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INDUSTRIAL METABOLISM OF SULFUR

Robert U. Ayresa and Vicki Norberg-Bohmb

Abstract

This paper reviews in quantitative terms the sources, production processes and economic uses
of sulfur-based chemicals with particular emphasis on chemical uses of sulfuric acid and
elemental sulfur. It discusses the environmental fate of sulfurous wastes, especially Na2SO4
and CaSO4. It also reviews the production of sulfur oxides (S0x) via combustion processes.
Data is provided mainly for the U.S. c. 1988.

Introduction

Elemental sulfur S is a bright yellow solid non-metallic substance that occurs naturally in
either crystalline or amorphous form. Its major reservoir is in the form of calcium, iron or
magnesium sulfates. It is highly reactive and easily oxidized. It can exist in valence states
from -2 (e.g. hydrogen sulfide, H2S) to +6 (sulfuric acid, H2SO4).

Sulfur, like nitrogen and phosphorus, is essential to living organisms. It is a component of
three of the 20 amino acids that, are the "building blocks" of all proteins, viz. cystine,
cysteine and methionine. It seems to play a special part in cross-linking amino acid chains
to give them their characteristic three-dimension] shapes (especially important for enzymes).
On the other hand, a number of sulfur compounds are toxic, including hydrogen sulfide, sulfur
dioxide and the mercaptans.

Sulfur is the basis of numerous and varied compounds of commercial importance. The major
single industrial use of sulfur is to create sulfuric acid. Based on worldwide production
tonnage, sulfuric acid was, until recently, 1 the largest volume chemical commodity. It was
often called the "barometer of industrial activity" because of its wide use in a variety of
industries and the rapid response of production to changes in consumption.

This paper presents the first steps of a global materials balance approach applied to sulfur.
It begins by looking at the sources and production of sulfur and sulfuric acid. Next, the major
uses of sulfur in the industrial economy are discussed. Finally, we consider anthropogenic
emissions. Detailed information on the industrial processes involving sulfur are shown in
Appendix A.

a INSEAD, Fontainebleau, France

b Harvard University, Cambridge Massachusetts, U.S.A.

1 Sulfuric acid has recently been displaced by ammonia.



Copper 1.0 (a)
1.47 (b)

Lead 0.15 (c)
Zinc 0.49 (d)

Preferred estimates. Based on chalcopyrite (CuFeS2) as the ore. In the early 19th century a significant
fraction of the copper mined was native (not combined with suifur).
Implied by Minera! Facts and Problems (1975) estimate of potential by-product suifur availability from
copper ore.
Based on the minerai galena (PbS) as the ore. This is quite consistent with Minerai Facts and Problems
(1975).
Based on the minerai sphalerite (ZuS) as the ore. The coefficient implied by Minerai Facts and
Problems (1975) is 0.43.
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Sources and Production of Sulfur and Sulfuric Acid

Worldwide, there are currently three major primary sources for elemental sulfur and sulfuric
acid: (1) native sulfur found in the limestone caprock of sait domes, volcanic deposits, or
bedded anhydrite, (2) hydrogen sulfide present in "sour" natural gas, refinery gas and other
fuel gases, and (3) ferrous and nonferrous metallic sulfides. Sulfur is contained in minerai
fuels (especially bituminous coal) and chalcophilic metal ores (e.g. copper, nickel, lead and
zinc).

Non-ferrous metals are almost exclusively obtained from sulfide ores. For instance, copper
ore consists mostly of chalcopyrite (CuFeS 2) - which is the most common - followed by
bomite (Cu5FeS4) and chalcocite (Cu2S), although minor amounts of copper are also obtained
from oxides and carbonates. Zinc and lead are obtained respectively from the minerais
sphalerite (ZnS) and galena (PbS). Mercury ore is cinnabar (HgS). Nickel is also mined partly
from sulfide ores (e.g. in Canada). Table I gives the ratios of sulfur to metal in major
non-ferrous ores.

Table I: Ratio of Copper, Lead ami Zinc in Ore, by Weight

Some sulfur is found in iron ore in the form of iron pyrites. At one time iron pyrites (FeS2)
were mined on a significant scale for their sulfur, but this source is declining in importance.
Nowadays essentially ail of the sulfur in iron ore is trapped in blast furnace slag as calcium
sulfate. Thus, for our purposes, only copper, zinc, and lead need be considered.

Sulfur recovery from copper and lead smelters is still relatively incomplete. It is motivated
mainly by environmental concems. The U.S. Bureau of Mines estimated a 30% sulfur
recovery rate for copper smelting and 43% for lead smelting in 1974 [USBuMines 1975].
However, the above estimate for copper assumes a sulfur content of copper ores equivalent
to 1.47 tons of sulfur per ton of copper - which is inconsistent with the known composition
of copper minerais and smelter feeds (Table I). For this reason we suspect that the recovery
estimate for copper is too low.
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Using the lower figure for sulfur content, in Table I the sulfur recovery rate for U.S. copper
smelters in 1974 would also be 43%. This is consistent with the fact that about 60% recovery
is easily achievable at the convertor stage, but the remainder (40% or so) would require
scrubbers or the equivalent. By contrast, recovery from zinc smelters in the U.S. is relatively
complete (-81% in 1974), apparently because the zinc retorting process itself makes sulfur
recovery straightforward and economical. If ail by-product sulfur recovery from copper and
zinc smelters in 1911 (the first year for which we have data) is attributed to zinc smelting
atone, the implied recovery rate would be 79% - close to the 1974 level. In 1983 copper
smelting accounted for 6% of the U.S. sulfur supply, while zinc, lead and molybdenum
accounted for another 2% between them.

Our composite estimates of sulfur recovery rates for the various source materials over the past
century are plotted graphically in Figure I. The fraction of sulfur emitted from each source
as SOx would be, essentially, equivalent to the non-recovered fraction. The curves shown are
only crude approximations in most cases.

Table II gives historical estimates of sulfur content (percentage by weight) of hydrocarbons
(oit and gas) used in the U.S. Sulfur content given for refined products refer to US crude oit.
In the case of South American crude oit (average 5.5% S), the sulfur content of refined
products is shown in parenthesis.

In both cases, most sulfur is removed at the separation plant or refinery (although a significant
amount was emitted into the atmosphere from petroleum refineries until recently). Some is
trapped in heavy tars and bitumens.

Table II: Percentage Sulfur Content of Oil and Gas by Weight

1860 1890 1920 1950 1980

Petroleum, US (a) 0.05 0.10 0.75 1.0 1.5 (5.5)

Natural gas (b) 0.003 0.003 0.003 0.003 0.003

Gasoline 0.002 (0.1)
Naphtha 0.005 (0.45)

Kerosene 0.06 (2.5)
Diesel 0.49 (4.4)

Residual 1.5 (6.0)

(a) Pennsylvania crude oils were very low in sulfur (<.05%) and Pennsylvania was the dominant early
producer. US. crude oils currently average "about" 1% sulfur. However, since the 1960s an increasing
percentage of U.S. petroleum is imported, mainly from Venezuela and Mexico. South American crude
oit averages 5.5% sulfur content. However, most of it is refined offshore and imported as distillate fuel
or residual oit. Minerais Facts & Problems (1975) estimates an average sulfur content of 0.087 for
1974.

(b) Based on Minerais -Face & Problems (1975) ("Sulfur", Table 10) estimate of potential sulfur
availability from natural gas.

In recent years, increasing amounts of refinery sulfur have been recovered for reuse. About
26% of the potential sulfur from crude ail refined in the U.S. was actually recovered in 1974,
mostly by the catalytic hydrogen desulfurization process [USBuMines 1975]. About one third
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(33.9%) of US petroleum distillation capacity included hydro-treating facilities for sulfur
recovery as of January 1, 1980 [Gaines & Wolsky 1981]. The process itself is 99% efficient.
Petroleum refineries accounted for 28% of the domestic U.S. sulfur supply in 1983
[USBuMines 1985]. Natural gas accounted for 26% of the domestic U.S. sulfur supply in
1983.

In addition to the above, there are two potentiel future sources of sulfur which currently make
minor contributions: (4) coal and (5) gypsum. Sulfur content of coal, in particular, varies to
some extent over time (with recent declines due to regulations and price differentials favoring
low sulfur coals). Averages for U.S. coal are given in Table III. In the case of coal,
essentially ail of the associated sulfur (2%-4% by weight) was emitted into the air until the
1970s.

Table Ill: Percentage Sulfur Content of Coal by Weight

1800 1860 1890 1920 1950 1980

Bituminous coal (a)
Appalachian 1.9 1.9 1.8 1.7 1.6 1.4
Midwestern 3.5 3.4 3.4 3.4 3.0
Western - - 0.55 0.55 0.6 0.6
US Average 1.9 2.5 2.3 2.2 2.0 1.6

Anthracite (1') 0.4 0.4 0.4 0.4 0.4 0.4

(a) Data from R. Husar (private communication)
(b) Data from U.S. Bureau of Mines, Minerai Facts & Problems (1975), "Anthracite".

