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Foreword 

This is the third of a series of monographs in the Fertilizer Industry 
Series to be published by the United Nations Industrial Development 
Organization. It will be followed immediately by other studies in the 
series on: the ammonium chloride and soda-ash dual manufacturing 
process in Japan and the new process for the production of phosphatic 
fertilizers using hydrochloric acid. 

The increasingly acute shortage of food that has resulted from 
rapid population growth on the one hand, and from rising living 
standards on the other, confronts the world with the pressing problem 
of how to increase agricultural production quickly and efficiently. 
To this end, the expansion of the fertilizer industry and the rational 
use of fertilizers, particularly in the developing countries, must be 
encouraged by every possible means. 

It is the purpose of this series of monographs to assist the 
developing countries by providing them with the most recent techni- 
cal and economic information in this field and advice on the steps 
that must be taken to establish a fertilizer industry. 

The present paper was prepared by Christopher J. Pratt of 
Mobil Chemical Company, New York, serving as consultant to 
UNIDO. The views and opinions are thost of the consultant and do 
not necessarily reflect the views of the secretariat of UNIDO. 
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EXPLANATORY NOTES 

Reference to toot if to metric tons unless otherwise stated. 
Reference to  deUart<$)  to  to United  State« dollar»   unlets   otherwise 

indicated. 
One mill equals fO.001 

The following abbreviations have been used: 
cal = calorie 
f.o.b.       = free on board 
kcal        - kilocalorie 
kWh       = kilowa*t hour 



1. 
Patterns of world sulphur 
supply and demand 

Sources - general 

Sulphur is found in numerous forms in many parts of the world; 
deposits of sulphur in the elemental form, however, amount to only 
about 0.06 per cent of the earth's crust. Sulphur exists in combination 
with heavy metals, such as iron, lead, copper, zinc and mercury, as 
well as with lighter metals, such as sodium, calcium and magnesium. 
Coal, oil aid gas deposits in many areas of the world also contain 
appreciable percentages of sulphur, sometimes in sufficient quantities 
to justify recovery (Kohl and Riesenfeld, 1960, pp. 240—281),'but 
more often not, under normal circumstances. At the same time, 
serious corrosion and air pollution frequently arise from the use of 
fossil fuels containing sulphur. These factors present a continuing 
challenge, since the benefits to industry and mankind resulting from 
the use of sulphur-free fuels are incalculable, and the recovered 
sulphur would considerably supplement world supplies. 

The search for further deposits of elen ental sulphur continues 
throughout the world, both on land and off shore, but no new 
discoveries of significance have been announced to date. Hence, an 
alternative approach to reducing the amount of elemental sulphur 
required in the manufacture of fertilizers is to turn to minerals and 
fuels containing combined sulphur. This also provides as a by-product 

1 All references are listed at the end of this monograph. 
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metals and other profitable materials. It is, therefore, particularly 
important for developing nations to examine thoroughly their known 
resources of sulphur-containing minerals or fuels and to search for 
new deposits that could be of commercial or strategic value. 

Sulphur is also recovered in elemental form or as a gaseous 
oxide (SO,) or sulphide (H2S) from various chemical processes and 
gas-purifying operations. Compared with natural sources, total 
quantities so obtained, however, are relatively small. 

Elemental sulphur 

Quantities of elemental sulphur sufficiently great to be of commercial 
importance are found in relatively few areas of the world, such as 
southern parts of the United States, Mexico, central and southern 
parts of the Union of Soviet Socialist Republics and Sicily. Smaller 
deposits exist in various volcanic regions but are often in local pockets 
usually too small to justify an economic return on the capital 
investment necessary. (A reserve of five million tons would normally 
be the minimum size of deposit justifying commercial exploitation. 
However, specific national needs and a mounting world shortage of 
sulphur could make smaller -eserves attractive.) 

Thus, most countries lack commercial sulphur supplies. This 
imbalance has led to considerable world trade in sulphur as can be 
seen in tables 1 and 2 below. 

Table  1.    Production  and  consumption of elemental sulphur,  1967 
(Thousand tons) 

Country or area Production 

Western   Europe  2,078 
USSR and Eastern Europe  2,145 
Cinada and  United States  10,691 
Mexico and Latin America  2,088 
China (mainland)  150 est. 
Japan  and   rest  of Asia  351 
AfricM and the Middle East  19 
Australasia  21 

17,543 

Consumption* 

3,700 
2,145 est. 
9,025 

700 
150 
950 
525 
725 

est. 

17,920 

» Balance from stockpiles. 

The excess of consumption over production during 1964—1967 
was met by the use of material that had been stockpiled. Because of 
geographical,   political,   economic   and   commercial   factors,   actual 
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world trad» ¡n sulphur <« ¡â other commoditu i* usual Iv much larger 
than the difference between the production <«,»d consumption figure« 
would indicate For example, lar^e countries such as the United 
States and Canada are both exporters and irr porter* of «ulphur and 
other materials, to each other and with other countries An indication 
of the principal patterns of *\,*\d trade in elemental lulphur foi 
the latest period available (i967) is given in table 2 below 

Table 2. Principal pütttnu of world trade  t« elemental íulphur.   1967 
(Thousand tens) 

Importtnt; «w»tri*s 
or areas 

Exporting eountntn   
~ VSSñ 

USA      Merico   Canada   France E*$ttm Others 
Europe 

Wettern Europe 
Belgium   .... 
Federal Republic of 

Germany   .    .   . 
France   
Netherlands . . . 
Sweden .... 
United Kingdom . 
Others  

USSR .... 
Eastern   Europe 

Central America 
South America 
Africa .... 
Australasia 

Total 

ita 

250 
5 

IM 
48 

150 
205 

Total     1,040 

5 

5 

25 
275 

71 
280 

220 

300 

520 

11 
38 

73 
180 

49 

45 
54 

99 

10 
60 

285 

58 

104 

67 
70 

270 
237 

806 

30 

30 

15 
100 

8 

8 
1 

47 

60 

250 

250 

00 
33 
22 

8 
1 
6 

in 

20 

20 

North America 
Canada       
United  States  .    .    . 

