
limiting mechanism.

The mechanism of nickel absorption in the perfused rat jejunum
was studied by Foulkes & McMullen (1986). In step 1, the absorp-
tion process (uptake from lumen of perfused jejunum) proceeded
at a rate linearly dependent on the concentration up to about
20 umol nickel/litre perfusate. At higher levels, it approached ap-
parent saturation. In step 2 of nickel absorption (movement of
nickel from mucosa into the body), nickel was not appreciably
retained in the mucosa.

Human beings

The intake of nickel via the gastrointestinal tract in human beings
can be high, compared with that of other trace elements. Although
the daily dietary intake may range up to 900 pg nickel, average
values have been estimated to be around 200 pg (section 5.1.3),

Nodiya (1972) performed nickel balance studies on 10 male volun-
teers, aged 17 years, who ingested a mean of 289 + 23 mg nickel/day
(range 251-309 mg) and found that faecal elimination of nickel
averaged around 89% (258 £23 mg/day).

In human volunteers who ingested nickel sulfate in the drinking-
water or food, at doses of between 12 and 50 pg/kg body weight
{one treatment), the amount of nickel absorbed averaged 27 = 17%
of the dose ingested in water compared with 0.7 + 0.49% of the same
dose ingested in food (Sunderman et al., 1989a).

factors influencing gastrointestinal absorption

In assessing toxicity from ingested nickel, it is important to keep in
mind possible factors that might change the absorption rate,

(a) Bioavailability

The experimental data obtained by Ho & Furst (1973) and
Elakhovskaya (1972) did not indicate any change in absorption ef-
ficiency in rats, whether the nickel was taken up from liquids or
drinking-water (section 6.1.2.1). However, Cronin et al. (1980)
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reported that ingestion of a soluble nickel compound during fast-
ing resulted in high urinary elimination rates of 4-20% of the dose.
Fifteen female volunteers, who received single oral doses of 2.5,
125, or 0.6 mg nickel (as the sulfate, in gelatine-lactose capsules,
together with 100 ml water), excreted 95-206 ug, 62-253 g, and
48-8% ng nickel, respectively, (normal value 9 pg) in the urine.
Nickel naturally occurring in food items also increases urinary nick-
el elimination; a diet containing 850 pg nickel resulted in an in-
creased nickel elimination corresponding to about 1% of the
amount in the diet (Nielsen et al., 1987a).

Solomons et al. (1982) estimated the bioavailability of nickel in
human subjects by the serial determination of the changes in plas-
ma-nicke! concentrations following a standard dose of 22.4 mg of
nickel sulfate hexahydrate (5 mg nickel), given in each of two stand-
ard meals, as well as in the drinking-water and 5 beverages (cow’s
milk, coffee, tea, orange juice, and Coca Cola®). The plasma-
nickel concentration was stable in the fasting state and after an un-
labelled test meal, but was elevated after the standard dose of nickel
in water. It did not rise above fasting levels in the two labelled
standard meals, When 5 mg of nickel was added to each of the 5
beverages, the rise in the plasma concentration was significantly
suppressed with all but Coca Cola®. These results indicate that
nickel absorption may be suppressed by binding or chelating sub-
stances, competitive inhibitors, or redox reagents; on the other
hand absorption is often enhanced by substances that increase pH,
solubility, or oxidation, or by chelating agents that are actively ab-
sorbed. Such compounds, which were constituents of the meals and
beverages studied by Solomons et al. (1982), include: ascorbic acid,
citric acid, pectins (from orange juice), which affect trace mineral
absorption; tannins (in tea and coffee), which inhibit absorption of
iron and zinc; ascorbic acid, which suppresses nickel absorption;
and complexing agents, such as NaFeEDTA and EDTA, which
depress plasma-nickel levels.

Sunderman et al. (1989a) studied the kinetics of nickel absorption,
distribution, and elimination in healthy human volunteers who in-
gested NiSOq4 in the drinking-water or added to food (section
6.1.2.2). Nickel levels were determined, using electrothermal
atomic absorption spectrophotometry, in samples of serum, urine,
and faeces collected 2 days before, and 4 days after, a specified
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NiSO4 dose (12 pg Ni/kg, N = 4; 18 ug Nikg, N = 4, or 50 pg
Ni/kg, N =1). Absorbed nickel averaged 27+ 17% (mean=SD)
of the dose ingested in water versus 0.7 £ 0.4% of the same dose in-
gested in food (40-fold difference). The results of this study con-
firmed that d:etary constltuents profoundly reduce the bio-
availability of the Ni2t for gastromtestmal absorption. Approxi-
mately one-quarter of the nickel ingested in drinking-water after
an overnight fast was absorbed from the human intestine and ex-
creted in urine, compared to only 1% of nickel ingested in food.
The kinetic parameters provided by this study reduce the uncer-
tainty of toxicological risk assessments of human exposures to
nickel in the drinking-water and food.

Nickel absorption and distribution can be influenced by other fac-
tors. An example is disulfiram, which is used for alcohol aversion
therapy, and which is immediately metabolized into two molecules
of DDC {diethyldithiocarbamate). Following oral exposure of mice
to>'Ni (3 pg/kg), the residual body burdens of nickel after 22 h and
48 h were increased several fold in groups receiving clinically el-
fective doses of DDC, either orally or intraperitoneally, compared
with controls. The organ distribution was considerably changed
compared with the control values: at 48 h, the amount deposited in
the brain was at least 100 times greater than the control value;
deposition in the kidneys, liver, and lungs was also increased
(Nielsen et al., 1987b).

(b) Nickelfiron interaction

Becker et al. (1980) suggested that iron might affect nickel absorp-
tion. Using isolated intestinal segments of rats in an in vitro test
system, they found that nickel ions had their own transport system
located in the proximal part of the small intestine, thus making it
likely that iron nutrition could affect nicke! absorption. Forth &
Rummel {1971) found that the transfer of nickel from the mucosal
tothe serosal side was elevated in iron-deficient intestinal segments,

Absorption through the skin
Percutaneous absorption is of negligible significance, quantitative-

tv, but is clinically important in the pathogenesis of contact der-
matitis. Because of the ubiquity of nickel-containing objects in
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industrialized society, nickel-sensitive patients frequently face con-
siderable problems in the work-place in a wide range of jobs, and
also because of contact with nickel-containing material in
household and everyday items.

Experimental animals

The majority of studies on the dermal uptake of nickel do not per-
mit the calculation of absorption data. Norgaard (1957), using
guinea-pigs and 7rabbits (two of each species), applied 10 pl of a
5% solution of *'Ni (as the sulfate heptahydrate) to a shaved area
of 5 X 5 cm on the animal’s back and measured the radioactivity in
the organs and body fluids, 24 h after the application. The relative
distribution levels in the urine, blood, kidney, and liver, measured
as impulses/min using a Geiger-Miiller counter, are shown in Table
16. The findings demonstrate that nickel absorption took place
through the skin of the two animal species examined.

Mathur et al. (1977) found that nickel (as the sulfate) was absorbed
systemically in male albino rats. Nickel sulfate in saline solution
was applied daily, for 15 or 30 days, at doses equivalent to 40, 60,
or 100 mg nickel/kg body weight, There were no clinical symptoms
of toxicity in any of the animals and no gross changes were noted
at autopsy. However, in rats sacrificed at 15 days, the livers of those

Table 16. Radioactivity (impulses/min) in organs, blood, and urine of
rabbits and guinea-pigs, 24 h after application of *’Ni to the skin *

Organ or Rabbit 1 Rabbit 2  Guinea-pig 1 Guinea-pig 2
body fluid

Urine, 5 ml 72 15

Blood, 10 ml 25 9 4 4
Kidney 26 22 26 2.6
Liver 5 4 2 1.4

* From: Norgaard (1957)
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that had received 60 or 100 mg nickel/kg body weight showed micro-
scopic changes consisting of swollen hepatocytes and feathery
degeneration; the testes were normal. In rats sacrificed at 30 days,
the liver changes were more marked, with focal necrosis in those
that had received 60 or 100 mg nickel/kg body weight; the testes
showed tubular damage and degeneration.

In a study on dermal absorption, Lloyd (1980) applied ®*Ni chloride
{40 Ci) to the shaven flanks of guinea-pigs and reported that a
small amount of the applied dose passed through the skin and ap-
peared in the plasma. After 4, 12, and 24 h exposure, 0.005, 0.07,
and 0.05%, respectively, of the total 3Ni dose were found in the
plasma, and 0.009, 0.21, and 0.51%, respectively, of the absorbed
nickel, were measured in urine. In excised skin, levels of 1.94, 7.30,
and 5. 33% respectively, were found. Using micro-autoradiog-
raphy of Ni chloride exposed skin (2 wCi; periods of 1/2-48 h,
shaved flanks of guinea-pigs), Lloyd (1980) also found that the
radioactive nickel accumulated within 1 h in the highly keratinized
areas, the stratum corneum, and hair shafts, showing a route of entry
via the hair [ollicles and sweat glands. Increased radioactivity was
also measured in the serum and urine. Wells (1956) had also
reported that nickel ions can penetrate via the sweat ducts and hair
folticle ostia and that they have a special affinity for keratin. Based
on histochemical evidence, it was suggested that nickel is bound by
the carboxyl groups of keratin (Samitz & Katz, 1976).

The greatest accumulation of nickel was found in the Malpighian
layer, the sweat glands, and the walls of the blood vessels. Wells
(1956) reported that nickel sulfate did not penetrate the skin, be-
cause the stratum corneum was a barrier to its penetration. Samitz
& Pomerantz (1958) found that the extent of penetration (nickel
sulfate, 0.5% in aqueous solution) was enhanced by sweat and
sodium lauryl sulfate (1% aqueous solution) in animals (species not
indicated). However, there was no evidence of the actual absorp-
tion of nickel sulfate.

Human beings
Nickel/epidermalinteractions were studied in vitro in d1ffu51on cells

by Samitz & Katz (1976), who found that the diffusion of ®INi {as
the sulfate, specific activity 1 p.Ci/ml; 0.1, 0.01, or 0.001 mol/litre in
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physiological salt solution) through the human epidermis was only
slight after 17, 24, and 90 h, respectively. Diffusion did not take
place within the first 5 h. Sweat or surfactants (0.2% in
physiological saline solution) slightly enhanced the diffusion of
nickel (0.002 mol nickel sulfate/litre, containing 0.2 8 n.Ci 63Ni,fml).

Spruit et al. (1965) using human cadaver skin reported that nickel
ions (from nickel chloride) penetrate, and are bound by, the der-
mis. He suggested that nickel bound by the dermis can serve as a
reservoir for the subsequent release of nickel ions. In astudy (using

Ni as an indicator) on normal and nickel-hypersensitive persons,
it was shown that when 10 plitre of a 5, 2.5, 1,25, or 0.68% solution
of nickel sulfate was applied to the skin, about two thirds of the
nickel was absorbed in 24 h (as measured with a Geiger-Miller
counter) (Norgaard, 1955). The absolute amount absorbed was
highest during the first few hours following application. Absorp-
tion was the same in normal and in hypersensitive patients. In
hypersensitive patients, the eczematous reaction appeared at the
time when only about 10% of the quantity of nickel absorbed was
left on the skin. However, the findings have not been verified by
examining nickel levels in the skin, other organs, and in body fluids.
Kolpakov (1963), using skin from persons who had died suddenly
from accidental injury, found that the Malphigian layer of the
epidermis, the dermis, and the hypodermis were readily permeable
to nickel sulfate. Permeation of nickel from nickel chloride and
nickel sulfate solution through the human skin was determined in
vitro in diffusion cells (Fullerton et al., 1986). The permeation
process was slow with a lag time of around 50 h, Without occlusion,
the amount of nickel permeation was negligible. Permeation of
nickel lons was faster from a nickel chloride solution than from a
nicke! sulfate solution, After about 200 h, 13-43% of the nickel
from a nickel chloride solution and about 4.7% from a nickel sul-
fate solution were present in the skin matrix,

Other routes of absorption
Parenterally injected nickel is only of practical interest in toxicity

studies, where it is particularly useful in assessing the kinetics of
nickel transport, distribution, and elimination.
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Experimental animals

Bergman et al. (1980a) implanted specimens of non-precious den-
tal casting alloys comtaining 70-75% nickel (by weight) subcu-
taneously in the neck region of mice. After 5 months of exposure,
most of the nickel, released from the implants through
electrochemical corrosion, had accumulated in the soft tissue cap-
sule at a concentration of 123 mg/kg (wet weight), whereas only
0.31 mg/kg (wet weight) appeared in the kidney; other tissues con-
tained amounts that were more than 10 times less.