In recent years some coal has been washed to remove pyrite sulfur before burning. More
recently, some electric utilities in the U.S. and Western Europe have installed scrubbers to
remove SOx from stack gases. However, an insignificant amount of this sulfur is recovered
for use. At present it is discarded as a waste product (mostly wet calcium sulfite, CaSO 3). A
number of alternative emissions control technologies are being developed and tested, however,
several of which show promise of producing dilute sulfuric acid or elemental sulfur.

Gypsum, a natural minerai form of calcium sulfate (CaSO4, was formerly used in Europe as
a source of sulfur. The method was developed by Germany during WWI to solve the problem
of sulfur shortages. The process was refined and was a significant source of sulfur at least
through 1959 [Duecker & West 1959]. The process is apparently no longer commercially
viable, due to its large energy requirements. However, because gypsum is plentiful and cheap,
it is a conceivable future source of sulfur if sulfur should ever become scarce.

Several industries do recover sulfur from spent sulfuric acid and sludges. These include
petroleum refining, sulfonation processes, pulp and paper production, and explosives
manufacturing. Generally this is accomplished by heating to decompose the sulfuric acid to
sulfur dioxide, oxygen and water. The sulfur dioxide then becomes the raw material for the
manufacture of sulfuric acid. This "recycling" is generally done on site and is unlikely to
show up in economic trade data.
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Table IV: Sultur & Sulfuric Acid Sold or Used In the United States, by End Use (1000 tonnes, sulfur content)

SIC End Use

Elemental Sue?

1983	 1984	 1989

Su(furic Acid (S-equiv.)

1983	 1984	 1989 1983

7btal

1984 1989
102 Copper ores — — — 175 341 588 175 341 588
1094 Uranium & vanadium ores — — — 82 53 44 82 53 44
10 Other ores — — — 45 63 40 45 63 40
20 Food & kindred prodbcts d d d d a — d d d

26, 261 Pulp-rnilis & Paper products 14 29 8 248 266 320 262 295 328
28,285,286,2816 Inorganic pigments, paints & allied products, individuel organic chemicals, other chemical products 115 127 122' 125 109 138 240 236 260
281 Other inorganic chemicals 250 285 188 316 379 285 566 664 473
282, 2822 Synthetic rubber, other plastic materials & synthetics 34" 656

d
315 314 383 349" 3791' 383

2823 Cellulosic libers Including rayo 0 0 _ 96 51 52 96 51 52
283 Drags — — —d 28 24 25 28 24 25
284 Soops & detergents 23 1 — 104 83 85 127 97 85
286 Industriel organic chemicals — — 367 307 286 367 307 286
2873 Nitrogenous fertilizers — — 52 85 93 52 85 93
2874 Phosphatic fertilizers — - 7113 8621 8642 7113 8621 8642
2879 Pesticides — — 28 23 32 28 23 32
287 Other agriculture' chemicals 563 480 — 60 15 29 623 495 306
2892 Explosives — — — 20 39 17 30 39 17
2899
28

Water-treating compounds
Other chemioel products

—
—

—
- —

142
130
67

70
132

115
78

130
67

70
132

115
78

29, 291 Petroleum refining other petroleum/coal products 142 278 677 676 6&3 819 954 825
30 Rubber & miscellaneous plastic products d d —

—
31 d 2 31 a 2

331 Steel piclding — - 94 88 59 94 88 59
333 Nonferrous metals — — 11 16 49 11 16 49
33 Other primary metals — — 6 37 2 6 37 2
3691 Storage batteries (acid) — — — 58 58 46 58 58 46
— Exported sulfuric acid — — 55 20 11 55 20 11

ibtal identifled 1141 1278 737 10303 11870 12104 11444 13148 12841
Unidentifled 801 7M 372 427 518 459 1228 1252 831
Grand lbtal 1942 2012 1109 10730 12388 12563 12672 14400 13672

Does not include elementsl sulfur used for production of sulfuric acid. b Includes elemental sulfur used in cellulosic fibers. 	 Included with synthetic rubber and other plastic materials and synthetics. d
Withheld to avoid disclosing Company proprietary data; induded with unidentifled. No elemental sulfur was used in inorganic pigments, peints & allied products.

Source: (US Bureau of Mines Minerais Yearbooks 1984, 1988, 1989)
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Sulfuric acid is rarely used for its sulfur content but rather for its properties as an acid,
catalyst, bleach (oxidant) or as a drying agent. There are two major processes for making
sulfuric acid, the (Iead) chamber process and the contact process. The chamber process was
invented in the 18th century. Since the advent of the more efficient contact process in the
1890% it has declined in importance. By 1973, only 0.5% of the acid produced in the U.S.
was by the chamber process. No new chamber plants have been built in the U.S. since 1956.

Details on the industrial processes for extraction and production of sulfur and sulfuric acid
are found in Appendix A. For a more detailed history of sulfur and sulfuric acid production
and use see [Nriagu 1978; Duecker & West 1959; Meyer 1977].

Major Uses

As mentioned above, elemental sulfur and sulfuric acid are employed in an extremely large
number of industrial processes. Elemental sulfur is used in matches and gunpowder and in the
vulcanization of natural rubber, where it performs a cross linking function that converts the
soft, plastic latex into a more durable elastomer. Sulfur dioxide is an intermediate in sulfuric
acid production, and is not normally a marketable commodity. However it also has significant
uses as a bleaching agent, in the sulfite paper pulping process, in petroleum refining,
sulfonation, and as a preservative (e.g. for dried fruit). Sulfuric acid accounts for over 80%
of ail industrial sulfur use. Table IV above shows the major uses of sulfur and sulfuric acid
by SIC. It is notable that a single use — superphosphate and phosphatic-type fertilizers —
accounts for around two thirds of the total. No other use except petroleum refining exceeds
5%.

Sulfuric acid recovered in petroleum refineries is mostly also used there (786 KMT S-content
in 1988), but over half of the spent acid from refineries — 43 KMT (S)— was reclaimed.
While recycling is relatively efficient, the annual consumption represents very substantial
makeup requirements to compensate for losses that cannot be economically recovered. These
waste streams are not well-characterized, but some go to the air as S0 2, some probably are
in the form of dilute sodium sulfate or organic complexes. These go mostly to landfills.
However, some refinery wastes go to waterways.

Similarly, acid recovered from copper smelters is mostly used for the so-called hydro-
metallurgical process of copper and other non-ferrous ore leaching (543 KMT S-content in
1988). In the case of copper mines, some copper sulfate is recovered from the leach piles, and
this is recycled, but much of the leaching acid remains in the ore heaps where it presumably
reacts with other minerais and remains as insoluble sulfates.

By far the largest use of sulfuric acid is for phosphate rock processing (8.404 MMT S-content
in 1988). This is the phosphate fertilizer subsector, SIC 28734. The primary product is wet-
process phosphoric acid, which is the source of phosphate fertilizers. The sulfur in this case
ends up as calcium sulfate ("phospho-gypsum") and is discarded as waste. This is recoverable
in principle and could be used for building materials (e.g. plaster board) but is not recovered
for use in the U.S. due to the presence of significant traces of radioactivity.

Another important use of sulfuric acid is in the sulfate (Kraft) pulping process (0.288 MMT
S-content in 1988). In the case of paper/pulp mills there are increasing efforts to recover
sulfuric acid and/or sodium sulfate from the waste Stream ("black liquor") but the annual
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makeup requirements represent that which is discharged, either into the air as S0 2 or H2S,
or into streams and rivers as sulfates and complex sulfonated organic materials.

A significant amount of elemental sulfur was used in agriculture as a soif conditioner and
fungicide. The "pickling" process for cleaning rolled steel prior to galvanizing or tin-plating
uses sulfuric acid. This process accounted for 74 KMT S-content in 1988, In the case of steel
pickling, the waste is mostly ferrous sulfate, which is recoverable but has few markets.
Sulfuric acid containing an additional 24 KMT S was used in 1988 by other metallurgical
processes (such as plating). Automotive batteries accounted for a further 51 KMT S.

Sulfuric acid containing about 2.169 MMT (S) was used directly by other parts of the
chemical industry in 1988. Of this, 684 KMT was used as elemental sulfur (mostly in
agricultural chemicals) and the rest as sulfuric acid. Of the sulfur used in chemicals, 78 KMT
(S) was used in 1988 to produce nitrate fertilizers (e.g.ammonium sulfate) directly from
sulfuric acid and ammonia. However, total ammonium sulfate consumption for fertilizer use
in the U.S. was 2.333 MMT gross weight, or 566 KMT S-content in that year. Thus most of
the ammonium sulfate fertilizer (488 KMT S-content) was actually a by-product of other
processes using sulfuric acid, notably the manufacture of caprolactam (a nylon intermediate)
and hydrogen cyanide. An overview is shown in Figure 2.

Sodium sulfate, (Na2SO4), is a major inorganic chemical product; 740 KMT was consumed
in the U.S. in 1988, with a sulfur content of 185 KMT. It is used largely (70%) by the paper
industry (in the Kraft pulping process), and the remainder is mostly an additive for synthetic
detergents, and in glass-making. It was once a by-product ("sait cake") of the most common
process for manufacturing hydrochloric acid, but now the latter is itself almost entirely a by-
product of various chlorination processes. Sodium sulfate is currently a by-product of several
other processes, including several mentioned below (aluminum sulfate, cresols). It is also a
major by-product of viscose rayon manufacturing, phenol sulfonation and sodium dichromate
manufacturing). In the case of rayon, 1.1 kg of sodium sulfate (0.25 kg S) is produced per
kg of rayon. It is reasonable to assume, for instance, that most of the 44 KMT of sulfur
consumed by the cellulosic fibers subsector (SIC 2823) is converted to sodium sulfate.