Grand total 

115 — — 

_ ~        725        JW 
1,811       1,498       1,263 959 445 35 

Production methods 

Frasch process 

The majority oi United States and Mexican elemental sulphur 
is produced by the Frasch process (Shreve 1956, pp. 363—393), which 
in 1967 yielded some 8.2 million long tons. In this process, wells are 
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drilled mìo the sulphur-bear m** ì ¡mestone c*p rocks of <*\\ domes 
found m the Mexu m (ntif «m-;i, and the Miiphur H melted and 
displaced bv Mjpcrhe.it» «1 water 

Sour-ffas <'ripping 

Klemental sulphur is a NO rwovtred uri an appreciable scale frum 
sour natural ga> and petroleum refinery operations In one popular 
method the hvdrogen sulphide present 1» extracted by a solvent, such 
is »thanolaminc, and subsequently concerted to sulphur bv oxidation, 
as m the well-known Claus process 

2H»S -f 30,   - 2SO,      2ÌUO (1) 
2H.S   •  Si), — ,'iS   •   211,0 (2) 

During 1967 some five million tous of elemental .uiphur were 
recovered from sour natural gas in western Canada, the United States 
and France. Appreciable additional supplies will become available 
from treatment of the sour natural gast*s of the Middle East during 
the next 2 or 3 years It has been reported that in Iran project! are 
well advanced for recovering up to one million tons of sulphur per 
year from .sour gases by 1970. An additional quantity of 15,000 tons 
will be recovered from crude oil containing sulphur produced from 
off-shore wells near Kharg Island in the Persian Gulf (Verghese). 

Natice salpì'1'r in »». •itcr-'l ¡arm 

In some volcanic regions of the world, such as southern Italy, 
Sicily, Japan and also parts of Poland, the Soviet Union and Central 
and South America, elemental sulphur deposits of commercial 
significance exist and can be mined by conventional stripping or 
underground means. These deposits are frequently contaminated 
with clay, sand and other minerals. Sulphur is recovered by direct 
heat or by extracting the finely-ground ore with steam and hot 
water. Flotation is another method employed. 

Such methods are relatively simple to operate and can be 
applied to small local deposits in developing areas, provided mining 
methods and costs are not prohibitive and that the reserves are 
sufficient to justify the capital expenditure. 

Pyrites 

In most countries sulphur is predominantly used to produce 
sulphuric acid, which in turn is largely consumed by the fertilizer 
and other heavy industries. This need for sulphuric acid can also 
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l>** partly met. under certi*m circumstances, bv -covering the 
Milphur ir» th<> gases evolved when roasting pyntes, rnareasitc (iron 
sulphide FeS.) and pyrrhotite (FeSl Deposits of pyrites are found 
in mar v industrial countries (e c Australia, the Federal Republic 
of Germany, Japan and the United States) Aft» r roasting, the iron 
<ontent in the residual cinder can be transformed into blast-furnace 
feed for local '*>»*. The roaster ,è»<<s is washed, purified and converted 
to sulphuric acid Deposits of p-. rites also exist m reu.(lis devoid 
of large industries, in which a > the oies i an be .shipped to the 
t ormimi ^r» ait a> Occasionally, as in Morocco an iron ore (pyrrhotite 
i. found near phosphate deposits, and thi.> permits the local pro- 
duction of sulphuric acid, and hence concentrated phosphate ferti- 
lizers suitable for sale in both domestic and export markets. Table ?» 
below gives the figures for the world production of pyrites in 1967. 

Tahle 3.    World production of pyrites in Î9G7 * 
(Million tons of sulphur equivalent)* 

Country or area Production 

North America  0.80 
South  America  0.01 
Asia  1.47« 
Africa  0.36 
Australia  0.13 
Western Europe  3.55 
USSR  2.16 
Eastern Europe and other  1.89 

Total 10.37 

* Consumption is similar to production. 
h Average S content: 44 to 45 per cent. 
' Japan: about 1.35 million tons. 

As in the case of elemental sulphur, a considerable amount of 
international trading is undertaken in pyrites that is not evident 
from the patterns of production and consumption. Some of the 
principal movements for 1967 are indicated in table 4 below. 

Production methods 

Sulphur is usually recovered from pyrites in the form of sulphur 
dioxide (SO*), which is subsequently converted to sulphuric acid, as 
is described later. In one long-established method, the pyrites ore is 
roasted with air in vertical furnaces, which are composed of several 
stacked hearths fitted with mechanical rakes. The ore is fed in at 
the top and emerges from the bottom hearth as a spent oxide, or 
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TabU 4     Prtnctpal pattemt of world fade xn pyrtt* M in V**'> 
(Thousand  for. -, 

Exportini y   ff)-, 'if r i«»* 

Importing VSSR 
countries Spam Portugal Cyprus Eastern Nom a y Other» 

Europe 

Belgium 27 189 25 _. small small 
Federa! Republic of 

Germany    .... 480 40 233 200 390 40 
France     126 8 135 — — 43 
Italy         — — 325 780 — 133 
Nethf Hands        .    . — 9 85 — 11 small 
United Kingdom    . 19 — 99 86 8 39 
Others  112 4 — — 73 small 

Total 1 764 250 902 1,046 482 260 

cinder.  The  SOt evolved  is scrubbed  to remove  dust and  other 
impurities prior to conversion to sulphuric acid. 

