
SULFUR DIOXIDE AND SOME SULFITES,
BISULFITES AND METABISULFITES

1. Exposure Data

1.1 Chemical and physical data

1.1.1 Synonyms and structural and molecular data

Sulfr dioxi
Chem. Abstr. Serv Reg. No.: 7446-09-5
Replaced CAS Nos.: 8014-94-6; 12396-99-5; 83008-56-4; 89125-89-3
Chem. Abstr. Name; Sulfur dioxide
IUPAC Systematic Name: Sulfur dioxide
Synonyms: Sulfurous acid anhydride; sulfurous anhydride; sulfurous oxide; sulfur oxide
(S02); sulfur superoxide; sulphur dioxide

0=8=0
S02

Sodium sulfte
Chem. Abstr. Serv Reg. No.: 7757-83-7
Altemate CAS No.: 10579-83-6
Replaced CAS No.: 68135-69-3
Chem. Abstr. Name: Sulfurous acid, di sodium salt
IUPAC Systematic Name: Sulfurous acid, disodium salt
Synonyms: Anhydrous sodium sulfite; disodium sulfite; sodium sulphite

MoL. wt: 64.07

o
1/

Na · 0 - 8 - 0 · Na
Na2S0J MoL. wt: 126.04

Sodium bisulfe

Chem. Abstr. Serv Reg. No.: 7631-90-5
Replaced CAS Nos.: 57414-01-4; 69098-86-8; 89830-27-3; 91829-63-9
Chem. Abstr. Name: Sulfurous acid, monosodium salt
IUPAC Systematic Name: Sulfurous acid, monosodium salt
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Synonyms: Hydrogen sulfite sodium; monosodium sulfite; sodium acid sulfite; sodium
bisulphite; sodium hydrogen sulfite; sodium sulfite (NaHS03)

o
Il

HO - S - a · Na
NaHS03

Sodium metabisulfte
Chem. Abstr. Serv Reg. No.: 7681-57-4
Altemate CAS No.: 7757-74-6
Replaced CAS No.: 15771-29-6
Chem. Abstr. Name: Disulfurous acid, disodium salt
IUPAC Systematic Name: Pyrosulfurous acid, disodium salt
Synonyms: Disodium disulfite; disodium metabisulfite; disodium pyrosulfite; sodium
disulfite; sodium metabisulphite; sodium pyrosulfite

o 0Il Il
Na · 0- S - a - S - a · Na

MoL. wt: 104.06

.Na2S20S

Potassium metabisulfte
Chem. Abstr. Serv Reg. No.: 16731-55-8
Altemate CAS No.: 4429-42-9
Chem. Abstr. Name: Disulfurous acid, dipotassium salt
IUPAC Systematic Name: Pyrosulfurous acid, dipotassium salt
Synonyms: Dipotassium disulfite; dipotassium metabisulfite; dipotassium pyrosulfite;
potassium disulfite; potassium metabisulphite; potassium pyrosulfite

MoL. wt: 190.11

K2S20S

a a" "
K.O-S-O-S-O.K

MoL. wt: 222.33

1.1.2 Chemical and physical properties

The chemistry of sulfur dioxide in aqueous solutions involves complex equilibria among
a number of species of sul fur oxidation state iv; including sulfite, bisulfite, metabisulfite and
sulfurous acid. The composition of the mixture depends on the concentration of sulfur
dioxide in the water, the pH and the temperature (Weil, 1983).

Sulfr dioxi
(a) Description: ColourIess gas or liquid with sharp pungent (suffocating) odour (Sax &

Lewis, 1987; Budavari, 1989; Weast, 1989)

(b) Boiling-point: -10 °e (Weast, 1989)
(c) Melting-point: -72.7 °e (Weast, 1989)
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(d) Density: 1.434 g/ml (pressurized liquid at 0 Ce); 2.927 g/l (gas) (Weast, 1989)
(e) Solubility: Soluble in water (g/lOO g water at 760 mm Hg (101.3 kPa)): 23.0 at 0 0e,

11.6 at 20°C and 5.9 at 40°C; in ethanol, 25 g/lOO g; in methanol, 32 g/lOO g.
Liquid sulfur dioxide is only slightly miscible with water; miscible in aIl proportions
with liquid sulfur trioxide; readily dissolves in most organIc liquids: acetone,
benzene, carbon tetrachloride and formic acid; completely miscible in diethyl ether,
carbon disulfide and chloroform (Weil, 1983; Sander et aL., 1984; Budavari, 1989).
The solubility of sulfur dioxide in sulfuric acid first decreases with rising sulfuric acid
concentration, reaching a minimum at a sulfurIc acid concentration of about 85%;
beyond this concentration, it increases again (Sander et aL., 1984).

if Volatility: Vapour pressure, 2477 mm Hg (330 kPa) at 20°C; relative vapour density

at 0 °c (air = 1),2.263 (Weil, 1983)

(g) Stability: Extremely stable to heat, even up to 2000 ° C; not explosive or inflammable
in admixture with air (Weil, 1983)

(h) Reactivity: Oxidized by air and pure oxygen; can also be reduced by hydrogen and
hydrogen sulfide. With hot metals, usually forms both metal sulfides and metal
oxides (Weil, 1983)

(i) Conversion factor: mg/m3 = 2.62 x ppma
Sodium sulfe

(a) Description: White powder or hexagonal prisms (Weast, 1989)
(b) Melting-point: Decomposes (Weast, 1989)
(c) Density: 2.633 g/ml at 15.4 °c (Weast, 1989)
(d) Solubilty: Very soluble in water (12.54 g/100 ml at 0 °e; 28.3 g/lOO ml at 80 Ce);

slightly soluble in ethanol; insoluble in acetone and most other organIc solvents
(Weil, 1983; Weast, 1989)

(e) Stabilty: Stable in dry air at ambient temperatures or at 100°C; undergoes rapid
oxidation to sodium sulfate in moist air; on heating to 600 °e, disproportionates to
sodium sulfate and sodium sulfide; above 900°C, decomposes to sodium oxide and
sulfur dioxide (Weil, 1983)

Sodium bisulfe

(a) Description: White, monoclinic crystals, yellow in solution (Weast, 1989)
(b) Melting-point: Decomposes (Weast, 1989)
(c) Density: 1.48 g/ml (Weast, 1989)

(d) Solubility: Very soluble in cold and hot water; slightly soluble in ethanol (Weast,
1989)

(e) Stability: Unstable with respect to metabisulfite (Weil, 1983)
Sodium metabisulfe

(a) Description: White powder or crystal (Weast, 1989)
(b) Melting-point: Decomposes at ~ 150°C (Weast, 1989)

OCalculated from: mg/m3 = (molecular weight/24.45) x ppm, assuming normal temperature (25°C) and
pressure (760 mm Hg (101.3 kP))



134 lARe MONOGRAPHS VOLUME 54

(c) Density: 1.4 g/ml (Weast, 1989)

(d) Solubilty: Soluble in water (54 g/100 ml at 20°C; 81.7 g/lOO ml at 100 °e) and
glycerine; slightly soluble in ethanol (Weast, 1989)

(e) Stabilty: Decomposes in moist air with loss of part of its sulfur dioxide content and
by oxidation to sodium sulfate; forms hydrates with water at low temperatures
(Weil, 1983)

Potassium metaislfe

(a) Description: Colourless, monoclinIc plates (Weast, 1989)

(c) Melting-point: Decomposes at 190°C (Weast, 1989)
(d) Density: 2.34 g/ml (Weast, 1989)

(e) Solubilty: Slightly soluble in water and ethanol; insoluble in diethyl ether (Weast,
1989)

1.1.3 Technical products and impurities

The main grade of liquid sulfur dioxide (pressurized gas) is known as the technical,
industrial or commercial grade. This grade contains a minimum of 99.98 wt% sulfur dioxide
and is a water-white liquid, free of sulfur trioxide and sulfuric acid. It contains onlya trace at
most of nonvolatile residue. Its most important specification is the moisture content, which is
generally set at a maximum of 100 ppm. The only other grade of liquid sulfur dioxide sold is
the refrigeration grade, which is a premium grade of the same purity and specifications as the
industrial grade but with a maximal moi sture content specified as 50 ppm (Weil, 1983).

Sodium sulfite is available commercially in several grades (eatalyzed SULFTECH€l,
Catalyzed SULFTEeH€l with sodium metabisulfite, reagent Aes (American Chemical
Society)), with the following ranges of specifications: purity, 94.5-98.5%; sodium chloride,
0.01-0.02%; iron (Fe), 0.001--c 0.002%; arsenic (see IARC, 1987), 1 ppm (mg/kg); heavy
metals (as lead), 0.001 %; and additives (cobalt salts (see lARe, 1991),0.01 %; anti-caking
agent, 0.07%) (General Chemical Corp., undated a,b).

Sodium bisulfite is not suffciently stable in the solid state to be marketed for
commercial use. The 'sodium bisulfite' of 

commerce consists chiefly of sodium metabisulfite.
A technical-grade aqueous solution is available commercially, with the following specifi-
cations: concentration, 40.0 wt%; sulfate, 0.7 wt% max; and iron, 15.0 ppm (mg/l) max (Weil,
1983; Calabrian eorp., undated).

Sodium metabisulfite is available commercially in several grades-food and non-food,
photographic, technical and industrial-with the following ranges of specifications: purity,
95-98.7%; sodium sulfite, 0.6% max; sulfur dioxide, 65.5-66.5%; iron, 0.0005-0.0015%;
selenium (see lARe, 1975), -c 0.0005%; heavy metals (as lead), -c 0.001-0.002%; chloride,
-c 0.02%; thiosulfate, -c 0.01%; arsenic, -c 2.0 ppm (mg/kg); and lead (see IARC, 1987),
-c 2.0 ppm (mg/kg) (Calabrian Corp., 1990a,b; Virginia Basic ehemicals Co., 1991; General
Chemical Corp., undated c,d).

No data were available on technical products and impurities of potassium metabisulfite.

1.1.4 Analysis

Techniques for the detection and measurement of sulfur dioxide have been reviewed
(Karchmer, 1970; Snell & Ettre, 1973). This compound can be recognized even at extreme
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dilutions by its pungent smell. Solutions of sulfur dioxide, sulfites or bisulfites decolourize
iodine and permanganate by reducing them. Sulfur dioxide and sulfites are reduced by zinc in
a hydrochloric acid solution to hydrogen sulfide, which is readily detected by its smell. Sulfur
dioxide can be determined chemically by iodometry, titrimetry, gravimetry or colorimetry
(Sander et al., 1984).

Routine monitoring of performance in plants usually entails continuous measurement of
the sulfur dioxide content of, for instance, roaster gases, contact gases and tail gases in a
sulfurIc acid plant by automatic recording, based on some physical property, such as
spectroscopic absorption in the infrared or ultraviolet range or electrical conductivity
(Sander et al., 1984).

The classical, manual method of iodometric determination (Reich, 1961) is stil widely
used in industrial practice. A partial stream of sulfur dioxide-containing gas is drawn through
an iodide solution, and the sulfur dioxide concentration in the stream is calculated from the
gas volume and the titrated iodine released. For titrimetric or gravimetrIc determination of
sulfur dioxide, the gases to be analysed are passed through a hydrogen peroxide solution,
which oxidizes sulfur dioxide to sulfuric acid; the sulfurIc acid is either titrated with caustic
soda solution against bromophenol blue or precipitated as barium sulfate and weighed
(Sander et al., 1984).

Typical methods for the analysis of sulfur dioxide in various matrices are summarized in
Table 1.

1.2 Production and use

1.2.1 Production

Sulfur dioxide has been produced commercially from the following raw materials:
elemental sulfur; pyrites; sulfide ores of non-ferrous metals; waste sulfuric acid and sulfates;
gysum and anhydrite; hydrogen sulfide-containing waste gases; and flue gases from the
combustion of sulfurous fossil fuels (Sander et al., 1984).

Elemental sulfur is the most important raw material for sulfur dioxide production
worIdwide. It is the raw material of choice in the production of 100% sulfur dioxide and of
commercially important sulfites, such as calcium hydrogen sulfite solution used in cellulose
production. The proportion of industrial sulfur dioxide production that is based on elemental
sulfur varies in different countries. Of the total amount of sulfur in aIl forms used for
producing sulfur dioxide-containing gases for sulfurIc acid production in 1979, the share of
elemental sulfur was about 80% in the USA, about 50% in Germany and probably less than
25% in the US SR (Sander et al., 1984).

Sulfur dioxide is produced by burning molten sulfur in a special burner with a controlled
amount of air. The burner gas, free of dust and cooled, is dissolved in water in two towers in
series. ln a third tower, the solution is sprayed at the top and flows down while steam is
injected at the base. The gas issuing from the third tower is then cooled to remove most
moisture and passed up a fourth tower against a countercurrent of sulfuric acid. The dried gas
is liquefied by compression (Mannsville Chemical Products Corp., 1985).

Pyrites and other iron sulfide ores stil constitute the main raw material for sulfur dioxide
production in some countries, especially in the primary stage of sul 

furie dioxide manufacture.
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Table 1. Methods for the analysis of sulfur dioxide

Sample Sample preparation Assay Limit of Reference
matri procedurea detection

Ai Collect on cellulose fil ter saturated with IC 0.01 mg/ ElIer (1987)
KOH preceded by a cellulose ester mem- sample
brane; oxidize sulfite to sulfate with 30%
w/v HiOi; elute with NaHC03/NaiC03
Absorb in 0.3N HiOi; tItrate using bro- Titration Range, 0.01- Thylor (1977)
mocresol green and methyl red solution 10 ppm (0.026

26 mg/m3)
Absorb in potassium or sodium tetra- Colorimetry 0.01 ppm Thylor (1977);
chloromercurate; complex heavy metals (26 l.g/m3) Kok et al. (1987a)
with EDTA; treat with 0.6% sulfamic
acid; treat with formaldehyde and para-
rosaniline; adjust pH to 1.6 with 3M
H3P04; read maximal absorbance at
548 nm

Absorb in buffered fonnaldehyde solu- Colorimetry 26 l.g/m3 Kok et al. (1987b)
tion; treat with 0.6% sulfamic acid; treat
with NaOH and para-rosaniline; read
maximal absorbance at 580 nm

Draw air through bubbler containing Titration Range, 6.55- Thylor (1978)
O.3N HiOi; add isopropanol; adjust pH 26.8 mg/m3
with dilute HCl04; titrate using 0.OO5M

Ba(Cl04h and Thorin indicator
Adsorb onto Molecular Sieve 5A; desorb MS 2 mg/m3 Thylor (1977)
with heat

Stack Collect on impinger; absorb with 3% AT Range, 26- Knapp et al. (1987)
gases HiOi; titrate using NaOH and bromo- 15 60 mg/m3

phenol blue indicator

lrradiate sample with pulsed ultraviolet PFD Range 2.6- Adams et aL. (1987)
light; pass emitted fluorescent light 13 00 mg/m3
through broad-band optical fil ter; detect
by photomultiplier tube

Beer Add mercury stabilizing solution and Colorimetrie Not reported Helrich (199)
O.lN HiS04; add O.lN NaOH; add para-
rosaniline and formaldehyde solutions

Foob Heat in refluxing lN HCl; add nitrogen Titration 10 ppm US Food and Drug
gas stream; condense gas into 3% HiOi Administration
solution; titrate with NaOH and methyl (1987)
red indicator

/1Abbreviations: AT, alkalimetric titration; iC, ion chromatography; MS, mass spectrometiy; PFD, pulsed
fluorescence detection
bMethod is also applicable to the following sulfting preservative agents: potassium metabisulfite, soium
bisulfite, soium metabisulfite and sodium sulfite
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The most important iron sulfide mineraIs are pyrite and marcasite, both FeSi. The sulfur
content of pyrite concentrates may be as high as 50%. ln Japan and sorne other countries, aIl
the pyrite ores produced are processed domesticaIly; whereas other countries, especiaIly
Norway, Spain and the countries of the ex-USSR, still export pyrites as raw materials for
sulfuric acid production (Sander et al., 1984).

Non-ferrous metal sulfide ores are also important raw materials for sulfur dioxide
production, as in the pyrometaIlurgical processing of sulfide ores for extraction of copper,
nickel, zinc and lead, waste gases containing sulfur dioxide are inevitably produced (Sander et
al., 1984).

Sulfur dioxide is normaIly recovered from waste sulfuric acid and sulfates, from
hydrogen sulfide-containing industrial waste gases and from power station flue gases only for
environmental reasons. Industrial and public utility boilers can be significant sources of
sulfur dioxide, which is a by-product of the combustion of fuel oil and coal. The
concentration of sul fur dioxide in these gases is often low and difficult to recover
economically. US government regulations restrict the emissions of sulfur dioxide from the
stacks of utilities to 10.2 pounds (4.6 kg) per milion British thermal units (1 055 055 kJl of
fuel burned (Sander et al., 1984; Mannsville Chemical Products Corp., 1985).

Sulfur dioxide is also recovered commercially by liquefyng gas obtained during smeltng
of non-ferrous metals su ch as lead, copper and nickeL. Much of this smelter by-product is
recovered and oxidized to sulfur trioxide for producing sulfuric acid (Sander et al., 1984;
MannsviIle Chemical Products Corp., 1985).

Calcium sulfate, in the form of natural gysum or anhydrite, was formerly used in a few
smaIl plants as a raw material for sulfur dioxide and sulfuric acid production; owing to the
high energy consumption of such plants, however, they have been shut down or modified to
process waste gysum (for example, from phosphoric acid manufacture) (Sander et al., 1984).

ln a tyical sodium sulfite manufacturing process, a solution of sodium carbonate is

aIlowed to percolate downwards through a series of absorption towers through which sulfur
dioxide is passed countercurrently. The solution leaving the towers is chiefly sodium bisulfite
of, tyicaIly, 27 wt% combined sulfur dioxide content. The solution is then run into a stirred
vessel, where aqueous sodium carbonate or sodium hydroxide is added until the bisulfite is
entirely converted to sulfite. The solution may be filtered to attain the required product
grade. A pure grade of anhydrous sodium sulfite can be crystallized at above 40 °C, since its
solubility decreases with increasing temperature (Weil, 1983).

Sodium metabisulfite is produced by reacting an aqueous sodium hydroxide, sodium
bicarbonate, sodium carbonate or sodium sulfite solution with sulfur dioxide. The solution is
cooled, and the precipitated sodium metabisulfite is removed by centrifugation or filtration.
Rapid dryng, in a steam-heated shelf dryer or a flash dryer, avoids the excessive
decomposition or oxidation to which moist sodium metabisulfite is susceptible. Potassium
metabisulfite can be produced bya similar process (Weil, 1983).

Sulfur dioxide was produced for sale in the USA at a level of 64 thousand tonnes in 1960,
99 thousand in 1970, 124 thousand in 1980 and 118 thousand in 1985 (MannsviIle Chemical
Products eorp., 1985). Demand rose to 227 thousand tonnes in 1987 (Anon., 1988) and to
290 thousand tonnes in 1990 (Anon., 1991). Most of the sul fur dioxide produced worldwide is
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for captive use in the sulfuric acid and wood pulp industries (Weil, 1983; Sander et al., 1984).
The numbers of companies producing sulfur dioxide, sodium sulfite, sodium bisulfite,
sodium metabisulfite and potassium bisulfite in various countries and regions are given in
Table 2.

Table 2. Numbers of companies producing sulfur dioxide, sodium
sulfite, sodium bisulfte, sodium metabisulfte and potassium
bisulfite in ditTerent countnes In 1988-90

Country or region S02 Na2S03 NaHS03 Na2S20S K2S20S

Argentina 1 1 1

Australia 1

Austria 1 1 1

Belgium 1

B razil 2 3 2 1

Canada 4 1

Chile 1

China 4 2
Colombia 1 1 1

Czechoslovakia 1 1

Finland 1

France 2 1

Germany 6 4 3 1

Greece 1

India 2 3 4 3 1

Israel 1

Italy 2 3 4 2 3
Japan 3 17 2 3 1

Mexico 3 2 1

Netherlands 1

New Zealand 1

Norway 1

Philippines 1

Poland 1 1 1

South Africa 1 1

Spain 4 3 2 2 4
Sweden 3
Switzerland 2 1 2
Thiwan 3 2 1

Turkey 1 1 1

United Kingdom 3 5 3 2 2
USA 7 5 4 3 1

USSR 1

Yugoslavia 1 1

From Anon. (1988, 199); Chemical Information Services (1988); -, not known
to be produced
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The commercial uses of sulfur dioxide are based on its function as an acid, as a reducing
or oxidizing agent or as a catalyst (Mannsville Chemical Products Corp., 1985).