Samitz & Katz (1975) found that nickel was leached from stainless
steel spheres (nickel content not indicated) implanted in incisions
in both hind legs of 3 rabbits. Taking biopsies, from both legs, at
the site of implant and at distances of 1, 2, 3, 4, and 5 cm around it,
nickel was found only in the tissue near the implant (1 cm distance);
levels ranged from 34.3 to 39.8 mg/kg (wet weight) after 3 weeks,
and from 46.2 to 53.3 mg/kg (wet weight) after 6 weeks. Whether
nickel was translocated to organs and the blood was not examined,

Human beings

In human beings, absorption may occur from a variety of implanted
nickel-containing medications, metallic de-vices, and prostheses,
which release nickel by leaching (section 5.3). However, leaching
from implanted metals is difficult to assess in human beings, be-
cause of the few and conflicting experimental data. Leaching of
nickel from nickel-coated containers may contaminate intravenous
fluids (section 5.3).

6.1.5 Transplacental transfer

Transplacental transfer provides an initial body burden that will be
augmented by later environmental exposures. For this reason, and,
in view of the possible adverse effects associated with the exposure
of pregnant women to nickel during early pregnancy, transplacen-
tal transfer is important, Placental transfer is influenced by gesta-
tional age and the availability of nickel in the maternal blood.
Species differences in placental structure and implantation, which
may possibly influence nickel transfer, must also be considered.
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Experimental animals

Several reports indicate that transplacental transfer of nickel oc-
curs in animals. In a study by Phatak & Padwardhan (1950), the
newborn offspring of rats, fed nickel in various chemical forms
(nickel carbonate, nickel catalyst, nickel soap®) at dietary con-
centrations of 250-1000 mg/kg, showed whole-body levels of
22-30 mg/kg and 12-17 mg/kg body weight, when dams received
1000 mg nickel/’kg diet, and 500 mg/kg, respectively.

Lu et al. (1981) injected pregnant mice (ICR strain, 12-14 weeks
old) intraperitoneally, on day 16 of gestation, with a single 0.1 ml
dose of nickel chloride solution (equivalent to 4.6 mg nickel/kg).
The kinetics of nickel chloride in the fetal tissues showed a different
pattern from that in maternal tissues. The concentration of nickel
in the maternal blood and the placenta were found to be at a max-
imum (19.8 and 3.9 mg/kg, respectively) 2 h after injection. The
maximum concentration in fetal tissues (1.1 mgkg) was
reached 8 h after injection, and only a slight and gradual decrease
in concentration was observed up to24 h. The concentrationbegan
to decrease rapidly between 24 and 48 h. The biological half-life
was calculated to be 8.9 h in the rapid phase and 33 h in the slow
phase. In this study, the mean concentration of nickel in the placen-
ta was less than those in the maternal kidneys and blood, but higher
than those in the maternal liver and spleen after 24-48 h.

In a study by Lu et al, (1979), 10 pregnant ICR mice given an in-
traperitoneal injection of nickel chloride solution, equivalent to
4.6 mg nickel/kg body weight, on day 8 of gestation, were sacrificed
after 4 h and the embryos removed. The concentration of nickel
retained in embryonic tissues was 800 times higher in the exposed
animals than in the controls.

When pregnant mice were given a single intraperitoneal injection
of *Ni chloride (50 pwCi; 0.14 mg/kg body weight) on day 18 of ges-
tation, passage of “Ni from mother to fetus was rapid and con-
centrations in fetal tissues were generally higher than those in the
dam (Jacobsen et al., 1978).

* Nickel soap was prepared by neutralizing mixed fatty acids (obtained
by saponification of refined groundnut oil) with nickel carbonate,
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Olsen & Jonsen (1979a) investigated nickel uptake and retention
after intraperitoneal injection of 0.5 ml 3Ni chloride in a 16-day
pregnant mouse. They observed that placental transfer of nickel
occurred throughout gestation (in the visceral yolk sac during early
gestation 10-11 days, and in the visceral yolk sac and chorioallan-
toic placenta during late gestation). A significant uptake of nickel
was seen on days 5—6 of gestation. Fetal accumulation of nickel
took place up to day 16 of gestation. Nickel was distributed
throughout the tissues in the early embryo; distribution became
more differentiated with increasing gestation and became similar
to that in the dam.

Sunderman et al. (1978a) administered ®Ni intramuscularly to
groups of pregnant Fischer 344 rats on days 8 or 18 of gestation and
determined maternal and fetal tissue concentrations by autoradiog-
raphy. _In the fetuses of dams injected on day 8 of gestation, the
mean °>Ni concentration in the embryos and membranes, after 24 h,
was equivalent to the 9Ni concentrations in the maternal lungs,
adrenals, and ovaries. In dams injected on daé( 18 of gestation, there
was localization of ©*Niin the placentas and 3Ni was present in the
yolk sacs and fetuses, after 24 h. The fetal organ with the highest
concentration of ©Ni was the urinary bladder, suggesting that there
was renal elimination of the ®*Ni that had entered the fetuses on
day 18 of gestation.

Nadeenko et al. (1979) administered nickel to rats in the drinking-
water for 7 months before, and during, pregnancy. The nickel con-
tents increased in the placentas, but not in the fetuses.

Dostal et al. (1989) studied the effects of nickel on lactating rats,
their suckling pups, and the transfer of nickel via the milk. Dose-
dependent increases were observed in the concentrations of nick-
el in the milk and plasma, 4 h after a single subcutaneous injection
of nickel chloride at 10, 50, or 100 wmol/kg body weight to lactat-
ing dams giving a milk/plasma nickel ratio of 0.02. Peak plasma
nickel concentrations in the dams occurred 4 h after the injection,
while the peak concentration in the milk was observed at 12 h and
remained elevated at 24 h. Daily subcutaneous injections of dams
with 50-100 wmol/kg body weight for 4 days increased the milk/
plasma nickel ratio to 0.10. Significant alterations in milk com-
position included increased solids and lipids (42% and 110%,
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respectively) and decreased milk protein and lactose (29% and
62%, respectively). In multiple dose studies where 50 or 100 wmol
nickel chloride/kg body weight were given subcutaneously, once
daily, on days 12-15 of lactation, the plasma-nickel concentrations
in suckling pups, sacrificed 4-6 h after the third daily injection of
50 or 100 wmol/kg body weight to the dams, were 24 and 48 ug/litre,
respectively. Liver weights were decreased in the pups whose dams
received 100 pmol/kg body weight, but no changes in hepatic lipid
peroxidation or thymus weight were reported.

Human beings

Nickel has been shown to cross the human placenta; it has been
found in both the fetal tissue (Schroeder et al.,, 1962} and the um-
bilical cord serum, where the average concentration from 12 new-
born babies was 3+ 1.2 pg/litre (range 1.7-4.9 pg/litre} and was
identical with that in the mother’s serum, immediately after delivery
(McNeely et al,, 1971b). Measurable concentrations have been
found in various fetal tissues. Stack et al. (1976) found a mean nick-
el concentration of 23 mg/kg (SD = 7.2) in developing teeth from
26 cases of stillbirth and neonatal death, while enamel and dentine
of developing teeth from 4 fetuses showed levels ranging from 11
to 19 mg/kg for dentine and 12 to 20 mg/kg for enamel. In tissves
such as liver, kidney, brain, heart, lung, skeletal muscle, and bone,
nickel was found in mean concentrations similar to those in adults
ranging from 0.24 to 0.69 mg/kg dry matter (SD ranging from (.16
100.6) (Casey & Robinson, 1978). The passage of nickel across the
human placental barrier is of relevance because of the presence of
female workers in industry.

Appreciable amounts of nickel have been found in breast milk
{Stovbun et al., 1962; Medvedeva, 1965).

Nickel carbonyl

Nickel carbonyl absorption and toxicity is primarily of concern in
occupational inhalation exposure (section 6.1.1.2). Other routes of
absorption are not of practical significance. Absorption by the
gastrointestinal route could be of importance in case of accidental
intake, but no data are available. Because of its lipid-soluble
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properties, nickel carbonyl may be absorbed dermally, but this has
not been demonstrated. Parenteral absorption is only of ex-
perimental significance in studying nickel metabolism.

Distrlbution, retention, and elimination

The distribution of nickel in the body and its mode of elimination
are relevant in view of the occupational and non-occupational ex-
posures to nickel resulting from its wide industrial applications.
Studies on the distribution of nickel in the tissnes of animals are
useful for the understanding of the interaction between nickel and
biological materials and, consequently, of its toxic and carcinogenic
effects.

Nickel is concentrated in the kidneys, liver, and lungs; it is excreted
primarily in the urine. Nickelcan also be foundin the urine of non-
occupationally exposed persons. Since the bioavailability of nick-
el and the rate of elimination depend very much on the nature of
the nickel compound, urinary excretion may not always be anappro-
priate measure of exposure.

Transport

A few nickel-binding serum proteins have been identified in in vivo
and in vitro studies using labelled nickel chloride. Nickel has been
found in three major fractions of human and rabbit serum:

(a) macroglobulin-bound nickel;
(b) albumin-bound nickel; and

(¢) nickel bound to ultrafiltrable ligands (e.g., amino acids)
(Nomoto et al,, 1971; Hendel & Sunderman, 1972; van Soestbergen
& Sunderman, 1972; Callan & Sunderman, 1973).

Albumin is the principal transport protein for nickel in human,
bovine, rabbit, and rat sera (van Soestbergen & Sunderman, 1972;
Callan & Sunderman, 1973).

A metalloprotein, designated nickeloplasmin, has been isolated
from the sera of rabbits and man {Nomoto et al,, 1971; Decsy &
Sunderman, 1974). It is a macroglobulin with an estimated relative
molecular mass of 7% 10° and contains approximately 0.8 g atomic
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nickel/mole. Disc gel- and immunoelectrophoresis have shown that
purified nickeloplasmin is an a-2-macroglobulin in rabbit serum
and a9.5S a-glycoprotein in human serum, These results have been
confirmed, using more refined and sensitive techniques (Nomoto
& Sunderman, 1988).

Ultrafiltrable, nickel-binding ligands play an important role in
extracellular transport and in the elimination of nickel in urine
(Hendel & Sunderman, 1972; van Soestbergen & Sunderman, 1972;
Asato et al, 1975). The low-relative-molecular-mass, nickel-
binding constituent of human serum has been identified as the
amino acid, L-histidine (Lucassen & Sarkar, 1979; Glennon &
Sarker, 1982). In an in vitro system, L-histidine was found to have
a greater affinity for nickel than serum-albumin. Nickel-binding to
human albumin became evident only when no more L-histidine was
available. Int vivo, the concentration of albumin was much higher
than the concentration of L-histidine and most of the nickel was
associated with albumin. The equilibrium between L-histidine-
nickel and serum-albumin-nickel may be biologically significant.
The L-histidine nickel complex, which has a much smaller
molecular size than the albumin-nickel complex, may mediate the
transport through a biological membrane by virtue of the equilib-
rium between these two molecular species of nickel. The equi-
librium in favour of the L-histidine-nickel complex may be an
explanation for the rapid urinary excretion of nickel observed by
Onkelinx et al. (1973) and Sarkar (1980). The exchange and trans-
fer of nickel between L-histidine and albumin appear to be
mediated by a ternary complex in the form of albumin-nickel-L-
histidine. The amount of nickel in each compartment varies from
species to species and this may be due, in part, to species variation
in the affinity of albumin for nickel (Hendel & Sunderman, 1972;
Callan & Sunderman, 1973).