In recent years the use of fluidized-bed calcinen coupled with 
controlled roasting, waste-heat recovery and power generation has 
led to highly efficient methods of producing sulphuric acid from 
pyrites. Such techniques (Shreve, 1956, pp. 363—393 Anon., 1964) 
can also produce an iron oxide suitable for the manufacture of iron 
and steel. The economies resulting from the use of these methods 
help them to compete increasingly with sulphuric acid processes 
based on elemental sulphur. 

Other sources of sulphur 

Metallurgical 

Substantial quantities of sulphuric acid are also produced from 
the smelter gases evolved during the treatment of ores containing 
copper, zinc, lead and other metals. Some of these ores yield a lean 
gas containing marginal amounts of sulphur the recovery of which 
is not economic. However, the recovery of such amounts of sulphur 
dioxide may eventually become justified because of local pollution 
regulations limiting the permissible amount of sulphur dioxide 
emission and rising prices of sulphuric acid. Indeed, an appreciable 
number of large non-ferrous smelters throughout the world have 
become large fertilizer producers as well, because of their ability 
to produce low-cost sulphuric acid from their waste gases. 
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Chemical 

Another mineral sourer of sulphur f<>r nrukmg sulph iru acid i* 
calcium sulphate, m thr forra of gvpsu n or anhvdnte Reduction 
with coal plus a little »i'ica. «s sometimes earn«! out m rotary kiln« 
to yield a cement clinker and a gas rich tr, sulphur dioxide The fa* 
is scrubbed and u<*ed to make sulphuric acid .- < onventional contact 
plants In Great Britain, Western Europe and Tu-kev nearly one 
million tons of g\ psum and anhvdnte are being used tv this purpos«-. 
and additional plants are being built, largely to offset rising sulphur 
costs, which bring with them an increased need for foreign exchange 

Sulphur, both in elemental form and a.« »ulphur dioxide or 
hydrogen sulphide, is recovered from various chemical provenne» 
and purification systems of gas-works A variety of solvent extraction 
and wet and dry oxidizing methods are abo available (Kohl and 
Rieaenfeld, 1960, pp 240—281) An indication of world sulphur 
production (largely as sulphuru acid) from miscellaneous sources 
is shown in table 5 below 

Table 5,    Froditeli©* of $ulphur frmn mitcttlanttyu* 
§omrc€» in Iff 7 • 

(THfrmtmné ton» of »nlphmr efiriealewi) 

Country »f mrtm ProéMeiftn 

Western Europe 
Belgium IM 
Federal Repu hi ic of Germany 250 
Finland iî© 
France         140 
Italy 215 
United   Kingdom 483 

USSR and Eastern Europe 2 900 (estimated) 

North America 
Canada 21« 
United   States 1,109 

Central and South America »S 

Asia 
Australasia IM 
Japan •40 

Africa lit 

Total «.<*0 

• Consumption  u  vm^ur  t«j pr«jdwct«m   Fraath,  torn- 
itone orrs, natural ga* ani pyrites ir* pxdwW 
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Fossil juels 

The present major source of elemental sulphur from fossil fuels 
is natural gas, which in areas such as western Canada, southern France 
and Iran, can contain up to 25 per cent or more sulphur, chiefly as 
hvdrogen sulphide. The present tonnage of sulphur recovered from 
the French Lacq fields, for example, amounts to about 1.6 million 
tons annually. Kecoverv is undertaken by several methods, often 
based on solvent extraction and or oxidation (Anon. 1965 f. and 1966: 
Kohl and R.esenfeld, I960, pp. 240-281; Priestley, 1964). Figures for 
world pioduction of elemental sulphur from natural gas are included 
¡n table I. figures for sulphur recovered from coal-gas and coke-oven 
snis purification processes are included in table 5. 

Many petroleum crude oils contain from 1 to 2 per cent sulphur, 
but desulphuri/ation is normally undertaken on selected refinery 
products in the lighter ranges. Hence, if economic methods could be 
found, desulphunzation of crude oils would considerably increase 
world sulphur supplies. 

By-product sulphuric acid and sulphates 

Some processes, such as caprolactam manufacture and the pick- 
ling of steel and other metals, yield appreciable quantities of spent 
sulphuric acid that must be recovered because of waste-disposal re- 
strictions or for economic reasons. Some caprolactam plants yield 
several hundred tons per day of ammonium sulphate (five tons am- 
monium sulphate per ton of caprolactam) as a by-product, and this 
is often recovered and sold for the manufacture of fertilizer. Most 
acid recovered from pickle-liquor concentrators is recycled to the 
process after separating the iron sulphate salts, thereby reducing 
sulphur requirements. 

Calcium sulphate, either as natural gypsum or anhydrite, is used 
by some fertilizer producers to make ammonium sulphate by a reac- 
tion with ammonium carbonate. 

World production and consumption 

Based on the preceding tables, table 6 below gives the approxi- 
mate pattei n of world production and consumption of sulphur. 