The dominant uses of sulfur dioxide are as a captive intermediate in the production of
sulfuric acid and in the pulp and paper industry for sulfite pulping (see p. 145); it is also used
as an intermediate for on-site production of bleaches, e.g., chlorine dioxide, by the reduction
of sodium chlorate in sulfuric acid solution, and of sodium hydrosulfite (sodium dithionite)
(NaiSi04), by the reaction of sodium borohydride with sulfur dioxide. Sulfur dioxide is often
used in water treatment to reduce residual chlorine after chlorination and in filter bed
cleaning (Weil, 1983; Sander et a/., 1984; Mannsville Chemical Products Corp., 1985).

ln food processing, sulfur dioxide has a wide range of applications as a fumigant,

preservative, bleach and steeping agent for grain. ln the production of high-fructose corn
syrup, sulfur dioxide is used to steep corn and remove the husks as the corn is prepared for
processing. ln the manufacture of wine, a small amount of sulfur dioxide is added to the must
to destroy bacterial moulds and wild yeasts without harming the yeasts that produce the
desired fermentation (Weil, 1983; Sander et al., 1984; Mannsville Chemical Products Corp.,
1985).

ln petroleum technology, sulfur, most commonly as sodium sulfite, is used as an oxygen
scavenger. Sulfur dioxide is used in oil refining as a selective extraction solvent in the
Edeleanu process, in which aromatic components are extracted from a kerosene stream with
sulfur dioxide, leaving a purified stream of saturated aliphatic hydrocarbons, which are
relatively insoluble in sulfur dioxide. Sulfur dioxide acts as a cocatalyst or catalyst modifier in
certain processes for oxidation of ortho-xylene or naphthalene to phthalic anhydride (Weil,
1983 ).

ln mineraI technology, sulfur dioxide and sulfites are used as f1otation depressants for
sulfide ores. ln electrowinning of copper from leach solutions containing iron, sulfur dioxide
is used to pre-reduce ferric to ferrous ions to improve current efficiency and copper cathode
quality. Sul fur dioxide also initiates precipitation of metallic selenium from selenous acid, a
by-product of copper metallurgy (Weil, 1983). ln chrome waste disposaI, it is used to reduce
hexavalent chromium (Mannsville Chemical Products eorp., 1985).

Sulfur dioxide is also used to reducecoloured impurities in clay processing. ln the
bromine industiy, it is used as an antioxidant in spent brine to be reinjected underground. ln
agriculture, it increases water penetration and the availabilty of soil nutrients by virtue of its
abilty to acidulate saline-alkali soils. ln glass container manufacture, it is used as a surface
al kali neutralizer which improves resistance to scratching and prepares leach-resistant
bottles for medicinals, blood plasma and detergents (Weil, 1983).

Sodium sulfite is used in neutral semi-chemical pulping, in acid sulfite pulping, in
high-yield sulfite cooling and in sorne kraft pulping processes; in the chemical industiy as a
reducing agent and source of sulfite ion; as an antioxidant in water treatment chemicals; in
the food industiy as an antioxidant and enzye inhibitor in the processing of fruit and
vegetables; in the photographic industry as a film and stain preservative during developing; iD
the textile industiy as a bleach and antichlor; and to remove oxygen from water used in

.
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boilers, oil-weIl flooding, oil-weIl drilling muds and other situations in which it is important
to remove oxygen to reduce corrosion (Weil, 1983; General ehemical Corp., undated a,b).

Estimated uses of sulfur dioxide in 1988 and of sodium sulfite in 1990 in the USA are
presented in Thble 3.

Table 3. Estimated percentage uses of sulfur dioxide and
sodium sulfte in the USA

Use

Hydrosulfites and other chemicals
Pulp and paper
Foo and agriculture (mainly corn processing)
Textile bleaching, foo preservatives, chemical

intennediate, ore flotation, oil recoveiy
Water treatment
Photography
Metal and ore refining
Petroleum refining
Exprt
Miscellaneous

-, not used or not exported
llrom Anon. (1988)
bFrom Anon. (199)

Sodium metabisulfite is used in chemical processing to activa te polymerization of
acrylonitrile and in waste treatment to reduce chrome wastes; in fruit and vegetable pro-
cessing as a bleach and preservative; in photoprocessing as a preservative for thiosulfate
fixing baths and as a reductant for reversaI developing; in tanneries to accelerate the
depilatory action of lime for unhairing hi des; in the textile industry as an antichlor foIlowing
chlorine bleaching of cotton and following shrink proofing of wool and as a mordant; in dye
manufacture to inhibit oxidation of sensitive amine groups, to replace chlorine groups with
the sulfite radical and as an aid in the formation of naphthylamine derivatives; in water
treatment as an antichlor; and in the manufacture of explosives and detergents (Weil, 1983;
Virginia Basic ehemicals Co., 1991; General Chemical Corp., undated c,d).

The uses of potassium metabisulfite are similar to those of sodium metabisulfite; it is
used especiaIly in the processing and preservng of foods and beverages (Sax & Lewis, 1987).

1.3 Occurrence

1.3.1 Air
Anthropogenic activities result in a significant contribution to the atmospheric burden

of sulfur compounds regionaIly and on a global scale. By 1976, it was estimated that global
gaseous sulfur emissions from anthropogenic combustion sources were about 90 milion
tonnes per year. This estimate may be compared with the 90 milion tonnes per year
contrbuted by aIl natural sources of gaseous sul fur compounds, principally biogenic, in
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addition to 40 million tonnes per year as sulfate in sea-spray particles (Winchester, 1983). ln
another study, it was estimated that approximately 65 milion tonnes of sulfur, mostly as
sulfur dioxide, are released into the global atmosphere yearly from the burning of fossil fuels
and the roasting of metal sulfide ores; the same authors estimated that the total natural
releases of sulfur to the atmosphere were approximately 80 million tonnes per year (Turner &
Liss, 1983).

Sulfur occurs in a variety of compounds in the atmosphere, many of which participate in
the sulfur cycle. Hydrogen sulfide is believed to be emitted into the atmosphere in large but
uncertain quantities, mainly from natural sources such as swamps and estuaries; most of it is
rapidly oxidized to sul fur dioxide and sulfuric acid bya number of reactions involving reactive
oxygen species. Sulfur dioxide is not only a product of hydrogen sulfide oxidation, it
constitutes about 95% of the sulfur compounds produced by the burning of sulfur-containing
fossil fuels. The major anthropogenic sources of sulfur dioxide are the combustion of coal
and fuel oil; production, refining and use of petroleum and natural gas; industries using and
manufacturing sulfuric acid and other sulfur products; and smelting and refining of ores
(Krupa, 1980).

Natural sources of sulfur include sea spray, volcanic activity, decay of animal and plant
tissue, marine algae, anaerobic microbiological activity and other soil processes. Biogenic
sul fur compounds originate from nonspecific bacterial reduction of organic sulfur, i.e., plant
decomposition, and from specific sulfate-reducing bacteria. Sulfated sea spray accounts for
approximately 10% of the natural sulfur emissions, volcanic activity for another 10% and
biogenic activity for the balance (Aneja et al., 1982).

Because ail sulfur species are eventually oxidized to sulfur dioxide and sulfates, the
concentration of atmospheric sulfur dioxide gives a general indication of the original total
concentration of other sulfur compounds. ln a remote, moist equatorial forest in the Ivory
Coast, the atmospheric sulfur dioxide concentration was approximately 30 Jlg/m3. Such levels

of sulfur dioxide are secondary reaction products from the decomposition of organic litter
and humus. The concentration is comparable to that in industrial zones and higher than those
reported for rural areas in the USA and Europe. ln comparison, marine concentrations of
sulfur dioxide in the air near the Ivory Coast were 0.1-0.5 Jlg/m3 (Aneja et al., 1982).

The average concentration of sulfur dioxide in the dry, unpolluted atmosphere is
generally in the range of 10-5-10-4 ppm (0.03-0.3 Jlg/m3), with an approximate residence
time in the atmosphere of 10 days (Harrison, 1990).

Sulfur dioxide in the atmosphere can contribute to environ mental corrosion and can
influence the pH of precipitation both by acting as a weak acid itself and by its conversion to
the strong acid, sulfuric acid. Sulfur dioxide is a stronger acid than carbon dioxide and at a
concentration of only 5 ppb (13 Jlg/m3) in air will, at equilibrium, decrease the pH of
rainwater to 4.6 at 15°C. ln many instances, however, low pH is not attained, owing to severe
kinetic constraints upon achievement of equilibrium, as is the case with many atmospheric
trace gases. Dissolved sulfur dioxide may contribute appreciably to measured total sulfate
and acidity in urban rainwater (Harrison, 1990).

The mechanisms by which sulfur dioxide is oxidized to sulfates are important because
they determine the rate of formation of sulfate, the influence of the concentration of sulfur
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dioxide on the reaction rate and, to sorne extent, the final form of sulfate. Because atmos-
pheric oxidation of sulfur dioxide proceeds via a range of mechanisms, depending upon the
concentrations of the responsible oxidants, the oxidation rate is extremely variable WIth

space and time; tyically, it is 1-5% per hour (Wilson, 1978; Harrison, 1990).
Several mechanisms have been investigated for the gas-phase oxidation of sulfur di-

oxide. The major pathway appears to involve the hydroxy radical, and gives rise to sulfur
trioxide and ultimately sulfuric acid (Wilson, 1978; Harrison, 1990).

ln the presence of water droplets, in the form of fog, c1ouds, rain or hygroscopic aerosols,
sulfur dioxide dissolves, so that aqueous-phase oxidation can give rise to bisulfite and sulfite.
These equilibria are sensitive to pH, and HS03- is the predominant species over the pH
range of 2-7. The other consequence of these equilibria is that the more acidic the droplet,
the greater the degree to which the equilibria move towards gaseous sul 

fur dioxide and limitthe concentrations of dissolved sulfur(IV) species (Harrison, 1990).
Estimated sulfur dioxide emissions in 22 countries in 1980 are shown in Table 4. ln the

United Kingdom, it was estimated that sulfur dioxide contributes 71 % of the total atmos-
pheric acidity, compared to 25% from nitrogen oxides and 4% from hydrochloric acid. ln the
rest of western Europe, sulfur dioxide is estimated to contribute 68%, nitrogen oxides, 30%
and hydrochloric acid, 2% (Lightowlers & Cape, 1988). It should be noted, however, that
production quantities or emission inventories are not reliable indicators of atmospheric
concentrations for a region or country, due to cross-boundary air transport of sulfur dioxide
(US Environmental Protection Agency, 1986).

It was estimated that, in 1985, anthropogenic sources contributed approximately 21
milion tonnes of sulfur dioxide In the USA, while emissions in eanada were approximately 4
million tonnes. Contributions from different emission sources in the USA and Canada, res-
pectively, were: electric utilities, 69% and 19%; industrial and manufacturing processes, 13 %
and 69%; industrial combustion, 11% and 8 %; transportation, 4 % and 3 %; and commercial,
residential and other combustion, 3% and 1 %. Most emissions of sulfur dioxide come from
large utility and industrial sources (Placet, 1990).

Between 1900 and 1970, annual estimated sulfur dioxide emissions in the USAincreased
from 9 to 28 milion tonnes; in 1970-87, emissions decreased by an estimated 28%. Natural
sources have been estimated to contribute 1-5 % of total US sulfur dioxide emissions; they do
not appear to make a significant contribution to the sulfate component of acidic deposition in
the USA or Canada (Placet, 1990). Total US sulfur dioxide emissions from electric utilities
decreased by 16% between 1973 and 1982, from almost 17 milion tonnes to slightlyunder
14.5 milion tonnes. Of the sulfur dioxide emissions from utilities in 1982, more than 93%
came from coal-fired utilities and less than 7% from oil-fired utilities (Pechan & Wilson,1984). .

Concentrations of sul fur dioxide in ambient air have been measured in many different
locations worldwide. Sorne examples are given in Table 5. Average concentrations of sulfur
dioxide have generally been found to be highest in and around large cities (WHO, 1979).
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Table 4. Sulfur dioxide emissions in 1980

Country or region Emission (thousand tonnes)

USSR
USA
United Kingdom
Italy
Germany (western)
France
Czechoslovakia
Yugoslavia
Poland
Hungary
B ulgaria

Belgium
Greece
Finland
The Netherlands
Sweden
Austria
Denmark
Romania
Portugal
Norway
Switzerland

25 50
23 00 (21 20 in 1984)

468
380
3580
3270
3100
300
2755
1663
100
80
700
60
487
450
440
399
200

149

137

119

From US Environmental Protection Agency (1986)

Table 5. Sulfur dioxide concentrations in ambient air

143

Loction SOz concentration
(¡.g/m3)

ReferenceYear

Rural NY, USA
PA USA
Rural PA USA
Bermuda
Coastal DE, USA
Bermuda (mid-ocean)
Northwest Terrtories, Canada
Northwest Terrtories, Canada
Ontario, Canada
Ontario, Canada
Near HZS04 producer, United

Kigdom

1984-86
1983

1984

1982-83
1985

1985

Nov-Dec 1981

Feb 1982

1982

1984

1981

3.38-7.44
2631
3-131
0- 1.67
13.4

0.7
0.33-0.69
2.3-4.3
8.4-16.2
0.1-62.8
0.5-120

Kelly et al. (1989)
Pierson et al. (1989)
Lewin et al. (1986)
Wolff et al. (1986)
Hastie et al. (1988)

Hastie et aL. (1988)
Hoff et al. (1983)

Anlauf et al. (1985)
Barre (1988)

Harrson (1983)
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1.3.2 Occupational exposure

The uses of sulfur dioxide described above indicate its widespread occurrence in the
work place. It also occurs in the work environment as a result of oxidation (e.g., burning) of
sulfuric ores, sulfur-containing fuels and other materials. Table 6 is a list of occupations
entailing frequent exposure to sulfur dioxide. The number of workers exposed to sul furdioxide in the USA in 1974 was estimated to be about 500 000 (US National Institute for
Occupational Safety and Health, 1974), which is 0.2% of the total population. The
corresponding figure in Finland in 1991 was 10000 (Kangas, 1991), which issimilarlyO.2% of
the population. On the basis of these estima tes and of the characteristics of the populations
and industrial development on the fIve continents, the global number of exposed workers is
probably several million.

Table 6. Occupations in which there is potential exposure to
sulfur dioxide

Beet sugar bleaching

Blast fumace tending
Brewery work
Diesel engine operation
Diesel engine repair
Disinfectant manufacture
Disinfection
Fire-fighting
Flour bleaching

Foo bleaching
Foo protein manufacture
Foundry work
Fruit bleaching
Fumigant manufacture
Fumigation
Furnace operation
Gelatin bleaching

Glass making
Glue bleaching
Grain bleaching

Ice making
Industrial protein manufacture
Meat preserving

Oil bleaching
Oil processing
Ore smelting
Organic sulfonate manufacture
Papermaking
Petroleum refinery work
Preservative manufacture
Refrigeration
Straw bleaching

Sugar refining
Sulfite manufacture
Sulfur dioxide work
Sulfuric acid manufacture
Sulfuryl chloride manufacture
Tannery work
Textile bleaching
Thermometer manufacture
Thionyl chloride manufacture
Wickerware bleaching
Winemaking
Woo bleaching
Woo pulp bleaching

From US National Institute for Occupational Safety and Health (1974)

Sulfur dioxide has been measured in many industries, but most of the data come from
pulp manufacture by the acidic (sulfite) process (see IARC, 1987) and the manufacture of
basic metals. Sorne data are available from the chemical industry (e.g., sulfuric acid
manufacture), oil refining and the petrochemical industry, textile processing, refrigerator
production, food preparation, the rubber industry (see IARC, 1987), the glass industry, the
brick industry, mineraI fibre production (see lARe, 1988), photography, silicon carbide
production, power plants and fire fighting. Exposure may occur also in the pharmaceutical
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industry, in mining, in water treatment, in chrome-waste treatment and during fumigation
and other operations (US National Institute for Occupational Safety and Health, 1974; US
National Institute for Occupational Safety and Health/Occupational Safety and Health
Administration, 1981), but no data on levels of exposure were available to the Working
Group, nor was any information available on occupational exposure to sulfites, bisulfites or
metabisulfites.

The methods used to take occupational hygiene measurements have varied over the
years. Detector tubes showing the crude concentration of sulfur dioxide in work-room air
during measurement, which usually lasts 1-2 min, were used commonly in the 1950s and
1960s. An older method that allows longer sampling is based on liquid absorption of sulfur
dioxide and determination by titration. More recently, long-term detector tubes, passive
dosimeters and other methods have been used. Most samples have been collected from static
sampling points at sites that workers visit occasionally or regularly; sorne measurements are
made during relatively brief episodes when high-peak exposures are expected to occur.
Long-term personal sampling has rarely been done because liquid absorption sampling is
difficult under these conditions and because the aim of measurements has traditionally been
to identify acute risks of exposure to sulfur dioxide. Therefore, many of the reported results
reflect mainly short-term exposure and are overestimates of the exposure levels experienced
by workers during longer periods (Smith et aL., 1978; Broder et aL., 1989).

(a) Pulp indust'Y

Large amounts of sulfur dioxide are used in the preparation of cooking liquor in sulfite
pulp mils. Sulfur dioxide gas is reacted with water and calcium carbonate or other carbonate
mineraIs in an absorption tower ('acid tower), where the cooking liquor containingsulfurous
acid, bisulfites and sulfur dioxide is formed. The cooking acid and wood chips are charged
into a continuous or batch-tye digester where the lignin of the wood dissolves in liquor
during cooking under raised temperature and pressure. Pulp is dropped or 'blown' from the
digester into covered or uncovered pits to be washed. This operation often releases large
amounts of sulfur dioxide into the work-room air; in addition, the rawpulp contains residues
of cooking liquor, which contribute to the emissions. Sulfur dioxide is th us a major air
contaminant in sulfite pulp mils, and nearly aIl process workers involved in the preparation
of cooking Iiquor or cooking, washing and other operations are exposed. Work in acid plants
is usually continuous, and exposure occurs during the whole work day. ln other areas,
exposure varies, being relatively low in control rooms (where most time is spent) but high
episodically during certain operations and during leakages of the process equipment (Feiner
& Marlowe, 1956; Jappinen, 1987). Sulfur dioxide may also be used in the bleaching
departments of pulp and paper plants to neutralize residual chemicals and during final
acidification to remove metallc ions from the pulp. Occasionally, mechanically produced
pulp is bleached with sodium dithionite, which may release sulfur dioxide (Kangas, 1991).
Occupational exposure measurements in the pulp industiy are given in Table 7.

Sulfite pulp workers were exposed for shorter or longer periods in the 1950s to measured
concentrations of sul fur dioxide weIl above 26 mg/m3. The scarce data available on daily
me an exposures suggest levels of 13 mg/m3 or more; but these data represent only the
situation in digesting and pulp storage in one mil at one period of time. Measurements in the
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Table 7. Measurements of sulfur dioxide in the pulp industry

Industry, operation No. of Concentration of sulfur Year of Country Reference
samples dioxide (mg/m3)a measurement

Mean Range

FIve sulfte pulp mils 1954--7 Finland FIOH
Burning of pyrte, acid 156 68.1 ND-56 (199)
plants, digesting, blow pits

Sulfite pulp mils 1972-74 Fin land Skytä
Acid departments 3 7.1-- (1978)Blow pits 2 12.6-37
Digesting departments 2 20-34
Filterig 1 ~0.3
Burning of sulfur 2 6.6-13.6
Power plants 2 2.4-3.4
Chimney sweeping 1 17.0

Four sulfte pulp mils 1978-85 Finland Kangas
Acid departments 31 (1991)Control rooms NR ~ 1.3 0.3-2.6

Other sites NR 12.6 2.1-86.5
Digesting, washing 196

Control rooms NR 2.1 NR-16.5
Digesters, blow pits NR 5.8 NR--.3

Evaporation
Win ter 5.5
Summer 3.9

Bleaching ~5.2 NR
Four sulfite pulp mils NR USA Feiner &

Sulfur burner rooms 3 13.1 5.2-31.4 Marlow
Blow valve floors 5 NR 13.1- ).131 (1956)
Blow pit floors 3 79 52.4-131
Digester loading floors 4 NR 5.2- ).131
Acid plant 1 52.4

Four sulfite pulp mils NR Norway Skalpe
Acid towers 6 46.3 26.2-94.3 (196)Digester plants

TopJloors 4 17.2 3.1-31.4
Middle floors 2 20 3.1-36.7
Bottom floors 5 27 13.1-49.8

Sulfite pulp mil 1958-3 USA Ferr
Digester loading room 13 14.2 ND-29 et a/.