Aluminum sulfate, or "Glauber's salis" (Al 2(SO4)3.18H20, is used for medicinal purposes, in
deodorants, etc. It is made directly from bauxite, but is classed with other inorganic chemicals
(SIC 28196). It is used by the paper industry as a sizing agent. U.S. production in 1988 was
1.243 MMT (17% Al203, 14.4% S, or 179 KMT (S). Boric acid output in the U.S. in 1988
was 123 K MT (B203 equivalent). The production process requires sulfuric acid, producing
sodium sulfate (Na2SO4) as a by-product. The sulfur content of this by-product stream was
14 KMT.

Alkyl aryl sulfonate (C12H25•C6H4S03Na) and other fatty alcohol sulfates are used in
detergents (SIC 2843). It is made by treating dodecyl benzene with sulfuric acid. One ton of
product requires 0.45 tons of sulfuric acid (22% oleum), or roughly 0.15 tons of embodied
S. Synthetic detergents (surfactants) are manufactured in fairly large quantities. In 1988 98
KMT of S were used by the soaps and detergents sector. The sulfur is embodied in the
product, and therefore retums to the environment in discarded washing and rinse water.

Carbon disulfide (CS2)is the major sulfur-based chemical product not made from sulfuric acid.
Production in 1988 was 175 KMT (147 KMT S-content). The process consumes elemental
sulfur and either charcoal or methane, with a yield of 90-95%. Carbon disulfide, in tum, is
primarily consumed in the production of carbon tetrachloride, an intermediate in the
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Figure 2: U.S. Sulfur Product Flows, 1988
Source: authors
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production of CFC's. In principle either elemental sulfur or carbon disulfide is recovered for
recycling [Lowenheim & Moran 1975]. However, the carbon tetrachloride process has a yield
of only about 90%, based on CS2 inputs. ca, production in 1988 was 300 KMT, accounting
for most of the carbon disulfide. Overall Tosses in the CS2-CC14 cycle are significant, being
as much as 20%, including some fairly toxic contaminants. In fact, current output of CS2
would appear to be largely makeup for these tosses. It is also used as a solvent, and as an
intermediate in viscose rayon manufacturing, pesticides, rubber products, and cellophane.

Cresols (cresylic acid) are refined from coal tar or naphtha. They are used mainly to
manufacture plasticizers. One kg of product requires 0.925 kg of sulfuric acid, or about 0.3
kg (S). Sodium sulfate is produced as the by-product. The sulfur content of this stream may
be 20 KMT-30 KMT. Hydrofluoric acid produced in the U.S. in 1988 amounted to 197
KMT. The process involves treating fluorspar (CaF 2) with sulfuric acid. The waste product
is calcium sulfate, CaSO4, with a sulfur content of 158 KMT in 1988. In addition, the process
is rather inefficient, with a yield of only 85-90%. One by-product is silicon tetrafluoride
(SiF4), which can be converted to fluosilicic acid or utilized for additional HF recovery.
However, SiF4 finds increasing use in the semi-conductor industry.

One final large use of sulfuric acid is in the manufacture of titanium dioxide pigment, of
which 0.926 MMT were produced in the U.S. in 1988 (SIC 2816). There are two major
minerai sources, ilmenite and rutile, and two major processes, the sulfate and chloride
processes. Sulfate plants constituted about 10% of industry capacity in 1988. In this process
43 tons of sulfuric acid, or about 1.5 tons of sulfur are needed to manufacture 1 ton of TiO2
product. The spent acid can be recycled. It is reasonable to assume that much of the sulfuric
acid (122 KMT S-content) consumed in the manufacture of the inorganic pigments is used
in this process, and that most of it is recycled.

The above items, plus exports, add up to 11.162 MMT of embodied sulfur, or more than 90%
of the total apparent U.S. consumption in 1988. The remainder of the sulfuric acid, containing
1.172 MT of embodied sulfur, was either used within the chemical industry (SIC 28) or for
unidentified purposes. Other sulfur-based chemicals include:

Chloromethanethiols: used in agricultural fungicides.
Copper Sulfate (CuSO4): used as an algicide and fungicide, feed supplement, soit nutrient,

flotation agents, in electroplating and as a chemical intermediate.
Dithionites: used in textile operations, including dyeing, printing and stripping; bleaching of

wood pulp, soap, sugar, molasses, and glue.
Hydrogen Sulfide (H2S): used in manufacturing sulfuric acid or elemental sulfur; preparation

of other metal sulfides; synthesis of sulfolane, thiophenes, thiols, mercaptans, and other
thio-organic compounds; laboratory reagent in qualitative analysis.

Phosphorus Pentasulfide (P4Sio): used in the manufacture of zinc dithiophosphate, a
lubricating oit additive; also in detergents.

Sodium Thiosulfate (Na 2S2O3): used in the photographic industry, tanning leather, chemical
manufacture.

Sulfonates: used as catalysts; emulsifying agents in detergents; lubricating oit additives;
insecticides; in manufacture of phenolic compounds, pharmaceuticals, tanning agents
and pesticides.

Sulfonamides: used in the synthesis of diuretics and other sulfa drugs and in the production
of the sweetening agent saccharin.

Sulfoxides: used as polymerization and spinning solvents; reaction media; cleaning solvents
for industrial plants.

10
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Sulfur (molten): solvent; used in sulfur-sodium batteries; cernent in construction panels;
improving the quality of asphalt; highway marking paint; rigid foam sulfur for various
applications; manufacture of dyes and pigments; manufacture of free-machining steel;
polymerization inhibitors.

Sulfur Chlorides: used as chlorinating and sulfurizing agents; in additives to extreme pressure
lubricants; production of artgum erasers; drying agents for coatings of ink, paint or
varnish; synthesis of acid anhydrides; catalysts in chlorination of organic compounds.

Sulfur dyes: used in dyestuffs; manufacture of pigments, particularly for the garment industry.
Sulfur Dioxide (S02): used in manufacture of sulfuric acid; production of sulfite pulp; as a

bleaching and anti-chlorinating agent; food preservative; fumigant for animal and
vegetable products; extractant and precipitant in the manufacture of commercial and
food proteins; treatment of water supplies and boiler waters.

Sulfuric Acid Esters: used as excellent solvents; pesticides; intermediates in preparation of
alcohols; in alkylation reactions.

Thionyl Chloride: used in preparation of fatty acid chlorides; preparation of pharmaceuticals
and dyes (e.g. antihistamines, vitamin A palmitate, pyrethrum); dehydrating agent;
chlorosulfurating agent; production of disinfectants and surfactants.

Summarizing, 93% of elemental sulfur (excluding a small number of "unidentified" uses) is
consumed in the manufacture of sulfuric acid. Of the latter, 89.5% (again, excluding
unidentified uses) is used within SIC 28, of which by far the largest single use — 68% of all
sulfuric acid — is in the treating of phosphate rock to manufacture phosphoric acid. Most
other uses are dissipative, in the sense that very little sulfur is embodied in final products of
the chemical industry (mainly detergents and vulcanized rubber). The bulk of the sulfur used
in the chemical industry is sulfuric acid, primarily as an oxidant or reagent. Only a small
amount of sulfuric acid is recycled (about 864 KMT S, or 7.3%), also mostly from petroleum
refineries and synthetic materials.

Apparently 7.33 MMT of sulfuric acid (2.17 MMT S-content) was consumed by the non-
fertilizer part of the chemical industry. Of this, about 0.49 MMT (S) can be accounted for in
by-product ammonium sulfate fertilizer, mostly from caprolactam and methyl methacrylate
production. Of the rest, 170 KMT was embodied in aluminum sulfate (SIC 28196), 185 KMT
was in the form of by-product sodium sulfate (SIC 28197), and about 100 KMT was
consumed in the form of alkyl aryl sulfonate and related chemicals for detergents (SIC 2843).
The rest of the sulfuric acid (4.9 MMT or 1.2 MMT S-content) facilitated chemical reactions
but did not end up in products. The bulk of this probably combined with caustic soda (of
which 5.5 MMT was also consumed by the chemical industry and not embodied in final
products). By inference, we can conclude that the major waste product was probably dilute
sodium sulfate (Na2SO4) carried away in wastewater. Minor quantities were probably emitted
as SO2 emitted to the air.

Process-Product Diagrams

The first step in systematic application of the materials balance approach on a given element
is to create a flow chart showing the pathways of that element through the industrial
economy. The chan will indicate minerai deposits, extraction processes, intermediary
processes and chemicals, and final end uses. The process product diagram for sulfur is
presented in three charts, Figures 3,4 & 5. Figure 3 shows sulfur extraction and sulfuric acid
production. Figure 4 shows processes, intermediary chemicals and end uses for sulfur. Figure
5 shows processes, intermediary chemicals and end uses for sulfuric acid. In these charts,
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products are indicated by circles and oyais and processes are indicated by rectangles. The
numbers in the process boxes correspond to the numbers given for the process information
presented in Appendix A. Figure 2 above showed an approximate quantitative product flow
chart for the U.S. in 1988.