Excluding countries with centrally planned economies, sulphur 
consumption in 1964 increased by about 9 per cent from the preced- 
ing war. For 1965 there was a further increase of some 10 per cent. 
In view of the industrial and agricultural activity taking place gene- 
rally, similar increases on a global scale are probable. Past growth 
rates,   however,   have   fluctuated   considerably;   the   approximate 
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Table 6.    World production and consumption of sulphur, 
1967 

(Million tuns of S or S equivalent)* 

Country or area Production Consumption 

Western Europe  7.30 
Eastern Europe  2.00 
USSR        4.60 
Canada  3.00 
United States  9.90 
Mexico   1.92 
Central and South America .    . 0.26 
Japan        2.561 
Rest  of Asia  1.39 J 
Africa and the Middle East .    . 0.54 
Australasia  0.29 

Total 33.76 

9.5 

¡".5 est 

1.3 
9.3 
0.3 
0.Ü 

3.5 

1.0 
1.0 

34.0 approx 

tt All types. 

annual growth rates in world sulphur consumption were 8 per cent 
from 1953 to 1955, 2 per cent from 1956 to 1961 and 7 per cent from 
1962 to 1967. 

In 1956 and 1957, consumption of sulphur actually declined, and 
it is believed by some authorities that the future rates of con- 
sumption will rise as the fertilizer and other industries progressively 
expand. The weighted average annual growth rate, based on the 
figures from 1953 to 1967, is 5.5 per cent. 

Past and present movements in the annual consumption of sul- 
phur have been due to the great expansion in the fertilizer industry, 
especially in the manufacture of phosphate fertilizer. It has been 
estimated that global fertilizer needs will climb from about 30 mil- 
lion tons of primary nutrients in 1964 to at least 90 million tons in 
1980; this corresponds to an annual growth rate of slightly more 
than 7 per cent. Most of the other sulphur-consuming industries in 
the world are expected to expand, on an average, by about C per cent 
annually. 

Fertilizer producers in a number of industrial countries were 
responsible for using some 40 per cent of all forms of sulphur pro- 
duced until the present wave of expansion, which is now believed to 
have raised the figure to approximately 50 per cent. In some de- 
veloping countries fertilizer needs may initially account for 75 to 85 
per cent of sulphur requirements; but as other industries are 
established, this percentage can be expected to fall gradually until 
it approximates to that of the industrialized countries (about 50 per 
cent). 
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TNit-fore. mnual growth rates of world sulphur consumption 
should be about the wnv- in the immediate futute a* thoae for the 
fértil./» r industry (shghtlv more than 7 per cent) and for general 
mdu.stn.il expansion Homf 5 per crnt) This pv« an average figure 
of 6 per tent per jmnum, compared with the weighted average of 
"i 5 per cent for pi ecrding year* 

Total sulphur consumption may be subdivided into consumption 
of elemental sulphur and sulphur derived from pyrites and other 
sources in approximately equal proportion* With regard to the ex- 
pansion of the fertiliser industry, especially in the developing areas, 
elemental sulphur is a n^ch easier material to process than pyrites 
or sulphur from other sources, hence the rate of growth of consump- 
tion of elemental sulphur can he expected to be greater than that 
of sulphur from other toui-es, provided supplies are not restricted 
Some economista believe a 7 per cent average annual growth is likely 
during the next fifteen years 

Figure I below shows the projected world sulphur consumption 
to 19R0 based on an average annual increase of § per cent Estimated 
elemental sulphur requirements increasing at a 7 per cent annual 
average are also indicated, as well as pyrites-sulphur consumption 
These projections assume no restriction on the availability of any 
form of sulphur The total tonnages from 1W4 to 1W» amount to 
about 800 million tons for sulphur m all forms, and 410 million tons 
for elemental sulphur 

However, current estimated mam reserves of elemental sulphur 
(excluding sour gas source«) have been estimated to be approxi- 
mate! v. 

Sftftwm t>m* 

Mexico 11* 
Poland *•• 
USA •• 
USSR n 

Italy _ *• 
Total   #W 

Principal sulphur producen are usually reluctant to disclose 
i heir deposits It is hoped that considerably greater sulphur deposita 
will be found in the next decade, otherwise supplies will be ex- 
hausted b about 1980 Because of this fear the Mexican Government 
m 1W».> restricted sulphur exports to quantities proportional to 
¡ewlv found deposits 

Should supplies  become greatly  restricted, alternative sources 
teg. p\ rites, calcium iuiphate and other sulpour-containmg miner - 

i would   no doubt, be expanded or developed   Sulphur recover* als 
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Ftgur*   1    Projected   %nctf»e   t*   w&rlé   iulphur   c<m»umi>tnt* * 
fl) all   form». fit «wUtr«, íJí pvntri 

/ 

*•* «•• >»»• 'M* 

of projection   (1) P*»t and pr*s*nt patterns of 
, tl) Unrestricted »v»il»bility of supplie« 

from natural gas. mi and solid io**il fuel* could be undertaken to a 
greater entent than at present. A potential new source art» the Atha- 
basca tar »ands in Canada, believed to contain at least 1,000 million 
toru of sulphur, which would become a co-product with the various 
petroleum product* now planned It is understood, however, that 
large-^cale production will not begin for several years 

Similarly, lack of sulphur supplies at reasonable prices would 
stimulai»1 the development and use of alternative industrial proce- 
sa« requiring little or no sulphur Typical examples already in con - 
mereiai operation include the hydrochloric process for titaniui» 
dioxide, the use of hydrochloric acid for metal pickling and various 
nitrophoaphate fertiliser procesases 
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AI might be expected, the current emees« of elemental tulphur 
consumption over product on ha A led, m the absence of long-term 
contracts to large price mercase*, from about 120 per long ton fob 
«»me viari ago to about 140 in 196» Price* have been mounting 
ste«. lily, and this would justify operating many hitherto unprofi- 
table or marginal mines and using various alternative source» of 
sulphur 

This hnef review of th» patterns of sulphur vuppK and demand 
emphasizes the concern of the United Nations to anticipate and 
»»vereome possible handicaps to the fertilizer and other sulphur- 
cor turning industries,  especially  ir   developing  countries that »re 
s-ie.' f of sulphur. 