Blow pit floor 2 ND (1967)
Recovery boiler 2 8.5 3.9-13
Washer operating floor 2 0.7 ND-1.31
Evaporators 1 10.5
Diyers 1 ~0.3
Lower floor 6 9.2 2.6-15.7
Pyte plant 3 1.5 ND-4.45
Acid room 5 15.1 Traces-26.2
Bleaching plant 1 3.7
Blower house 2 85.2 83.8-86.5
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Table 7 (contd)

Industry, operation No. of Concentration of sulfur Year of Country Referencesamples dioxide (mg/m3)a measurement

Mean Range

Sulfite pulp miU
NR Sweden StjernbergDigester room and wood

et al.pulp storage

(1984):: 50% of daily means NR 14.28 (TA) NRMaxmal daily means NR NR 114-140
Semichemical pulp miH NR ~3 NR NR Finland Kangas

(1991)Sulfate pulp miU
1963 USA FerrsDigester loading room 1 2.6

et al.Washer operating fIoor 3 2.0 ND-4.7
(1967)Evaporators 1 3.7

Other sites 2 ND
Mechanical pulp miUs

NR Finland KangasDosing of dithionite in 12 3.34 0.8-39.3
(1991)bleaching departments

Pulp miH, general plant
1963 USA FerrsWoo chipper room

1 ND et al.Barker drum plant 1 ND
(1967)Power plant 1 0.3

ND, not detected; NR, not reported
lleasurements based on long-term sampling and given as the average concentration over about one working

day or longer are indicated as 1WA (time-weighted average concentration).

1980s suggested lower levels, especially in control rooms (Table 7). Other agents present in
the work environment of sulfite pulp mils incIude sulfur, ammonia, limestone, sulfurous
acid, calcium bisulfite, calcium oxide, carbon monoxide, lignosulfonates, methanol, acetic
acid, formic acid, formaldehyde (see IARC, 1987), furaldehyde and cyene (Jäppinen,
1987).

(b) Metallurgy

ln the basic metal industries, in which steel, copper, nickel, zinc, cobalt, aluminium and
other metaIs are produced, sulfur dioxide occurs when sulfidic ores or sulfuric impurities of
the ores are sintered, roasted or melted. Impurities of coal, coke, heavy fuel oIls and other
materials used in the processes may also contribute to emissions of sulfur dioxide. The
exposure Ievel in a specific mil depends on many factors, incIuding the composition of the
raw materials, temperatures and other parameters of the processes, intensity of the
production, tightness of the furnaces and other pro cess equipment, ventilation and use of
respira tors. The concentration of sulfur dioxide in the air also varies over time, with the
operations carried out and possible leakages of the process equipment. Occupational

exposure measurements in metallurgy are given in Table 8.
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Table 8. Measurements of sulfur dioxide in metallurgy

Industry, operation No. of Concentration of sulfur Year of Country Reference
samples dioxide (mg/m3)a measurement

Mean Range

Copper smelter (furnaces, converters, etc.) 36 17.5 1.57-100 1951 -57 Finland FIOH (199)
Copper sm el ter NR Sweden Lundgren (1954)Roaster NR "" 222 66-550

Reverberatory furnace NR "" 152 0-500 -
::Converter hall NR "" 24 0- 52.4
~Copper smelter 1972 USA US National Institute
~Reverberatory furnaces 3 16 2.6-26.3 for Occupational 0Other sites 8 -:3 NR Health (1974) ZReverberatoiy furnaces, chargers floor 20 60 4.2- 118 0Main floor opposite skiming end 20 6.6 0.8-23.6 0Skimers' platforms 21 25.1 2.1-68
~Copper smelter 1940-74 USA Smith et aL. (1978) 'i
:iReverberatoiy furnace
C/Area measurements, 1940-74 NR 20.5b 1W A 2.0-75.4bc1WA ~Stationaiy measurements, 1972-74 181 1O.6b 1W A 1. -62.0c 1W A 0

Personal monitorig, 1973-74 NR 3.1b1WA 2.7-3.5c 1WA
EConverter
~Area measurements, 1940-74 NR 7.üb 1WA 1.2-30.9c 1W A mStationaiy measurements, 1972-74 198 3.7b1WA 1.5-14c1WA VI.tPersonal monitorig, 1973-74 NR 2.6b TW A 2.6c TW A

Reverberatoiy furnace and
converter area
Personal monitorig, 1973-74

Supervsors NR 2.61W A NR
Maintenance workers NR 1.71WA NR

Anode plant
3.2b 1WAArea measurements, 1959-74 NR 1.4-4.2C 1W A

Stationaiy measurements, 1972-74 100 3.91W A NR-7.3 (SD, 1.8)
Personal monitorig, 1973-74 NR 2.51W A NR



Table 8 (contd)

Industry, operation No. of Concentration of sulfur Year of Country Reference
samples dioxide (mg/m3)a measurement

mean range

Copper smelter (contd) Smith et aL. (1978)
Acid plant

(contd)
Area measurements, 1940-74 NR 3.5b TW A 0.4-9.4c TW A
Stationary measurement, 1972-74 53 5.4 TW A NR (SD, 3.6)
Personal monitoring, 1973-74 NR 4.2 TWA NR C/Truck shop c:

t"Area measurements, 1973-74 91 ~0.2 TWA NR 'TUnspecified smelter area c:
Personal monitorig, 1973-74 NR 2.1 TW A NR :;

Copper smelter USA Rom et al. (1986) t:-
Old plant 4.5 TW A 0.5-17.6 TWA 1976 ~New plant 6.0 TW A 0.5-14.7 TWA 1982 -

t:Copper/nickel mil (fumaces, 23 5.9 0.3-34.1 1968 Finland FIOH (199) ticonverters) ;:
Copper/nickel mil NR Finland Kangas (1991) Z

t:Reverberatory fumaces .- 3 NR-1O.5
C/

Con vert ers .- 3 NR-7.9 c:Casting of copper anodes ~ 3 NR-5.2 t"
"TPretreatment of precious metal ores ~ 3 NR-13.1 -
~Nickel smelter NR 1.8 TWA 0.05-9.4 TWA 1985 Canada Broder et al. (1989) C/

Steel mil 1968 Finland FIOH (199)
Blast fumace 4 0.3 0.3
Steel sm el ter 4 1. 0.26- 1.8
Rolling mil

Crane 4 9.4 0.26-19.1
Other sites 3 0.8 0.3- 1.8

Tho steel mils 1964-68 United Wamer et al. (1969)
Blast fumace Kigdom
Mil 1 51 1.8 TW A NR
Mil 2 75 1.5 TW A NR

1-..\0

kajo
Rectangle
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V\0Table 8 (contd)

Industry, operation No. of Concentration of sulfur Year of Country Reference
samples dioxide (mg/m3)a measurement

mean range

Warner et aL. (contd)Converters
Mil 1 97 0.30 TW A NR
Mil 2 87 0.35 TW A NR -Open hearths ~
Mil 1 37 0.18 TWA NR ~Mil 2 96 0.33 TW A NR

~Hot mil
0Mil 1 136 O.99TWA NR ZMil 2 93 0.21 TW A NR 0Cold mil 0

Mil 1 217 1.50 TWA NR ~Mil 2 75 0.28 TW A NR ""Power plant ::r/Mil 1 26 0.84 TW A NR ~Mil 2 38 0.06 TWA NR 0Sinter, coke ovens, quarries, lime burning, 338 0.08 TW A NR
8central electrical workshops, engineering
~workshops, stores, laboratories, and offces
t'(both mils)
V\.tSteel mils NR Finland Kangas (1991)

Sintering NR NR 0-26.2
BIast furnace

U sually NR NR 1.05-2.6 TW A
Occsionally NR 26.2-52.4

Steelmaking, mixers
Usually NR NR 0.3-2.4 TWA
Occsionally NR 13.1-39.3

Rolling mil 1

U sually NR NR 1.31-2.1 TWA
Rolling mils 2 & 3 47 4.2 1.31-42



Table 8 (contd)

Industry, operation No. of Concentration of sulfur

samples dioxide (mg/m3)a
Year of Country Reference
measurement

Mean Range

Finland Kangas (1991)
Zinc mill

NRRoasting department
Personal monitorig NR r- 3 TWA NR
Static sampling NR r- 5 TW A NR

Cobalt mil
1968Roasting department 14 12.8 0.6-44.5Dissolvig department 4 0.6 0.6

Aluminium smelter
1979-80Potroom workers (personal samples) 121 2.0TWA SD, 1.5

Aluminium foundry (personal monitorig) NR 2.6 TW A 0.5-7.9 TWA NR
Foundnes

NRSteel foundry using furan resins 14 5.8 -( 1.3-2.1
Other steel foundries 7 -( 3 NR
Light metal foundry 1 -( 3 NR
Brasslbronze foundry 7 12 NR

Finand

Canada

Sweden

Finland

FIOH (199)

Chan- Yeung et aL.

(1983)
Sorsa et al. (1982)

Kangas (1991)

NR, not reported; ND, not detected; SD, standard deviation
lleasurements based on long-term sampling and given as the average concentration over about one working day or longer are indicated as TW A
(time-weighted average concentration).
bMean of means

CRnge of means
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ln copper smelters, the me an level of sulfur dioxide is often between 2.6 and 26 mg/m3;
high concentrations, weIl above 26 mg/m3, may occur occasionally. ln nickel, zinc and alumi-
nium smelters, as weil as in steel mils, lower me an concentrations have been measured
(2.6 mg/m3 or less) (Table 8). ln most cases, sulfur dioxide is only one of the agents present in
work-room air. Other agents that may occur simultaneously include iron, nickel, copper,
aluminium, cobalt, zinc, lead, cadmium and arsenic and their compounds. Burning of raw
materials and fuels also releases carbon monoxide, other combustion gases and particulates
into the air. The airborne particulates may contain a complex mixture of polycyclic aromatic
hydrocarbons and sometimes silca.

(c) Other miscellaneous industries and operations (see Thble 9)

Sulfur dioxide is used as an intermediate in the production of sulfuric acid (see the
monograph on occupational exposure to mists and vapours from sulfuric acid and other
strong inorganic acids, p. 47). The mean levels of sulfur dioxide in long-term samples have
varied between .c 3 and 5 mg/m3; peak exposure to a level of 26 mg/m3 or more may occur
occasionaIly (Table 9). Sulfur dioxide may in sorne cases be carried over to departments in
which sulfuric acid is used as a raw mate rial in the production of other chemicals, such as
superphosphate fertilizers.

Workers manufacturing refrigerators in which sulfur dioxide was used as a refrigerant
were reported to have experienced frequently brief but high (? 26 mg/m3) exposures in the
charging department and du ring the storage and distribution of sulfur dioxide. No other
inhalatoiy exposure was mentioned (Kehoe et al., 1932).

Crude oil contains vaiyng amounts of sul fur compounds which are partly removed
during petroleum refining. Even though oxidative processes are avoided, exposure to sulfur
dioxide may occur during recovery of sulfur and in the vicinity of furnaces and flares. A wide
variety of other agents including benzene (see IARC, 1987), asbestos (see IARC, 1987),
1,3-butadiene (see monograph, p. 237) and polycyclic aromatic compounds (see IARC, 1983)
are present in oIl refineries and related petrochemical plants (IARC, 1989).

Silicon carbide is produced by heating petroleum coke and silica sand in an electric
furnace. The sulfur impurities of coke form sul fur dioxide during burning. Other agents
present include dusts of raw materials (coke, silca (see lARe, 1987)) or products (silcon
carbide) and furnace emissions (e.g., carbon monoxide and various hydrocarbons) (Smith et
al., 1984).

Vulcanization of rubber containing sulfur compounds as ingredients may also release
sulfur dioxide. ln addition, the air in the breathing zone of personnel working at vulcani-
zation presses may contain a complex mixture of gases and vapours, including styene,
1,3-butadiene, carbon monoxide, oil mist, acrylonitrile (see lARe, 1987), aromatic amines,
formaldehyde, acrolein (see lARe, 1987), ammonia and methanol (Volkova & Bagdinov,
1969).

Sulfur dioxide, together with numerous other agents, is used in leather tanneries as a
biocide in the beamhouses and as a chrome tanning chemical (IARC, 1981).

ln the production of glass, porcelain, ceramics, bricks and mineraI fibres, as weIl as in
power plants, the source of sul fur dioxide is fuel that is burned in order to melt or dry raw
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mate rials or products. Occasionally, raw materials may also contain sulfur impurities
(Kangas, 1991).

Fixing solutions for films usually contain sodium thiosulfate as an ingredient, which,
under certain conditions, may release sulfur dioxide (Kangas 1991).

ln addition to its limited use in the bleaching of pulp, sulfur dioxide has been used
directly to bleach coir (coconut fibres) (U ragoda, 1981). Bisulfites that release sulfur dioxide
are also used as finishing agents in the bleaching of wool.

1.3.3 Food and beverages

ln food and beverage industries, sulfur dioxide may be used as a bleaching agent,
preservative and sterilization agent. According to the few measurements of the Finnish
Institute of Occupational Health (1990), the concentrations during sorne short-term tasks
may be high (Table 9).

Sulfur dioxide and sulfite occur naturally in sorne foods and are added as preservatives.
Allum and Brassica vegetables contain naturally occurring sulfur dioxide-producing
components: The concentration of sulfur dioxide was 17 ppm (mg/kg) in fresh onions, 60 ppm
in dried onions, 4 ppm in canned, boiled onions, 121 ppm in dried garlic, 7 ppm in dried leek
soup mix and 10-30 ppm in dried onion soup mixes. Non-sulfited soya bean protein
contained 20 ppm, sulfited soya bean proteins, 80-120 ppm, cherries, 24 ppm, white wine, 14
ppm, and 'burgundy' wine, 150 ppm of sulfur dioxide (Fazio & Warner, 1990). The
concentrations of sulfite (measured by the Monier-Willams method and calculated as SOz)
were 173-197 ppm in mashed potatoes, 1977 ppm in dehydrated apricots, .c 1-564 ppm in
raisins, 1072 ppm in dried peaches, 5.2 ppm in corn syrup, .c 1 ppm in frozen shrimps, 26 ppm
in canned shrimps, 71 ppm in onion flakes, 126 ppm in garlic powder, 177 ppm in red wine,
138-218 ppm in white wine and 261 ppm in lemon juice (Lawrence & Chad 

ha, 1988).

The total content of sulfur dioxide in wines from 12 countries ranged from 60 to 170 mg/I
(Ough, 1986); 33-47 ppm were found in conventional corn syrups and 5-33 ppm in speciaIty
starches (Coker, 1986). The US population has been estimated to consume an average of
10-15 mg/person of sulfiting agents daily. The daily intake varies widely depending on the
diet and may be 120 mg or more (Allen, 1985; Emerson & Johnson, 1985).

1.4 Regulations and guidelines

Occupational exposure limits for sul fur dioxide in some countries are shown in Table 10.
WHO (1987) recommended ambient air quality guidelines for sulfur dioxide: Short-

term exposures should not exceed 500 ¡.g/m3, based on a 10-min average, which corresponds
to a 1-h maximal value of 350 ¡.g/m3. GuideIine values for combined exposure to sulfur
dioxide and particulate matter in a 24-h period shóuld not exceed 126 ¡.g/m3 sulfur dioxide,

125 ¡.g/m3black smoke, 120 ¡.g/m3 total suspended particulates and 70 ¡.g/m3 particles in the
thorax. Guideline values for exposure to combined sulfur dioxide and particulate matter
averaged over one year should not exceed 60 ¡.g/m3 sulfur dioxide and 60 llg/m3 black
smoke.



..Table 9. Measurements of sulfur dioxide in miscellaneous industries and operations VI
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Industry, operation No. of Concentration of sulfur Year of Country Reference
samples dioxide (mg/m3)Q measurement

Mean Range

Four sulfuric acid plants (furnaces, dilution, gas 35 14.4 ND-79 1951-61 Finland FIOH (199)
puriication, tower room, etc.)

Sulfuric acid plant NR NR 0.34-12.0 China Meng & Zhang
(199a)

Sulfuric acid plant 1969-84 Sweden Englander et al. -
Stationary samples NR 9.1b1WA 2.4-12.4 (1988) );
Breathing zone samples NR 3.6b1WA 1.-2.3 ~

Sulfuric acid plants NR Finland Kangas (1991) ~
Long-terr samples NR ~ 31WA NR 0
Occsionally NR NR NR-26.2 Z0Superphosphate plant (conveyors, mixing, etc.) 6 3.7 0.3-10.5 1951-62 Finland FIOH (199) 0

Refrigerator manufacturig plant USA Kehoe et aL. ~Charging room 39 60 18-181 1929-30 (1932) "'
:iDistribution and storage of sulfur dioxide 14 73 29-147 1930 r.

Oil refinery and special products plant Iran Anderson ~
U sually NR NR 0-6 After 1945 (1950)

0
Occsionally NR NR 157-262 1938-45 5

Silcon carbide plant (furnace area) 1980 USA Smith et al. ~
t'Personal samples NR 2.0e 1W A ~ 0.3-3.9d (1984) VI

1WA .+
Stationary samples 1 18.9

Vulcaniztion of butadiene-styrene rubber NR USSR Volkova &
Range NR NR 0.3-19 Bagdinov (1%9)
Usual range NR NR 1-2

Foo production 1952 Finland FIOH (199)
Dosing of apple purée to a kettle 1 199
Cookig of marralade 1 16.2

Beverage industry (steriiztion of a1cohol with sulfur 5 7.7 2.4-17.8 1958 Finland FIOH (199)
dioxide gas)

Textile mil (finishing of bleached wool with hydrosulfite) 1954 Finland FIOH (199)
1 3.7



Table 9 (contd)

lndustry, operation No. of Concentration of sulfur Year of Country Reference
samples dioxide (mg/m3)a measurement

Mean Range

Power plants
NR Finland Kangas (1991)Boiler rooms NR .. 1.3 NRBoiler room, leakage NR NR 6.6-26.2Flame cutting of oil kettles 4 NR 21-65.5 c.

c:Close to diesel engines 4 .. 2.6 NR NR Finland Kangas (1991) ~
"TNine photographie laboratories 29 .. 2.6 NR NR Finland Kangas (1991) c:::Glass, porcelain and ceramic products plants, close to 13 .. 2.6 NR-44 NR Finland Kangas (1991) tifurnaces -

Brick manufacturig plants, burning of bricks 27 .. 2.6 NR-lO NR Finland Kangas (1991) ~-Mineral fibre plants, close to furnaces 9 .. 2.6 NR NR Finland Kangas (1991) ti
t'Paper mil, bleaching 6 0.4 ND- 1.8 1963 Finland FIOH (199) ~Paper mil

NR Finland IARC (1981) ~Beating/refining NR 0.2
c.Wet end of paper machine NR 0.01
c:Tho paper mils, recovery plant

India Gautam et al. ~
"T2 2.4 1.-3.6 1971 (1979)
-
r;3 0.5 Trace-O. 8 1976-77
c.Fire fighting at 14 sites durig fires 26 6.0 0-109 1986 USA Brandt-Rauf

et aL. (1988)

ND, not detected; NR, not reported
lleasurements based on long-term sampling and given as the average concentration over about one working day or longer are indicated as 1W A
(time-weighted average concentration).
bMedian

'Mean of means
iinge of means

..
Vi
Vi
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Table 10. Occupational exposure Iimits and guidelines for sulfur
dioxide

Country Year Concentration Interpretationa
(mg/m3)

Australia 199 5 1WA
10 STEL

Austria 1982 5 1WA
Belgium 199 5.2 1WA

13 STEL
Brazil 1978 10 1WA
Bulgaria 1984 10 1WA
Chile 1983 4 1WA
China 1981 13 1WA
Czechoslovakia 199 5 1WA

10 STEL
Denmark 199 5 1WA
Finland 199 5 1WA

13 STEL
France 199 5 1WA

10 STEL
Germany 199 5b 1WA
Hungary 199 3b 1WA

6b STEL
India 1983 13 1WA
Indonesia 1978 13 1WA
Japan 1983 13 1WA
Mexico 1983 13 1WA
N etherlands 1986 13 1WA
Norway 199 5 1WA
Poland 1984 10 1WA
Republic of Korea 1983 5 1WA

10 STEL
Romania 1975 10 1WA

15 Ceiling
Sweden 199 5 1WA

13 Ceiling
Switzerland 199 5 1WA

10 STEL
United Kingdom 199 5 1WA

13 STEL
USA

ACGIH 199 5.2 1WA
13 STEL

OS HA 1989 5 1WA
10 STEL

USSR 199 1() STEL
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Table 10 (contd)

Country Year Concentration ln terpretation a
(mg/m3)

Venezuela 1978 13 TWA
13 Ceiling

Yugoslavia 1971 10 TWA

From Arbeidsinspectie (1986); Cook (1987); US Occupational Safety and Health
Administration (OSHA) (1989); American Conference of Governmental Indus-
trial Hygienists (ACGIH) (199); Direktoratet for Areidstilsynet (199); Interna-
tional Labour Office (1991)
ar A, 8-h time-weighted average; STEL, short-term exposure limit; MAC, maxi-

mum allowable concentration
bSkin notation

The Commission of the European Communities (1980) established limit values for
sulfur dioxide (to become law on 1 April 1993) and for associated suspended particIes, as
follows. The annual median value should be no more than 80 Ilg/m3 in the presence of :; 40
Ilg/m3 suspended particulates, or 120 Ilg/m3 in association with :: 40 l.g/m3 particulates. The
median value in winter (1 October-31 March) should not exceed 130 l.g/m3 with :; 60lig/m3
parti cula tes and 180 l.g/m3 with -: 60 Ilg/m3 particulates. The 98th percentile of aIl daily
mean values taken throughout the year should not exceed 250 l.g/m3 sulfur dioxide in the
presence of :; 150 l.g/m3 particulates and no more than 350 l.g/m3 with " 150 Ilg/m3
particulates.