The process-product diagrams presented above show only one aspect of the industrial
metabolism of sulfur. They include only the industrial processes which use sulfur or sulfuric
acid as (intentional) inputs. On a global basis, these are not actually the largest anthropogenic
contributions to the global sulfur cycle. The latter arise, instead, from the combustion of fossil
fuels and from ore smelting.

Atmospheric Emissions of Sulfur Oxides (SOx)

Sulfur is released to the atmosphere by combustion or reduction. The essential reaction in the
presenc,e of oxygen for elemental sulfur is:

S + 02 --> $02

For a metallic sulfide (e.g. pyrite) the "roasting" process normally precedes smelting:

A f iS + 02 –• Mz02 + S02

Further oxidation to SO3 occurs in the atmosphere. This, in tum, combines with water to form
sulfuric acid, the major ingredient of acid rain:

S03 + H20 .....). H2SO4

Aggregate emissions of sulfur dioxide can be best estimated by using a materials balance
calculation. Sulfur emitted (as S02) can be estimated fairly accurately as the difference
between sulfur associated- with ores and the sulfur recovered at refineries or smelters, with
appropriate adjustments for imports or exports of sulfur containing fuels or minerals. Sulfur
recovery from petroleum was negligible prior to the 1940s and is essentially a function of the
complexity of the refinery. Much of the unrecovered sulfur is ultimately emitted as SOx.
Some so-called "sweetening" processes to eliminate odors from hydrogen sulfide and
mercaptans leave odorless sulfur compounds dissolved in the fuel. These are ultimately bumed
yielding S02.2

If ail the `unrecovered' sulfur from petroleum refining were actually emitted to the
atmosphere in 1980, emissions would have been about 1.4 teragrams (Tg). However, the EPA
estimates that only 0.8 Tg were emitted to the air [USEPA 1986]. Much of the remainder
probably ended up in bitumens and road oui. There the sulfur oxidizes eventually, albeit more
slowly. In the case of natural gas, 95% of the available sulfur is recovered for sale as a
by-product. Since the 1920s, at least, the emission rate from marketed natural gas can be
assumed to be negligible. Sulfur associated natural gas that was vented as H2S; whether the
gas was flared or not, it was oxidized (sooner or later) to SOx.

2
However some other refinery processes leave the sulfur in liquid wastes or in asphalt and road oils.
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As noted above, recovery of sulfur from coal is currently negligible. It is reasonable to
assume that ail the coal-bound sulfur is emitted as SO N. (For purposes of such a calculation
it can be assumed to a good approximation that ail coal mined in the US is bumed within the
US).

Table V: EPA Estimates of S02: 1940-1980 (teragrams/year)

Source 1940 1950 1960 1970 1980

Highway Vehicles 0.0 0.1 0.1 0.3 0.4
Aircraft
Railroads 2.7 2.0 0.0 0.1 0.1
Vessels 0.2 0.2 0.1 0.1 0.3
Off-Highway 0.0 0.0 0.0 0.1 0.1

Mobile Source Total 2.9 2.3 0.2 0.6 0.9

Electric Power 2.2 2.3 8.4 15.8 15.5
Industrial Boilers 5.5 5.2 3.5 4.1 2.4
Commercial/Institutional Heat 1.0 1.7 1.0 0.9 0.7
Residential Heat 2.3 1.9 1.0 0.5 0.2

Stationary Combustion Total 11.0 12.9 14.0 21.3 18.8

Primary N.F. Metal Smelt 2.5 2.8 3.0 3.6 1.2
Pulp Mills 0.1 0.1 0.0 0.1 0.1
Chemicals 0.2 0.4 0.0 0.6 0.3
Petroleum Refining 0.2 0.3 0.6 0.7 0.8
Iran & Steel 0.3 0.5 0.0 0.5 0.4
Minerai Products 0.3 0.5 0.5 0.6 0.6
Natural Gas Process 0.0 0.0 0.0 0.1 0.1

Industrial Total 3.6 4.6 5.1 6.2 3.5

Miscellaneous Buming 0.5 0.5 0.0 0.1 0.0

Grand Total 18.0 20.3 20.0 28.2 23.2
Source: [USEPA, 1986]

EPA's national emissions estimates (1940-1980) are summarized in Table V above. Taking
into account sulfur recovery data from the Bureau of Mines, SO N emissions coefficients for
fuels and N.F. ore reduction (and using 1980 estimates foret Table V as a baseline), we
obtained the coefficients shown in Table VI.

Table VI: Emissions Coefficients for SO2 (tons/ton)

1800 1860 1890 1920 1950 1980

Anthracite 0.008 0.008 0.008 0.008 0.008 0.008
Bituminous coal, US 0.038 0.05 0.046 0.044 0.040 0.032
Bituminous coal, Appalachian 0.038 0.038 0.036 0.034 0.032 0.028
Petroleum refining 0.0003 0.0005 0.004 0.005 0.0017
Natural gas production 0.00005 0 0 0

Copper 0.5 1.0 2.0 2.0 1.6 1.0
Lead 0.3 0.3 0.3 0.3 0.24 0.15
Zinc 0.98 0.98 0.9 0.2 0.2 0.2
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Table VII: Sources of Anthropogenic Sulfur in 1980 (kilotonnes of sulfur)

Country

Atmospheric missions.

Combustion	 Industrial	 Industrial/total

Sulfuric
acid

consumptionb

Industrial
sulfur

consumeone

Ratio:
industrial S

go total s
Austria 147 30 17% 101 119 45%
Belgium/Luxembourg 375 73 16% 792 932 71%
Denmark 226 1 0% 94 111 4%
Finland 170 122 42% 373 439
France 1434 343 19% 1631 1919 57%
Germany, FRG 1377 223 14% 1337 1573 53%
Greece 333 15 4% 305 359 52%
Ireland 105 3 2% 24 28 21%
Italy 15112 293 16% 908 1068 41%
Netherlands 139 86 38% 619 729 84%
Norway 36 33 48% 87 103 74%
Portugal 130 19 13% 203 239 65%
Spain 1020 609 37% 1025 1206 54%
Sweden 157 86 35% 267 314 67%
Switzerland 63 1 1% 32 37 37%
United Kingdom 2089 250 11% 1049 1234 37%

Western Europe 9310 2183 19% 8763 10310 53%

a Data from IIASA 'Bransboundary Air Pollution Project. Combustion InCludes combustion from power plants, district heat
generation, domestic and service sectors, transportation and industry. Industrial sulfur includes non-combustion Industrial
process emissions and all emissions (combustion and non-combustion) from the conversion of fossil fuels (reflnery coke
production). It was not possible to divide the data from this project into combustion and non-combustion emissions for
this sector.

• Data from UNIDO 'fade Statistics.
• Assumes 85% of industrial sulfur is sulfuric acid.
d lbtal sulfur is the industrial sulfur plus combustion emissions.
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Emissions to Other Media

Much has been written about the sources of atmospheric sulfur emissions and their
detrimental environmental effects. Less information is available on industrial sulfur waste
disposai in water and on land. It is important to emphasize here that the majority of the sulfur
used in industrial processes is used for processing and is flot embodied in the end product.
That which is flot recycled becomes a waste.

The sulfur mobilized by the industrial economy in Western Europe for non-combustion uses
is compared to the atmospheric sulfur emissions from combustion and the total anthropogenic
sulfur budget in Table VII. The percentage of sulfur metabolized by the European and U.S.
industrial economy (non-combustion uses) is much higher than the global average. For
Western Europe as a whole, industrial uses account for just over half of the total sulfur
budget. Numbers for the U.S. are comparable.

Having concluded that the industrial use of sulfur is a significant portion of the Western
European anthropogenic sulfur budget, two new questions arise: in what form is the emission?
And, is it an environmental hazard? Currently, sulfur does flot appear to be a problem
pollutant in large international rivers. However, humans have had an impact on the sulfur
concentration in rivers. It is estimated that, globally, man-induced sulfur runoff is roughly
equal to the natural flow [Schlesinger 1991]. In industrialized regions, such as the eastem
U.S. or Western Europe, the ratio of anthropogenic to natural sulfate in runoff is much higher
(up to 8) [Husar & Husar 1985].

The common opinion about non-atmospheric sulfur wastes from industry is described in a
passage from Meyer (1977).

"...Industrial sulfur is almost totally converted to sulfate, is used as an acid, and promptly
returns to the sediment as sulfate. So far, only comparatively little sulfur enters industrial
products. It is possible that in the future a much larger fraction of sulfur will be incorporated
into industrial products. If titis becomes the case, it will be mainly in elemental form or in
the form of sulfite, both of which readily biodegrade to sulfate, which reenters the
sedimentary cycle. We need flot dwell here on the use of gypsum, which is mixed and used
as such, because in it sulfur does flot change oxidation state." [Meyer 1977, pp. 161-162]

This reassuring view leaves several questions unanswered.

Much of the sulfuric acid used in industry which is flot recycled (and flot discharged to the
atmosphere) is eventually converted to calcium sulfite or calcium sulfate. Clues about the
potential problems caused by the disposa( of calcium sulfate and calcium sulfite wastes can
be found in the extensive literature on flue gas desulfurization and other methods used for the
control of sulfur dioxide emissions from fuel combustion. [Ellison & Luckevich 1984;
Morrison 1982]. These solid sulfur wastes pose three potential problems.