6.2.2 Tissue distribution

Parameters, such as the nickel compound administered, the dose,
the number of administrations, the length of time between exposure
and sacrifice, the strain of animal, and the route of absorption, may
strongly influence the organ distribution pattern. Thus, the uptake
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of nickel by organs has differed in the reports of various investi-
gators.

Experimental animals

Levels of nickel in the tissues of experimental animals have been
determined following exposure to various nickel compounds under
different experimental conditions (Table 17). The studies (in most
cases with radioactive nickel, ®*Ni) indicate that nickel is widely
distributed and rapidly eliminated. Administration of divalent
nickel salts intravenously, intraperitoneally, or subcutaneously, as
single or repeated injections, led to the highest accumulation in the
kidney, endocrine glands, lung, and liver. Concentrations in nerve
tissue were low; this is consistent with the observed low neurotoxic
potential of divalent nickel salts. There was also slight uptake by
bone, consistent with the rapid and extensive elimination of nickel
from the organism. Low concentrations are retained in soft and
mineral tissue.

A large amount of nickel was found in the guinea-pig kidney and
pituitary gland, after daily subcutaneous injections of 1 mg nickel
chloride/kg body weight for 5 days (Clary, 1975). In a study by
Parker & Sunderman (1974), substantial concentrations of “"Ni in
the pituitary gland of the rabbit were found followin% single or
repeated intravenous injections of %Ni chloride. The **Ni level in
the pituitary gland was second only to that in the kidneys. The
findng thatnickelis particularly localized in the pituitary gland may
have physiological significance. LaBella et al. {1973a) suggested
that nickel may exert a direct, specific inhibitory action on prolac-
tin-secreting cells in the anterior pituitary gland,

Studies by Herlant-Peers et al. (1982) and Kasprzak & Poirier
(1983) showed that the number of administrations and the time
interval between nickel injection and sacrifice of the animals in-
fluenced the distribution pattern of nickel chloride injected intra-
peritoneally (Table 17, Fig. 1).
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Fig. 1. in vivo kinetic study of ®3Ni?* incarporation after a singie
intraperitoneal injection of 50 mCi of a ®INi chloride solution
(spec. act. = 4.5 mCi/mg Ni) in Balb/C mice.

From: Herlandt-Peers et al. (1982},
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EHC 108: Nickel

The most striking findings of the study by Kasprzak et al. (1983)
were the high accumulation of nickel in the pancreas and the
decreasing nickel accumulation in the kidney and heart, following
multiple intraperitoneal injections of nickel acetate. The first find-
ing would link nicke! with zinc and insulin metabolism and relate
the commonly observed nickel-induced elevation of serum glucose
to this interaction (Clary, 1975; Sunderman et al., 1976a). The
second finding suggests the development of some detoxifying
mechanisms in the kidney and heart during prolonged exposure to
nickel. Huang et al. (1986) administered 2.5 pg nickel sul-
fate/animal to rats, orally, for 30 days. The nickel contents in the
trachea, nasopharynx, oesophagus, lungs, skull, bone, heart, spleen,
and kidneys of rats fed with nickel were significantly higher than
those in the controi animals.

After exposing rats to nickel at a concentration of § mg/litre in the
drinking-water for their lifetime, Schroeder et al. (1974) did not
find any measurable accumulation of nickel in tissues. When rats
were fed nickel carbonate, nickel soaps, or metallic nickel catalyst,
tissue accumulation was significant onlyin the case of the carbonate
{Phatak & Padwardhan, 1950). O’ Deli et al. (1971) fed calves sup-
plemental dietary nickel at levels of 62.5, 250, or 1000 mg/kg and
found pronounced increases in nickel levels in the pancreas, testes,
and bone at the highest dietary level. While comparison of data for
monogastric and ruminant animals may not be valid, these data in-
dicate that the skeleton is the main storage depot for nickel, even
though the nickel concentration in bone differs greatly between the
studies by Phatak & Padwardhan (1950) and O'Dell et al. (1971).
The data agree on the limited capacity of the liver to store nickel
{which is in contrast to most of the trace elements). A major dif-
ference between the data for rats and calves is in the nickel level
inthe heart muscle. Nickel concentrations in thistissue were some-
what elevated in rats (250 mg/kg), but not in calves,

Similar studies on weanling rats{Whanger, 1973) and lambs (S pears
et al., 1978) given soluble nickel salts (acetate or 3N chloride) in
the diet at various levels up to 1000 mg nickel/kg showed the highest
accumulation in the kidney. Asthe nickel dose increased, the nick-
el contents of the tissues (kidney, liver, heart, lung,and testes) also
increased. In rats, treated intratracheally, the distribution was
virtually analogous (except for the pituitary gland), though, as
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Kinetics and metabolism

expected, the lung (rather than the kidney) showed the highest
accumulation (Clary, 1975; Carvalho & Ziemer, 1982).

Kinetics of metabolism

Following 1nhalat10n of high concentrations of nickel oxide
(10-190 mg/m ) by hamsters (7 h daily, repeated exposures for up
to 3 months), 20% of the inhaled amount of nickel oxide was still
present in the lungs 3—4 days after exposure. Complete clearance
of this oxide was estimated to take weeks to months; 75% of the
nickel oxide was still present in the lungs 10 days after exposure
and 40% was still present 100 days after exposure (Wehner & Craig,
1972, Wehner et al,, 1975). The lungs retained more than 99% of
the nickel oxide deposited there. The liver and kidney retained
small amounts of 0.21 and 0.04%, respectively. Kodama et al (1985)
exposed rats, 1o nickel oxide by inhalation al concentrations of
0.4-70 mg/m for 6-7 h/day, 5 days/week, for a maximum of 3
months. Deposition of nickel oxide in the lungs ranged from
23+09 1o 23.4x1%. The deposition fraction significantly
decreased with increase in the mass median diameter of the par-
ticles, and slightly decreased with increasing exposure concen-
tratton, The clearance rate was estimated to be approximately
100 pg/year.

In contrast to the prolonged retention of nickel oxide in the lung
after inhalation, the more soluble nickel chloride was rapidly
cleared after a single intratracheal injection (1 mg/kg body weight)
in rats (Clary, 1975). Six h after exposure, the kidneys showed the
greatest amount of nickel followed, in order, by the lung and
adrenals, with decreasing amounts in the pancreas, spleen, heart,
and testes. Other tissues, such as whole brain, thymus, eyes, and
femur showed only trace amounts. By 3 days, 909 of the injected
nickel had been excreted, mainly in the urine (75%). Carvalho &
Zlemer (1982) studied the deposition, clearance, and distribution
Nj after 1ntratrdcheal instillation in rats of very low dOSe
le'\ els(1.27 p.g INi per animal); the highest concentrations of i
were retained in the lungs and kidneys, These were the only organs
containing measurable amounts of 63Ni, 21 days after exposure,
Urinary excretion was the main route of elimination (78.5% of the
initial deposition within 3 days). On day 21, almost all the
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(96.5% of the initial body burden) had been excreted in the urine.
The lungs retained 29% of their initial deposition (35 min after ex-
posure), decreasing to less than 1% on day 21. Medinsky et al,
(1987) gave 1, 11.2, or 105.7 pg nickel sulfate/animal, by intra-
tracheal instillation, to Fischer 344 rats. Urinary excretion ac-
counted for 50% of the dose, at doses of 1 and 11.2 pg/rat, and 80%
at a dose of 105.7 pg/rat, The half-time for urinary excretion of
nickel increased from 4.6 h at the highest dose to 23 h at the lowest
dose. Faecal elimination of the initial dose was 309% (1 and 11.2 g
doses) or 13% (105.7 pug dose). Over 50% of the nickel remaining
in the body at the end of 96 h was in the lungs. The half-time for
lung clearance of nickel sulfate ranged from 21 h (highest dose} to
36 h (lowest dose). The results of this study indicate that the dif-
ferences in the lung clearance of soluble nickel compounds
reported by Carvalho & Ziemer (1982) and Clary (1975) can be ex-
plained by differences in instilled doses.

Tanaka et al. (1985, 1988) estimated the biological half-time ofnick-
el monosulfide (amorphous) aerosol and of green nickel oxide in
rats exposed through inhalation. The biological half-time of Ni$
(A) in the rat lung was 20-h, while that of the oxide was 21 months
(particle size 4.0 wm) or 11.5 months (particle size 1.2 um).

Inseveral studies, 3Ni-labelled nickel salts have been used to study
the distribution and elimination of nickel after parenteral injection
(Wase et al.,, 1954; Smith & Hackley, 1968; Parker & Sunderman,
1974; Clary, 1975; Mathur et al., 1978; Oskarsson & Tjalve, 1979b;
Bergman et al., 1980b; Tandon, 1982). Using this route of ad-
ministration, most nickel was excreted in the urine, causing a high
labelling of the kidneys, which may be related to the role of the kid-
neys in nickel clearance. However, there have been different ob-
servations on its localization in other organs. Smith & Hackley
(1968) found a good correlation between the blood volume of each
tissue and the amount of nickel retained by that tissue. Mathur et
al. (1978) investigated the effects of dose and duration of exposure
on the relative distribution and found that, while a single exposure
to nickel may not have a lasting effect on the body tissues, regular
exposures could have a cumulative effect, particularly on the kid-
neys and the heart. An autoradiographic distribution study by
Bergman et al, (1980b) on the albino mouse showed that, between
30 min and 24 h, there were high concentrations of 3Ni in the
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urogenital, circulatory, and respiratory organs, Accumulation was
also found in cartilage, lacrimal glands, and the skin. After one day,
the distribution pattern changed, so that the highest concentrations
were in the lungs, kidneys, central nervous system, skin, and the
epithelia of the oral cavity and the oesophageal part of the stomach,
with the long residence time of 3 weeks; accumulation was highest
in the lung, central nervous system, kidneys, hard tissues (teeth, car-
tilage, bone), and the skin. A distribution study by Bergman et al.
{1980a), who implanted specimens of non-precious dental casting
alloys subcutaneously in the neck region of mice, did not yield any
information about the dynamic pattern of the release of nickel, the
uptake in various tissues and organs, or its elimination,

Metabolic data from nickel-balance studies carried out by Phatak
& Padwardhan (1950) who fed rats, nickel carbonate, nickel soaps,
or nickel catalyst (250, 500, or 1000 mg/kg in the diet for 2 months)
demonstrated that appreciable quantities of nicke! from all the
nickel-containing diets were retained. Retention from the nickel
carbonate diet was greater than that from the other two nickel
preparations, This can be attributed to the ready solubility of the
compound in the stomach and the easier absorption from the in-
testine. The proportion of the ingested nickel found in the faeces
was lowest in the carbonate group. The amount of nickel excreted
in the urine was only slightly higher in this group than in the other
two.

O'Dell et al. (1971) fed calves a basal diet supplemented with nick-
el (as the carbonate) at levels similar to those used by Phatak &
Padwardhan {1950) and for the same period of time. The results
of this study showed that the absorption and tissue retention of
dietary nickel can be increased and that the increase is related to
the rate of nickel intake as well as to the total nickel intake.