The US national primaiy air quality standard for sulfur dioxide, set by the US Environ-
mental Protection Agency, is 80 l.g/m3 (0.03 ppm) calculated as an annual arithmetic mean
and 365 l.g/m3 (0.14 ppm) computed as a maximal 24-h concentration that is not to be
exceeded more th an once per year. Secondaiy standards, which protect the public from any
known or anticipated adverse effects, allow 0.02 ppm (0.05 mg/m3) as an annual arithmetic
mean, 0.10 ppm (0.26 mg/m3) as a 24-h maximum not to be exceeded more th an once per
year and 0.50 ppm (1.3 mg/m3) as a 3-h maximum not tobe exceeded more than once peryear

(Weil, 1983).

The US Environmental Protection Agency (1989) established sulfur dioxideemission
standards for primaiy copper smelters, primary zinc smelters and primaiy lead smelters in
which discharge of any gases that contain sulfur dioxide in excess of 0.065 % by volume is
prohibited. Sulfur dioxide emission standards also have been established for sulfuric acid
plants: discharge into the atmosphere of gases that contain sulfur dioxide in excess of
2 kg/tonne of acid produced is prohibited, the production being expressed as 100% HiS04.
Stationary gas turbines are prohibited from discharging into the atmosphere gases that
contain sulfur dioxide in excess of 0.015% by volume, at 15% oxygen and on a dry basis.

The standard for emissions of sulfur dioxide from municipal refuse-fired plants in the
Federal Republic of Germany in 1981 was 34 ppm (90 mg/m3) (Skizim, 1982).

The US Food and Drug Administration (1989) established that sulfur dioxide, sodium
sulfite, sodium bisulfite, sodium metabisulfite and potassium metabisulfite are generally
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recognized as safe as chemical preservatives for foods, except that they must not be used in
meats or in food recognized as a source ofvitamin B¡, or on raw or fresh fruits and vegetables.

2. Studies of Cancer iD HumaDs

Exposure to sulfur dioxide occurs in different occupational environments (see Section
1); however, the epidemiological studies that have specifically addressed cancer risks in
relation to exposure to sulfur dioxide have been conducted primarily in smelter workers and
in pulp and paper workers. These occupational groups are treated separately in view of the
substantial differences in the exposure environments.

No epidemiological study was found on cancer risks in relation to exposure to sulfites,
bisulfites or metabisulfites.

2.1 Smelting of nonferrous metals

A series of studies of both cohort and case-control design addressed cancer risks among
workers at the Anaconda copper smelter in Montana, USA (Lubin et al., 1981; Welch et al. ,
1982; Lee-Feldstein, 1983). The studies focused mainlyon exposure to arsenic (see lARe,
1987). Mortality was followed in 1938-77 for a cohort of 8045 white men who had been
employed for 12 months or more before 1956 (Lee-Feldstein, 1983). Work are as were rated
on a relative scale with respect to the level of sulfur dioxide (and arsenic). A total of 3522
workers died during the follow-up period, and 816 (10.1%) were lost. A total of 302
respiratory cancer deaths were seen, corresponding to standardized mortality ratios (SMR)
of 2.09 (95% confidence interval (Ci), 1.59-2.58) for men in the light exposure categoiy for
sulfur dioxide, 2.97 (2.00-3.95) for medium exposure and 3.17 (2.07-4.27) for heavysulfur
dioxide exposure in comparison with regional rates. The highest risks were seen in workers
with high or medium exposure to both arsenic and sulfur dioxide, suggesting a positive
interaction between the two exposures. M ultivariate modelling (Lubin et al., 1981) suggested
that respiratory cancer risks assocIated with work in the areas of medium and heavy sulfur
dioxide exposure were not significantly increased when medium or heavy exposure to arsenic
was controlled for. The authors noted that it was difficult to separate the effects of the two
exposures since they often occurred together.

A follow-up of mortality through 1977 of a sample of 1800 men in the same cohort also
included information on smoking habits for 81.6% of the sample (Welch et aL., 1982).
Telephone intervews or mailed questionnaires were used to obtain information on smoking
from cases or next-of-kin. Although results were not reported on smoking habits in relation
to sulfur dioxide exposure, few differences in smoking habits were reported between men in
the different arsenic exposure categories; since arsenic and sulfur dioxide exposures were
correlated, the finding suggests. that smoking was not a confounder in relation to sulfur
dioxide.

Another US copper smelter that has been investigated in many epidemiological studies
was located in Thcoma, WA (USA). The studies also focused primarily on arsenic exposure;
only one of them included data on risks in relation to exposure to sulfur dioxide (Enterline &
Marsh, 1982). The mortality of 2802 men who had worked for one year or more at the smelter
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during the period 1940-64 was followed through to 1976. Only 1.8% could not be traced, and
death certificates were obtained for 95.6% of deceased individuals. An overall SMR of 1.98
(95% ei, 1.60-2.36) was observed for cancer of the respiratory system in comparison wIth
Washington State rates; no significant excess risk was seen for cancers at other sites. Two
departments at the smelter (the cottrell area and the arsenic department) had high (? 0.5
mg/m3) arsenic levels during 1938-47 but differed in sulfur dioxide concentrations. The
levels of sulfur dioxide were reported to be 5-20 ppm (13-52 mg/m3) in the cottrell area,
where dust is eliminated by electrical precipitation, but very low in the arsenic department.
For workers who had ever worked in the cottreIl area, the SMR was 3.51 (95% Ci, 1.75-
6.27); and for those who had ever worked in the arsenic department (and never at the
cottreIl), the SMR was 3.17 (1.97-4.36), suggesting that sulfur dioxide exposure did not play
an important role in the respira tory cancer excess at the smelter.

A third copper smelter in the USA that has been investigated was located in Salt Lake
eity, Utah (Rencher et aL., 1977). An attempt was made to include ail deaths among the
smelter workers occurring in 1959-69. (No detailed description of the cohort studied was
given, and consequently the completeness of follow-up cannot be assessed.) Lung cancer
constituted 7.0% of the deaths among the smelter workers compared with 2.7% for the state.
A cumulative exposure index was computed for arsenic, sulfur dioxide and some other agents
for each deceased worker from work histories and from estimated levels in different work
areas. The workers who died of lung cancer had significantly higher indices of exposure to
arsenic, lead and sulfur dioxide than workers who died of non-respiratory causes.

A combined analysis was performed on the mortality experience in 1949-80 of a cohort
of 6078 white male workers who had been employed for at least three years between 1946
and 1976 at one or more of eight US copper smelters, including the Utah smelter described
above (Enterline et al., 1987). Vital status was unknown for 1.6% at the end of follow-up;
death certificates could be located for 94.1 % of those known to be dead. Workers were
assigned into different exposure categories on the basis of estimated levels of arsenic, sulfur
dioxide and sorne other agents by job and year. Smoking histories were obtained through
telephone intervews with the study subjects or next-of-kin for 76% of the lung cancer cases
and for 85% of a 5% sample of the remaining members of the cohort. The relative risk for
lung cancer increased with duration of exposure to sulfur dioxide at peak levels of 12 ppm (32
mg/m3) and higher (p for trend, 0.03), without adjusting for exposure to arsenic and smoking.
Exposure to sul fur dioxide at a level of more than 6 ppm (16 mg/m3) did not, however, have a
significant, independent effect in a logistic regression model that included age, arsenic,
smoking and interaction terms.

A series of epidemiological studies was also performed at a smelter in northern Sweden
which produces copper and other non-ferrous metals, mainly from arsenic-rich sulfide ores
(Pershagen et al., 1977). Although increased rates were reported of cancers at a few sites, only
lung cancer has been investigated in relation to sul fur dioxide exposure. A case-control study
nested in a cohort of3958 smelter workers, who had been employed for at least three months
in 1928-66 and who were followed through to 1977, included 76 lung cancer cases and 152
age-matched, deceased controls (Pershagen et al., 1981). Assessment of exposure to arsenic
and sulfur dioxide was based on estimations of levels in different departments; workers in the
roaster department were most heavily exposed to both compounds. Few measurements were
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made, but, in 1954, sulfur dioxide concentrations of 15-300 mg/m3 were reported in the
departments with the highest levels. Information on smoking was obtained from next-of-kin
of aIl study subjects. The relative risks for lung cancer were 6.5 for smokers in the 'high sulfur
dioxide' departments, 14.7 for those in 'high arsenic' departments and 22.0 for workers in
roaster departments, compared to nonsmoking workers with lowest exposure, indicating that
arsenic is more important than sulfur dioxide in determining excess risk. (The Working
Group noted that confidence intervals could not be estimated from the data presented.)

ln a follow-up of mortality in the same cohort through 1981, 106 cases of lung cancer
were identified; ail but 0.4% of the workers were traced (Järup et al., 1989). Cumulative
exposures to arsenic and sulfur dioxide were calculated on the basis of the work histories of
each worker, and exposure levels during different time periods were estimated. The overall
SMR for lung cancer was 3.72 (95% CI, 3.04-4.50). A positive dose-response relationship
was found between cumulative exposure to arsenic and lung cancer risk (p -: 0.001); no
dose-response relationship was found for exposure to sulfur dioxide.

Lung cancer mortality was followed through 1982 in a cohort of 4393 men who had been
employed for a minimum of one year in 1943-70 at a zinc-lead-cadmium smelter in the
United Kingdom (Ades & Kazantzis, 1988). Only 0.7% of the cohort could not be traced; 182
men had died of lung cancer. Exposure to cadmium, zinc, sulfur dioxide, arsenic, lead and
dust was assessed from job histories and from estimates of air concentrations in different
work places, partly based on measurements and biological monitoring. The overall SMR for
lung cancer was 1.25 (95% CI, 1.07-1.44) relative to regional rates. Although there were
suggestions of increased relative risks with cumulative exposure for each of the factors under
study, only the risks associated with exposures to arsenic and le ad reached statistical
significance (p -: 0.025 and p -: 0.01, respectively). The indices of cumulative exposure to
sulfur dioxide, arsenic and lead were highly correlated.

2.2 Pulp and paper manufacture

Cancer risks in the pulp and paper industry have been evaluated previously (IARC, 1981,
1987). Here, only studies that specifically addressed exposures to sulfur dioxide or the sulfite
process are addressed.

ln a proportionate mortality analySis, the recorded causes of death of 2113 US and
Canadian members of the Pulp, Sulfite and Paper Mil Workers' Union who died during
1935-64 were compared with corresponding US mortality rates (Milham & Demers, 1984).
The proportionate mortality ratio (PMR) was increased (p .. 0.05) for cancer of the stomach
(PMR, 2.18; 33 deaths) and for lymphosarcoma and reticulum-cell sarcoma (PMR, 2.69;
7 deaths) in sulfite workers, when those who had also worked in the sulfate pro cess were
excluded. The PMR for lung cancer was 0.85 (21 deaths; p ? 0.05).

Mortality in a cohort of 3572 men who had been employed for at least one year between
1945 and 1955 in one or more of five US pulp and paper mils in the states of Washington,
Oregon and California was followed until 1977 (Robinson et al., 1986). Death certificates
could not be retrieved for 1 % of the deceased, and 1 % was lost to follow-up. ln a subcohort
of 1779 sulfite process workers, cancer mortality was less frequent (SMR, 0.79; 90% Ci,
0.66-0.95; 88 deaths) in comparison with national rates. For stomach cancer, lung cancer and
lymphosarcoma and reticulosarcoma, the SMRs were 1.49 (90% Ci, 0.83-2.46; Il deaths),
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0.81 (0.57-1.13; 26 deaths) and 1.33 (0.45-3.05; 4 deaths), respectively. Afer a 20-year
latency, the SMR for stomach cancer was 1.76 (0.81-3.35), based on nine deaths.

Mortality was analysed until 1985 among 883 white men who had participated in a
medical survey in 1961 and had worked for at least one year for a paper company in New
Hampshire, USA (Henneberger et al., 1989). One percent was lost to follow-up, and 2.5% of
the death certificates could not be traced. A total of 36 deaths from cancer were observed
among 297 sulfite pulp mil workers, which corresponds to an SMR of 1.20 (95% ei,
0.84-1.66) in relation to national rates. The SMR for lung cancer was 1.13 (0.56-2.02, Il
deaths); one case each occurred of stomach cancer and leukaemia, compared with 1.4 and 1.1
expected, respectively; for cancer of the pancreas, the SMR was 3.05 (0.98-7.12, 5 deaths),
and all five cases occurred after a latency of at least 20 years (mean latency, 51 years). The
SMR for lung cancer was higher among workers with at least 20 years of latency and at least
20 years of duration of employment (SMR, 1.86 (95% ei, 0.74-3.80), 7 cases).

eancer incidence was studied through 1980 in a cohort of3545 workers who had been
employed for at least one year in 1945-61 in one of three pulp and paper mils in south-
eastern Finland (Jappinen et al., 1987). Only 0.4% were lost to follow-up. Among the 248
men who had worked in the sulfite mill, there were 33 cases of cancer, corresponding to a
standardized incidence ratio of 1.05 (95% ei, 0.72-1.47) compared with regional rates. The
ratios were 1.29 (0.47-2.81; 6 cases) for cancer of the stomach and 0.90 (0.41-1.71; 9 cases)
for cancer of the lung. One case of leukaemia was observed, with 0.7 expected.

2.3 Other industries

Occupational risk factors for cancers of the brai n, kidney and lung were investigated in a
series of case-control studies in a region of the USA where a large chemical plant was located

(Bond et al., 1983, 1985, 1986). Industrial hygienists established chemical and physical
agent-specific exposure profiles for the subjects employed at the plant on the basis of work
histories and job functions. The plant produced many products, however, and the exposure
environment included sul fur dioxide, chlorine, hydrogen chloride, carbon tetrachloride and
heat.

ln a study in four Texas counties in 1949-79,28 former employees of the plant who had
died of primary intracranial neoplasms were identified (Bond et al., 1983). One control group
was matched on age and year of death and included 110 former employees who had died of
causes other th an cancer; the other control group consisted of 111 men matched on year and
duration of employment, selected from a 5% random sample of people who had ever been
employed at the plant. Odds ratios of 2.02 (90% Ci, 0.99-4.11) and 1.19 (0.58-2.43) were
reported for exposure to sulfur dioxide (11 cases) in relation to the first and second control
groups, respectively. When the analysis was restricted to the 16 glioblastomas, an odds ratio
of 1.40 (0.6-3.4; 7 cases) was seen in comparison with the second control group. No signi-
ficant increase in risk was observed in subgroups with more than 20 years of servce or first
employment before 1945.

ln another study, 26 former employees of the plant were identified who had died of renal
cancer in 1958-80 in five nearby counties (Bond et al., 1985). Two matched control groups,
selected according to the same criteria as in the previous study, comprised 92 and 98 men
who had worked at the plant. The odds ratios for exposure to sulfur dioxide (five càses) were
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0.31 (90% ei, 0.13-0.73) and 0.31 (0.13-0.76) in relation to the first and second control
groups, respectively. The deficit was cIosely linked to a significantly decreased risk among
workers who had been engaged in magnesium production and who were cIassified as having
been exposed to sulfur dioxide.

A case-control study nested in a cohort of 19 608 men who had worked for at least one
year between 1940 and 1980 at the same plant covered 308 who had died of lung cancer and
an equal number of con troIs in each of two control groups of dead workers, matched on race,
year of birth and year of hire (Bond et al., 1986). eontrols in the second group had each
survved at least as long as the corresponding case. Information on potential confounding
factors, including smoking, was obtained by telephone intervews with the study subjects or
next-of-kin. Intervews were completed for 81.9% of 896 subjects-mostly with next-of-kin
for cases and for the first control group and with the subjects themselves for the second
control group. Workers who had been exposed to sulfur dioxide had an odds ratio of 1.40
(95% ei, 1.04-1.89; 126 cases) when the two control groups were considered together. When
allowing for 15 years of latency, the odds ratio was 1.27 (95% ei, 0.93-1.73), based on 108
cases. ln a multivariate analysis, with adjustment for cigarette use, vitamin A consumption,
hot working conditions and socioeconomic status, the odds ratios for lung cancer were 0.48
(95% ei, 0.15-1.54) for low exposure to sulfur dioxide, 1.69 (0.88-3.22) for moderate
exposure and 1.45 (0.67-3.17) for high exposure, as compared to the first control group (p for
trend, 0.003). No trend was found in comparison with the second control group (p for trend,
0.32). Similar odds ratios were noted in relation to duration of exposure to heat.

A population-based case-control study carried out In Montréal (Siemiatycki, 1991),
described in detail on p. 95, also examined exposure to sulfur dioxide (15% of the popu-
lation). The only notable finding was an odds ratio of 1.5 for stomach cancer, restricted to the
French-Canadian subset of the study population (30 exposed cases; 90% CI, 1.0-2.1), which
increased to 3.5 with substantial exposure (4 cases; 90% CI, 1.3-9.2). Corresponding odds
ratios for the whole population were 1.3 (90% CI, 0.9-1.7) for any exposure and 2.2 (0.9-5.6)
for substantial exposure, based on 42 cases. The odds ratio for lung cancer was 1.0 (138
exposed cases; 90% CI, 0.8-1.3) for any exposure and 0.7 (8 cases; 90% ei, 0.3-1.6) for
substantial exposure.

3. Studies of Cancer in AnimaIs

3.1 Inhalation

Mouse: An experimental group of35 male and 30 female LX mice and a control group of
41 males and 39 females, three months old, were exposed to 0 or 500 ppm (1310 mg/m3)
sulfur dioxide (purity unspecified) for 5 min per day on five days a week for life. Only mice
that survved for 300 days or more were considered in the results (average survval time not
shown), since lung tumours were not seen before that time. Female mice exposed to sulfur
dioxide had an increased incidence of lung tumours: 13/30 adenomas and carcinomas versus
5/30 in controls, fp = 0.02; Peto's incidental test); 4/30 lung carcinomas versus no 

ne in thecontrols. The incidence of lung neoplasias was higher in treated males (15/28 versus 11/35 in
controls), but the difference was not significant; lung carcinomas occurred with equal
frequency in treated and control males (2/28 and 2/35) (Peacock & Spence, 1967).
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3.2 Oral administration

3.2.1 Mouse

Three groups of 50 male and 50 female ICR/ICL mice, aged eight weeks at the start of
the experiment, were given 0, 1 or 2% potassium metabisulfite (purity unspecified) in
distiled water as drinking-water ad libitum for 104 weeks. At least 94% of the mice in each
group survved beyond 26 weeks. The incidences of various tyes of tumours were similar in
the control and experimental groups: total tumour incidences were 14/99, 14/96 and 16/94 in
the three groups, respectively (Thnaka et al., 1979). (The Working Group noted that data on
survval were incomplete.)

3.2.2 Rat
Six groups of20 male and 20 female weanling Wistar rats were fed 0,0.125,0.25,0.5, 10r

2% sodium metabisulfte (95-99% pure (impurities unspecifiedD in the diet for 104 weeks.
More than 50% of controls and about 75% of each experimental group survved until the
termination of experiment (average survval time unspecified). Groups of five females and
five males of the Fi generation were fed the same concentrations in the diet for 104 weeks.
Data on tumour incidence are given for the Fo and -Fi generations combined. The incidences
of thyroid and pituitary tumours were increased in treated males, but no dose-response
relationship was observed. The authors reported that the incidences of these tumours in the
concurrent con troIs were exceptionally low compared to those in historical con troIs and that
the incidences found in treated animaIs represent the numbers normally found in this strain
of rat (Til et al., 1972).

3.3 Administration with known carcinogens

The Working Group was aware of studies in mice and hamsters involving combined
administration of a carcinogen and mixtures of sul fur dioxide and nitrogen dioxide (Pott &
Stöber, 1983; Heinrich et aL., 1989). These were not included in this monograph because the
effect of sul fur dioxide al one could not be evaluated.