Patterns ol world fertilizer 
supply and demand 

A review of the patterns of world fertilizer iupply and demand 
In term» of principal producía and those that consume sulphur dur- 
ing their manufacture permits the potential sulphur shortage as 

Table  7.    Fertilizer production  m  Î9ê6/Î9$7 
fMUIkm tens cf primary pUnt nutrients) 

Country  m irM n *V>, KtO Total 

Western   Europe IM 49© 4.64 1642 
Eastern   Europe 181 1.4« 2.00 5.34 
USSR ,        310 1.71 2.65 7.46 
Canada and  United States           5.97 5 14 4.61 15.92 
Latin America .    . 0.5Ô 0.22 0.02 0.79 
Japan  190 094 2 46 
India ©31 0.11 — 0.47 
China (mainland) 0 80 034 n. a.' (approx .) 1.50 
North   Korea   . 0.10 n. a. n. a. (approx.) o ¿0 
Rest of Asia* 0 38 0.10 030 0.78 
Africa 024 054 — J.78 
Australasia .004 1.26 -- 1.30 

Total 22 05 1651 1442 53.4*2 

Source   Food and Agriculture Organization of the 
duct <m Yettrb<x>k and trad« magazines 

* flot available 
Excluding Worth Viet-Nam 

United Nations, Pro- 

ti 
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it affects the fertilizer industry to be ^een in perspective. Tables 7 
and  8  show  approximate  production   and  consumption   figures  i 
terms of primary plant nutrients for I°ó6 67. 

n 

Table 8.    Approximate fertilizer consumption  in  1966/1967 
(Million tons of primary plant nutrients) 

Country or area                                        N PtO$ KtO Total 

Weitern  Europe 4.95 4.46 3.94 13.35 
Eastern Europe 2.09 1.52 1.87 548 
USSR                               2.86 1.66 1.90 822 
Canada and United States.   .    .   5.74 4.30 3.45 13 49 
Latin America 0.92 0.54 0.35 181 
JaPan         0.85 0.63 0.64 21*> 
India 0.83 0.27 0.13 123 
China (mainland) 1.75 n. a.* n. a. (approx.) 2.75 
North  Korea 0.20 n. a. n. a. (approx.) 0.40 
Rest of Asiab 1.12 0.44 0.29 185 
Afnca        0.57 0.40 0.20 1.17 
Australasia         o.iO 1.29 0.18 I.57 

                          Total 21.78 15.51 12.97 51.64 

w.,* SouJ5t: w
FiK^ and Agriculture Organization of the United Nations, Pro- 

duction Yearbook and trad« magazines. 
* Not available. 
b Excluding North Viet-Nam. 

Figure 2 below indicates tñe relative percentages of the princi- 
pal types of fertilizers used, together with past and projected trends. 
Of particular significance are the falling percentages for ammonium 
sulphate and single superphosphate, compared with the rising per- 
centages for urea, liquid nitrogen solutions, ammonium phosphates 
and nitrophosphates. 

However, these trends in percentages of fertilizer use do not 
necessarily indicate corresponding changes in actual tonnage pro- 
duced, since they are also part 01 th^ total fertilizer production 
figure For example, world production of ammonium sulphate has 
remained at a fairlv constant level of about 3 million tons annually, 
wherea* uorld nitrogen production has been increasing at a rate of 
near i v 1» per tent per year, and much of this 'ncrea^e i.> due to the 
gr.mn «4 popularity of the neu* r fertiUvrs >uch as urea, ammonium 
ph«»prut.-s. arid hqmd nitrosi n solutions 

»   bir 9 be'.»w   shous the relative amounts of sulphur required 
?,> •î«  rr.j • r* »f each of th*» principal fertilisers. 
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Figure 2. Component percentages of principal types of world nitrogen and 
phosphate fertilizers 

\ 

.XT" 

MMo>.      M   PMC     -ITE'» 

AWMONí^M    '_,  .-^PH*T(r 

iv 
I*»» mi 

IWGl »• 

• V*K^».       V    >   "Q$i 

»'   '   '.* ••' 

1?» '**9 1»6I 

ffCfO fertilizer types are 96% potassium chloride (KCl); the balance is 
composed of nitrate, sulphate and mixed salts.) 

Table  9. Relative  sulphur  requirements  in  fertilizer manufacture 

Type 

Ammonium chloride 
Ammonium nitratt  . 
Ammonium sulphate 
Calcium nitrate 
Potassium  nitrate 
Sodium  nitrate 
Urea   (solid)   , 
Nitrogen solutions 

A. Nitrogen fertilizers 

Formula 

NH4C1 
NH,NO, 
(NHt)tS04 

CaiNO,), 
KNO, 
NaNO, 
CCNNH»), 
Various 

Theoreacal content of S 
in lb per lb of fi^al pro- 
duct 

0 
0 
024» 
0 
0 
0 
0 
Usually nil 
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B. Phosphate fertilizers 