(a) Kinetic modelling

The whole-body kinetics of nickel chloride (or other soluble metal
salts) can be studied by injecting animals with suitable radiotracers,
following the metal concentration in plasma as a function of time
after injection and measuring the amounts eliminated in urinary
and faecal collections. In general, data obtained in this fashion can
be analysed mathematically. This allows the formulation of com-
partment models describing the metabolism of nickel in terms of
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distribution volumes, clearances by elimination and clearances by
exchange. Nickel metabolism is characterized by a typical distribu-
tion and elimination pattern (Fig. 2, Table 18). Onkelinx et al. (1973)
injected NiCl2 intravenously in male and female Wistar rats (17
wg/animal) and New Zealand albino rabbits (816 pg/ animal) and
measured the radioactive label in the urine and faeces, 3 days after
injection, and, in the blood, at intervals ranging from 1hto 7 or 9
days. In the rats, during the first day, 68% 85Ni was excreted in the
urine and, after 3 days, 78%. In the rabbit (2 animals), 9% of the

Table 18. Parameters of the two-compartment model of Ni{ll)
metabolism®

Parameters Symbol Units  Wistar  Fischer Rabbit®
rat” rat"
Compartment | Vi mil 75.1 59.2 697
Compartment | V2 mi 8.3 31.6 265
Exchange |-}l fe mlh 0.12 0.92 2.31
Total excretory f mith 8.14 7.73 61.2
clearance
Urinary clearance tu ml'h 6.39 6.70 54.1
Faecal clearance fy mith 1,28 0.75 R
Clearance into sink  f; mi‘h 0.47 0.28 B
Average body weight wt B 208 165 3400
lnjected dose I3 17 (iv)  2173(ip)  816{iv)

(p-g Ni/animal)

2 From: Onkelinx & Sunderman (1980),

b From: Onkelinx et al. (1973).

¢ From: Sunderman et al. (1976a).
Measurements of faecal ®*Nill) were not performed in rabbits;
hence fs and f, could not be calculated.
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=s]
&
pn]
‘ (85
f g
u S
A RTAYES = volumes of the compartments
fr, fu fo, 6 = total excretory clearance,
urinary clearance,
faecal clearance, and
clearance into the body 'sink"
fe = clearance by exchange between

the two compartments

Fig. 2. Diagram of the 2-compartment model for Ni?* metabolism
in rats and rabbits. From: Onkelinx & Sunderman (1980).

administered dose was excreted in the urine, 5 h after mjectlon and
78% during the first day (Fig. 3). Faecal elimination of Ni in the
rat was 15% of the administered dose during the first 3 days follow-
ing injection; faecal elimination was not determined 6111 the rabbits,
Sunderman et al. (1976a) administered 2173 ug 3Ni chloride/
animal to Fischer rats by intraperitoneal injection. Blood samples
were taken at intervals between 10 min and 24 h after injection.
Urine and faeces were collected at intervals between 6 h and
S days after injection. Both studies showed that absorption and
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Fig. 3. Time course of ®*Ni** concentrations in rat plasma and rab-

bit serum following a single intravenous injection of ®3Ni  chloride.
From: Onkelinx & Sunderman (1980).
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elimination fitted a 2-compartment model? in both species, com-
prising a rapid clearance phase from plasma or serum during the
first 2 days and a much slower phase between the third and seventh
days.

Chausmer (1976) determined tissue exchangeable pools (in rats in-
jected intravenously with INj chloride} at 2 number of intervals
following injection, and found (after performing a compartmental
analysis of tissue exchangeable poolsby computer evaluation of the
percentage retained radioactive nickel) a rapid intracellular com-
partment having a half-life of several h in most tissues. The slower
compartment had a half-life of several days. The kidney (followed
by the lung, liver, and spleen) was found to have the largest
rapidly exchangeable pool, 16 h after injection, with a two-com-
partment distribution, whereas bone had the best fit with a single
compartment.

The distribution and elimination of nickel, given to animals as 8>Ni
chloride, has been studied extensively. Most of the introduced nick-
el is rapidly excreted in the urine (65-87% in 24 h), the rest under-
going much slower elimination (76-90% in 5 days) (Sunderman &
Selin, 1968; Sunderman et al., 1976a).

The 2-compartment model described by Onkelinx & Sunderman
(1980) also provides a satisfactory fit for experimental data from
human volunteers who ingested nickel sulfate in the drinking-water
or food at doses of 12, 18, or 50 pg nickel/kg body weight
(Sunderman et al, 198%a). Faecal elimination of nickel during 4
days following treatment averaged 76 £ 19% of the dose ingested
in water versus 102 = 20% of the dose ingested in food. The elimina-
tion half-time for absorbed nickel averaged 28+9h (range
17-48 h). Renal clearance was determined to be 8.3 2.0 ml/min
per 1.73 m? in human beings who had ingested nickel sulfate in
water, and 5.8 = 4.3 mi/min per 1.73 m? in those who had received
nickel sulfate in food. The difference was not statistically
significant,

* Compartment 1: central coinpartment including the plasma and from
which elimination takes place.
Compartment II: hypothetical volume that is connected 10 compartment
| by reversible exchange.
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Nickel carbonyl

There are few studies on the fate of nickel carbonyl in experimen-
tal animals, After the administration of nickel carbonyl, deposition
occurs in the lung and in tissues, such as the brain, liver, and
adrenals, and part of the administered dose of nickel is recovered
inthe urine (Armit, 1908; Barnes & Denz, 1951, Sunderman & Selin,
1968). 1t was assumed earlier that nickel carbonyl was rapidly dis-
sociated in the lung and that the nickel was then transported to
other tissues. However, the results of several studies (Sunderman
& Selin, 1968; Sunderman et al., 1968; Kasprzak & Sunderman,
1969) have indicated that unchanged nickel carbonyl is present in
the blood several hours after administration and can pass across
the pulmonary alveoli in either direction without decomposition.
It was suggested by Kasprzak & Sunderman (1969) that the nickel
carbonyl that was not exhaled underwent a slow intracellular
decamposmon to NiO and CO. The released NiO was then
oxidized to Ni**, which might become bound to nucleic acids or
proteins, or to albumin in the plasma and, ultimately, would be ex-
creted in the urine; the released CQ would become bound to
haemoglobin and finally exhaled.

Oskarsson & T]alve (1979a11 studied the distribution ofmtravenous-
ly admlmstered 3Ni and "*C-labelled nickel carbonyl ( Nl(CO4)
and Nl( CO4)) in mice by whole-body autoradlography and lulluxd
scintillation counting. Radioactivity in the animals given
labelled carbonvl was mainly confined to the blood, indicating the
formation of *CO- haemoglobin. This confirms the findin $ of
Kasprzak & Sunderman (1969). After thc administration of ° Ni-
labelled carbonyl, the highest level of ®*Ni was found in the lung,
followed by the brain, spinal cord, heart, diaphragm, brown fat,
adrenals, and corpora lutea. Additional studies showed that nick-
el was present in the lung, brain, heart, and blood as the cation.

Nickel levels in human beings
In human beings, wide variations have been reported in body nick-
ellevels. This makes it difficult to appraise and compare the results

obtained by various investigators. In addition to variations in the
geographical origin of data and individual dietary and smoking
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habits, major differences can be attributed tothe analytical methods
employed. Only limited comparisons can be made using variants
of spectrography, atomic absorption spectrometry, photometric
methods, and special analytical techniques. Furthermore, no
uniform reference samples have been used. Nickel values from tis-
sue analyses have been related to ash or dry weight as well as to wet
weight. The normal ranges of nickel concentrations in body fluids
or tissues (serum, blood, lung, kidney) are not significantly in-
fluenced by age, sex, or pregnancy (McNeely et al, 1971; Turhan
et al., 1983; Zober et al., 1984).

{a) Body fluids, hair, and nasal mucosa

The levels of nickel in biological fluids, hair, and some other
materials increase remarkably in persons with increased occupa-
tional or environmental exposure and decline rapidly when ex-
posure is reduced or stopped (Tables 19, 20, 21, and 22). Thus,
measurements of nickel, particularly in the urine, serum, or hair,
may serve as indices of exposure.

Data for normal nickel values in urine, blood, plasma, and serum,
published in the last three decades, vary widely. Lower levels have
been obtained by later investigators, because of the use of more
sensitive analytical methods. Reference values in specimens from
healthy, non-exposed persons are listed in Table 19. Because of
doubts about the reliability of older studies, only recent data have
been included.

A large number of workers exposed to various nickel compounds
have beenfound to have elevated levels of nickel in the urine. These
include those working mn: nickel refineries (Morgan, 1960; Kemka,
1971; Norseth, 1975; Hogetveit & Barton, 1976, 1977; Bernacki et
al., 1978a; Hogetveit et al., 1978; Morgan & Rouge, 1979; Torjus-
sen & Andersen, 1979, Hogetveit et al., 1980; Boysen et al,, 1982),
the welding of nickel alloy steels (Norseth, 1975; Bernacki et al,,
1978a; Grandjean et al., 1980; Polednak, 1981; Kalliomaki et al,,
1981), nickel electroplating plants (Tandon et al., 1977; Tola et al.,
1979, Bernacki et al., 1980; Tossavainen et al., 1980), nickel battery
factories (Bernacki et al., 1978a; Adamsson et al,, 1980), different
occupations in shipyards (Grandjean et al., 1980), the pigment in-
dustry (Tandon et al., 1977), the glass industry (Raithel et al., 1981},
nickel carbonyl processing in nickel refining (Kincaid et al., 1956;
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Sorinson et al., 1958, Morgan, 1960; Nomoto & Sunderman, 1970;
Hagedorn-Gotz et al,, 1977), aircraft mechanics and metal spray-
ing (Bernacki et al., 1978a). The results of the investigations of
Bernacki et al. (1978a), who analysed urine samples from nickel-
exposed workers in 10 occupational groups, are listed in Table 20.

Serum or plasma nickel levels have been determined in workers in
the following occupations: nickel refining (Hogetveit & Barton,
1976, 1977; Hogetveit et al., 1978, 1980; Torjussen & Andersen,
1979; Boysen et al, 1982), welding (Grandjean et al, 1980),
electroplating (Tola et al., 1979; Tossavainen et al., 1980), battery
manufacture (Adamsson et al., 1980) and shipyards (Grandjean et
al,, 1980), and the Mond process in nickel refining (Sorinson et al.,
1958; Nomoto & Sunderman, 1970).

The highest nickel concentrations were found in the body fluids of
nickel refinery workers. Concentrations in workers in electroplat-
ing shops, battery factories, and aircraft engineering works were
lower (Table 10). After occupational exposure to nickel in
electroplating processes, biological half-times ranging from 13 to
39 h for nickel in urine and from 20 to 34 h for nickel in plasma have
been reported (Tossavainen et al., 1980).

Serum specimens of 22 residents of Sudbury, Ontario, who had been
environmentally exposed to nickel (including air and tap water),
contained nickel concentrations ranging from 0.2 to 1.3 pg/litre
{mean 0.6 £0.3 pg/litre). These were significantly higher than the
serum levels of residents without environmental exposure (Hopfer
et al., 1989).

Nickel determinations in blood and urine, are widely used and ac-
cepted methods for monitoring nickel exposure. Although more
data are available for urine, no clear-cut choice can be made be-
tween the use of blood or urine,

Grandjean et al. (1980, 1988) reported that analyses of nickel con-
centrations in both urine and plasma samples should be obtained
to assess worker exposure. There were significantly higher ratios
of plasma/urine nickel levels in painters and lower ratios in welders,
compared with other workers in the shipyard. These differences
probably reflected the different toxicokinetic characteristics of the
nickel compounds to which the workers were exposed.
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Kinetics and metabolism

The correlation between exposure levels and nickel concentrations
in body fluids is poor in most studies {Table 21). The closest posi-
tive relationships of nickel concentrations in body fluids with am-
bient air levels were found by Norseth (1975) and Rahkonen et al.
(1983) in welders, and by Tola et al. (1979) and Bernacki et al.
(1980) in electroplaters.

There seem to be at least three reasons for the inconsistencies in
the correlation between exposure levels and biological measure-
ments of nickel:

(@) exposure is not to a single chemical species, but to a variety of
nickel compounds of very different solubility, absorption, transpor-
tation, and elimination rates. The same workers may be simul-
taneously exposed to bothinsoluble and readily soluble compounds,
having half-lives ranging from days (Tolaetal, 1979) to years
(Torjussen & Andersen, 1979). The influence of the nickel species
in ambient air on the concentration in body fluids has been shown
in astudy by Bernacki et al. (1978a), who found widely varying ratios
of air/urine levels in different occupational groups (Table 22);

(b) differences in personal working habits and hygiene;
{c) failure to standardize sampling methods.