One problem is disposai per se. The calcium sulfite and sulfate wastes are often in a sludge
form which is difficult to dewater. In addition, the disposai of these materials on land makes
the site unusable for other purposes for an indefinite period. The shear magnitude of such
wastes over the long term, can create serious disposai problems, at least locally.

The second concern is the possibility of environmental mobilization and secondary damages.
The pathway for environmental mobilization is through leaching. The leachate from these
dumps can contain concentrations of sulphate, chloride, calcium and magnesium several
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orders of magnitude greater than natural background concentrations. In addition, in the case
of wastes from fuel emissions (and possibly some industrial processes) the leachate may also
contain traces of heavy metals.

The third. and perhaps the most serious, concem has to do with the fate of concentrations of
sulfates in anaerobic environments rich in organic materials. In the absence of oxygen, nitrates
or manganese or iron oxides, but given the availability of organic materials, decay bacteria
can extract oxygen from the sulfate (SO4) radical for their own metabolic purposes, releasing
toxic hydrogen sulfide. The basic (equivalent) reaction is

SO; + CH2O + -› CO2 + H20 + H2S

Concem over the long terra accumulation of solid or liquid sulfate wastes is of particular
importance due to the trend (prompted by environmental regulation) toward reduced
atmospheric emissions of sulfur. This trend means that increasingly the anthropogenic sulfur
wastes are being disposed of on land or waterways. We can expect this trend to continue and
possibly accelerate.

Research and development into possible commercial uses for sulfate wastes from flue gas
desulfurization continues. A promising use is in the cernent industry [Ellison & Luckevich
1984; Chemical Marketing Reporter 1984]. The only other possibility of countering this trend
in the near future is for more sulfur to be recycled and less sulfur to be mined (or recovered
from fossil fuels or non-ferrous metal ores).

The Global Sulfur Cycle

The global sulfur cycle (Figure 6) consists of a set of oxidation reactions balanced by
reduction reactions. Reduced forms of sulfur (S, H2S) are gradually oxidized by atmospheric

oxygen, ending in sulfur oxides (S02, S03) and futally sulfate 50 4+±. Sulfate is deposited on
the earth's surface in wet or dry form (e.g. as ammonium sulfate). The reverse part of the
cycle, which converts sulfur back to reduced forms — states of higher thermodynamic
potential — is accomplished either by biological activity or possibly by high temperature
magmatic reactions in the earth's mantle.

From another perspective, of course, it can be seen as a cycle in which insoluble and
biologically unavailable forets of sulfur — notably sulfides (pyrites) and calcium and
magnesium sulfates — are converted to biologically available forms, utilized, and finally
retumed once again to unavailable forms. From this perspective, the cycle can also be seen
as a complex set of transfers between air, land and sea (Figure 6). Assuming the pre-
industrial version of the cycle was really balanced, the controlling rate, or "bottleneck" in the
system must have been the rate at which insoluble sulfides or sulfates were deposited in
oceanic sediments. In the very long run (on the average) this deposition rate must have been
equal to the rate at which sulfur was re-mobilized by pre-industrial geo-chemical processes,
with or without biological assistance. It must also equal the pre-industrial net rate of
deposition of sulfur compounds on the ocean surface, plus the pre-industrial runoff from
rivers, abrasion of shores, etc.

Various estimates of sulfur fluxes are shown in Table VIII. Estimates of the impact of human
activity are most explicit in the work of Ivanov and Freney [Ivanov & Freney 1983]. These
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Figure 6: Global sulfur cycle (teragramslyear)
Source: [Schlesinger 1991; page 338, Table 13.11

authors estimated that globally 113 Tg of sulfur was emitted to the atmosphere (as S02)
through the combustion of fossil fuels and the smelting of ores. By comparison, 28 Tg was
used for phosphate fertilizer production, and 28 Tg was used in other chemical industries.
Thus, around one third of the sulfur extracted from the lithosphere is used in industrial
processes, half of this being used in the manufacture of phosphate fertilizer. In this
convection, it is important to emphasize that relatively little sulfur is embodied in final
products. In the case of fertilizer, just mentioned, the sulfuric acid is used to convert insoluble
calcium phosphate into soluble phosphoric acid, leaving calcium sulfate as a by-(waste)-
product.

Ivanov & Freney's estimate of current industrial atmospheric inputs and outputs is 342 Tg/yr.
Removing the anthropogenic emissions (113 Tg/yr) from the input side (from land) should
be compensated by a corresponding reduction in wet/dry deposition on the output side during
the pre-industrial period. Assuming the anthropogenic contribution falls disproportionately on
land (58 Tg/yr vs. 65 Tg/yr), the overall current ratio of oceanic to terrestrial deposition
(258:84) implies that sulfate deposition from natural sources is allocated between oceans and
land in the ratio 193:26. In other words, the pre-industrial inputs to the land surface must
have been about 26 Tg/yr, as compared to 84 Tg/yr from atmospheric deposition (c. 1980)
and a further 28 Tg/yr'as fertilizer. In short, the sulfur flux to land has more than quadrupled
since the beginning of industrialization.
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Table VIII: Estimates of Sulfur Fluxes

(Tg/yr) Eriksson
1960

Junge
1963

Robinson
& Robbins

1970

Kellogg
et al
1972

Friend
1973

Grattai
et al
1976

Ivanov &
Freney
1983

Brimblecombe
et al
1989

Combustion, smelting, etc. 39 40 70 50 65 65 113 93

Fertilizer — — — — — — 28

Volcanic gases — — — 1.5 2.0 3.0 28 land 10
ocean 10

Aeolean emission (dust) — — — — — 0.2 20 20

Biogenic, land 77 70 68 58 5 16 22

Biogenic; coastal & ocean 190 160 30 90 48 27 20 43

Sea spray 44 44 43 44 44 140 144

Long-lived reduced S-compounds — — — — — — 5

Uptake of S02 by land & terr.veg. 77 70 26 15 15 28 17

Washout of SO4 over land 55 70 86 86 43 51
84Dry sulfate deposit over land 57 15 20 10 20 — 16

Uptake of S02 by oceans 70 70 25 25 10 11

258Washout of SO4 over ocean
146

60
71 72 71

63 230

Dry SO4 deposition over ocean — 17

River runoff: naturel 104
213

River runoff: anthropogenic 104

Abrasion from shores 7

Underground river seepage 11

Erosion & runoff 72

Ocean sediments, SO4 28

Ocean sediments, reduced (pyrite) 111 135

Atmospheric transfer, land to sea total 102
anthropo-

81

Atmospheric transfer, sea to lan genic 65 20
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Ivanov and Freney also assume that riverine runoff has doubled, from 104 Tg/yr to 208 Tg/yr.
In a recent book, Schlesinger purs that difference even higher, from 72 Tg/yr pre-industrial
to 213 Tg/yr currently. It is clear that the global sulfur cycle is now extremely unbalanced.
As Schlesinger notes:

"Current estimates of inputs to oceans are in excess of total sinks, implying that oceans are
increasing in SO4 by over 1014 g S/yr (100 Tg/yr). However such an increase will be
difficult to document, since the content of the oceans is 12 x 10» g S (1.2 x 109 Tg)".
[Schlesinger 1991]

It must be acknowledged that there is no known or obvious reason to worry unduly about this
anthropogenic perturbation of the sulfur cycle per se, however massive. Clearly, however, the
oxidation of large amounts of reduced sulfur will continue to acidify the soils and the ocean.
This question deserves further research, however.

Conclusions

This brief look into the hazards of solid sulfur wastes has indicated there may be reason for
concem about their final environmental destination. On the other hand, gypsum is an abundant
naturally occurring substance that many people believe is environmentally benign. Greater
understanding of the environmental impact of industrial sulfur wastes will help determine
whether continuing with a materials balance analysis of sulfur should be a priority.

The use of a materials balance approach for sulfur has been useful by raising concem over
the environmental destination of industrial sulfate wastes. The analysis indicates that perhaps
not enough is known about the potential hazards of sulfate wastes. Moving them from air to
water or land may appear to be the solution of a current environmental problem. However,
this approach could create a future environmental problem from sedimentary concentrations
of sulfates.

The diverse uses of sulfur and sulfuric acid and the fact that the sulfur is not generally
embodied in the end product complicate the use of the materials balance approach. The wide
range of uses means that the number of processes to be understood is huge. The fact that
sulfur is mainly an intermediate used for processing rather than being embodied in a product
also complicates the materials balance approach. Not only is it necessary to know the
manufacturing process, but it is also necessary to know how the waste streams are treated and
what the final form of the sulfur is. Questions we would still like to know the answer to
include: What percentages of the sulfur are discharged to air, water or land? What is their
chemical form and oxidation state? Are the "sinks" (landfills or sediments) likely to be rich
in organic matter?

Nevertheless a strong argument can be made in favor of a materials balance approach for
sulfur. It is that direct atmospheric emissions data for sulfur are unreliable and unverified
even for mort of the Western European countries, and still more so for Eastern Europe and
Asia. Direct measurements of emissions to water and landfills are essentially non-existent. If
estimates can be made using the materials balance approach, this would be very useful
supplementary information at the very least. It may be the only kind of information available.