Product Formula Approx. content of S in 
lb per lb of final product 

Ground phosphate rock 3Ca,(PO,)j CaF., 0 
Defiuonnated 

phosphate rock Ca10(PO4)8 0 
Thermal   phosphates   . CaÜ„P,,0-m CaF. 0 
Sulphuric   acid   .    .    . H.S04 0.33 (100% H2S04) 
Single superphosphate 3CA(H,P04) 7CaS04 + 

impurities 0.13 (18% PX>5) 
Phosphoric acid 

(furnace)   H,POt o     (ioor; p2o5) 
Phosphoric acid 

(wet-process)    .    .    . H,PO,  -f- impurities 0.93 (100%   P205) 
Triple superphosphate Ca(H,P04)s   , 

impurities 0.31 (47% P203) 
Monoammonium 

phosphate   .... (NH4)H2PO, 0.45 (48 %  P203) 
(in practice) 

Diammonium 
phosphate    .... (NH,)sHP04 0.43 (46% Ps05) 

Nitrophosphates .   .   . CaHP04 a. NH4NO, b. 
CaS04c 0 to 0.2 (10 to 22% 

PA) 
Basic slag  4CaO Pf05 0 

Ptoúuí t 

Potassium chloride 
Potassium nitrate 
Potassium sulphate 
Potassium   .    .    . 

metaphosphate 

C. Potassium fertilizers 

Formula 

KCl 
KNO, 
K,S04  (synthetic) 

(KPO,)n (synthetic) 

Approx. content of S in 
lb per lb of final product 

0 
0 
019 

0.56 

* If mad* by direct neutralization of sulphuric acid by ammonia. 

The principal sulphur-consuming fertilizers, therefore, are: am- 
monium sulphate, single superphosphate, wet-process phosphoric 
acid, triple superphosphate, ammonium phosphates, and potassium 
sulphate (synthetic). Nitrogen fertilizers, with the exception of am- 
monium sulphate, are not considered further, as they do not con- 
sume sulphur in manufacture The principal potassium fertilizer is 
IHjfas ium chloride (KCl), and potassium sulphate is available in 
mineral form as an alternative to the synthetically produced salt. 
Potassium metaphosphate is an interesting high-analysis binary 
fértil /t r  but  is onlv available in  limited quantities, owing to the 
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KCl disposal problem and its high cost. Mixtures of potash and triple 
superphosphates are normally used to supply the requisite P205 

and K20. 

Thus, the principal ways in which savings in sulphur can be made 
are: 

(a) Substitution  of other  nitrogen  salts   for  ammonium  sul- 
phate; 

(b) Substitution of "non-chemical" phosphates for chemically 
produced materials; 

(c) Use of furnace-type phosphoric acid in place of wet-process 
acid, when costs permit; 

(d) Greater use of nitrophosphate processes; 
(e) Improved conversion efficiencies, especially in phosphate 

fertilizer production; 
(f) Recovery of sulphur lost as waste gypsum from wet-process 

phosphoric acid plants; 
(g) Use of mineral potassium sulphate instead of the synthetic 

salt; 
(h)   Use   of   pyrites,   calcium   sulphate   and   other   minerals 

containing sulphur, when circumstances permit. 



3. 
Sulphur-consuming fertilizer 
processes 

Reasons for using sulphur In fsftBUi manufacture» 

The prir.cipal reasons for using sulphur in the fertilizer industry 
are (a) to make a solid nitrogen product in the form of ammonium 
sulphate; (b) to make soluble the phosphate present in phosphate 
rock and (c) to produce a chloride-free potassium salt, such as potas- 
sium sulphate. An important secondary benefit can be the provision 
of a sulphur-containing radical in the fertilizer produced. Sulphur is 
an essential element in plant life, and during the last decade the use 
of high-analysis fertilizers containing little or no sulphur has created 
problems of sulphur deficiency. 

Sulphur, however, is not normally used in its elemental form for 
fertilizer, cs it is a relatively inert material, although some is med 
in a f'nelv divided or colloidal state as a pesticide. Instead, it is first 
converted into sulphuric acid, which is then used to react with the 
corresponding nitrogen, phosphate or potassium-containing mate- 
rial. A brief description of sulphuric acid production follows. 

Sulphuric seid production 

Large quantities of sulphuric acid are made throughout the 
world, from both elemental sulphur and other sources. Table  10 

10 



SULPHl RCONSt MISO FtKlCESSls l» 

below gives the  figures for world  product »mi  of sulphur««   at id  u 

1966 and 1%7 

Table 10    WoH-i prDdfcfN.n of fulp^wt^ an Í   I'M4    I*§T* 

Western   Europe 
North America 
Latin Amen« 
Japan and rest of Ama 
Africa 
Australasia 

MM 
27 26 

! 12 
75* 
2 11 
2 44 

1*17 

21 2* 
27 15 
ito 
103 
2» 
24€ 

• Data for K»*tera Eure** *nà «*» l'SSÄ are nt* avail- 
able 

Table U below gives the production figures for sulphuric acid 
by country; it »hows that the production rate is growing by about t 

per cent annually 

Tmblt II     Product*©« of tttlpAunc acid by ro*«trf 
(iratton i©«* ©f ut* fMív 

Country 

Australia 
Belgium 
Canada 
Federal Republic of Germany 
France 
Italy 
Japan 
Spam 
United Kingdom 
United State« 

tns 

1*4 
149 
IN 
375 
2.t2 

'J§4 

li2 

22.54 

Total 47« 

fff«    Growth rmt* 

IK) 
!3I 
2.31 
3t3 
307 
337 
• 03 
171 
3 17 

25M 

S2a 

i 

110 
20 
5§ 

13 0 
• 5 
55 

-Si 
140 

World aulphunc acid production m terms of the main sourc« 

of raw materials is shown m table 12 below 

Early proeesaes for making aulphurtc cid were baaed on the 
roasting of sulphur to produce sulphur dioxide (SO,), which was then 
catatyticaliy converted to sulphur tnoxide <SO,) by nitrogen oxide 
gase» The sulphur tnoxide was absorbed in water and sulphuric acid 
to yield additional sulphuric acid, and the nitrogen oxides were re- 
turned to the process   A brown    oil of vitriol    containing some TO 
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Table 12.    World sulphuric acid production in 1967  by 
raw-material  source a 

Source Million tons 
of 100r'<  H.SOi 

Brimstone 34 
Pyrites       17 
Other  forms J2 

63 

* Excluding Eastern Europe, the USSR and China 
(mainland). 