The nickel contents of hair and nasal mucosa have been determined
in occupationally-exposed persons. Theoretically, the nasal
mucosa is one of the target tissues for nickel carcinogenicity.
However, practical problems of sampling and standardization
preclude the routine use of these measurements. Torjussen &
Andersen (1979) analysed biopsy specimens of nasal mucosa from
318 nickel workers, 15 retired nickel workers, and 57 unexposed
controls. The results showed that nickel exposure led to significant-
ly raised nickel concentrations in the nasal mucosa in both active
and retired nickel workers (2.74+4.12mg/kg wet weight, and
1.14 +1.78 mg/kg wet weight, respectively, versus 0.13+0.2 mg/kg
wet weight in the controls). The average nickel concentration in
the nasal mucosa was highest in workers exposed to the highest
atmospheric nickel concentration, inhaled as nickel subsulfide
and nicke! oxide dust. Workers exposed to aerosols of soluble
nickel components, such as the chloride and sulfate, at a lower
atmospheric nickel concentration, had the highest mean nickel
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EHC 108: Nickel

Table 21. Studies on the correlation between nickel concentrations
in the air and in biological fluids in occupational exposure to

nickel compounds’

Exposure Biological Correlation Reference
matrix coefficient (r)

welding urine 0.85 Norseth (1975)

roasting-smelting  urine none

welding. urine none Bernacki et al. {1978a)

bench mechanics urine none

electropiating urine none

metal spraying urine none

refinery urine none

roasting-smelting  plasma -0.11 Hogetveit et al. (1978}
urine 0.14

electrolysis plasma 0.21
urine 0.31

refinery (other) plasma 067
urine 0.47

refinery (nickel urine 0.49; 0.55 Morgan & Rouge (1379}

salts)

refinery:

Mond process urine 0.01

calciner urine 0.22

powder plant urine -0.05

electroplating plasma 0.83 Tola et al. (1979)
urine 0.82°
urine 0.96"

electroplating urine 0.70 Bernacki et al. (1980}

battery urine significant®  Adamsson et al. (1980)

manufacture

welding blood 0.56 Rahkonen et al. (1983)
utine 0.95

3 From: Aitio (1984).

Afternoon.
¢ Next morning.
9 After shift.
® P<0.0.
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EHC 108: Nickel

concentrations in the plasma and urine and the lowest in the nasal
mucosa. The mucosal concentration was significantly correlated
with the duration of nickel exposure.

For hair, normal values ranged between 0.13 mg/kg (dry weight)
and 2.7 mg/kg (wet weight). In hair samples from 45 occupation-
ally-exposed adults, Bencko et al. (1986) found nickel concentra-
tions ranging from 1.6 to 3.5 mg/kg (mean 2.39 mg/kg) in welders
and from 42.7 to 2140 mg/kg (mean 222.5 mg/kg) in nickel smelter
workers, Control values ranged from 0 to 13 mg/kg (mean 0.29
mg/kg). Inan accidental case of exposure to nickel carbonyl, nick-
el concentrations in hair samples from 5 workers ranged from 4 to
48.1 mg/kg (Hagedorn-Gotz et al., 1977).

Although hair has been studied as a rapid, non-invasive measure-
ment of exposure/absor ption relationships, conflicting values have
been obtained. Furchermore, the use of hair as an internal exposure
index is controversial because of various factors, such as the exter-
nal contamination of the hair surface, different sampling methods,
and non-standardized cleaning methods,

(b) Tissues

There are few data on human tissue concentrations of nickel.
Spectrographic analyses indicate that the retained nickel is widely
distributed in very low concentrations in the body. Information on
normal nickel levels in organs and tissues is presented in Tables 23
and 24,

Generally, there is no significant influence of sex or age on human
organ levels of nickel (McNeely et al., 1971a; Turhan et al., 1983;
Zober et al., 1984). The ribs, liver, and kidneys in babies up to the
age of 3 months, were found to accumulate significantly more nick-
¢l than those in persons between 1 and 90 years of age (Schneider
et al., 1980). Few data exist on the organ levels of nickel in occupa-
tionally exposed persons. In lung autopsy samples from 4 deceased
persons living in the vicinity of a nickel-processing industry in the
German Democratic Republic, the mean nickel concentration was
2135 = 1867 mg/kg dry weight (Schneider et al., 1980).
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FHC 108: Nickel

Table 24. Normal nickel concentration in Japanese human tissues
{mg/kg wet weight)

Tissue Sex/ Mrdian  Average Range Mean = SD
number
Rib M/6 0.19
0.230 0.13-0.35 023=x0.07
Fi6 0.27
Lung M/15 0.21
0.160 0.04-0.44 0.16 X 0.09
F/15 <0.10
Small intestine  M/5 0.1
0.120 0.05-0.29 0.13*0.07
F/5 0.15
Large intestine  M/S 0.14
0.111 0.04-0.30 0.14*0.10
F/5 0.15
Trachea M/3 0.09
0.098 0.06-0.11 0.09%0.02
F1 .11
Kidney M/14 0.10
0.081 0.01-0.30 010X 0.07
F/14 0.10
Skin M/4 0.09
0.072 0.02-0.22 0.10 £ 0.08
F/2 0.14
Muscle M/5 0.11
0.070 0.02-0.27 0.10x0.08
F/5 0.09
Liver M/14 0.10
0.068 0.03-0.22 0.08 £0.05
F/13 0.05
Cerebrum M/2 0.06
0.025 0.02-0.11 0.05x0.11
F/1 0.03
Cerebellum M/
NP <0.03 NI NM
F1
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Kinetics and metabolism

Table 24 {continued}

Tissue Sex/ Median Average Range Mean = 5D
Number
Heart NM NC? NC NM
Pancreas M/6
N <010 NM NM
Fiz
Spleen M1 < (.30
NM NM NM
Adrenal glands M/ 1 <0.10
NM NM NM
Testis M/ 0.05
Ovary NM - NM NM
Fat Fi3 NM <0.01 NI NM

? From: Sumino et al. (1975).

P NM = not measured.

© NI = not indicated.

9 NC = not calculated because there were less than 5 samples available
or there was no mean.

¢) Body burden

One assessment of nickel metabolism in human beings indicated
that the body burden of nickel in normal adults averaged 0.5 mg
(7 ng/kg for a 70-kg adult person) (Bennett, 1984). However, in a
study on 30 Japanese subjects, Sumino et al. (1975) calculated a
total body burden of about 5.7 mg (for a body weight of 55 kg), and
Schroeder et al. (1962) indicated a body burden of 10 mg nickel for
an adult person. Bennett (1984) concluded that the oral intake of
nickel averaged 170 pg/day, of which approximately 5% would be
absorbed (8.5 pg/day). Inhalation of nickel averaged 0.4 ng/day
for urban dwellers, of which 35% was retained (0.07-0.14 pg/day);
this involves the assumption that 70% of the nickel absorbed into
the blood is promptly excreted by the kidneys and that the
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remaining 30% is deposited in the tissues, with a mean retention
time of 200 days (Bennett, 1984).

Pathological states influencing nickel levels

Nickel metabolism is known to be altered in several common dis-
eases, as well as in some physiological states. Alonzo & Pell (1963)
observed increased nickel concentrations in the serum of 19 out of
20 patients with acute myocardial infarction, sampled within 24 h
of admission to the hospital. Sunderman et al. (1970, 1971)
reported increased nickel concentrations in the serum of 25 out of
35 patients with acute myocardial infarction, sampled 12-36 h after
onset of symptoms. The frequent occurrence of hypernickelaemia
after acute myocardial infarction has been confirmed by studies in
the Federal Republic of Germany (Vollkopf et al., 1981), Pakistan
{Khan et al., 1984), the United Kingdom (Howard, 1980), the USA
{Leachetal., 1985), and the USSR (Nozdryukhina, 1978). McNeely
et al. (1971a) showed that hypernickelaemia is not specific for
myocardial infarction, because nickel concentrations in serum are
also increased in patients with cerebral stroke and thermal burns,
as well as in patients with myocardial ischaemia without infarction.
Hypernickelaemia has been observed in patients with unstable an-
gina pectoris, without infarction, and in patients suffering from
coronary atherosclerosis, who developed cardiac ischaemia during
treadmill exercise {Leach et al., 1985).

Volini et al. (1968) observed increased nickel concentrations in the
liver in both the early and advanced stages of hepatic cirrhosis, In
a patient suffering from aspartylglycosaminurea, a 10-fold in-
creased concentration of nickel in the hepatic tissue was reported
by Palo & Savolainen (1973).

Significantly decreased serum-nickel levels have been measured in
steel-mill workers exposed to extreme heat {Szadkowski et al,,
1969b).

In an investigation by Rubanyi et al. (1982a), serum-nickel levels in
postpartum mothers were found to be reduced by 60%. However,
a significant 20-fold elevation in the concentration of nickel
was observed immediately after delivery of the infant, but before
delivery of the placenta. Nomoto et al. (1983) did not confirm the
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occurrence of hypernickelaemia. Post-operative hypernickelaemia
and nickeluresis were observed in patients following total knee and
hip arthroplasty with porous coated nickel alloy prostheses
(Sunderman et al., 1989b).

Nickel concentrations in the serum, whole blood, and urine from
61 patients with chronic alcoholism were elevated 17-, 15-, and
39-fold, respectively, after 4 months to 4 years of disulfiram
treatment, Disulfiram (tetraethyl-thivram-disulfide), a nickel-
chelating agent, is used in alcoholism therapy (Hopfer et al., 1987),

Elimination and excretion

The elimination routes for nickel in human beings and animals
depend, in part, on the chemical form of the compound and the
mode of intake. In general, relatively low gastrointestinal absorp-
tion explains the elimination of dietary nickel in the faeces. In
human beings and animals, urinary excretion is usually the major
clearance route for absorbed nickel, Other routes of elimination
are of minor importance, All body secretions appear to have the
ability 10 excrete nickel; it has been found in saliva, sweat, tears,
and milk. Biliary excretion is minimal in animals, but may be sig-
nificant in human beings. Hair is an excretory tissue for nickel,

Experimental animals

In experimental animals, urinary excretion is the main clearance
route for nickel compounds introduced parenterally. Only a small
portion of an injected dose is excreted via the gastrointestinal tract,
Wase et al. (1954) studied the distribution and elimination of 3N
in mice using a high dose (102 pg Nise animal), administered in-
traperitoneally, and found faecal and urinary elimination in the
ratio of 30:70%. The primary route of elimination of supplemen-
tal dietary nickel {carbonate) fed to calves was faecal (Tedeschi &
Sunderman, 1957, O'Dell et al., 1971).

Biliarv excretion 0[ mckel was minimal followmg subcutaneous in-
jection of 0.1 mg N1 as nickel chloride, in rats {Marzouk &
Sunderman, 1985).

155



6.3.2

EHC 108: Nickel

In rats or rabbits, after inhalation of nickel carbonyl, Sunderman
& Selin (1968) and Mikheyev (1971) found the lungs were the major
excretory organ besides excretion via the urine, 2-4 h after ex-
posure. Other studies indicated that up to 90% nickel was excreted
in the urine (Armit, 1908; Tedeschi & Sunderman, 1957;
Sunderman & Selin, 1968; Mikheyev, 1971) and 389 was exhaled
via the lungs as nickel carbonyl (Sunderman & Selin, 1968).

After intravenous injection of 1*C-nickel carbonyl inrats, Kasprzak
& Sunderman (1969) found that 30% of the *C was excrgted inthe
expired air as ¥C-nickel carbonyl and 50% as “"C-carbon
monoxide.

Nickel is excreted in the urine, not as the free metal, but bound to
a protein that is similar to, or a fragment of, the soluble low
relative molecular mass glycoprotein associated with nickelin renal
tissue (Verma et al., 1980; Abdulwajid & Sarkar, 1983).