22



Industrial Metabolism of Sulfur

References

[Bhatia 1978] Bhatia, S.P.: "Organosulfur Emissions from Industrial Sources" in Sulfur in the Environmen4 Part
1: The Atmospheric Cycle, ed. Jerome O. Nriagu. New York, N.Y.: John Wiley and Sons, 1978.

[Brimblecombe et al 1989] Brimblecombe, P., C. Hammer, H. Rodhe, A. Ryoboshapko, & C.F. Boutron.
"Human Influence on the Sulfur Cycle", in: Brimblecombe, P. & A.Y. Lein(eds), Evolution of the Global
Biogeochemical Sulfur Cycle :77421, Wiley, New York, 1989.

[Chemical Marketing 1985] "Flue Gas Converted to Useful Products", Chemical Marketing Reporter, March 4,
1985, p.35.

[Considine 1974] Considine, D.M.: Chemical and Process Technology Encyclopedia: New York, N.Y.: McGraw-
Hill Book Company, 1974.

[Duecker & West 1959] Duecker, W.W., & J.R. West, The Manufacture of Sulfuric Acid, Reinhold Publishing
Corporation, New York, 1959.

[Ellison & Luckevich 1984] Ellison, W.L & LM. Luckevich, "FGD Waste: Long-Term Liability or Short-Terni
Asset?", Power 128(6), 1984 :71-83.

[Eriksson 1960] Eriksson, E., "The Yearly Circulation of Chloride	 Sulfur in Nature", Teilla 12, 1960
:63-109.

[Faith, Keyes & Clark 1965] Faith, W.L., Keyes, D.B., and Clark, R.L: Industrial Chemicals 3rd ed. New York,
N.Y.: John Wiley and Sons, 1965.

[Friend 1973] Friend, J.P. "The Global Sulfur Cycle", in: Rasool, S.I.(ed), C.hemistry of the Lower Atmosphere
:177-201, Plenum Press, New York, 1973.

[Gaines & Wolsky 1981] Gaines, LL & A.M. Wolsky, Energy & Materials Flows in Petroleum Refining,
Technical Report (ANL/CNSV-10), Argonne National Laboratory, Argonne IL, February 1981.

[Granat et al 1976] Granat, L, H. Rodhe, & R.O. Hallberg. "The Global Sulfur Cycle", in: Svensson, B.H. &
R. Soederlund(eds), Nitrogen, Phosphorus & Sulfur: Global Cycles :89-134 22(SCOPE Report 7),
Ecology Bulletin, Stockholm, 1976.

[Husar & Husar 1985] Husar, Rudolf B. & Janja D. Husar, "Regional River Sulfur Runoff", Journal of
Geophyskal Research 90(C.1), January 20, 1985 :1115-1125.

[Ivanov & Freney 1983] Ivanov, M.V.O. & J.R. Freney, The Global Biogeochemical Sulfur Cycle, Wiley,
Chichester, UK, 1983.

[Junge 1963] Junge, C.E., Air Chemistry & Radioactivity, Academic Press, New York, 1963.

[Kellogg et al 1972] Kellogg, W.W., R.D. Cadle, E.R. Allen, Ai. Lazrus, & E.A. Martel, "The Sulfur Cycle",
se/puce 175, 1972 :587-596.

[Lowenheim & Moran 1975] Lowenheim, F.A. and Moran, M.K.: Faith, Keyes and Clark Industrial Chemicals
4th ed. New York, N.Y.:John Wiley and Sons, 1975.

[Meyer 1977] Meyer, B., Sulfur, Energy & Environmenr, Elsevier Science Publishers, Amsterdam, 1977.

[Morrison 1986] Morrison, G.F., Control of Sulfur Oxides from Coal Combustion, Technical Report
(ICTISTTR21), IEA Coal Research, London, November 1986.

[Morse 1985]

23



R.U. Ayres & V. Norberg-Bohm	 September 8, 1993

[Nriagu 1978] Nriagu, Jerome O. "Production & Uses of Sulfur", in: Nriagu, J.0.(ed), Sulfur in the
Environmen; Part 1: The Aunospheric Cycle [Series: Heavy Metals in the Environnent] , Wiley-
Interscience, New York, 1978.

[Robinson & Robbins 1970] Robinson, E. & R.C. Robbins, "Gaseous Sulfur Pollutants From Urban & Natural
Sources", Journal of the Air Pollution Control Association, 1970 :233-235.

[Schlesinger 1991] Schiesinger, William H., Biogeochemistry; An Analysis of Global Change, Academic Press,
New York, 1991.

[Shreeve 1967] Shreeve, R.N.: Chanical Process Industries. Tokyo, Japan: McGraw-Hill Kogakusha, Ltd, 1967.

[USBuMines 1975] United States Bureau of Mines, Minerai Facts & Problems, United States Government
Printing Office, Washington DC, 1975.

[USBuMines 1985] United States Bureau of Mines, Minerai Facts & Problems, United States Government
Printing Office, Washington DC, 1985.

[USBuMines various] United States Bureau of Mines, Minerais Yearbook - various years, United States
Government Printing Office, Washington DC, annual.

[USEPA 1986] United States Environmental Protection Agency Office of Air Quality Planning & Standards,
National Air Pollution Emission Estimates, 1940-1984, Technical Report (EPA-450/4-85-014), United
States Environmental Protection Agency Office of Air Quality Planning & Standards, Research Triangle
Park NC, January 1986

[USEPA undated] United States Environmental Protection Agency, Compilation of Air Pollutant Emission
Factors, Technical Report (AP-42), United States Environmental Protection Agency, Research Triangle
Park NC, undated. [Supplements 1-13]

24



Sueur Processes	 InlidskiididefuntacdunleM«	 rdfur
	

September 8, 1993

APPENDIX A: SULFUR PROCESSES

#1 Frasch Process

This process is used to retrieve sulfur from deposits in the limestone caprock of sait domes.
It is used extensively in the U.S., especially Louisiana and Texas. There is a Frasch mine in
Poland at Osiek. A modified Frasch process is used in Sicily, Poland and the U.S.S.R. to
extract sulfur from evaporitic anhydrite deposits.

A well is drilled into the sulfur formation. Three concentric pipes are inserted. Superheated
treated water is sent down the outer pipe where it melts the sulfur. Compressed air is sent
down the middle pipe. It forces the molten sulfur-air mixture to the surface where it is
pumped to heated pans which allow the air to escape. Frasch sulfur is 99.0% — 99.9% pure.
It may contain minor quantities of ash, moisture, H 2SO4 and oil or carbonaceous material. The
superheated water is recovered from bleeder wells. It is used to preheat more treated water,
being too contaminated to be re-used directly in the boilers. Gases emitted from melting sulfur
may include sulfur dioxide and hydrogen sulfide. [Lowenheim & Moran 1975; Duecker &
West 1959].

#2 Claus Process (Sulfur from Hydrogen Sulfide)

This method is used to recover sulfur from "cour" gas. The hydrogen sulfide is produced from
these products using standard saponification methods. Basic chemical reactions are as follows:

2H2S + 302 --0, 2S02 + 2H20

2H2S + S02 --> 3S + 2H20

The overall reaction (90% yield) is:

2H2S + 02 --3, 2S + 2H20

[Morse 1985; Lowenheim & Moran 1975].

#3 Sulfur from coal desulfurization

This is currently not a major source of sulfur. For information on processes under
development see [Morrison 1982; Meyer 1977].

#4 Sulfur from metallic sulfides (Cu, Pb, Zn).

Metallic sulfide concentrates are bumed in an oxidizing atmosphere to produce both sulfur
dioxide gas and a calcined material which may be further treated for the recovery of the
metal. Sometimes the S0 2 is the main product, sometimes it is a by-product. Examples:

Iron Sulfite: Pyrite and pyrrhotite are the major sulfur bearing materials used to produce
S02. The basic chemical reactions are:
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7FeS2 + 602 -+ Fe7S8 + 6S02

Fe7S8 + 02 --> 7FeS + SO2

3FeS + 502 --> Fe304 + 3S02

4Fe304 + 02 --0. 6Fe203

The amount of sulfur recovered depends on the amount of oxygen available, and the
roasting process. It is especially dependent on temperature. The concentrate may contain
other metallic sulfides. Secondary reactions include:

Cu2S + 202 ."► 2Cu + SO2

2ZnS + 302 -> 2ZnO + 2S02

In addition, the following gaseous reaction will occur:

2502 + 02 «—le 2503

This should be kept to a minimum because S0 3 formation represents a sulfur loss. Also,
S03 will react with other metallic oxides to form metallic sulfates. This causes sulfur loss
to a calcine. (A sulfur-rich calcine is also generally undesirable).

Copper Roasting. The conditions for copper roasting are generally determined by the
desired qualities of the calcine for further recovery of the copper. There are 3 types of
oasts; partial, dead and sulfating. Basic chemical reactions:

7FeS + 602 --> Fe7S8 + 6S02

Fe7S8 + 02 -» FeS + SO2

3FeS + 502 --• Fe304 + 3S02

2Cu2S + 302 --). 2Cu20 + 2S02

2Cu20 + 02 -› 4CuO

4Fe304 + 02 ..4. 6Fe203

For a partial roast, the gas strength will average 12-14% S02. For a "dead" roast, the gas
strength will average 11-13% S02.