3.3.1 Rat
Six groups of rats (age, sex and strain unspecified) were exposed on five days per week for

life to: Group 1, clean air (15 animaIs); Group 2, 10 ppm (26 mg/m3) sulfurdioxide for 6 h per
day (15 animaIs); Group 3, 10 mg/m3 benzo(a )pyrene for 1 h per day (30 animaIs); Group 4,
10 ppm sulfur dioxide for 6 h per day plus 10 mg/m3 benzo(a )pyrene for 1 h per day (30
animaIs); Group 5,4 ppm (10.5 mg/m3) sulfur dioxide plus 10 mg/m3 benzo(a )pyrene for 1 h
per day (45 animaIs); and Group 6, 10 ppm sulfur dioxide for 6 h per day followed by 4 ppm
sulfur dioxide plus 10 mg/m3 benzo(a )pyrene for 1 h per day (46 animaIs) (experimental tIme
and survval not specified). The following incidences of lung carcinomas were observed:
Group 1,0/15; Group 2, 0/15; Group 3, 1/30; Group 4,2/30; Group 5, 4/45; and Group 6,
9/46 (no statistIcal analysis reported) (Laskin et aL., 1976). (The Working Group noted the
incomplete reporting of the experiment, in particular, the lack of data on survval and the
lack of c1arity conceming hyperplastic changes in both control and treated animaIs.)

Seven groups of male Sprague-Dawley eD rats, aged ni ne weeks at the start of the
experiment, were exposed by: Group 1, inhalation to clean air ( 46 animaIs); Group 2, inhala-
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tion to clean air plus intratracheal instilation of gelatin vehicle (0.05%) once weekly in
weeks4-19 (26 animaIs); Group3, inhalation to 10 ppm (26 mg/m3) sulfurdioxide for 6 h per
dayon five days a week for 21 weeks (20 animaIs); Group 4, inhalation to 30 ppm (79 mg/m3)
sulfur dioxide (20 animaIs) for 6 h per day on five days a week for 21 weeks; Group 5,
inhalation to clean air plus intratracheal instillation of 1 mg benzo(a )pyrene once weekly in
weeks 4-19 (7 4 animaIs); Group 6, inhalation to 10 ppm sulfur dioxide for 6 h per day on five
days per week for 21 weeks plus 1 mg benzo(a)pyrene once weekly in weeks 4-19 (74
animaIs); and Group 7, inhalation to 30 ppm sulfur dioxide for 6 h per day on five days per
week for 21 weeks plus intratracheal instilation of 1 mg benzo(a)pyrene once weekly in
weeks 4-19 (74 animaIs). The experiment was terminated at 105 weeks (mean survval time
unspecified). The three groups treated with benz(a )pyrene had lower survval than other
groups and a high incidence of squamous-cell carcinoma of the lung that was not enhanced by
inhalation of sulfur dioxide: the incidences of squamous-cell carcinoma in groups 1-7 were
0/43, 0/26, 0/20, 0/18, 65/72, 65/72 and 69/74. Sui fur dioxide did not influence time to
appearance of tumours. The authors noted that the high incidence of tumours in the group
given benzo(a )pyrene al one precluded detection of a significant enhancing effect of sulfur
dioxide on the incidence of benzo(a )pyrene-induced lung tumours (Gunnison et al., 1988).

Groups of male Wistar rats, seven weeks of age, were treated as follows: Group 1 (10
animaIs) served as untreated controls; Group 2 (30 animaIs) was givenN-methyl-N'-nitro-N-
nitrosoguanidine in the drinking-water at 100 mg/l ad libitum for eight weeks; Group 3
(10 animaIs) was given tap water for eight weeks followed by 1 % potassium metabisulfite in
the drinking-water for 32 weeks; Group 4 (19 animaIs) was treated as Group 2 but was then
given 1 % potassium metabisulfite in the drinking-water for 32 weeks. AlI survving animaIs
were kiled at 40 weeks (survval unspecified). The incidence of adenocarcinoma of the
gastric pylorus was 0/10, 1/30, 0/10 and 5/19 (p ~ 0.05, Fisher test) in the four groups,
respectively (Thkahashi et al., 1986).

3.3.2 Hamster
ln a study reported as a short communication, four groups of male Syran golden

hamsters (number of animaIs and age at start unspecified) were exposed for 104 weeks by
nose inhalation only to: Group 1, 2 mg/m3 benzo(a )pyrene; Group 2, 2 mg/m3 benzo(a)-
pyrene plus 172 ppm (450 mg/m3) sulfur dioxide; Group 3, 10 mg/m3 benzo(a )pyrene; Group
4,10 mg/m3 benzo(a)pyrene plus 172 ppm sulfur dioxide (dosing schedule unspecified). The
mean survval times were: Group 1,60 weeks; Group 2, 60 weeks; Group 3, 57 weeks; and
Group 4, 45 weeks (no data on controls were given). The authors stated, without presenting
numerical data, that exposure to benzo(a )pyrene alone induced a few neoplastic alterations
and that the addition of sulfur dioxide resulted in more tumours in the upper respiratoiy tract
within a shorter time (Pauluhn et al., 1985). (The Working Group noted the inadequate
reportng. )
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4. Other Relevant Data

4.1 Absorption, distribution, metabolIsm and excretion

Sul fur dioxide in aqueous solution is rapidly hydrated to sulfurous acid, which itself
quickly dissociates to bisulfite and sulfite (Figure 1). The species that domina tes among these
rapidly interconvertible hydration products depends primarily upon pH but also on ionic
strength and temperature (Gunnison & Jacobsen, 1987). At pH close to 7, the ratio of HS03-
to SOi concentrations is greater than 100 000:1. Therefore, sulfur dioxide is transported
through aqueous systems at neutral pH almost totally in its hydrated form. Because of this
rapid hydration, the interactions of sulfur dioxide with biological molecules in an aqueous
medium are probably those of sulfite and bisulfite. Two alternative reaction pathways have
been suggested, however, on the basis of observations in vitro: Eickenroht et al. (1975)
suggested that sulfur dioxide itself acts directly as an electron receptor; Mottley et al. (1985)
demonstrated anaerobic production of the SOi anion radical from sulfite by rat liver
microsomes.

Figure 1. Interconversion of oxysulfur(1V compounds

Sulfite SO~-

_H~W
S02(H20) Hydrated sulfur dioxide

+~W
HS03 - Bisulfite

+ H20 fl- H20

1/2 (S20g-) Metabisulfite

From Fazio & Wamer (199)

Except where specified to the contrary, the term 'sulfite' is used below to indicate the
various rapidly interconvertible hydration products of sulfur dioxide.

4.1.1 Humans

Sulfur dioxide is a highly water-soluble gas and is thus rapidly absorbed in the moist
upper respiratory tract. With quiet breathing through the nose, negligible quantities of sulfur
dioxide reach the nasophary deeper airwy penetration can occur with oral inhalation,
particularly when maxmal deep breaths are taken, as in exercise. The fractional penetration
increases at higher sulfur dioxide concentrations (Kleinman, 1984). Sul fur dioxide can also
penetrate the airways by absorption on inhalable particulates, and especially deliquescent
mate rials.

Plasma levels of S-sulfonates in humans exposed continuously under controlled condi-
tions to sui fur dioxide at 0.3-6.0 ppm (0.8-15.7 mg/m3) for up to 120 h were correlated
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positively with atmospheric levels of sulfur dioxide (Gunnison & Palmes, 1974). Ruman
sulfite oxidase may have a protective effect in that it prevents sulfite from reacting with
biological molecules by oxidizing it to sulfate (Gunnison & Jacobsen, 1987).

4.1.2 Experimental systems

The covalent reactions of sulfur dioxide and sulfite with cellular protein and non-protein
sulfhydryl compounds have been reviewed (Menzel et al., 1986). A central reaction is addi-
tion across disulfide bonds to form S-sulfonates (Gunnison & Benton, 1971). Sulfite can
react with DNA (see Section 4.4.2).

Diffsion of sul fur dioxide, its solubility in aqueous solution and its irreversible reaction
in tissue ail appear to be linear processes in excised porcine trachea (Ben-Jebria et al., 1990).

When dogs inhaled 35S-sulfur dioxide through the nose and mouth, littIe of the label
reached the lower airways; when the labelled sulfur dioxide was inhaled through a
tracheostomy, however, it was absorbed rapidly through the lungs and trachea and radiolabel
was found in aIl organs (Balchum et aL., 1960). Inhaled 35S-sulfur dioxide was excreted
primarily in the urine as sulfate by dogs (Yokoyama et al., 1971).

Once absorbed, sulfur dioxide appears to be metabolized rapidly to sulfate by the widely
distributed enzye sulfite oxidase. Afer it has been oxidized to sulfate, it becomes part of
the large sulfate pool within the body. Tejnorová (1978) reported relatively large differences
in sulfite oxidase activity among five species: rats had the highest levels and rabbits the
lowest. An inverse correlation was shown between enzye activity and sensitivity to bisùlfite
toxicity. These results reflect species differences in rate of S-sulfonate formation (Gunnison
& Palmes, 1978).

Ingested radiolabelled sulfite was reported to be excreted almost entirely in the urine of
monkeys within 24 h, but no free sulfite was detected in rat urine. Seven days after dosing,
mice retained -c 1% and rats, 2% of the radiolabel (Gibson & Strong, 1973). ln rabbits,
sulfite was cleared predominantly by metabolism to sulfate (Gunnison & Palmes, 1976).

4.2 Toxic effects

4.2.1 Humans

eharan et al. (1979) reported acute accidental exposure of five subjects to very high
concentrations of sulfur dioxide. The two with the highest exposure died immediately;
histological examination of the lungs revealed acute pulmonary oedema and alveolar
haemorrhage. Two of the survvors showed airway obstruction, which was irreversible in one
and was mild in the other individual 116 days after the exposure. Pulmonary oedema,
followed by the development of 'bronchiolitis obliterans', an obstructive, irreversible lung
disease, was described in a nonsmoking man who was exposed accidentally to a high concen-
tration of sulfur dioxide for 15-20 min when a canister of this compound ruptured beneath
him (Woodford et al., 1979). Two nonsmoking miners exposed to high concentrations of
sul fur dioxide after a mine explosion also developed severe airway obstruction (Rabinovitch
et al., 1989).

Workplace standards (see Table 10) have been set to prevent local irrtation of mucous
membranes of the nose, throat and eyes (WHO, 1979).
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The prevalence of chronic bronchitis was significantly increased over that in controls in
workers exposed to sulfur dioxide while working in a sulfite pulp factory in Sweden. During
the three years before the study was performed, more than 50% of the daily mean values for
sulfur dioxide in the sulfite pulp mil were above 14 mg/m3 (5 ppm), with occasional peak
exposures up to 140 mg/m3. The me an annual concentration of sulfur dioxide in the
surrounding community was 6.5-40 ¡.g/m3 (Stjernberg et al., 1986).

ln healthy individuals exposed to sulfur dioxide at levels below 1 ppm (2.6 mg/m3),
increased airway resistance is generally not observed; however, when young adult asthmatIcs
were exposed while exercising to sulfur dioxide through a mouthpiece, increased airway
resistance was reported with levels as low as 0.25 ppm (0.7 mg/m3) (Sheppard et al., 1981).
The effects were much less with unencumbered breathing (Linn et al., 1983). Broncho-
constriction due to sulfur dioxide appears to be mediated by a parasympathetic reflex
reaction (Nad el et al., 1965).

Bronchoalveolar lavage of 12 healthy, nonsmoking subjects 24 h after exposure for 20
min to 4 or 8 ppm (10.5 or 21 mg/m3) sulfur dioxide showed increased alveolar macrophage.
lysosomal activity; at the higher level, the numbers of macrophages and lymphocyes in the
lavage f1uid were increased. No effect on lung function was observed (Sandström et al.,
1989a,b).

Many studies have linked sulfur dioxide levels in the general environment to a variety of
adverse health consequences, including acute and chronIc bronchitis, respira tory tract
infections and mortality, particularly among people with pre-existing lung or heart disease.
Sulfur dioxide is, however, only one compone nt of gas-aerosol complexes including sulfate
particulates ofvarious toxicities (see p. 141). It has been suggested (WHO, 1987) that sulfur
dioxide is not the most potent, direct cause of these effects but is a good surrogate for the
components responsible for effects, as it is the most easily measured and is the atmospheric
precursor of sulfuric acid and acid sulfates.

Ingestion of sulfites has been postulated to be a cause of rapid, acute allergic reactions,
including fatal anaphylactic-like responses (Settipane, 1984). A sulfite-sensitive sub-
population of asthmatics has been postulated to exist who have a relative deficiency of sulfite
oxidase (Stevenson & Simon, 1984). The possibility that sulfur dioxide may be generated
from sulfite in the low pH of the stomach has been considered as a mechanism of sulfite
sensitivity (Simon, 1986). Skin reactions have been noted rarely which have been suggested
to result from allergy to inhaled sulfur dioxide (Pirilä et al., 1963).

4.2.2 Experimental systems

The extensive work of Ardur (1959, 1974) clearly demonstrated the broncho-
constrictive effects of sulfur dioxide in guinea-pigs. Cessation of tracheal ciliaiy activity was
observed in rabbits that inhaled sulfur dioxide at concentrations above 200 ppm (524 mg/m3)

(Dalhamn & Strandberg, 1961). Onlya relatively negligible amount of sulfur dioxide reached
the trachea after nose inhalation, as 90-95% had been absorbed in the nasal cavities.

lncreased bronchial hyperresponsiveness to acetylcholine has been observed in dogs
following exposure to sulfur dioxide at 1 ppm (2.6 mg/m3) (Islam et aL., 1972).

Addition of sodiummetabisulfite to the di et of rats at 0.5-8% for 10 days to 2 years
induced hyperplastic and inflammatoiy changes in the forestomach and haemorrhagic
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microerosions, necrosis of epithelial ceIls, cellular inflammatory infiltration and atyical
glandular hyperplasia in the glandular stomach (Feron & Wensvoort, 1972). Addition of this
compound to the di et of groups of 20 male and 20 female rats at doses of 0.125-8 % resulted
in consumption levels of 0.098-1.91 %. The no-effect level was established to be 0.44% over
48 weeks. At higher levels, several animaIs had mild inflammatory and hyperplastic changes
to the gastric mucosa (Til et al., 1972). These findings support the conclusion that dietary
potassium metabisulfite promo tes the carcinogenic activity of N-methyl-N'-nitro-N-nitroso-
guanidine in rat stomach, as reported by Takahashi et aL. (1986) (see p. 164).

4.3 Reprouctive and developmental etTects

4.3.1 Humans
A variety of environmental exposures involving sulfur dioxide have been related to

human reproductive effects (Nordström et al., 1978a,b, 1979a,b; HemmInki & Niemi, 1982;
Sakai, 1984; Monteleone-Neto et al., 1985). ln none of these papers could a clear relation-
ship be determined between sulfur dioxide concentrations and reproductive outcomes.

4.3.2 Expen"mental systems

(a) Sulfur dioxide

Groups of 10 female albino rats (weighing 165-185 g) were exposed for 12 h per day for
three months to 0, 0.159 or 4.97 mg/m3 sulfur dioxide (Shalamberidze & Tsereteli, 1971). An
additional group was exposed to 2.52 mg/m3 sulfur dioxide in combination with 1.20 mg/m3
nitrogen dioxide. Oestrous cyclicity was determined for 24 days prior to exposure, during
exposure and during a recovery period. Females with a normal oestrous cycle were tested for
fertilty. The ovaries, uterus and pituitary, thyroid and adrenal glands from four rats per
group were examined by histopathology at the end of exposure. It was reported that the
higher exposure level prolonged the interoestrual period (dioestrus) and the oestrus and that
these females had fewer monthly oestrous cycles. eycle length returned to normal within
seven months after exposure. Circula tory changes were found in the ovaries and uteri of
females in the high exposure group. ln a second experiment, decreased IItter sizes were found
in similarly exposed groups of seven females. (The Working Group noted that It is not clear
when the females were mated within the exposure period.) Body weights of the offspring
were reduced at least through postnatal day 12 in these groups.

Groups of 40 or 32 CF-1 mice were exposed for 7 h per day to filtered air or to sulfur
dioxide (purity, 99.98%) at 25 ppm (66 mg/m31 on days 6-15 of gestation, and groups of 20
New Zealand white rabbits were exposed to filtered air or sulfur dioxide at 70 ppm (183
mg/m31 on days 6-18 of gestation. ln both species, less food was consumed during the first
few days of exposure to sulfur dioxide; no other significant effect was seen in the dams. ln
mice, fetal weight was reduced by 5% by exposure to sulfur dioxide; ossification of the
sternebrae and occipital was retarded (data not shown), but the incidence of malformations
was not significantly increased. ln rabbits, the incidence of a few minor skeletal variants was
significantly increased (data not shown) in the group exposed to sulfur dioxide (Murray et al.,
1979).

Groups of 13-17 CD-1 mice were exposed to sulfur dioxide at 0, 32,65, 125 or 250 ppm
(0, 84, 170, 328 or 655 mg/m3) on days 7-17 of gestation (presumably for 24 hl; pregnancy
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outcome was evaluated on day 18. No dose-related effect was seen on the dams, on fetal
viabilty or on fetal morphology. Fetuses in the 65- and 125-ppm groups were smaller than
controls; however, fetuses in the high-dose group weighed more than the con troIs (Singh,
1982). Additional females (numbers not stated) were exposed to sulfur dioxide at 0, 32 or 65
ppm on days 7-18 (presumably for 24 h) of gestation, and offspring were examined after birth
for growth, viabilty and neurological development. Birth weight was reported to be signi-
ficantly decreased at 65 ppm. The time required for the righting reflex on postnatal day 1 and
negative geotaxc behaviour on postnatal day 10 were significantly increased at both
exposure levels (Singh, 1989).

(h) Sulfite

Groups of 10-12 Wistar rats received 0, 0.32, 0.63, 1.25, 2.5 or 5.0% sodium sulfite
heptahydrate (guaranteed grade) in the diet on days 8-20 of gestation. The average daily
intakes in the exposed groups were 0.3, 1.1, 2.1 and 3.3 g/kg bw. Pregnancy outcome was
examined on day 20. An additional four females that received 0.32 or 5.0% sodium sulfite
heptahydrate on days 8-20 of gestation were allowed to give birth, and the growth and
viability of the neonates was determined. The authors stated that food intake was low in the
0.32,0.63 and 5.0% groups; maternai body weight gain during pregnancy was reduced in the
5.0% group. Fetal body weights were reduced in aIl treated groups but there was little
evidence of a dose-response relationship. No external, skeletal or visceral malformation was
observed in any group; fetal skeletal variations were not significantly affected by treatment.
ln the few litters examined postnatally, no effect was reported on viability or growth (weight
data analysed on an individual basis) (Itami et al., 1989).

An LDso of 1.04 mg/egg was obtained when sodium sulfite was injected into the air cell
of O-h single-comb white Leghorn chickens. No teratogenic effect was observed (Verrett
et al., 1980).

(c) Bisulfite

Adult male Swiss mice were exposed by intraperitoneal injection to sodium bisulfite
either at up to 1000 mg/kg bw acutely or for up to 40 times 400 mg/kg bw over a 56-day
period. Dose-related mortality was observed at more than 700 mg/kg bw, but no effect on
testicular histology was noted in survvors (Bhattacharjee et al., 1980).

Pregnancy outcome was evaluated in groups of 14-29 female Wistar rats made deficient
(1-2% of control level) in hepatic sulfite oxidase activity. A low-molybdenum diet and
drinking-water with a high sodium tungstate level allowed sytemic exposure to endogenous
sulfite; administration of drinking-water supplemented with 25 or 50 mM sulfite (as sodium
metabisulfite) beginning on day 21 of tungsten administration further increased sulfite
exposure. Appropriate control groups were included in the design. Breeding began 42 days
after initiation of treatment; fetuses were examined on day 21 of gestation. The authors paid
partcular attention to the induction of anophthalmia, the incidence of which was elevated in
litters of sulfite oxidase-deficient rats in a pilot study. Controls given molybdenum gained
less weight during pregnancy. The concentration of protein S-sulfonate in the aorta (an index
of exposure to sulfite) was markedly elevated in the treated groups, but there was no
significant effect on embryonic viabilty, fetal weight or fetal morphology (Dulak et al., 1984).
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(d) Metabisulfite

Groups of 13 female and five or six male, newly weaned rats (strain unspecified) received
drinking-water containing sodium metabisulfite at doses equivalent to 0, 375 or 750 ppm
sul fur dioxide (0, 983 or 1965 mg/m3). These animaIs produced two F i litters after II weeks
of treatment; the Fia litters in turn produced an F2 generation. Weights of females in the Fib
and F2 generations were lower than those of controls, but no effect was reported on fertiIity,
general health, organ weight or histology (Lockett & Natoff, 1960).

ln a multigeneration study, groups of 20 male and 20 female Wistar received diets
(enriched with 50 ppm (mg/kg) thiamine and stored at -18°C prior to feeding) containing 0,
0.125, 0.25, 0.5, 1.0 or 2.0% sodium metabisulfite (purity, 95-99%) beginning at weaning. Fo
rats were mated within their treatment group at 21 and 34 weeks. Fia rats were mated to
produce F2a and F2b litters at 12 and 30 weeks of age, and F2a rats were mated at weeks 14 and
22 to produce an F3litter. The authors reported a marginal reduction in body weight gain in
Fi and F2 generation rats given 2% metabisulfite. LItter size at birth was reduced only in the
F2a generation in groups that had received more than 0.25% metabisulfite (Til et al., 1972).