Most countries convert 80 to 85 per cent of their ele- 
mental sulphur consumption to sulphuric acid. Virtually all 
sulphur in pyrites and other non-elemental forms is also 
converted to acid. 

per cent of H»S04 was produced (Shreve, 1956, p. 367). The use of 
large lead chambers in this method gave it the name of the lead- 
chamber process. It has largely been replaced by the contact process 

In the sulphur-type contact process (Shreve, 1956, p. 367), ele- 
mental sulphur is melted and injected into a specially designed com- 
bustion chamber, where it is burned with dried air to sulphur 
dioxide. The sulphur dioxide is converted to sulphur trioxide by 
passing it over beds of solid catalyst, such as vanadium pentoxide 
and/or other materials. The sulphur trioxide is absorbed in strong 
sulphuric acid to produce highly concentrated sulphuric acid (up to 
lOO'í HtS04 or even greater) in the form of a heavy, colourless 
liquid. The principal reactions are: 

S + O,-* SOt -f- 70,900 cai per gram-mole 
SOf 4- '¿Ot ~* SOs + 23,000 cai per gram-mole 
SO:l i- H»0 — H,S04. 

The exothermic heat produced in this process is recovered in 
waste-heat boilers and is normally used to provide most or all of the 
power needs of the plant, as well as surplus low-pressure steam for 
other process purposes. Figure 3 below shows a simplified flow dia- 
gram of a typical sulphuric acid plant using the contact process. 

Present-day sulphuric acid processes are highly efficient with 
respect to total sulphur conversion and power consumption. Some 
plant suppliers claim sulphur conversion efficiencies to be in the 
range of 98 to 98.5 per cent, expressed on the basis of the acid pro- 
duced. The opportunity to reduce substantially the amount of sul- 
phur needed for sulphuric acid production is thus limited to in- 
efficiently operated or obsolete units. 
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Figure 3. Contact-type sulphuric acid plant 

~1 

.»••/. H2S04 

(1) sulphur burner, (2) waste heat boiler, (3) No. 1 converter, (4) No. 1 
cooler, (5) No. 2 converter, (6) No. 2 cooler, (7) oleum tower, (8) 98% acid 
tower, (9) and (10) acid coolers, (11) oleum tank, (12) 98% acid tank, 

(13) drying tower. 

Nitrogen fertilizers (ammonium sulphate) 

Ammonium sulphate was the earliest major synthetic chemical 
fertilizer, and large quantities of it are still produced throughout 
the world by various processes, the choice of which depends on tech- 
nical and economic considerations (Pratt and Noyes, 1965). 

Ammonium sulphate was first made on a large scale as a by- 
product from the manufacture of town gas and coke-oven gas. Many 
bituminous coals used for such purposes contain about 1 to 2 per cent 
of nitrogen, and some 15 per cent of this can be recovered in the form 
of 5 to 6 pounds of ammonia per ton of coal used. Several methods 
can be used for separating the ammonia from the gas and other ma- 
terials evolved, ranging from direct washing with sulphuric acid to 
indirect methods involving the use of lime and steam distillation to 
purify the ammonia prior to neutralization. The ammonium sulphate 
crystals subsequently produced are separated, washed and dried, 
prior to bagging and shipping. Figure 4 below shows a typical flow 
diagram for the semi-direct process. 

After the First World War, the increasing availability of synthe- 
tic ammonia led to the development of direct neutralization pro- 
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cesses Theie also used vacuum evaporation and crysUlh/ation to 
reduce operating cosU and to yield a uniform, superior produce Fi- 
gure 5 b^low shows a simple flow diagram of this procesa 

Figure 4  Stmi-dtrect proem for ammonium iulpha** production 

V'-Jl^ 

(I) gai cooler, (2) tar precipitator, (3) gai reheater, (4) mturatorcryHaUtzer, 
(5) centrifuge, (ê) rotary drier, (7} tar ieparmtor, flj «mwwmi« ttill. 