Zinc Roasting. Roasting is generally limited to zinc flotation concentrates. Basic chemical
reactions are:

2ZnS + 302 --e, 2ZnO + 2S02
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7FeS2 + 602 --• Fe7S8 + 6S02

Fe7S8 + 02 --+ 7FeS + SO2

3FeS + 502 --0. Fe304 + 3S02

4Fe304 + 02 .«.... 6Fe203

2PbS + 302 --> 2PbO + 2S02

As with copper the desired calcine generally determines the roasting procedure, and the
resulting sulfuric acid concentrate. Significant gas purification is required to remove solid,
liquid, gaseous impurities, and excess water vapor.

The SO2 created by the roasting of these ores may be converted to sulfur by either of the
following reactions:

so, + C --> co2 + S

2H2S + SO2 --> 2H20 + 3S

[Duecker & West 1959].

#5 Sulfur from gypsum

This method was developed in Germany during WWI to relieve sulfur shortages. It was been
refined and used in many European countries, at least through the 1950's. The basic reactions
are:

CaSO4 + 2C —• 2CO2 + CaS

CaS + 3CaSO4 --> 4CaO + 4S02

3CaS + CaSO4 --> 4CaO + 2S2

For every ton of acid produced, a ton of Portland cernent is also produced. The liberation of
sulfur must be essentially complete, inasmuch as the Portland cernent must contain less than
0.5% calcium sulfide. This is accomplished through the following reactions:

2CaSO4 + C --0. 2Ca0 + CO2 + 2S02

8CaO + Al2Si07 —, 2Ca3SiO5 + Ca2Al205

These reactions produce the Portland Cernent and a 9% SO 2 gas. The gas is used for making
H2SO4. [Duecker & West 1959].
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#6 Oxidation of Hydrogen Sulfide

Gaseous hydrogen sulfide is produced from sour natural gas, petroleum refining, and coking
plants. This is basically the first half of the Claus process. The reaction is:

2H2S + 302 2S02 + 2H20

#7 Contact Process for Sulfuric Acid

Sulfur dioxide is the major input for making sulfuric acid by any process. It is not a traded
commodity, and it is therefore normally considered as part of the chemical process for making
sulfuric acid. S0 2 is manufactured in the following ways:

(i) From elemental sulfur and sulfur bearing minerais:

S 0 2 S 02

2S02 + 02 —I. 2S03

The amount of S03 produced is minimized by control of the burning process. The sulfur
dioxide produced from roasting sulfur bearing minerais must be purified before being used
for sulfuric acid production.

(ii). From gaseous hydrogen sulfide (from sour gas, petroleum refining and coking plants).
This is basically the first half of the Claus process, given above.

(iii) From Gypsum. Sulfur dioxide is a by-product of the process used to create elemental
sulfur from gypsum.

CaSO4 + 2C 2CO2 CaS

CaS + 3CaSO4 4CaO + 4S02

The basic chemical reaction for sulfuric acid production is:

2S02 + 02 2S03

S03 + H20 H2SO4

In modem practice the contact process achieves 96% — 98% conversion. Overall, contact
process acid plants obtain 92% — 96% yield, based on sulfur inputs. A vanadium or platinum
catalyst is required. The addition of an interpass absorption design reduces atmospheric
pollution and increasis the yield on S0 2 to 99.7% — 99.9% [Considine 1974]. Oleum
(pyrosulfuric acid, H2S207) is created and used in the process. It appears that some H2SO4
may be discharged to the atmosphere.

Platinum catalyst: 1.5 to 3.5 ounces per ton of 100% H2SO4, 10% loss. Vanadium catalyst:
225 to 300 lb per ton of 100% H2SO4, 6 to 7% loss [Lowenheim & Moran 1975].
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#8 Chamber Process for Sulfuric Acid

The chamber process is an old one, now obsolete. No new chamber plants have been built
in the U.S. since 1956. Since 1945, all plants have used vanadium catalysts.

For information on the conversion of sulfur to sulfur dioxide, see notes under process #7. The
chamber process depends on nitrogen dioxide as a catalyst. The basic chemical reactions are:

2NO + 02 ' 3' 2NO2

NO2 + SO2 + H20 –3. H2SO4 + NO

Chamber plants achieved 98% — 99% conversion of SO 2 and 92% — 96% yield, based on
input sulfur. Process wastes consist of unreacted gases, including a small amount of SO2
[Lowenheim & Moran 1975]. More detailed chemical reactions can be found in [Duecker &
West 1959].

#9 Sodium Sulfate (Salt Cake).

The basic reaction (98% yield) is:

2NaCl + H2SO4 –• 2HCI + Na2SO4

Hydration (95% yield) is the reaction

Na2SO4 + 10H20 — Na2SO4 • 10H20

For other methods of manufacture and for major uses see the following processes #10, 11
[Lowenheim & Moran 1975].

#10 Sodium Sulfate (Salt Cake)

From natural brins: The sait cake is crystallized from brine. This is the principal source in
the U.S.

By the Hargreaves-Robinson Process: The major source of sodium sulfate is as a by-product
of the (obsolescent) sait-sulfuric acid process for the manufacture of hydrochloric acid. The
basic reaction is:

2NaC1 + SO2 + 0 2 + H20 --> Na2SO4 + 2HCI

with a 93% — 98% yield. This process is important in Europe [Lowenheim & Moran 1975].

#11 Sodium Sulfate as by-product of Rayon Production

See Process # 27.
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#12 Phosphorus Pentasulfide (P4S10)

Phosphorus pentasulfide is produced in a batch operation by direct union of the elements:

4P + 10S ' PaSio

[Lowenheim & Moran 1975].

#13 Sodium Thiosulfate

This material is produced by several processes:

From soda ash and sulfur dioxide:

Na2CO3 + SO2 —3. Na2SO3 + CO2

Na2SO3 + S —3. Na2S2O3

From sodium sulfite and sulfur:

Na2SO3 + S --* Na2S2O3

As a by-product of sodium sul ficle:

2Na2s, + Na2CO3 + 4S02 —1,• 3Na2S2O3 + CO2

Any excess sodium sulfide reacts with sulfur dioxide to yield sodium sulfite. The sodium
sulfite can be converted to sodium thiosulfate as described above.

Na2S + so2 + H20 -4. Na2SO3 + H2S

As a by-product of sulfur dye manufacture: sodium thiosulfate filtrate from the dyeing
process may be concentrated and crystalized.

[Lowenheim & Moran 1975].

#14 Carbon disulfide

Carbon Disulfide is manufactured by several routes:

From sulfur and natural gas, gas og or fuel oil:

CH4 + 4S --> CS2 + 2H2S

CS2 is made by reacting sulfur with methane at high temperatures and removing the
product carbon disulfide from the reacted gases.
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From charcoal carbon and sulfur: by direct reaction

C + 2S –0, CS2

In this process carbon disulfide is produced by reacting charcoal and sulfur in the presence
of heat. Carbon disulfide using charcoal or coke as the source of carbon have been almost
completely replaced by the more modem plants using petrochemicals as a source of carbon.
As of 1962, 85% of CS2 production was already based on natural gas [Lowenheim &
Moran 1975].

#15 omitted

#16 Sulfite Pulping

Basic chemical reactions for sulfite liquor:

S + 02 —> SO2

2S02 + H20 + CaCO3 Ca(HSO3)2 + CO2

2S02 + H20 + MgCO3 Mg(HSO3) + CO2

2S02 + Mg(OH)2 Mg(HSO3)2

Similarly, sodium hydroxide Na0H, and ammonium hydroxide NH 4OH are converted to
NaHSO3 (sodium bisulfite) and NH4HSO3 (ammonium bisulfite).

Calcium sulfite waste liquor cannot be recycled. CaSO 4 is also formed in the pulping process
and is a waste product. The liquor may be incinerated. Sodium and magnesium based liquors
can be recycled, with or without sulfur recovery as an option. Ammonium based liquor can
be incinerated, with or without sulfur recovery as an option [Shreeve 1967; Considine 1974].

#17 Petroleum Refining and Petrochemicals

Sulfur dioxide is used as a solvent in the extraction process. The solvent is recirculated with
small losses. Liquid sulfur dioxide is added to corde petroleum.

#18 Vulcanization of Natural Rubber

Sulfur is added to the rubber latex and the mixture is heated. The sulfur cross-links the
polymer chains and converts the rubber from a soft plastic to a harder, springy plastic. In one
of the many possible reactions, the chemical S 2C12 is used. It is created via the direct reaction:

2S + Cl2 S2C12

Considine [1974].
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#19 Industrial Organic Chemicals

This area of chemistry is quite complex. One important reaction is the sulfonation process:

R • H + (H0)2S02 R • SO2 • OH + H20

#20 through 26, omitted

#27 Viscose Rayon from Carbon Disulfide
Viscose rayon is manufactured by steeping cotton linters or purified wood pulp with caustic
soda and then xanthating the alkali cellulose with carbon disulfide. The resulting cellulose
xanthate is treated with sodium hydroxide to form a colloidal viscose solution which is
filtered and aged. This solution is treated in a sulfuric acid and sodium sulfate bath to form
regenerated cellulose (as filaments or rayon sheeting), cellophane, sodium sulfate and carbon
disulfide. Basic reactions are:

-CH2OH + NaOH -CH2ONa + H20

CH2ONa + CS2 CH2OCS2Na

During the spinning process, 1.1 lb of sodium sulfate is produced for each pound of rayon
spun.