Groups of 18, 18, 13 and 20 Wistar rats received 0, 0.1, 1 and 10% potassium meta-
bisulfite in the diet on days 7-14 ofpregnancy. One-third of the control, low- and high-dose
dams were allowed to deliver litters for evaluation of postnatal growth and viability; the
remaining 12-13 females were examined for pregnancy outcome on day 20 of gestation.
Dam body weight gain and fetal body weights were reduced in the group given 10%, as were
neonatal survval and the survval rate of offspring on day 4 after birth. The incidences of
several skeletal variations were elevated in the treated groups, but no significant difference
was noted (Erna et al., 1985).

A group of 40 male and 40 female Wistar rats, 28-32 days old, were given 1.2 g/l
potassium metabisulfite (equivalent to about 700 mg/lof sulfur dioxide) in the drinking-
water for about 20 months. A similar, untreated group served as con trois. At nine months of
age, 22 females from the control and 21 females from the treated group were mated; in the
second generation, 23 control and 20 treated females were mated. ln both generations,
weaned young mice were given the same regimen as their parents. A 20% reduction
(p .: 0.05) in litter size was reported in the first generation of treated rats; a similar but not
significant reduction in litter size was reported in the second generation. There were fewer
males than females (21%) in the litter of the second generation th an in controls (53%)
(p .: 0.01) (Ci uzan et al., 1965).

4.4 Genetic and related etTects (see also Thble Il and Appendices 1 and 2)

4.4.1 Humans

Significant increases in the frequencies of sister chromatid exchange, micronuclei and
chromosomal aberrations were observed in cultured lymphocyes from 40 workers exposed
in a sulfuricacid factoiyin Thiyuan City, northern ehina, as described on p. 102. The workers
were exposed to a variety of agents, including sulfur dioxide (Meng & Zhang, 1990a,b).

The frequency of chromosomal aberrations in cultured lymphocyes from seven workers
exposed to sulfur dioxide in a sulfite pulp mil in Sweden was compared with that of 15
controls (Nordenson et al., 1980). The exposed subjects had been employed for:: 15 years at
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the mil, and one was a smoker. The controls were healthy men from Umeå, Sweden, five of
whom were smokers. The mean numbers of breaks/lOO cells were 3.72 :f 1.31 (standard
deviation) for the sul fur dioxide-exposed workers and 0.66 :f 0.81 for the controls, analysed
on the basis of individual values (t = 5.79; p .: 0.001). The frequency of gaps was also
increased in the exposed workers (p .: 0.01). (The Working Group noted the lack of detail
about the control subjects, in particular, about exposure conditions and other exposures.)

The frequencies of chromosomal aberrations and sister chromatid exchange in cultured
lymphocyes from eight male workers exposed to sulfur dioxide in a light metal foundry in
Scandinavia were compared with those of eight controls (Sorsa et al., 1982). The controls
were male clerical workers with an average age of 46.4; five of them were smokers. The
exposed subjects were men with an average age of 47.9 and average length of employment of
19.5 years; three of them were smokers. Their average daily exposures to sulfur dioxide were
estimated to vary between 0.2 and 3.0 ppm (0.52 and 7.9 mg/m3), with individual mean
time-weighted average exposures of 1.0 :f 0.85 (standard deviation) ppm (2.62 :f 2.23

mg/m3). The mean numbers of aberrations per 100 cells, excluding gaps, were 2.0 :f 1.3 in the
exposed group and 2.25 :f 1.5 in the control group, and the mean numbers of sister chromatid
exchanges per cell were 8.9 :f 0.9 in the exposed and 9.2 :f 1.8 in the control group. Thus,
neither the low average level of sulfur dioxide to which the workers were exposed nor
smoking had any effect on either parameter.

4.4.2 Experimental systems

At high concentations (1 M), bisulfite deaminates cyosine to uracil in isolated DNA, the
reaction rate being optimal between pH 5 and 6. If this reaction occurs in cells, there would
be resulting cyosine-to-thymidine transition mutations. Lower concentrations of bisulfite
can catalyse transaminations, which lead to protein-nucleic acid cross-linking and DNA
damage as a result of bisulfite-generated radicals (Shapiro, 1977).

Bisulfite at very high concentrations induced clear plaque mutations in lambda phage
but faIled to induce mutations in T4 phage. ln Escherichia coli, reverse mutations were
induced at a number ofloci containing cyosine-guanine bases (Mukai et al., 1970); however,
no mutation was induced in the lac! gene of repair-competent E. coli, which may also involve
transitions of cyosine-guanine bases (Kunz & Glickman, 1983).

Bisulfite was mutagenic only to those strains of Salmonella typhimurium that contain the
his G46 (base-pair substitution-sensitive) and his D6610 (frameshift-sensitive) mutations.
These mutations occur preferentially under acidic conditions and at much lower
concentrations of bisulfite than those required for addition to cystosine, which leads to
deamination.

ln Saccharomyces cerevisiae, bisulfite did not induce gene conversion, but sulfur dioxide
and bisulfite induced mutation.

Sulfur dioxide and sulfite induced chromosomal aberrations in Tradescantia paludosa
and Vicia fabaand micronuclei in T. paludosa. Bisulfite induced chlorophyll mutations in
Hordeum vulgare.

Bisulfite treatment did not affect DNA repair sythesis in Syrian hamster embryo (SHE)
cells. It did not induce mutations at either the Na + /K+ ATase or hprt locus in cultured
Chinese hamster V79 or SHE cells. Sister chromatid exchange was induced in Chinese
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Table 11 (contd)

Test system Resulta Dosb Reference
LEDIHID

Without With
exogenous exogenous
metabolic metabolic
system system

SAS, Salmonella typhimurium C3076, revers mutation - 0 1920.~~, pH 5 Pagano & Zeiger (1987)

SAS, Salmonella typhimurium TA97, revers mutation - 0 5120.~~, pH 7.0 Pagano et al. (199)

SAS, Salmonella typhimurium TA97, revers mutation + 0 5120.~~, pH 5.0 Pagano et al. (199) CI

ECK, Escherichia coli K12 (4 strains~ revers mutations - 0 64.~~, pH 5.2 Mukai et al. (1970) C
t"

(TA target) 'T

EC\¥ Escherichia coli WP uvrA revers mutation, trp locs - 0 64.~~ Mallon & Rosman (1981) C~
EC2 Escherichia coli WP revers mutation, trp locs - 0 64.~~ Mallon & Rosman (1981) 0
EC2 Escherichia coli WP po/A revers mutation, trp locs - 0 64.~~ Mallon & Rosman (1981) -
EC2 Escherichia coli WPlexA revers mutation, trp locs - 0 64.~~ Mallon & Rosman (1981) §
EC2 Escherichia coli WP reA revers mutation, trp locs - 0 64.~~ Mallon & Rosman (1981) 0
ECR, Escherichia coli K15 (9 strains) (fA or deletion targets) - 0 64.~~, pH 5.2 Mukai et al. (1970) tT
ECR, Escherichia coli K15 (13 strains) (CG targets) + 0 64.~~, pH 5.2 Mukai et al. (1970)

~ECR, Escherichia coli Lad, revers mutation - 0 64.~~, pH 5.2 Kunz & Glickman (1983)

SCG, StUcharmyces cereisiae BZ34, gene conversion - 0 64.~~ Murthy et al. (1983)

SCR, StUcharmyces cereisia, revers mutation, ad locs + 0 128.~~, pH 3.6 Dorange & Dupuy (1972)
CI
C

SCR, StUcharmyces cereisiae, petite mutations, strains 626 & 5215 + 0 60.~~, pH 3 Guerra et al. (1981) t"
HSM, Hordeum vu/gar, chlorophyll mutations + 0 450.~~ Kak & Kaul (1979)

'T

~TSI, Tradescantia paludosa, micronuclei + 0 1.~~, 2-6 h Ma et al. (1984)

TSC, Tradescantia paludosa, chromosmal aberrations + 0 0.002 Ma et al. (1973) CI

VFC, Vicia ¡aba, chromosmal aberrations + 0 60.~~ Njagi & Gopalan (1982)

RIA DNA repair synthesis, Syran hamster embryo cells - 0 320.~~, pH 7 Doniger et al. (1982)

G9H, Gene mutation, Chinese hamster V79 cells, hprt locs - 0 64. ~~ Mallon & Rosman (1981)

GIA Gene mutation, Chinese hamster V79 cells, Na + /K + - 0 128. ~~ Mallon & Rosman (1981)
ATPas lOCS

GIA Gene mutation, Syran hamster embryo cells, hprt locs - 0 1300. ~~ Tsutsui & Barrett (199)

GIA Gene mutation, Syran hamster embryo cells, Na+ /K+ - 0 1300. ~~ Tsutsui & Barrett (199)
ATPas locs

sic, Sis ter chromatid exchange, Chinese hamster ovary cells + 0 6. ~~ MacRae & Stich (1979)

SiS, Sister chromatid exchange, Syran hamster embryo cells + 0 30. ~~ Tsutsui & Barrett (199)

CIS, Chromosmal aberrations, Syran hamster embryo cells - 0 325.~~ Tsutsui & Barett (199) ~
TCS, eeii transformation, Syran hamster embryo cells, focs asay + 0 325.~~ DiPaolo et al. (1981) ~

kajo
Rectangle



Table 11 (contd)

Test system

TCS, Cell transfonnation, Syran hamster embryo cells, focs asay
(confinnation by S.e. injection into nu/nu mice)

TCS, Cell transfonnation, Syran hamster embryo cells, focs asay
SHi. Sis ter chromatid exchange, human lymphoctes in vitro

CHi. Chromosmal aberrations hum an lymphoces in vitro

SVA Sister chromatid exchange, NMRI mouse bone marrow in vivo
SV A Sister chromatid exchange, NMRI mouse bone marrow in vivo

SVA Sister chromatid exchange, sulfite oxidas-deficient NMRI mouse
bone marrow in vivo

SVA Sister chromatid exchange, sulfite oxidas-deficient NMRI mouse
bone marrow in vivo

SVA Sister chromatid exchange, Chinese hamster bone marrow in vivo
SVA Sister chromatid exchange, Chinese hamster bone marrow in vivo

SVA Sister chromatid exchange, sulfite oxidas-deficient Chinese
hamster bone marrow in vim

SVA Sister chromatid exchange, sulfite oxidase-deficient Chinese
hamster bone marrow in vivo

MVM, Micronuclei, NMRI mouse bone marrow in vivo
MVM, Micronuclei, sulfite oxidas-deficient NMRI mouse bone

marrow
MVC, Micronuclei, Chinese hamster bone marrow in vivo

MVC, Micronucleus, sulfite oxidas-deficient Chinese hamster bone
marrow in vivo

CBA Chromosmal aberrations, NMRI mouse bone marrow in vivo

~
~

Resulta Dosb Reference
LED/HID

Without With
exogenous exogenous
metabolic metabolic
system system

+ 0 1280.~~ Wirth et al. (1986)

+ 0 30.~~ Tsutsui & Barrett (199)
~+ 0 25. ~~ Beckman & Nordenson

(1986) a:+ 0 25. ~~ Beckman & Nordenson 0
(1986) Ô0 66.~~, X 1 oral Renner & Weyer (1983)

Cì0 50.~~, X 12 s.e., Renner & Weyer (1983)

~oyer 3.7 h
0 165.~~, X 1 oral Renner & Weyer (1983) :i

en
0 50.~~, X 8 s.e., Renner & Weyer (1983)

doyer 23 h
0 66.~~, X 1 oral Renner & Weyer (1983) 5
0 50.~~, X 12 s.e., Renner & Weyer (1983) a:

oyer 3.7 h m
0 330.~~, x 1 oral Renner & Weyer (1983) VI~
0 50.~~, X 8 s.e., Renner & Weyer (1983)

oyer 23 h
0 66.~~, X 2 oral Renner & Weyer (1983)
0 165.~~, X 2 oral Renner & Weyer (1983)

0 66.~~, X 2 oral Renner & Weyer (1983)
0 330.~~, X 2 oral Renner & Weyer (1983)

0 66.~~, X 2 oral Renner & Weyer (1983)



Table 11 (contd)

ReferenceTest system Resulta

Without
exogenous
metabolic
system

With
exogenous
metabolic
system

Dosb
LED/HID

CBA Chromosmal aberrtions sulfite oxdas-deficient NMRI mouse
bone marow in viv

CBA Chromosmal aberrations Chines hamster bone marrow in vivo
CBA Chromosmal aberrtions, sulfite oxidas-deficient Chinese

hamster bone marow in vivo

o

o

o

165.~~, X 2 oral Renner & Wever (1983)

66.~~, X 2 oral
330.~~, X 2 oral

Renner & Wever (1983)
Renner & Wever (1983)

"+, poitive; ( + ~ weakly poitive; -, negative; 0, not tested; ?, inconclusive (variable response in several expriments within an adequate study)
bJn-vitro tests ~g/ml; in-vivo tests mg/g bw; standardized to sulfur dioxde
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hamster ovary and SHE ceIls, but chromosomal aberrations were not induced in SHE cells.
Sulfur dioxide induced morphological transformation of SHE ceIls, but there was no
syergism with ultra-violet light in the transformation process (DiPaolo et aL., 1981), such as
was observed in V79 ceIls (Mali on & Rossman, 1981). Transformation occurred under
conditions in which no change to DNA was observed, but consistent, qualitative polypeptide
changes and quantitative changes were detected in these ceIls (Wirth et al., 1986). ln a single
study, sulfur dioxide induced sister chromatid exchange and chromosomal aberrations in
human lymphocyes in vitro.

Afer oral or parenteral administration, sodium metabisulfite did not induce bone-

marrow cyogenetic damage in either hamsters or mice.

5. Summary of Data Reported and Evaluation

5.1 Exposure data

Sul fur dioxide is produced commercially by burning sulfur or various sulfides or by
recovering it from flue gases or non-ferrous metal smelting gases. Large quantities are used
as intermediates in the manufacture of sulfuric acid and sulfite pulp. It is also used in
agriculture and in the food and beverage industries as, among other things, a biocide and a
preservative. Sulfite pulp workers have been exposed to fluctuating levels of sulfur dioxide,
often exceeding 10 ppm (26 mg/m3), but levels have decreased with modernization of
facilities and processes. ln metal industres, the roasting of ores and the combustion of
various sulfur-containing fuels have resulted in mean exposures to sulfur dioxide in the range
of 1-10 ppm (2.6-26 mg/m3) in copper smelters, but at about 1 ppm (2.6 mg/m3) or less in
other facilities. Mean levels exceeding 1 ppm (2.6 mg/m3) have also been reported in the
manufacture of sulfuric acid and of superphosphate fertilzers, as weIl as at certain fire sites
during fire fighting. Levels of sulfur dioxide in ambient air do not usually exceed 0.05 ppm
(0.1 mg/m3), except in sorne urban areas.

Sodium sulfite is used mainly in the pulp industr. Both sodium and potassium meta-
bisulfure are used in food processing, chemical industries, water treatment, photoprocessing
and the textile industry. Levels of occupational exposure have not been reported.

5.2 Human carcinogenicity data

ln four US and one Swedish cohort studies of copper smelters, increased lung cancer
risks were observed in relation to exposure to arsenic, but no independent effect of sui fur
dioxide was seen.

One proportionate mortality study from the USA and Canada, as well as two US and one
Finnish cohort studies, analysed cancer risks among sulfite pulp mil workers. Three of them
suggested an increase in risk for stomach cancer; however, potential confounding factors
were not adequately controlled. Lung cancer risks were not elevated in any of these studies.

ln case-control studies performed at a chemical facility in Texas with a complex exposure
environment, increased risks for lung cancer and brain tumours were indicated in workers
withhigh exposure to sulfur dioxide; however, the findings using two different control groups
were not consistent.
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A population-based case-control study from Canada suggested an increased risk for
stomach cancer in men exposed to sulfur dioxide, but no excess was indicated for lung cancer.

No epidemiological studiy was available on cancer risks associated with exposure to
sulfites, bisulfites or metabisulfites.

5.3 Carcinogenicity in experimental animais

Su/fur dioxide was tested for carcinogenicity in one study in mice by inhalation exposure.
A significant increase in the incidence of lung tumours was observed in females.

Su/fur dioxide was tested for enhancement of carcinogenicity when administered with
benzo(a lpyrene in two studies in rats and in one study in hamsters. One incompletely
reported study found an increase in the incidence of lung tumours in rats exposed to sulfur
dioxide in conjunction with benzo(a lpyrene. The other study in rats suffered from limitations
owing to the high incidence of lung tumours in controls given benzo(a lpyrene. The study in
hamsters was inadequately reported.

Potassium metabisu/fite was tested for carcinogenicity in one study in mice by oral

administration in the drinking-water and sodium metabisulfite in one study in rats by oral
administration in the diet. No increase in tumour incidence was observed in mice, and there
was no indication of a dose-related increase in tumour incidence in rats, but both studies had
sorne inadequacies in reporting of data.

Potassium metabisu/fite was tested for enhancement of carcinogenicity in one study in
rats. lt significantly increased the incidence of gastric adenocarcinoma after initiation with
N-methyl-N' -nitro-N-nitrosoguanidine.

No data were available on the carcinogenicity in experimental animaIs of sulfites or
bisulfites.

5.4 Other relevant data
At high concentrations, sulfur dioxide irritates the upper airways and can induce acute

and chronic bronchitis. At lower levels (less than 0.25 ppm (0.65 mg/m3)), no effect of sul fur
dioxide is seen on the airways of sensitive individuals in the general population who take
exercise, presumably since this relatively hygroscopic gas is removed by the nose and mou th.

eontlicting results for the induction of chromosomal aberrations in lymphocyes were
obtained in two studies of workers exposed to sulfur dioxide, among other agents. ln a single
study, no increase was reported in the frequency of sister chromatid exchange in lymphocyes
of exposed workers.

Sul fur dioxide and its aqueous forms did not induce sister chromatid exchange,

chromosomal aberrations or micronucleus formation in bone marrow of mIce or Chinese
hamsters. ln a single study, sister chromatid exchange and chromosomal aberrations were
induced in human lymphocyes. ln cultured mammalIan cells, bisulfite induced transfor-
mation and sister chromatid exchange but not gene mutation, chromosomal aberrations or
DNA repair sythesis. ln plants, chromosomal aberrations, micronuclei and gene mutation
were induced. Sulfur dioxide and bisulfite induced gene mutation but not gene conversion in
yeast. Mutations were induced in bacteria and phage.

Bisulfite solutions at high concentrations caused deamination of cyosine in DNA
in vitro.
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5.5 Evaluation 1

There is inadequate evidence for the carcinogenicity in humans of sul fur dioxide, sulfites,
bisulfites and metabisulfites.

There is limited evidence for the carcinogenicity in experimental animaIs of sulfur
dioxide.

There is inadequate evidence for the carcinogenicity in experimental animais of sulfites,
bisulfites and metabisulfites.

Overall evaluation

Sulfur dioxide, sulfites, bisulfites and metabisulfites are not classifiable as to their
carcinogenicity to humans (Group 3).

6. References

Adams, D.F., Appel, B.R, Dasgupta, P.K, Faiwell, S.O., Knapp, K1:, Kok, G.L., Pierson, WR,
Reiszner, KD. & Tanner, RL. (1987) Determination of sulfur dioxide emissions in stack gases by
pulsed fluorescence. ln: Lodge, J.P., Jr, ed., Methods of Air Sampling and Amlysis, 3rd. ed.,
Chelsea, MI, Lewis Publishers, pp. 533-537

Ades, A.E. & Kazantzs, G. (1988) Lung cancer in a non-ferrous smelter: the role of cadmium. Br. 1
ind. Med., 45, 435-42

Allen, D.H. (1985) Asthma induced by sulphites. Food Technol. Aut., 37, 506507
Amdur, M.O. (1959) The physiological response of guinea pigs to atmospheric pollutants. Int. 1. Air

Pol/ut., i, 170-183
Amdur, M.O. (1974) 1974 Cummings Memorial Lecture. The long road from Donora. Am. ind. Hyg.