Human beings

As human beings take up most nickel via ingestion, it is eliminated
unabsorbed, mainly in the faeces (Drinker et al., 1924; Tedeschi &
Sunderman, 1957; Sunderman et al., 1963; Nodiya, 1972). Horak
& Sunderman (1973) found that the faecal elimination of nickel in
10 healthy adults averaged 258 pg/day (SD 126) or 14.2 mg/kg, (dry
weight) (SD 2.7), thus, the normal faecal elimination of nickel was
approximately 100 times greater than the normal urinary excretion
(2.6 ug/day (SD 1.4) or 2.2 pg/litre (SD 1.2}).

The urinary nickel levels of persons occupationally exposed to ap-
preciable nickel concentrations, via inhalation at the work-place,
are raised significantly. Positive correlations have been reported
between air and urinary nickel concentrations in workers in the
nickel industry (section 6.2.2.4). Urinary nickel concentrations of
normal and exposed persons are given in Tables 19 and 20. The
large amounts of nickel also found in the faeces, in some cases, in-
dicated that, either retrograde loss from the lung into the
oesophagus, or considerable oral exposure via contaminated sur-
faces, had occurred.

Nickel concentrations in samples of human bile (section 6.2.2.4)
suggest that biliary excretion of nickel may be quantitatively
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significant in human beings (Rezuke et al., 1987). Sweat may con-
stitute an excretory route 6f significance under conditions of physi-
cal exertion, Hohnadel et al. (1973) demonstrated that, in sauna
bathers, the mean concentrations of nickel in the sweat from
healthy men and women were significantly higher than the mean
concentrations in the urine (men: 52 pg/litre, SD =36; women:
131 pg/litre, SD=65). Under conditions of profuse sweating,
appreciable losses of nickel occurred. This may account for the
diminished concentrations of serum nickel that were reported by
Szadkowski et al. (1969b) in blast-furnace workers who were ex-
posed to extreme heat over a long period.

The role of nickel deposition in human hair as an excretory
mechanism has been studied(section 6,2.2.4).

Measurements of salivary nickel were performed by Catalanatto et
al. (1977) on specimens of parotid saliva from 38 healthy adults.
The concentrations of nickel in saliva averaged 1.9+ 1.0 ug/litre
(range 0.8-4.5 wg/litre). There was no significant correlation be-
tween the concentrations of salivary nickel and protein. No sig-
nificant  differences were observed between the mean
concentrations of nickel in saliva samples from men and women.
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7. EFFECTS ON ORGANISMS IN THE
ENVIRONMENT

7.1 Microorganisms

Nickel is considered essential for certain metabolic processes in
bacteria. Bartha & Ordal (1965) demonstrated a nickel require-
ment in the “Knaligas” bacterium Alcalignes entrophus. A nickel
requirement was reported by van Baalen & O’Donnell (1978) for
the blue green algae Oscillatoria sp.

Fungi and microorganisms demonstrate a fairly wide variety of sen-
sitivity to nickel, but are generally more tolerant than the higher or-
ganisms. The toxic effects of nickel on microorganisms, including
eubacteria (non-marine and marine), actinomycetes, yeasts, and
filamentous fungi, were studied by Babich & Stotzky (1982a,b;
1983). Filamentous fungi varied considerably in their response to
nickel, growth of Aciiyla sp. being inhibited at 5 mg nickel/litre
whereas Aspergilius niger and Gliocladium sp. were only affected at
concentrations as high as 1000 mg nickel/litre. With actinomycetes
and eubacteria, there was less variability in toxicity. Concentra-
tions of nickel inhibiting growth ranged from 5 to 30 mg nickel/litre,
with the exception of Caulobacter leidyi, which exhibited some
growth at 100 mg nickel/litre, Growth inhibition in yeasts occurred
at 140 mg nickel/litre. In all microorganisms, toxicity increased as
the pH decreased.

Babich & Stotzky (1983) investigated the influence of various fac-
tors on the toxicity of nickel for eubacteria, an actinomvcete, and
veasts. Reductions in cell number occurred at 5 or 10 mg/litre and
viable cells were eliminated at 10-50 mg/litre, though some species
were unaffected after 24 h at 100 mg/litre. Reductions in pH from
6.8 to 5.3 enhanced the toxicity of 75 mg nickel/litre in some species,
but not in others. The toxicity of nickel (100 mg/litre) for marine
microbes was reduced by increasing the salinity and decreasing the
temperature. Addition of a simulated sediment (a mixture of or-
ganic and inorganic particles from soil) reduced toxic effects after
exposure to 100 mg nickel/litre . In freshwater microbes, addition
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of a clay mineral (50 mg/litre) provided protection against the
toxicity of 10 mg nickel/litre. This effect was probably because of
the adsorption of nickel on the particulates. Increasing the hard-
ness of the water, by adding calcium carbonate at 200 or
400 mg/litre, reduced the toxicity of 10 mg nickel/litre. Long-term
studies indicated that microbial survival was greater in marine than
in fresh water. Bringmann et al. (1980) reported that, in fairly hard
water (approximately 150 mg CaCO3/litre) and a pH of 6.9, a
nickel concentration of 0.82 mg/litre reduced the numbers of the
saprozoic flagellate Chilomonas paramecium,

Thus, fungi and microorganisms have a wide range of sensitivities
to nickel, but are usually more tolerant than higher organisms.

Aquatic algae and plants

Nickel at concentrations of 0.05-0.1 mg/litre inhibited the growth
of algae, though some species may be more tolerant (Spencer,
1980). Upitis et al. (1980) reported growth inhibition in blue-green
algae at concentrations of 1-5 mg nickeV/litre. The chlorophyll con-
tent was found to be significantly reduced leading to discoloration
of the cells. Concentrations of 10-30 mg nickel/litre were lethal for
Chloreila sp. The same authors investigated the influence of various
environmental factors on the toxicity of nickel for Chiorelia.
Nicke! inhibition could be overcome by the addition of
ethylenediaminetetramine (EDTA) (40 mg/litre) and also by the
addition of zinc (10 mg/litre) to a medium containing 5 mg nickel/
litre. A synergistic effect of copper and nickel was demonstrated
by Hutchinson (1973) for Chilorella vuligaris, Scenedesmius
acuminata, Haematococcus capensis, and Chlamydomonas
eugametos.

A nickel concentration of 0.1 mg/litre at 20 ° C inhibited the growth
of 4 species of green algae, Pediastrum tetras, Ankistrodesmus
falcatus, Scenedesrmts quadricauda, and S. dimorpha. However, a
concentration of 0.6 mg/litre did not affect the blue-green alga
Anabaena cylindrica, though it reduced the rate of growth of
Anabaena flos-aquae (Spencer & Greene, 1981). Stokes (1975)
studied Scenedesmus acutiformis var, alternans, from a lake in a
nickel-mining and smelting area, The lake water contained about
2.5 mg nickel/litre. At a nickel concentration of 1.9 mg/litre, the
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Scenedesmus grew at 53% of the rate of controls grown in clean
water and, at 3.0 mg/litre, growth was still 189 of the control rate.

A nickel concentration of 0.125 mg/litre inhibited the growth of
Angbaenainequalis, but a concentration of 10 mg/litre was required
to inhibit photosynthesis, and 20 mg/litre, to inhibit nitrogenase
activity (Stratton & Corke, 1979).

Chiaudani & Vighi (1978) exposed Selenastrum capricomutum to
nickel in a standard medium with, and without, EDTA. At 24 °C
and a pH of 6.9-6.3 the 7-day ECsg (inhibition of growth to 50% of
control values) was 0.9925 mg nickel/litre. When 0.3 mg
EDTA/litre was added to medium, the 7-day ECso of nickel was in-
creased to 0.013 mg/litre. In a further study, the addition of (.04 mg
nickel/litre to the water samples did not inhibit growth as much as
was predicted from the laboratory studies.

When the diatom Navicula pelliculosa was exposed to 0.1 mg
nickel/litre (of which all but 0.2% was said to be Ni’ *y for 14 days,
growth was retarded (50% of control value) (Fezy et al., 1979).

Hutchinson & Czyrska (1975) exposed Lemna minor (Valdiviana),
for 3 weeks, to nickel concentrations ranging from 0.01 to
1.0 mg/htre in an artifictal medium at pH 6.8, and a temperature of
24=2°C, with 16 h of light per 24 h, They found that a concentra-
tion of 0.05 mg/litre stimulated growth, and that concentrations
greater than 0.1 mg/litre inhibited growth. At 1 mg nickel/litre,
growth was prevented. Nickel uptake and toxicity were enhanced
by the presence of copper.

The same authors examined Lemna minor from 23 sites, where the
mean concentration of nickel in the water was 0.027 mg/litre, The
plants contained from 5.4 to 35.1 mg nickel’kg (dry weight),
equivalent to bicaccumulation factors (BCFs) of 200 and 1300,
Lemna, grown on a culture medium containing 0.01-1 mg nickel/
litre at pH 6.8 and a temperature of 24 = 2°C for 3 weeks, accumu-
lated nickel concentrations ranging from 40 mg/kg dry weight, at
0.01 mg/litre, to 3067 mg/kg, at 0.5 mg/litre.

Clark et al., (1981) studied the accumulation and depuration of
nickel by Lemna perpusiila. Plants collected from a fly ash basin
{nickel concentration, 0.1 mg/litre) were allowed to depurate in
dechlorinated tap water at 20 °C for a 14-day depuration period.
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Concentrations of nicke! fell from about 160 mg/kg dry weight to
about half of this value, In the accumulation studies, Lemna ac-
cumulated nickel readily, particularly at the lowest ambient
concentration of (.1 mg/litre, and levels reached 500-600
mg/kg in 10 days. After a return to depuration conditions, the nick-
el concentration in the plants fell to 160 mg/kg, in 8 days.

Euglena gracilis, exposed to 89x10* mg nickel/litre in spring-
water, accumulated the metal to a concentration of 1.8 mg/kg, a
BCF of about 2000 (Cowgill, 1976).

Ipomea aquatica took up 200 mg nickelkg dry plant in 48 h, most-
ly in the roots, from water containing 5 mg nickel/litre (BCF = 40)
{Low & Lee, 1981).

It is noted that, under laboratory conditions, the growth of a macro-
phyte (Lermna) was inhibited at a concentration of 0.1 mg/litre, but
the growth of algae was inhibited at concentrations as low as
0.04 mg/litre. However, in natural waters, a nickel concentration
of 0.04 mg/litre had a less inhibiting effect.

Aquatic invertebrates

Timourian & Watchmaker (1972) investigated the uptake of nick-
elchloride and its effects onthe development ofsea urchinembryos.
After fertilization, sea urchin eggs exhibited increased rates of
nickel uptake that appearcd to be a result of an active transport
mechanism. When exposed to 59-590 mg nickel/litre, gastrulation
of embryos was prevented. Embryos grown in 0.59-5.9 mg nickel/
litre were able to gastrulate, but failed to develop dorsoventral
symmetry.

Acute and long-term toxicity studies performed by Powlesland &
George (1986) revealed a different sensitivity to nickel in different
developmental stages of Cltironomus riparis larvae. Firstinstar lar-
vae were found to be significantly more sensitive to nicke! than
second instars with 48-h LCsp values of 79.5 mg/litre and 169 mg/
litre, respectively. Longer term toxicity tests (30 days), in which
larvae were allowed to develop from eggs until just prior to pupa-
tion, indicated that nickel concentrations up to 25 mg/litre appeared
to have little effect on the percentage hatch. However, the growth
of larvae was significantly reduced at 2.5 mg/litre . A threshold
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concentration for the effect of nickel on growth was estimated to
be 1.1 mg nickel/litre.