Before stricter regulations went into effect a few years ago, 80 to 85 percent of the carbon
disulfide was emitted to the atmosphere, as well as large amounts of hydrogen sulfide. The
hydrogen sulfide is now captured using scrubbers and the carbon disulfide is captured by
adsorption on active carbon beds where it is then recovered and reused [Bhatia, 1978].

#28 Carbon Tetrachloride

Carbon Tetrachloride was formerly produced exclusively from Carbon Disulfide. (It is now
produced frorifehydtdetbons by chlorination). The process is a direct reaction, using an

6S + 3C 3CS2 (see # 14)

CS2 + 302 --> S2Q2 + CC14

CS2 + 2S2C12 --> 6S + Cc14

#29 Fungicide from CS2

H2NCH2CH2NH2 + 2CS2 HSCSNH(CH2)2NHCS2H

HSCSNH(CH2)2NHCS2H + 2NaOH —> NaSCSNH(CH2)2NHCS2Na + 2H20

#30, 31 Omilted
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#32 Calcium Sulfate (Plaster of Paris) from Gypsum

Calcium sulfate for plaster is made by calcining gypsum rock to remove 3/4 of the water of
crystallization. By-product calcium sulfate can also be washed, dried & reground. It can be
used in the manufacture of plaster wallboard. The process is essentially the same as
calcination:

CaSO4 • 4H20 + heat --> CaSO4 • H20+ 3H20

#33 Ammonium Sulfate from Gypsum

This process converts a waste stream to fertilizer:

CaSO4 + 2H20 + (NH)2CO3 --• CaCO3 + (NH4)2SO4 + H20

It is used by several large producers outside the U.S. [Considine 1974].

#34 Hydrofluoric Acid Mfg.

By treating fluorspar with concentrated sulfuric acid in a furnace, hydrogen fluoride gas is
evolved. The by-product is calcium sulfate:

CaF2 + H2SO4 2HF + CaSO4

[Lowenheim & Moran 1975].

#36 Salt Cake (See # 9-11).

#37 Aluminum Sulfate

Bauxite, a naturally occurring hydrated alumina, is used as the raw material. It typically
contains 52 — 57% Al203 and 1 to 10% Fe203. The iron is removed from the product by a
reduction reaction using most often baric sulfide. Other reducing agents include sodium
sulfide, hydrogen sulfide, sodium bisulfate or sulfur dioxide. The basic reaction is:

Al203 • 2H20 + 3H2SO4 Al2(SO4)3 + 5H20

[Lowenheim & Moran 1975].

#38 Ammonium Sulfate

From Coal Gas: Ammonium sulfate is produced in so-called by-product coking ovens. Pro-
duction is 7.5 to 13 kg per metric ton of coal, with 95 - 97% recovery. The ammonia in the
coal gas reacts with sulfuric acid:

2N1-13 + H2SO4 (NH4)2SO4
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Recovery of the ammonia is by one of three methods. See [Lowenheim & Moran 1975] for
more deta ils.

From synthetic ammonia and sulfuric acid: The ammonia is directly neutralized with sulfuric
acid:

2NH3 + H2SO4 –. (NH4)2SO4

The ammonia sulfate is recovered by crystallization. The yield is practically 100%.

Other sources: Ammonium sulfate is a potential by-product of the production of hydrogen
cyanide, the leaching of ores with ammonia, and the production of some organic chemicals.
As of 1975, none of these processes produced significant amounts of ammonium sulfate
[Lowenheim & Moran 1975].

From gypsum or anhydrite: See # 33.

#39 Copper Sulfate:

From copper aride ores: This is often a byproduct of copper refining. The reaction (99%
yield) is:

CuO + H2SO4 + 4H20 –• CuSO4.5H20

From metallic copper and sulfuric acid: The raw material is scrap copper, by the reaction:

2Cu + 2H2SO4 + 02(a ir) + 8H20 --• 2CuSO4 • 5H20

[Faith, Keyes & Clark 1965; Lowenheim & Moran 1975].

#40 through 42, Omitted

#43 Alkyl Aryl Sulfonate (for detergents)

There are numerous chemical varieties. An example is sodium dodecyl benzene sulfonate. The
reaction is catalyzed by aluminum chloride (A103):

C6H6 + C12H24 —• CILo 7 • C121125

C61-15 • C12H25 + H2S°4 —» C12H25 • C6H4SO3H + H20

C12H25 • C6H4SO3H + NaOH• C6H4SO3Na + H20—• Cl2H25

with 85% — 95% yield.

As of 1975, 50% of all synthetic detergents (as of 1975) were of this type. Other sulfur
synthetic detergent types are fatty alcohol sulfates, alkyl benzene sulfonates (ABS, hard), and
linear alkyl sulfanates (LAS, soft). In 1965, the detergent industry in the U.S. voluntarily
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switched from ABS to LAS detergents for the domestic market due to water pollution
problems. However, LAS is also a potential water pollution threat [Lowenheim & Moran
1975].

#44 Phosphate Fertilizers and Phosphorus

All phosphate fertilizers are made from the minerai apatite (phosphate rock) by sulfuric acid.
This is by far the largest single use of the acid. For instance, Single Superphosphate is made
by the reaction:

3C:13(1)04)2 • CaF2 + 7H2SO•4 Ca(H2PO4)2 3CaSO4 2HF

Wet Process Orthophosphoric Acid:

Ca(PO4)2 • CaF2 + 2H2SO4 + 2H20 —> 2H3PO4 + 2CaSO4 • H20 + 2HF

Phosphoric acid can be calcined to yield pure phosphorus pentoxide (P 205), which, in tum,
can be electrolytically reduced to metallic phosphorus. There are many proprietary processes
for manufacturing derivative phosphate fertilizers. However, when sulfuric acid is used to
treat phosphate rock, calcium sulfate (known in Europe as "phospho-gypsum") is an invariable
byproduct. In the U.S. it is discarded as waste, although some European firms are said to be
experimenting with commercial uses.

#45 Leaching of Copper and other Metal Ores

Mine and copper oxide dumps are leached with weak sulfuric acid. So-called "cernent copper"
is precipitated from the resulting solutions by fiowing over iron tumings. The reaction is:

CuS H2S 04 .."4" CuSO4 + H2S

The resulting material is sent to the smelter [Considine 1974].

#46 Petroleum refining and petrochemicals

Sulfuric Acid is used in the following processes:

1) Alkylation and dealkylation

2) Esterification of organic alcohols or acids, for example ethyl acetate:

SO4H2
CH3CH2OH + CH3COOH	 -->CH3C00C2H5 + H20

3) Hydration and hydrolysis
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An example of this is ethyl alcohol from the ethyl hydrogen sulfate method.

3C2H4 + 2H2SO4 -. C2H5HSO4 + (C2H-5)2S0 + aqua
-> 3C2H5OH + aqueous2H2SO4

Organosulfur emissions from refinery processes include carbonyl sulfides, carbon disulfides,
mercaptans, alkyl sulfides, and thiophene and its derivatives [Considine 1974; Bhatia 1978].

#47 Ferrous Sulfate from Steel Pickling

Steel pickling is the preferential removal of oxide or mill scale from the surface of metal by
immersion in sulfuric acid (or other acids). Most ferrous sulfate is produced from the waste
liquor of the steel pickling process. The basic reaction is:

FeSO4 + H2SO4 + Nh20 + Fe -> 2FeSO4 • 7H20 + H2 + (N-14)H20

The supply of steel pickling liquor is much greater than demand for ferrons sulfate, and is
therefore a waste product. Waste pickle liquor is often neutralized with alkali and sent to
slurry pits for drying. The low cost of sulfuric acid and ferrous sulfate has made it
uneconomical to recover. There is an alternative steel pickling process, using Hel, such that
the liquor is recyclable.

Some ferrous sulfate is produced as a by-product from the sulfate process for titanium dioxide
[Lowenheim & Moran 1975].

#48 through 57 Omitted

#58 Kraft Process for Pulp

Wood chips are cooked at an elevated temperature and pressure in a solution of sodium
sulfide and sodium hydroxide, known as "white liquor". The spent cooking liquor, known as
"black liquor", is separated from the cellulose, concentrated and incinerated to recover the
cooking chemicals (as sodium carbonate and sodium sulfide). Recovery is 95% to 98%. The
losses are most often replaced using sait cake, Na 2SO4. Sometimes sodium sulfite or sulfur
are used for this purpose. The recovered sodium carbonate is converted to sodium hydroxide
by the addition of lime. Waste streams at the various stages of the kraft pulping process
include alkyl mercaptans, hydrogen sulfide, methyl mercaptan, dimethyl sulfide, dimethyl
disulfide, carbonyl sulfide. For more detailed information about the waste streams and
treatment of the wastes prior to disposai, see [Bhatia 1978].

#59 through 66 Omitted
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