~so~ ~, 35, 589-597
Amer, S.M., Mikhael, E. & EI-Ashiy, Z.M. (1989) Cyogenetic effect of sulphur dioxide on Vìcia faba

plant 1. Cytologia, 54, 211-221
American Conference of Governmental Industrial Hygienists (199) 1990-1991 Threshold Limit

Values for Chemical Substances and Physical Agents and Biological Exsure Indices, Cincinnati,

OH, p. 34
Anderson, A. (1950) Possible long term effects of exposure to sulphur dioxide. Br. 1. ind. Med., 7, 82-86
Aneja, P.-v, Aneja, A.P. & Adams, D.F. (1982) Biogenic sulfur compounds and the global sulfur cycle.

1 Air Pol/ut. Control ~soc., 32, 803-807
Anlauf, KG., Bottenheim, J.W, Brice, KA., Felln, P., Wiebe, H.A., Schiff, H.I., Mackay, G.I.,

Braman, RS. & Gilbert, R. (1985) Measurement of atmospheric aerosols and photochemical
products at a rural site in SW Ontario. Almos. Environ., 19, 1859-1870

Anon. (1988) Chemical profie: sulfur dioxide. Chem. Mark Rep., 234, 54
Anon. (199) ehemical profile: sodium sulfite. Chem. Mark Rep., 237, 46
Anon. (1991) Chemical profie: sulfur dioxide. Chem. Mark Rep., 240, 42
Arbeidsinspectie (Labour Inspection) (1986) De Nationale MAC-Lijst 1986 (National MAC-List

1986), Voorburg, Netherlands, p. 23

IFor definition of the italicied tenus, see Preamble, pp. 2629.



SULFUR DIOXIE AN SULFS 179

Balchum, OJ., Dybicki, J. & Meneely, G.R (196) Pulmonar resistance and compliance with
concurrent radioactive sulfur distribution in dogs breathing 35S02.1 appl. Physiol., 15,62-6

Barre, L.A. (1988) Aspects of atmosphenc pollutant origin and deposition revealed by multi-
elemental obseivations at a rural location in eastern Canada. L geophys. Res., 93, 3773-3788

Beckman, L. & Nordenson, 1. (1986) Interaction between sorne corn mon genotoxic agents. Hum.
Hered., 36, 397-41

Ben-Jebna, A., Full, A.P., DeMaria, D.D., Bali, B.A. & Ultman, J .S. (199) Dynamics of sulfur dioxide
absorption in excised porcine tracheae. Environ. Res., 53, 119-13

Bhattacharjee, D., Shetty, 1:K. & Sundaram, K. (1980) Effects on the spermatogonia of mice following
treatment with sodium bisulfite.1 environ. Pathol. Toxicol.,3, 189-193

Bond, G.G., Cook, RR, Wight, P.C. & Flores, G.H. (1983) A case-cntrol study of brain tumor
mortality at a Texas chemical plant. L occup. Med., 25, 377-386

Bond, G.G., Shellenberger, RJ., Flores, G.H., Cook, RR & Fishbeck, WA. (1985) A case-control
study of renal cancer mortality at a Texas chemical plant. Am. 1. iml. Med., 7, 123-139

Bond, G.G., Flores, G.H., Shellenberger, RJ., Cartmil, J.B., Fishbeck, WA. & Cook, RR (1986)
Nested case-control study of lung cancer among chemical workers. Am. L Epidemiol., 124,53-

Brandt-Rauf, P.W, Fallon, L.F., Jr, Tarantini, T., Idema, C. & Andrews, L. (1988) Health hazards offire
fighters: exposure assessment. Br. 1. ind. Med., 45, 6012

Broder, 1., Smith, J.W, Corey, P. & Holness, L. (1989) Health status and sulfur dioxide exposure of
nickel smelter workers and civic laborers.1 occup. Med., 31, 347-353

Budavari, S., ed. (1989) The Merck Index, 11th ed., Rahway, NJ, Merck & Co., p. 1417
ealabrian eorp. (l99a) Product Data Sheet: Technical Grade Sodium Bisulfte, Anydrous (Sodium

Metabisulfite), Houston, TX
Calabnan Corp. (199b) Product Data Sheet: Food Grade Sodium Bisulfite, Anhydrous (Sodium

Metabisulfite), Houston, TX
ealabrian Corp. (undated) Product Data Sheet: Sodium Bisulfite, Liquid, Houston, TX
Chan- Yeung, M., Wong, R, MacLean, L., Tan, F., Schulzer, M., Enarson, D., Martin, A., Dennis, R &

Grzbowski, S. (1983) Epidemiologic health study of workers in an aluminum smelter in British
Columbia. Effects on the respiratory system. Am. Rev respir. Dis., 127, 465-49

Charan, N.B., Myers, c.G., Lakshminarayan, S. & Spencer, T.M. (1979) Pulmonary injuries
associated with acute sulfur dioxide inhalation. Am. Rev respir. Dis., 119,555-560

Chemical Information Seivices (1988) Directory of World Chemical Producers 1989/90 Edition,
Oceanside, NY

Cluzan, R, Causeret, J. & Hugot, D. (1965) Potassium metabisulfite. Long-term toxicity in the rat
(Fr.). Ann. Biol. Anim. Biochem. Biophys., 5, 267-281

Coker, L.E. (1986) Uses and analysis of sulfites in the corn wet miling industry. L Assoc. off ana.
Chem., 69, 8-10

Commission of the European Communities (1980) Council Directive of 15 July 1980 on air quality
lImit values and guide values for sulphur dioxide and suspended particulates. Off lEur.
Commun., L229, 30-48

Cook, WA. (1987) Occupational Exsure Limits-Worldwide, Akon, OH, American Industrial
Hygiene Association, pp. 12, 153, 216

Dalhamn, T. & Strandberg, L. (1961) Acute effect of sulphur dioxide on the rate of cilary beat in the
trachea of rabbit, in vivo and in vitro, with studies on the absorptional capacity of the nasal cavity.
Int. L Air Water Pol/ut., 4, 154-167



180 lAC MONOGRAHS VOLUME 54

De Giovanni-Donnelly, R. (1985) The mutagenicity of sodium bisulfite on base-substitution strains of
Salmonella tyhimurium. Teratog. Carcinog. Mutag., 5, 195-203

DiPaolo, J .A., DeMarinis, AJ. & Doniger, J. (1981) Transformation of Syrian hamster embryo cells by
sodium bisulfite. Cancer Lett., 12,203-208

Direktoratet for Arbeidstilsynet (Directorate of Labour Inspection) (199) Administrative Nonner for
Forurensning i Arbeidsatmosfaere 1990 (Administrative Norms for Pollution in Work
Atmosphere 199), Oslo, p. 18

Doniger, J., O'Neil, R. & DiPaolo, J.A (1982) Neoplastic transformation of Syrian hamster embryo
cells by bisulfite is accompanied with a decrease in the number of functioning replicons.
Carcinogenesis, 3, 27-32

Dorange, J.-L. & Dupuy, P. (1972) Demonstration of a mutagenic action of sodium sulfite on yeast
(Fr.). c.R. Acad. Sei Pari, 274, 2798-28

Dulak, L., ehiang, G. & Gunnison, AF. (1984) A sulphite oxidase-deficient rat model: reproductive
toxicology of sulphite in the female. Food Chem. Toxicol., 22, 599-67

Eickenroht, E. Y., Gause, E.M. & Rowlands, J.R. (1975) The interaction of S02 with proteins. Environ.
Lett., 9, 2h5-277

Elier, P.M., ed. (1987) NIOSH Manual of Analytical Methods, 3rd ed., Suppl. 2, (DHHS (NIOSH) Publ.
No. 84-1(0), Washington DC, US Government Printing Office, pp. 60-1-6-5

Erna, M., Itami, 1: & Kanoh, S. (1985) Effect of potassium metabisulfite on pregnant rats and their
offspring. 1 Food Hyg. Soc. Japan, 26, 454-59

Emerson, J.G. & Johnson, J.L. (1985) Adverse reactions to sulphites. An overview. Food Technol.
Aut., 37 (Suppl.), i-iv

Englander, ~, Sjöberg, A, Hagmar, L., Attewell, R., Schütz, A, Möller, 1: & Skerfing, S. (1988)
Mortality and cancer morbidity in workers exposed to sulphur dioxide in a sulphuric acid plant.
lnt. Arch. occup. environ. Health, 61, 157-162

Enterline, P.E. & Marsh, G.M. (1982) eancer amongworkers exposed to arsenic and other substances
in a copper smelter. Am. 1 Epidemiol., 116, 895-911

Enterline, P.E., Marsh, G.M., Esmen, N.A, Henderson, VL., eallahan, C.M. & Paik, M. (1987) Sorne
effects of cigarette smoking, arsenic and S02 on mortality among US copper smelter workers.l
occup. Med., 29, 831-838

Fazo, 1: & Warner, c.P. (199) A review of sulphites in food: analytical methodology and reported
findings. Food Add. Contam., 7, 433-54

Feiner, B. & Marlow, S. (1956) Sulfur dioxide exposure and control. Paper lnd., 38, 37-4
Feron, ~J. & Wensvoort, P. (1972) Gastric lesions in rats after the feeding of sulphite. Pathol. Eur., 7,

103-111
Ferrs, B.G., Jr, Burgess, WA & Worcester, J. (1967) Prevalence of chronic respiratory disease in a

pulp mil and a paper mil in the United States. Br. 1 ind. Med., 24, 2637
FIOH (Finnish Institute of Occupational Health) (199) Industrial Hygiene Measurements, 1950-69,

Data Base, Helsinki
Gautam, S.S., Venkatanarayanan, A~ & Parthasarathy, B. (1979) Occupational environment of

paper mil workers in south India. Ann. occup. Hyg., 22, 371-382
General Chemical Corp. (undated a) Technical Data: Catalyzed Sodium Sulfite, Anydrous,

Parsippany, NJ
General Chemical Corp. (undated b) Technical Data: Sodium Sulfite, Anydrous, Reagent AC.S.,

Parsippany, NJ



SULFUR DIOXIDE AN SULFITS 181

General Chemical Corp. (undated c) Technical Data: Sodium Metabisulfite, Parsippany, NJ
General Chemical Corp. (undated d) Product Data: Met-tech(TM) Industril Grade, Sodium

Metabisulfite. Parsippany. NJ
Gibson. WB. & Strong, EM. (1973) Metabolism and elimination of sulphite by rats, mice and

monkeys. Food Cosmet. Toxicol., i i. 185-198
Guerra, D., Romano, P. & Zambonell. C. (1981) Mutagenic effects of sulfur dioxide on Saccharomyces

cerevisiae diploid strains. Exerientia, 37,691-693
Gunnison. A.E & Benton. A. W (1971) Sulfur dioxide: sulfite. Interaction with mammalian serum and

plasma. Arch. environ. Health. 22, 381-388
Gunnison, AE & Benton, A W (1972) Sulfur dioxide: sulfite. Interaction with mammalian serum and

plasma. Arch. environ. Health, 22, 381-388
Gunnison, AE & Jacobsen, D.W (1987) Sulfite hypersensitivity. A critical review. CRC crit. Rev

Toxicol., i 7, 185-214
Gunnison, A.E & Palmes, E.D. (1974) S-Sulfonates in human plasma following inhalation of sulfur

dioxide. Am. ind. Hyg. Assoc. 1,35,28291
Gunnison, A.E & Palmes, E.D. (1976) A model for the metabolism of sulfite in mammals. Toxicol.

appl. Phamucol.,38. 111-126
Gunnison, A.E & Palmes. E.D. (1978) Species variabilty in plasma S-sulfonate levels during and

following sulfte administration. Chem.-biol. Interactins, 21. 315-329
Gunnison, A.E, Sellakumar. A, Snyder, E.A. & eurrie, D. (1988) The effect ofinhaled sulfur dioxide

and systemic sulfite on the induction of lung carcinoma in rats by benzo(a)pyrene. Environ. Res..
46. 59-73

Harrison. RM. (1983) Ambient air quality in the vicinity of a works manufacturing sulphuric acid,
phosphoric acid and sodium tripolyphosphate. Sei. total Environ., 27, 121-131

Harrison, RM. (199) Chemistry of the troposphere. ln: Harrison, R.M., ed., Pollution: Causes,
Effects, and Control, 2nd ed.. Boca Raton. FL, CRC Press, pp. 157-180

Hastie, D.R, Schiff, H.I., Whelpdale, D.M., Peterson, RE., Zoller, WH. & Anderson, D.L. (1988)
Nitrogen and sulphur over the western Atlantic Ocean. Atmos. Environ., 22, 2381-2391

Hayatsu, H. (1977) Co-perative mutagenic actions of bisulfite and nitrogen nucleophiles.1 mol.
Biol., iis, 19-31

Hayatsu, H. & Miura, A. (1970) The mutagenic action of sodium bisulfite. Biochem. biophys. Res.
Commun., 39, 156-160

Heinrich, U., Fuhst, R, Peters, L., Muhle, H., Dasenbrock, C. & Pott, E (1989) Comparative long-tenu
animal inhalation studies using various particulate matter: objectives, experimental design and
preliminary results. Ex. Pathol., 37, 27-31

Helrich, K. (199) Offciai Methods of Anysis of the Asociation of Offcia Anytical Chemists, 15th
ed., Vol. 2, Arlington, V A Association of Officiai Analytical Chemists, p. 718

Hemminki, K. & Niemi, M.-L. (1982) Community study of spontaneous abortions: relation to
occupation and air pollution by sulfur dioxide, hydrogen sulfide and carbon disulfide. Int. Arch.
occup. environ. Health, 51. 55-63

Henneberger, P.K., Ferrs, B.G., Jr & Monson, RR (1989) Mortalityamong pulp and paper workers
in Berlin, New Hampshire. Br. 1 ind. Med., 46, 658-

Hoff, RM.. Leaitch. WR, Felln, P. & Bare, L.A. (1983) Mass size distributions of chemical
constituents of the winter Arctic aerosol.1 geophys. Res., 88, 1097-10956

lAC (1975) IARC A..Nonographs on the Evaluatin of Carcinogenic Risk of Chemica/ to Man, Vol. 9,
Some Azriines, N-, S- & 0- Mustards and Selenium, Lyon, pp. 245-26



182 lAe MONOGRAHS VOLUME 54

IAC (1981) IARC Monographs on the Evaluation of the Carcinogenic Risk ofChemicals to Humans,
Vol. 25, Wood, Leather and Some Associated Industries, Lyon, pp. 183, 191-197,217,219

lAC (1983) IARC Monographs on the Evaluation of the Carcinogenic Risk ofChemicals to Humans,
VoL. 32, Polynuclear Aromatic Compounds, Part 1, Chemical, Environmental and Exerimental
Data, Lyon

lAC (1987)IARC Monographson the Evaluation ofCarcinogenic Risks to Humans, Suppl. 7,Overal/
Evaluations of Carcinogenicity: An Updating oflAC Monographs Volumes 1-42, Lyon, pp. 78,
79-80, 100106, 106116, 12012,211-216,230-232, 341-345, 385-387

lAC (1988) IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, VoL. 43,
Man-mae Mineral Fibres and Radon, Lyon

lAC (1989) IARC Monographs on the Evaluation of Carcinogenic Risks to Humons, Vol. 45,
Occupational Exsures in Petroleum Refining; Crude Oil and Major Petroleum Fuels, Lyon, pp.
32-33,602

lAe (1991) IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, Vol. 52,
Chlorinated Drinking-water; Chlorination By-products; Some Other Halogenated Compounds;
Cobalt and Cobalt Compounds, Lyon, pp. 363-472

International Labour Office (1991) Occupational Exsure Limits for Airbome Toxic Substances, 3rd

ed. (Occupation al Safety and Health Series No. 37), Geneva, pp. 372-373

Islam, M.S., Vastag, E. & Ulmer, WT. (1972) Sulphur dioxide-induced bronchial hyperreactivity
against acetylcholine. lnt. Arch. Arbeitsmed., 29, 221-232

Itami, 1:, Erna, M., Kawasaki, H. & Kanoh, S. (1989) Evaluation of the teratogenic potential of sodium
sulfite in rats. Drug chem. Toxicol., 12, 12-135

Jäppinen, P. (1987) A mortality study of Finnish pulp and paper workers. Br. 1 ind. Med., 44, 580587

Jäppinen, P., Hakulinen, T., Pukkala, E., Tola, S. & Kurppa, K (1987) Cancer incidence of workers in
the Finnish pulp and paper industry. Scand. 1 Work Environ. Health, 13, 197-202

Järup, L., Pershagen, G. & Wall, S. (1989) Cumulative arsenic exposure and lung cancer in smelter
workers: a dose-response study. Am. 1 ind. Med., 15,31-41

Kak, S.N. & Kaul, B.L. (1979) Mutagenic activity of sodium bisulphite in barley. Experientia, 35,
739-741

Kangas, J. (191) Haihtuvat Rikkyhdisteet (Volatile Sulfur Compounds) (A1tisteet Työssä-Series No.
11), Helsinki, Institute of Occupational Health, Work Environment Fund

Kachmer, J.H., ed. (1970) The Anlytcal Chemistr of Sulphur and Ifs Compounds, Part 1, New York,
Wiley-Interscience, pp. 183-283

Kehoe, RA., Machle, WF., Kitziler, K & LeBlanc, TJ. (1932) On the effect of prolonged exposure
to sulphur dioxide.l ind. Hyg., 14, 159-173

Kelly, TJ., McLaren, S.E. & Kadlecek, J.A. (1989) Seasonal variations in atmospheric SOX and NOy
species in the Adirondacks. AImas. Environ., 23, 13 15-1332

Kleinman, M.T. (1984) Sulfur dioxide and exercise: relationships between response and absorption in
upper airways. 1 Air Pol/ut. Control. Assoc., 34, 32-37

Knapp, KT., Pierson, WR, Dasgupta, P.K, Adams, D.E, Appel, B.R, Farell, S.O., Kok, G.L.,
Reiszner, KD. & Thnner, R.L. (1987) Determination of gaseous sulfuric acid and sulfu dioxide
in stack gases. ln: Lodge, J .P., J r, ed., Metho of Air Sampling and Anysis, 3rd ed., Chelsea, MI,
Lewis Publishers, pp. 523528



SULFUR DIOXIDE AN SULFITES
183

Kok, G.L., Dasgupta, P.K, Adams, D.F., Appel, B.R, Faiwell, S.O., Knapp, KT., Pierson, WR.,
Reiszner, KD. & Tanner, RL. (1987a) Determination of sulfur dioxide content of the
atmosphere (tetrachloromercurate absorber/para-rosaniline method). ln: Loge, J.P., Jr, ed.,
Methods of Air Sampling and Analysis, 3rd ed., ehelsea, MI, Lewis Publishers, pp. 493-98

Kok, G.L., Dasgupta, P.K, Adams, D.F., Appel, B.R, Faiwell, S.O., Knapp, KT., Pierson, WR.,
Reiszner, KD. & Tanner, RL. (1987b) Determination of sulfur dioxide content of the
atmosphere (formaldehyde absorber/para-rosanilne method). ln: Lodge, J .P., J r, ed., Methods of
Ær Sampling and Analysis, 3rd ed., Chelsea, MI, Lewis Publishers, pp. 499-502

Krupa, S.~ (1980) Atmospheric sulfur transformations: sulfur dioxide, sulfuric acid aerosols, acidic
rain and their effects on vegetation. ln: Raychaudhuri, S.P. & Gupta, D.S., eds, Progress in
Ecology: Proceedings of International Symposium on Environmental Pollution and Toxicology 15
July 1980, New Delhi, Today & Tomorrow's, pp. 11-31

Kunz, B.A. & Glickman, B.W (1983) Absence of bisulfite mutagenesis in the lacI gene of Escherichia
coli. Mutat. Res., 119, 267-271

Laskin, S., Kuschner, M., Sellakumar, A & Katz G.~ (1976) eombined carcinogen-irritant animal
inhalation studies. ln: Aharonson, E.F., Ben David, A & Klingberg, AM., eds, Air Pollution and
the Lung, New York, Wiley, pp. 190213

Lawrence, J.F. & Chadha, RK (1988) Determination of sulfite in foods by head-space liquid
chromatography.1 Assoc. off anal. Chem., 71, 930-933

Lee-Feldstein, A (1983) Arsenic and respiratory cancer in humans: follow-up of copper smelter
employees in Montana. 1 natl Cancer Inst., 70,601-6

Lewin, E.E., de Pena, RG. & Shimshock, J.P. (1986) Atmospheric gas and particle measurements at a
rural northeastern US site. A/mos. Environ., 20, 59-70

Lightowlers, P.J. & eape, J.N. (1988) Sources and fate of atmospheric Hei in the UK and western
Europe. Atmos. Environ., 22, 7-15

Linn, WS., Shamoo, D.A., Spier, c.E., Valencia, L.M., Anzar, U .T., Venet, TG. & Hackney, J .D. (1983)
Respiratory effects of 0.75 ppm sulfur dioxide in exercising asthmatics: influence of upper-
respiratory defenses. Environ. Res., 30,340348