Bryant et al, (1985) investigated the effects of temperature and
salinity on the toxicity of nickel in two estuarine invertebrates.
In the amphipod Corophium volutator, and the bivalve Macoma
baltia, 96-h LCso velues varied from 5 to 54 mg nickel/litre and from
95 to 1100 mg nickel/litre, respectively. A decrease in salinity from
35 to 5 mg/litre resulted in greater toxicity in both species. Toxicity
alsoincreased in Corophium volutator with an increase in tempera-
ture from 5to 15 °C,

Mathis & Cummings (1973) measured nickel levels in sediments,
water, and biota in a river. The water contained the lowest con-
centrations of nickel { <0.01 mg/litre) and the sediments, the high-
est (3-124 mg/kg). Two species of tubificid worms (Limnodrilus
hoffmeisteri and Tubifex tubifex) contained 4-18 mg nickel/kg wet
weight. Three species of clam were examined: in order of increas-
ing nickel content (mg/kg on a wet-weight basis) they were Quad-
rula quadrula (0.4-1.6), Amblema plicata (0.4-2.3) and Fusconaia
flava (0.7-3.0). Neither worms nor clams were starved before being
examined, and nickel may also have been present in their gut con-
tents. Brkovic-Popovic & Popovic (1977) studied the effects of
nickel and other heavy metals on the survival of Tubifex tubifex in
water of different pH and hardness. At a hardness of 0.1 mg
CaCOa3/litre, the 48-h LCs0 was 0.082 mg nickel/litre. Increases in
hardness to 34,2 mg CaCOjy/litre and 261 mg CaCO3/litre increased
the 48-h LCso to 8.7 mg nickel/litre and 61.4 mg nickel/litre, respec-
tively, thus decreasing the toxic effects.

A 64-h LCsp was determined for Daphnia magna of 0.32 mg
nickel/litre, at a temperature of 25 °C and a hardness of around
100 mg CaCO3/litre (Anderson, 1950). Baudouin & Scoppa (1974),
using Daphnia hyalina, estimated a 48-h LCsp valve of 1.9 mg
nickel/litre at a temperature of 10°C, pH 6.2, and hardness
of 58 mg CaCOy/litre.

Exposure of Daphnia magna to nickel sulfate at concentrations
ranging from 5 to 10 g nickel/litre for 3 generations resulted in ex-
termination (Lazareva, 1985).
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Hall (1982) exposed Daphnia magna to 0.25 mg nickel/litre, includ-
ing ®°Ni, at pH 6.9, and a temperature of 18-21 °C in water with a
hardness of 60 mg CaCOa/litre. The uptake of nickel was initially
rapid (about 12mg in 80h). Depuration also occurred, and
25-339% of the nickel was lost from the animal in the exuviae, shed
on moulting. Gut tissue did not accumulate nickel until after the
first 5 h of exposure, suggesting that the oral route was not impor-
tant for nickel.

Daphnia, exposed for 3 weeks to 0.125 mg nickel/litre in water, at
a temperature of 18 +1 °C, hardness of 42.3-45.3 mg CaCO3/litre,
and pH 7.74, had 43% lower weights than control Daphnia, 9% less
proteins, and the glutamic oxalacetic transaminase activity was
reduced by 26%. A 16% impairment of reproduction occurred at
0.03 mg nickel/litre with a 50% impairment at 0.095 mg nickel/litre
(Biesinger & Christensen, 1972).

Cowgill (1976) reared Daphnia magna and Daphnia pulex for 3
months on Euglena gracilis, which had been cultured in spring water
containing 8.9x10™ mg nickel/litre. The algal cells contained
1.8 mg nickel/kg, the Daphnia magna, 3.6 mg nickel/kg, and the
D. pulex, 4.2 mg nickel/kg, giving BCF values of 2020 and 4050.

The acute effects of nickel on the freshwater snails Juga plicifera
and Physa gyrina were studied by Nebeker et al., (1986). The 96-h
LCso values were 0.237 mg nickel/litre and 0.239 mg/litre, respec-
tively. A no-observed-effect-level of 0.124 mg nickel/litre was
determined for Juga plicifera. Data published for other species of
snails did not indicate a pronounced effect of hardness on nickel
toxicity (Nebeker et al., 1986). The eggs and adults of the snail
Amnicola were exposed to nickel in water at atemperature of 17 °C,
pH 7.6, and a hardness of 50 mg/litre with 6.2 mg dissolved
oxygen/litre, The 24-h LCsos were 26.9 mg/litre for eggs and
21.1 mg/litre for adults, whereas at 96 h, the LCsos were 11.4 and
14.3 mg/litre, respectively {Rehwoldt et al., 1973).

Nickel influenced the rate of filtration in the marine bivalve
Villorita cyprinoides (Abraham et al., 1986). Rates of filtration
decreased exponentially with increasing nickel levels, The ECso,
i.e., the concentration that reduced the rate of filtration by 50%,
was 0.003 mg nickel/litre. A 96-h LCso was 0.061 mg nickel/litre.
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It is concluded that the nickel concentrations causing mortality in
acutely exposed invertebrates were generally similar to those for
fish, but that Daphnia sp. appeared more sensitive, with LCso values
of less than 2 mg nickel/litre.

Fish

Sensitivity to nickel varies considerably among fish species.
However, 96-h median lethal concentrations generally fall within
the ranges of 4-14 and 24—44 mg nickel/litre for tests conducted in
soft, and hard water, respectively. For example, in water of hard-
ness 100, 125, and 174 mg CaCQ3/litre, the I.Csos for rainbow trout,
exposed from fertilization to 4 days after hatching, were 0.05, 0.06,
and 0.09 mg/litre, respectively (Birge & Black, 1980).

Pickering & Henderson (1966) compared the toxicity of nickel
chloride in waters of 2 levels of hardness (total hardness 20 or
300 mg CaCOs/litre}. The 96-h LCso was 4.9 mg/litre for fathead
minnow (Pimephales promelas) and 5.3 mg/litre for bluegill sunfish
(Lepomis macrochirus) in soft water, and 43.5 mg/litre and
39.6 mg/litre, respectively, in hard water. Rainbow trout (Salmo
gairdneri) showed a 4-fold increase in sensitivity between hard and
soft water, the 48-h L.Cso changing from about 80 to about
20 mg/litre (Brown, 1968).

In rainbow trout, a 48-h LCsp for nickel sulfate of 263 mg/litre was
determined in a static test (Osterreichisches Forschungs-Zentrum
Seibersdorf, 1983), The water had a hardness of 402 mg
CaCO3/litre, a pH of 7.6, and a temperature of about 15 °C. The
first signs of toxicity were observed at a concentration of 85mg
nickel sulfate/litre.

Using the same test method and corresponding test conditions,
Butz (1984) demonstrated that a decrease in water hardness from
270 to 49 mg CaCOy/litre resulted in a 2.6-fold increase in toxicity.

Rehwoldt et al. (1971, 1972) studied the effects of temperature on
the toxicity of nickel for 6 warm-water species of fish: banded killi-
fish (Fundulus diaphanits), striped bass (Roccus saxatilis), pumpkin
seed (Lepomis gibbosus), white perch (Roccus americanus),
American eel (Anguilla rostrata) and carp (Cyprinus carpio). There
was a wide range of sensitivity among these species, with 96-h LCso
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values at 17 °C ranging from 6.2 to 46.2 mg nickel/litre. However,
each species showed very little variation in sensitivity at tempera-
tures of 17and 28°C. At128°Cand ahardness of 55 mg CaCO3/litre,
Roccus saxatilis and Lepomis gibbosus were the most sensitive,
having 96-h LCsos of 6.3 and 8.0 mg nickel/litre, respectively, while
Fundulus diaphanus was the most tolerant (46.1 mg nickel/litre).
Roccus americanus, Anguilla rostrata, and Cyprinus carpio were in-
termediate in their response, but relatively sensitive, the 96-h LCs0s
being 13.7, 13.9, and 10.4 mg nickel/litre, respectively (Rehwoldt et
al., 1972).

In static tests in softer water (20 mg CaCQu/litre), Pimephales
promelas, Lepomis macrochirus, Carassius quratus, and Lebistes
reticulatus showed similar levels of sensitivity in terms of 96-h LCsos
with LCso values of 4.9, 5.3, 9.8, and 4.5 mg nickel/litre, respective-
ly (Pickering & Henderson, 1966).

In a flow-through test, rainbow trout (Salmo gairdneri) were less
sensitive than other fish species with a 48-h LCso of 20 mg nick-
el/litre, in soft water (Brown, 1968). In field studies, Hale (1977)
reported a 96-h LCso for rainbow trout of 35.5 mg nickel/litre in
continuous-flow tests in water with a hardness of 82-132 mg
CaCOs/litre. Arillo et al. (1982) found that rainbow trout (Salno
gairdneri), exposed to nickel, showed a reduction in glucidic stores.
This effect is consistent with direct metal interaction on both
membranes and enzyme thiolic groups of the pancreatic cells.
Other effects, similar to those found with other metals, such as
damage to the secondary lamellae of gills (Hughes et al., 1979) and
sialic acid depletion in the gills (Arillo et al, 1982) have been
described.

A 96-h LCso of 118.3 mg nickel/litre was determined for the marine
grey mullet (Chelon labrosus) (Taylor et al., 1985a).

The toxicity of nickel(Il) chloride was studied in 2 estuarine
fish species (US EPA, 1987). In tidewater silverside (Menidia
peninsulae) larvae, a 96-h LCs0 was 38 mg/litre. For adult spot-
fish (Leiostomus xanthums), the 96-h LCso was 70 mg/litre.

In short-term tests in soft water, the most sensitive species of fresh-
water fish were killed by exposure to concentrations of about
4-20 mg nickel/litre. Higher LCso values of nickel have been found
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for different species of fish in harder waters, ranging from about 30
to 80 mg nickel/litre. From the limited data available, it appears
that hardness has the greatest effect on toxicity, while other deter-
minants have not been proved to have any significant effects. In
acute tests, there are interspecies differences in sensitivity, but
these are within a single order of magnitude.

Shaw & Brown (1971) did not observe any effects on rainbow trout
eggs fertilized in water containing 1 mg nickel/litre and then main-
tained in clean water. In a life-cycle study on fathead minnow, in
water with a hardncss 0f210 mg CaCOy/litre, pH 7.8, and an average
temperature of 18 °C, Pickering (1974) found that nickel concentra-
tions of 0.38 mg/litre and less (0.18 and 0.08 mg/litre) did not have
any adverse effects on survival, growth, and reproduction.
However, a concentration of 0.73 mg nickel/litre had a statistically
significant effect on the number of eggs produced per spawning and
on the hatchability of these eggs, though it did not affect the sur-
vival and growth of the first generation of fish.

In carp (Cyprinus carpio) eggs and larvae, the 72-h LCsgs were 6.1
and 8.4 mg/litre, respectively, while the 257-h LCsp for larvae was
0.75 mg nickel/litre in water with a hardness of 128 mg CaCQ3/litre,
pH of 7.4, and a temperature of 25 °C. A concentration of 3 mg
mckel/htre caused anincreased incidence of abnormal larvae (23%
compared with 8.6% in the controls) and 32.7% of embryos failed
to hatch, compared with 5.9% in the controls (Blaylock & Frank,
1979).

Birge et al. (1978) exposed rainbow trout and largemouth bass
(Micropterus salmoides) from fertilization to 4 days after hatching,
to 11 trace metals found in coal, at a temperature of 12-13 °C,
equivalent to a period of exposure of 28 days for rainbow trout and
8 days for bass. The LCsp values for these periods were 0.05 mg
nickel/litre for rainbow trout and 2.06 mg nickel/titre for bass., The
water used in the tests had a hardness of about 100 mg CaCQ3/litre
and a pH of 7.2-7.8. For rainbow trout and goldfish, teratic larvae
were observed at exposure levels that did not significantly affect
egg hatchability. In water from a natural source with a pH of 7.8
and 174 mg CaCOj/litre hardness, an LCso for rainbow trout was
0.09 mg nickel/litre whereas in dechlorinated tap water (pH 7.6,
hardness 125 mg CaCOg/litre) the LCso was 0.06 mg nickel/litre.
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Using water with a hardness of about 100 mg CaCO3y/litre and
pH 7.2-7.8, Birge & Black (1980) found that the LCse from
fertilization to 4 days after hatching was 0.71 mg nickel/litre for
channel catfish (Jetalunes punctatus) and 2.78 mg nickel/litre for
goldfish (Carassius auratus).