Lokett, M.F. & Natoff, 1.L. (196) A study of the toxicity of sulphite. 1. 1 Pharm. Pharmacol., 12,
488-96

Lubin, J.H., Pottern, L.M., Blot, WJ., Tokudome, S., Stone, B.J. & Fraumeni, J.F., Jr (1981)
Respiratory cancer among copper smelter workers: recent mortality statistics.1 occup. Med., 23,
779-784

Lundgren, KD. (1954) Diseases of the respiratory organs of workers at a smelting plant (Swed.). Nord.
Hyg. Tidkr., 3, 6682

Ma, T.-H., Isbandi, D., Khan, S.H. & Tseng, Y-S. (1973) Low level of S02 enhanced chromatid
aberrations in Tradescantia pollen tubes and seasonal variation of the aberration rates. Mutat.
Res., 21, 93-100

Ma, T-H., Harris, M.M., Anderson ~A, Ahmed, L, Mohammad, K, Bare, J.L. & Lin, G. (1984)
Tradescantia-micronucleus (Trad-MCN) tests on 140 health-related agents. Mutat. Res., 138,
157-167

MacRae, WD. & Stich, H.F. (1979) Induction of sister chromatid exchanges in Chinese hamster celIs
by the reducing agents bisulfite and ascorbic acid. Toxicology, 13, 167-174

Mallon, RG. & Rossman, T.G. (1981) Bisulfite (suIf ur dioxide) is a comutagen in E. coli and in
Chinese hamster cens. Mutat. Res., 88, 12-133



184 IAC MONOGRAHS VOLUME 54

Mannsville Chemical Products Corp. (1985) Chemica/ Products Synpsis: Sulfur Dioxide, Cortland,
NY

Meng, Z. & Zhang, L. (l99a) ehromosomal aberrations and sister-chromatid exchanges in lym-
phocytes of workers exposed to sulphur dioxide. Mutat. Res., 241, 15-20

Meng, Z. & Zhang, L. (l99b) Observation of frequencies of lymphocytes with micronuclei in human
peripheral blood cultures from workers in a sulphuric acid factor. Environ. mol. Mutag., 15,
218-22

Menzel, D .B., Keller, D.A. & Leung, K - H. (1986) eovalent reactions in the toxicity of S02 and sultï te.
Adv. ex. Med. Biol., 197,477-492

Milham, S., Jr & Demers, RY. (1984) Mortality among pulp and paper workers.l occup. Med., 26,
8484

Monteleone-Neto, R, Brunoni, D., Laurenti, R, de Mello Jorge, M.H., Gotlieb, S.L.D. & Lebrão,
M.L. (1985) Birth defects and environmental pollution: the Cubatão example. ln: Marios, M., ed.,
Prevention of Physical and Mental Congenital Defects, Part B, Epidemiology Ear/y Detection and
77erapy, and Environmental Factors, New York, Alan R Liss, pp. 65-68

Mottley, c., Harman, L.S. & Mason, RP. (1985) Microsomal reduction of bisulfite (aqueous sulfur
dioxide). Sulfur dioxide anion free radical formation by cytochrome P-450. Biochem. Phannacol.,
34, 305-3008

Mukai, F., Hawiyluk, 1. & Shapiro, R (1970) The mutagenic specificity of sodium bisulfite. Biochem.
biophys. Res. Commun., 39,983-988

Münzner, R (1980) Investigations of the mutagenic effect of bisulfite (Ger.). Lebensmittel-Wiss.-
Technol., 13, 219-22

Murray, F.J., Schwetz, B.A., Crawford, A.A., Henck, J.\¥, Quast, J.F. & Staples, RE. (1979)

Embiyotoxicity of inhaled sulfur dioxide and carbon monoxide in mice and rabbits.l environ.
Sei Health, C13, 233-250

Murthy, M.S.S., Deorukhakar, ~~ & Anjaria, KB. (1983) A study of the induction of gene conversion
in yeast by sodium bisulphite under radical reaction conditions. Food chem. To:acol., 21,499-501

Nadel, J.A., Salem, H., Tamplin, B. & Tokiwa, Y. (1965) Mechanism of bronchoconstriction during
inhalation of sulfur dioxide. 1 appl. Physiol., 20, 164167

Njagi, G.D.E. & Gopalan, H.N.B. (1982) Cyogenetic effects of the food preseivatives-sodium
benzoate and sodium sulphite on Vìcia faba root meristems. Mutat. Res., 102, 213-219

Nordenson, 1., Beckman, G., Beckman, L., Rosenhall, L. & Stjernberg, N. (1980) Is exposure to
sulphur dioxide clastogenic? Chromosomal aberrations among workers at a sulphite pulp
factoiy. Heredftas, 93, 161-164

Nordström, S., Beckman, L. & Nordenson, I. (1978a) Occupational and environmental risks in and
around a smelter in northern Sweden. I. Variations in birth weight. Hereditas, 88, 4~

Nordström, S., Beckman, L. & Nordenson, 1. (1978b) Occupation al and environmental risks in and
around a smelter in northern Sweden. III. Frequencies of spontaneous abortion. Hereditas, 88,
51-54

Nordström, S., Beckman, L. & Nordenson, I. (1979a) Occupational and environ mental risks in and
around a smelter in northern Sweden. ~ Spontaneous abortion among female employees and
decreased birth weight in their offspring. Hereditas, 90,291-296

Nordström, S., Beckman, L. & Nordenson, I. (1979b) Occupational and environmental risks in and
around a smelter in northern Sweden. VI. Congenital malformations. Hereditas, 90,297-302

Ough, C.S. (1986) Determination of sulfur dioxide in grapes and wines.l Assoc. off ana. Chem., 69,
5-7



SULFUR DIOXIDE AN SULFITS
185

Pagano, D.A. & Zeiger, E. (1987) Conditions affecting the mutagenicity of sodium bisulfite in
Salmonella tyhimurium. Mutat. Res., 179, 159-166

Pagano, D.A., Zeiger, E. & Stark, A.-A (199) Autoxidation and mutagenicity of sodium bisulfite.
Mutat. Res., 228,89-96

Pauluhn, J., Thyssen, J., Althoff, J., Kimmerle, G. & Mohr, U. (1985) Long-term inhalation studywith
benza)pyrene and S02 in Syrian golden hamsters. Ex. Pathol., 28, 31

Peacock, P.R. & Spence, J.B. (1967) Incidence oflung tumours in LX mice expsed to (1) free radicals;
(2) S02. Br. L Cancer, 21, 606-618

Pechan, E.H. & Wilson, J.H., Jr (1984) Estimates of 1973-1982 annual sulfur oxide emissions from
electric utilties. L Air Pol/ut. Control Assoc., 34, 1075-1078

Pershagen, G., Elinder, c.-G. & Belander, A-M. (1977) Mortality in a region surrounding an arsenic
emitting plant. Environ. Health Perspectives, 19, 133-137

Pershagen, G., Wall, w., Taube, A & Linnman, L. (1981) On the interaction between occupational
arsenic exposure and smoking and its relationship to lung cancer. Scand.l Work Environ. Health,
7, 302-30

Pierson, w.R., Brachaczek, w.w., Gorse, RA, Jr, Japar, S.M., Norbeck, J.M. & Keeler, G.J. (1989)
Atmospheric acidity measurements on Allegheny Mountain and the origins of ambient acidity in
the northeastern United States. Atmos. Environ., 23, 431-459

Pirilä, V, Kajanne, H. & Salo, O.P. (1963) Inhalation of sulfur dioxide as a cause of skin reaction
resembling drug eruption. L occup. Med., 5, 443-45

Placet, M. (199) Emissions involved in acidic deposition processes: methodology and results. ln:
Proceedings of the 83rd Annual Meeting and Exibition of the Argonne National Laboratory
(Report No. CONF-9076-6; US NTS DE90-011152), Washington De, National Technical
Information Servce

Pott, F. & Stöber, W. (1983) Carcinogenicity of airborne combustion products observed in sub-
cutaneous tissue and lungs of laboratoiy rodents. Environ. Health Perspectives, 47, 293-303

Rabinovitch, S., Greyson, N.D., Weiser, W. & Hoffstein, V (1989) Clinical and laboratoiy features of

acute sulfur dioxide inhalation poisoning: two-year folIow-up. Am. Rev respir. Dis., 139, 556-558
Reich, A. (1961) Anlyse der Metal/e (Analysis of MetaIs), 2nd ed., Vol. 2, Part 1, Berlin, Springer, pp.

6689
Rencher, A.C., Carter, M.W. & McKee, D.W. (1977) A retrospective epidemiological study of

mortality at a large western copper smelter. L occup. Med., 19, 754-758
Renner, H.W. & Weyer, J. (1983) Attempts to induce cytogenetic effects with sulphite in sulphite

oxidase-deficient Chinese hamsters and mice. Food chem. Toxicol., 21, 123127
Ripley, L.S. & Drake, J.w. (1984) Bacteriophage T4 particles are refractoiy to bisulfte mutagenesis.

Mutat. Res., 129, 149-152
Robinson, c.F., WaxeiIer, RJ. & Fowler, D.P. (1986) Mortality among production workers in pulp

and paper mils. Scand. L Work Environ. Bealth, 12, 552-560
Rom, W.N., Wood, S.D., White, G.L., Bang, KM. & Reading, J.C. (1986) Longitudinal evaluation of

pulmonaiy function in copper smelter workers exposed to sulfur dioxide. Am. Rev respir. Dis.,
133,830833

Sakai, R (1984) Fetal abnormality in a Japanese industrial zone. Int. L environ. Res., 23, 113120
Sander, U.H.F., Rothe, U. & Kola, R. (1984) Sulphur dioxide. ln: Sander, V.H.F., Fischer, H., Rothe,

U. & Kola, R, eds, Su/phur, Sulphur Dioxie and Su/phuric AdJ. An Introduction to Their
Industri Chemistry and Technology, London, The British Sulphur Corporation, pp. 151-254



186 lAC MONOGRAHS VOLUME 54

Sandström, T., Stjcrnbcrg, N., Andcrsson, M.-e, Kolmodin-Hcdman, 8., Lundgrcn, R, Roscnhall, L.
& Ångström, 1: (1989a) Ccll responsc in bronchoalvcolar lavagc fluid aftcr cxposure to sulfur
dioxidc: a timc-rcsponsc study. Am. Rev respir. Dis., 140, 18281831

Sandström, T., Stjcrnberg, N., Andcrsson, M.-e., Kolmodin-Hcdman, 8., Lundgrcn, R & Ångström,
1: (1989b) Is thc short tcrm limIt valuc for sulfur dioxidc exposurc safe? Effects of controllcd
chambcr cxposurc invcstigatcd with bronchoalveolar lavage. Br. 1. ind. Med., 46, 20203

Sax N.I. & Lewis, RJ., Sr (1987) Haw/ey's Condensed Chemical Dictionary, llth cd., New York, Van
Nostrand Rcinhold, pp. 952, 1107

Scttipanc, G.A. (1984) Advcrsc rcactions to sulfites in drugs and foods. 1. Am. Acad. Dermato/., 10,
1077-1081

Shalambcridze, O.P. & Tscrctcli, N.T. (1971) Effect of low concentrations of sulfur and nitrogen
dioxidcs on thc cstrual cyclcs and reproductive functions of expcrimcntal animaIs. Hyg. Sanit., 8,
178-182

Shapiro, R. (1977) Gcnctic effccts of bisulfite (sulfur dioxide). Mutat. Res., 39, 149-176
Shcppard, D., Sais ho, A., Nadel, J.A. & Boushey, H.A. (1981) Exercise increases sulfur dioxide-

induccd bronchoconstriction in asthmatic subjects. Am. Rev respir. Dis., 123, 48691
Sicmiatycki, J., cd. (1991) Risk Factors for Cancer in the Workp/ace, Boca Raton, FI. CRC Press
Simon, RA. (1986) Sulfitc sensitivity. Ann. Al/ergy, 56, 281-291
Singh, J. (1982) Teratological evaluation of sulphur dioxidc. Proc. lnst. environ. Sei., 28, 144145
Singh, J. (1989) Neonatal dcvelopment altered by maternaI sulfur dioxide cxposurc. Neurotoxic%gy,

10, 523-528

Skalpe, 1.0. (196) Long-tcrm effccts of sulphur dioxidc cxposurc in pulp mils. Br. 1. ind. Med., 21,
69-73

Skizim, D.T. (1982) Gascous emission control is vitaL. Solid Wastes Manag., 25, 2830,61
Skyta, E. (1978) Ti/astoJyöhygieenisistä Mittauksista v. 1971-1976 (Statistics of Industrial Hygienic

Measurcmcnts in 1971-1976) (Katsauksia Scrics No. 17), Helsinki, Institute of Occupational
Hcalth

Smith, Tl., Wagner, WL. & Moore, D.E. (1978) Chronic sulfur dioxide exposure in a smelter. 1.
Exposure to S02 and dust: 19401974. 1. occup. Med., 20, 83-87

Smith, 1:J., Hammond, S.K, Laidlaw, E & Fine, S. (1984) Respiratory cxposurcs associated with
silicon carbidc production: cstimation of cumulativc cxposurcs for an epidemiological study.
Br. 1. ind. Med., 41, 100108

Snell, ED. & Ettre, L.S., cds (1973) Encyclopedia of Industna/ Chemica/ Ana/ysis, Vol. 18, Silicon to
Thiophene, New York, Interscience, pp. 3600

Sorsa, M., Kolmodin-Hedman, B. & Jarventaus, H. (1982) No effect of sulphur dioxide exposure, in
aluminium industry, on chromosomal aberrations or sister chromatid exchanges. Hereditas, 97,
159-161

Stevenson, D.D. & Simon, R.A. (1984) Sulfites and asthma. 1. Al/ergy clin. Immunol., 74, 469-472
Stjcrnbcrg, N., Bcckman, G., Bcckman, L., Nyström, L. & Roscnhall. L. (1984) Alpha-l-antitrypsin

tys and pulmonary discase among cmployces at a sulphitc pulp factory in northern Sweden.
Hum. Hered., 34, 337-342

Stjcrnberg, N., Roscnhall, L., Eklund, A. & Nyström, L. (1986) Chronic bronchitis in a community in
northern Swcden; rclation to environmental and occupational cxposurc to sulphur dioxide. Eur.
1. respir. Dis., 69, 153-159



SULFUR DIOXIDE AN SULFITS 187

Takahashi, M., Hasegawa, R., Furukawa, F., Toyoda, K, Sato, H. & Hayashi, Y. (1986) Effects of
ethanol, potassium metabisulfite, formaldehyde and hydrogen peroxide on gastric carcino-
genesis in rats after initiation with N-methyl-N' -nitro-N-nitrosoguanidine. Jpn. 1. Cancer Res.,
77, 118-124

Tanaka, T, Fujii, M., Mori, H. & Hirono, I. (1979) Carcinogenicity test of potassium metabisulfite in
mice. Ecotoxicol. environ. Sat, 3, 451-453

Taylor, D.G. (1977) NIOSH Manual of Analytical Methods, 2nd ed., Vol. 1 (DHEW (NIOSH) PubI. No.
77-157-A), Washington DC, US Government Printing Office, pp. 1461-146-7, 1601-160-9,
163-1-163-7,20-1-20-11

Taylor, D.G. (1978)NIOSH Manual of Analytical Methods, 2nd ed., Vol 4 (DHEW (NIOSH) Publ. No.
78-175), Washington DC, US Government Printing Offce, pp. S308-1-S308-7

Tejnorová, I. (1978) Sulfite oxidase activity in liver and kidney tissue in five laboratory animal species.
Toxicol. appl. Phannacol., 44, 251-256

Til, H.P., Feron, \lJ. & De Groot, A.P. (1972) The toxicity of sulfite. I. Long-term feeding and
multigeneration studies in rats. Food Cosmet. Toxicol., 10,291-310

Tsutsui, T & Barrett, J.c. (199) Sodium bisulfite induces morphological transformation of cultured
Syrian hamster embryo cells but lacks the ability to induce detectable gene mutations,
chromosome mutations or DNA damage. Carcinogenesis, 11, 1869-1873

Turner, S. & Liss, P. (1983) The oceans and the global sulphur budget. Nature, 305, 277

Uragoda, c.G. (1981) Long term exposure to sulphur dioxide during bleaching of coir. 1. Soc. occup.
Med., 31, 76-78

US Environmental Protection Agency (1986) Acid Rain. An EP A Journl Special Supplement

(OPA-86-00), Washington DC, Offce of Public Mfairs
US Environmental Protection Agency (1989) Protection of environment. US Code fed. Regul., Title 40,

Parts 60.82, 60.163, 60.173, 60.183

US Food and Drug Administration (1987) Sulfite. ln: Fazo, T & Sherma, J., eds, Food Additives
Anlytica/ Manual, Vol. II, A Collection of Analytical Methods for Selected Food Additives,

Arlington, VA, Association of OffciaI Analytical ehemists, pp. 279-307
US Food and Drug Administration (1989) Food and drugs. US Code fed. Regul., Title 21, Parts

182.3637, 182.3739, 182.3766, 182.3798, 182.3862

US National Institute for Occupational Safety and Health (1974) Criteri for a Recommended
Standard...Occupational Exsure 10 Sulfur Dioxide, Cincinnati, OH, pp. 16, 105, 108-111

US National Institute for Occupational Safety and Health/Occupational Safety and Health
Administration (1981) Occupational Hea/th Guidelines for Chemical Hazards (DHHS (NIOSH)
Publication No. 81.123), Washington DC

US Occupational Safety and Health Administration (1989) Air contaminants-permissible exposure
Iimits. Code fed. Regu., TiUe 29, Part 1910.100

Verrett, M.J., Scott, WF., Reynaldo, E.F., Alterman, E.K & Thomas, C.A. (1980) Toxicity and
teratogenicity of food additive chemicals in the developing chicken embryo. Toxicol. appl.
Phanncoi, 56, 265-273

Virginia Basic Chemicals Co. (1991) Data Sheet: Sodium Metabisulftte Anydrous, Technica/ Grade,
Norfolk, VA

Volkova, Z.A. & Bagdinov, Z.M. (1969) Problems of labor hygiene in rubber vulcanization. Hyg.
Sanit., 34, 326333



188 lAC MONOGRAHS VOLUME 54

Wamer, C.G., Davies, G.M., Jones, J.G. & Lowe, C.R (1969) Bronchitis in two integrated steelworks.
II. Sulphur dioxide and particulate atmospheric pollution in and around the two works. Ann.
occup. Hyg., 12, 151-170

Weast, RC., ed. (1989) CRC Handbook of Chemistry and Physics, 70th ed., Boca Raton, PL CRC
Press, pp. B-121, B-133, B-135

Weil, E.D. (1983) Sulfur compounds. ln: Mark, H.E, Othmer, D.E, Overberger, C.G., Seaborg, G:i: &
Grayson, N., eds, Kirk-Othmer Encyclopedia of Chemica/ Technology, 3rd ed., Vol. 22 New York,
John Wiley & Spns, pp. 107-167

Welch, K, Higgins, 1., Oh, M. & Burchfiel, C. (1982) Arsenic exposure, smoking and respiratory
cancer in copper smelter workers. Arch. environ. Health, 37, 325-335

WHO (1979) Su/fu Oxies and Suspended Particu/ate Matter (Environmental Health Criteria No. 8),
Geneva

WHO (1987) Air Quality Guidelines for Europe (WHO Regional Publication, European Series No. 23),
Copenhagen, pp. 341-357

Wilson, WE. (1978) Sulfates in the atmosphere: a progress report on Project MISTI (Midwest
Interstate Sulfur Transformation and Transport). Almos. Environ., 12,537-547

Winchester, J.W (1983) Sulfur, acidic aerosols, and acid rain in the eastern United States. ln:
. Schwar S.E., ed., Trace Almospheric Constituents. Properties, Transfonntions, and Fates, New
York, John Wiley & Son, pp. 269-301

Wirth, PJ., Doniger, J., Thorgeirsson, S.S. & DiPaolo, J.A. (1986) Altered polypeptide expression
associated with neoplastic transformation of Syrian hamster cells by bisulfite. Cancer Res., 46,
390399

Wolff, G:i:, Ruthkosky, M.S., Stoup, D.P., Korsog, P.E., Ferman, M.A., Wendel, GJ. & Stedman, D.H.

(1986) Measurements of SOX, NOx and aerosol species on Bermuda. Almos. Environ., 20,
12-129

Woodford, D.M., Coutu, RE. & Gaensler, E.A. (1979) Obstructive lung disease from acute sulfur
dioxide exposure. Respiration, 38, 238-245

Yokoyama, E., Yoder, RE. & Frank, N.R (1971) Distribution of 35S in the blood and its excretion in
urine of dogs exposed to 35S02. Arch. environ. Hea/th, 22, 389-395