Calamari et al, (1982) found that, during the long-term exposure of
fish to 1 mg nickel/litre, continuous uptake of nickel occurred for
180 days. The concentrations found were: liver, about 2.9 mg
nickel/kg wet weight, kidneys, 4.0 mg/kg, and muscle, 0.8 mg/kg,
while, at the beginning of the study, the levels had been 1.5, 1.5, and
9.5 mg nickel/kg, respectively, Toxicokinetic modelling indicated
that theoretical asymptotic values for the liver, kidney, and muscle
should be reached in 397, 313, and 460 days, respectively, at which
times the calculated bioconcentration factors (BCF tissue con-
centration/environmental concentration) were 3.1, 4.2, and 1.9,
respectively. Release was slower in clean water and the propor-
tions of nickel remaining after 90 days in the liver, kidney, and
muscle were 25, 41, and 319, respectively. These data suggest that
nickel had little capacity for accumulation in the tissues examined.
However, even these relatively low concentrations are toxic
(Arillo et al., 1982).

Terrestrial organisms
Plants

Nickel is ubiquitous in plant tissues. There is evidence that nickel
is a required nutrient in a number of plant species. The urease en-
zyme of jack bean (Canavalia ensiforrmis) has been shown to be a
nickel metalloenzyme (Dixon et al,, 1975).

Although nickel levels above 50 mg/kg in plants are usually toxic, a
number of plant species may tolerate higher levels (section 4.2.1}.

In general, the effects of long-term, low-level exposure to nickel are
only manifested in growth decrements with no visible signs. Nick-
el toxicity in plants is characterized by chlorosis and necrosis of the
leaves, stunting of the roots, deformation of various plant organs,
and wilting (Brooks, 1980; Prokipcak & Ormrod, 1986).
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Apart from the solubility of nickel ions or nickel complexes, other
factors can affect nickel toxicity, Of special interest is the presence
of other heavy metals, which can act synergistically, and the
ameliorating effects of calcinm.

A synergistic effect of nickel and copper on the growth of bush
beans was demonstrated by Wallace & Berry (1983). When barley
was grown on loam soil with an elevated level of each of the 6 trace
elements, lithivm (13 mg/kg soil, dry weight), zinc (200 mg/kg}, cop-
per (200 mg/kg), nickel (100 mg/kg), and cadmium (100 mg/kg)
there was no reduction in yield when they were applied singly.
However, when all 6 were applied together, at the concentrations
applied singly, there was a 40% reduction in vield, probably be-
cause of depressed phosphorus levels (Wallace et al.,, 1980a).

Investigations by Prokipcak & Ormrod {1986) of the growth respon-
ses of tomato and soy bean to combinations of nickel, copper, and
ozone, indicated that the nature of the joint action of these chemi-
cals is very complex and depends on species, the concentrations of
the metals and ozone, and, to a lesser extent, the duration of ex-
posure. In the first study, nickel was added to the nutrient solution
of tomato and soy baan plants at 1.5, 7.5, or 37.5 mg/litre for 6 days,
beginning on day 14 after seeding. The plants were then exposed
to 0.15 or 0.30 plitre atmospheric ozone/litre. Growth variables
were markedly reduced by nickel, but ozone response depended
on the nickel level. In the second study, 0.3 or 1.5 mg nickel/litre
was provided from the 5th or 14th day onwards. There was little
effect of duration of nickel treatment on growth. Increasing nick-
el levels and increasing ozone levels decreased growth, but there
was no interaction. Inthe third study, treatments with 1.5 or 3.0 mg
nickel/litre were combined with 3.0 or 6.0 mg copper/litre, prior to
treatment with 0.25 ml atmospheric ozone/litre. There were com-
plexinteractive effects of all 3 compounds on tomato plant growth,
but not on soy bean plant growth.

Calcium can reduce nickel toxicity. For example, when soy beans
were grown in nutrient solution containing 1.2 mg nickel/litre, leaf
yield depression was 74% at 4 mg calcium/litre, but only 45% at
400 mg calcium/litre (Wallace et al., 1980b).
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Animals

Few data are available on the effects of nickel onterrestrial animals.
Most data are derived from laboratory animals and indicate that
nickel is an essential element in some species.

As land application of wastes is a common method of fertilization,
studies were performed to evaluate the impact of heavy metals on
the soil ecosystem, using the earthworm Eisenia foetida as a test or-
ganism. Following a 14-day exposure to nickel nitrate in artificial
soil, the LCso was calculated to be 757 mg/kg (Neuhauser et al.,
1985). Hartenstein et al., (1981) determined the level at which
added concentrations of heavy metals would cause an activated
sludge to induce toxic effects on Eisenia foetida. Nickel was found
to inhibit growth and to induce death at concentrations of
1200-12000 mg/kg dry weight, These concentrations seemed very
high and the authors concluded that nickel might have been
accumulated by the large population of microorganisms in the rich
organic matrix, part of which might not be ingestible or digestible
by earthworms, This would enable earthworms to grow in the
presence of high nickel concentrations.

Essentiality of nickel for bacteria and plants

Evidence for specific biochemica! functions of nickel has come from
studies of microbial systems. Nickel is involved, in some way, in the
“Knallgas” reaction, which is mediated by a number of bacteria of
different genera (Tabillion et al, 1980; Friedrich et al., 1981;
Albracht et al., 1982). The reduction of carbon dioxide to acetate,
carried out by acetogenic bacteria, is dependent on nickel, which
is needed to activate the enzyme carbon monoxide dehydrogenase
(Diekert & Thauer, 1980; Drake, 1982). Diekert & Ritter (1982}
demonstrated that Acetobacterium woodii growth on fructose was
stimulated by, but not dependent on, nickel, unlike CO2 reduction.
A number of studies have established that nickel is the core metal
in the tetrapyrrole (“Factor F43¢"), found in methanogenic bacteria,
and is essential for the growth of these organisms.

In plants, Dixon et al., (1975) showed that nickel is essential at the
active site of urease in jack beans (Canavalia ensiformis), for its
enzymatic activity.

169



7.6

EHC 108: Nickef

Population and ecosystem effects

Few data are available that identify nickel as a specific cause for ef-
fects at the population level, because nickel is generally associated
with other, often more toxic, trace metals or pollutants that could
be involved in the effects.

Gradual ecological changes have been observed near sources emit-
ting nickel and other trace metals, resulting in a decrease in the
number and diversity of species (Hutchinson & Whitby, 1977;
Gignac & Beckett, 1986). Yan et al. (1985) investigated 39 lakes in
Ontario and found that the tracheophyte richness of acidic lakes
decreased with increasing nickel and copper levels.

In acidic copper-, and nickel-contaminated lakes near Sudbury,
Ontario, species richness and community biomasses were reduced
in Crustacean zooplankton communities (Yan & Strus, 1980).

DeCantazaro & Hutchinson (1985a,b) demonstrated that the ad-
dition of nickel to microecosystems and incubated soil samples from
boreal jack pine forests could disrupt nitrogen cycling. Nickel ad-
ditions of 100-500 mg/kg soil were shown to stimulate nitrification
and nitrogen mineralization, resulting in loss of nitrogen by leach-
ing. The authors concluded that loss of nitrogen, which is probab-
ly the nutrient most limiting to growth in a boreal forest ecosystem,
could have serious ecological consequences for forests in the
vicinity of nickel smelters.
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8. EFFECTS ON EXPERIMENTAL ANIMALS
AND IN VITRO AND OTHER TEST SYSTEMS

Various studies have indicated that nickel is an essential element
in a number of experimental animal species and that it may also
have a physiological role in human beings. However, nickel
deficiency has not been demonstrated in human beings, and the
possible nickel requirement is probably very low. While the eluci-
dation of nickel essentiality is in progress, it has not reached the
stage where it can be quantified in relation to nickel deficiency.

Animals
Essentiality

Earlier studies in trace-element nutritional research did not
demonstrate any consistent effects of nickel deficiency (Schroeder,
1968; Smith, 1969; Nielsen & Sauberlich, 1970; Wellenreiter et al,,
1970; Nielsen & Higgs, 1971; Schroeder et al,, 1974), in part, be-
cause of the technical difficulties of controlling nickel intake due
to its ubiquity. Since 1975, diets and environments have been
devised for adequately controlled studies on nickel metabolism and
nutrition, and the effects of deprivation have been described for 17
animal species, including: chicken, cow, goat, mini-pig, pig, rat, and
sheep.

Nickel is a component of several enzyme systems (certainly urease
and some hydrogenases) and it seems essential for the well-being
of several animal species \pears et al,, 1978).

Nickel deficiency symptoms

(a) Growth

In goats (Anke et al,, 1977, 1978, 1980, 1986), pigs (Anke et al., 1977,
1986; Spears, 1984; Spears et al.,, 1984), and rats (Nielsen et al.,
1975b; Schnegg & Kirchgessner, 1975a, 1980), a nickel-deficient
diet resulted in significantly decreased growth. The growth
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depression depended on the nickel level and the duration of ad-
ministration and only became evident aflier intrauterine nickel
deficiency, i.e., in the second or later generations. In addition,
species-specific differences seemed to exist (Anke et al., 1977).

{(b) Reproduction and mortality

In goats, mini-pigs, and rats, reproduction was decreased only
insignificantly by intra-uterine nickel deficiency (Anke et al., 1977;
Schnegg & Kirchgessner, 1975a, 1980). Conception and abortion
rates as well as the number of offspring were not influenced by nick-
el deficiency, but kidding in nickel-deficient goats and farrowing in
nickel-deficient sows occurred later (Anke et al., 1974). Further-
more, at the end of the lactation period, significantly fewer offspring
of nickel-deficient goats were still alive compared with control
animals. Schnegg & Kirchgessner (1980) did not find any increase
in mortality in intrauterinely nickel-deficient rats, whereas Nielsen
et al,, (1975b) found it to a remarkable extent, Smaller litter size
has been observed in both rats and pigs ( Anke et al., 1974; Nielsen
et al., 1975b; Schnegg & Kirchgessner, 1975a).

(c) Histological parameters

Nielsen & Sauberlich (1970) described a nickel-deficiency
syndrome in chickens, characterized by changes in the pigmenta-
tion of the shank skin, thicker bones, swollen joints, and a light-
coloured liver. However, these findings are not consistent with
those observed by other authors (Sunderman et al., 1972; Nielsen,
1974). Sunderman et al,, (1972) and Nielsen & Ollerich (1974) ob-
served ultrastructural lesions in the hepatocytes of chickens. In
mini-pigs fed a nickel-deficient diet, Anke (1974} observed para-
keratosis-like damage to the epithelium. Skin eruptions were also
seen in nickel-deficient goats; the hair of the animals was brittle,
there were fissures of the mouth and legs (Anke et al., 1976, 1980b).
Offspring of nickel-deficient rats had an anaemic appearance
(Schnegg & Kirchgessner, 1975a, 1980a; Nielsen et al., 1979a,b).

(d) Rumen activity

Nickel seems to be essential for ruminants, because urease activity
in the rumen depends on nickel. Spears & Hatfield (1977)
demonstrated disturbances in metabolic parameters in lambs main-
tained on a low-nickel diet, including reduced oxygen consumption
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in liver homogenate preparations, increased activity of alanine
transaminase, decreased levels of serum proteins, and enhanced
urinary nitrogen excretion. In a follow-up study, Spears et al,
(1978) found that these animals had significantly lower microbial
urease activity. It was possible to increase urease activity in the
rumen contents by means of nickel supplementation.

() Disturbance of iron metabolism

Schnegg & K