Figure 5   Ammontum mlphate pacuum-cryitalluer unit 

i  

(1) taturator-cruttallizer, (2) rectrculaVon pump, (3) rimrry pmmp, (4) va 
cuum unit, (5) teparator, {$) centrijuge, H) liqmm t**k, (if ¿run. 
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The basic reâition i* 

2NH, (g»   •   HtSO,íl)   - fNH.iSO,   -  67.7KK.il per gram-moic 

One ton of drv tn monium sulphate made by these method* 
requires about 0 74 ton of 100 per cent sulphuric acid and 0 25 ton of 
corresponding elemental sulphur (Ammonium sulphate can al«o be 
produced by methods not involving the initial use of sulphur âr\é 
sulphuric acid ) 

Although potassium chlonde (KO), or potash, %* by far th« do- 
minant potassium fertiliser, warn* crop«, such aa tobáceo, are ex- 
tremely sensitive to chloride», and potassium nitrate or potassium 
sulphate is used instead Potaci urn sulphate can be produced from 
minerali auch a* burkeite. polvhatite and arcamte It can also be 
made bv the reaction of potamium chloride with sulphuric acid 
(Sauchelli. IP4 p 292) to Yield potassium sulphate and hvdrt»ch!oric 
acid gas according to the over-all reaction 

2KCI      H30,   . K.ÄO, *  ?HC1 

Theoretic all v, one ton of drv pol*,**ium sulphate would require 
0 57 ton of ÜM) per crnt «ulphuru ** «d. corresponding to 0 If ton of 
elemental .-.ulphur 

Combination* of ammonium sulphate, ammofuum nitrate una 
potaaaium sulphate, perhaps m <onjun«tton %*>th oth«*r »alt-*, are al.<*o 
produced either aa mixtures or a« doubl*- »alt« Their »ulphur require- 
ment*, if baaed or» the uae of tulphurn a* d. tan be determined 
stoich tometncally 

By far the greatest consumara of sulphur (a» sulphuric acid) I« 
the fertilner industry are the phosphate manufacturers. Phosphata 
rock is virtually insoluble m most sods, unies« the rock is finely 
ground and a favourable »oil acidity exists Therefore, a mineral acid 
is used to make the rock soluble prior to conversion to a f erti hier 
For reasons of availability, suitability aid economy, sulphuric acid 
has been the universal choice until comparatively recently, when an 
earlier shortage of sulphur in Europe led to the commercial develop- 
mant of alternative method* using limited quantities of sulphuric 
%cid or even none at all 
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Single sttptrphosphate» 

About 1840, the German chemist Justus von Liebig recommen- 
ded treating bones and other phophontic subitanee» with acid to 
improve supplì« of phosphate* In England in 1842, John Lawes ob- 
tained a patent wherebv phc^phatic minerals, such as local copro- 
lit« were mixed with sulphuric acid to make chemical manures 
This was the beginning of the world-wide superphosphate industry, 
*hich bv 1862 was proJ .in« 200,000 tons annually and today pro- 
duces about :I0 million tens a war 

Fariv manufacturing methods were based on mixing phoaphate 
mini rah with sulphuric acid by hand and allowing the aluiry to set 
in a chamber or den After a suitable curing period, the solid mass 
was dug out bv hand Modern processes employ the same principle, 
except that semi-continuous or continuous methods of aciduUUon 
and iuechamcal methods of handling are used in the interests of 
economy and product uniformity (US Department of Agriculture 
\m* Sauchelh. 19Ô3) The continuous den « a popular method and 
is normally used for outputs of between 10 and 50 tona per hour 
Figure § below shews a airaplifled flow diagram 

ftffuff •   Ce*W*t*e**-«i#w «*?*« •mptrplMwpfcat* plawf 

-)«.   • « '•«'»    '   ",*», 

t 3 I 
3—. 

f * » * « I 

^—-k 

I 
•3Ï. 

*NC   '.-   »»l«Hj 

(I) aekf étíuter, (2) mod cooler, (3) eetdtilator, (4) mixer, (5) contínuoui den, 
m cutter, (7) ito ragt conveyor, fi) curing and Horace pile. 

Besides calcium phosphate, phosphate rocks frequently contain 
calcium carbonate, calcium fluoride, iron and aluminium compounds, 
and clays and organic materials. These impurities must be reduced 
to suitable limits before the manufacture of fertilizer can begin in 
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order to ensure products of acceptable qualitv and to minimize 
sulphuric acid consumption and other processing requirements 
Hence, phosphate rocks are often washed and up-graded by flotation 
or other means before use (Sauchelh, 1964) Significant amounts of 
calcium carbonate and or organic material in the rock should be 
removed  by   chemical   treatment   or  roasting   to   make   processing 

easier 
The reactions between sulphuric acid and phosphate rock are 

complex, but under the usual operating conditions employed in 
single superphosphate manu factum, they can be empirically sum- 
marized as: 

CaM(PO.).F,  t 7H.SO, - 3Ca(H,PO,), -f 7CaSO, t  211F. 

The HF evolved reacts with the silica present in most rocks as 

follows ' 
6HF + SiO, -* H,SiF, + 2H-.0. 

Iron and similar impurities, such as aluminium, in the rock react 
in the following general way: 

Fe,0» + 2H,P04 — 2FeP04 + 3HjO. 

These phosphates are largely insoluble in water; this shows the 
importance of using very pure rock in order to maintain high phos- 
phate returns on a water-soluble basis. 

Calcium carbonate in the rock reacts wastefully with sulphuric- 
acid and generates carbon dioxiJe, which may also cause processing 

trouble, i.e. 
CaCO, + H,SO» + HtO — CaSO«   2HtO + CO, 

Thus, the use of high-grade phosphate rock with a low impurity 
content and high reactivity is necessary when producing high- 
quality, single superphosphates. Choice of the proper acid-to-rock 
ratio is also important. Insufficient acid will leave part of the P,0, in 
the rodi in a form insoluble in water, while excess acid is wasteful 
and will also weaken fibre or paper bags after packing, unless 
"sweetened" by a suitable alkali-containing material 

Typical requirements of raw materials in pounds per ton of 
single superphosphate produced are 

Rock  UW 
Sulphuric acid (100%)  700 
Dilution water       3?° 

Total 2,190 

Water vapour and gases containing fluorine are evolved during 
and after manufacture. The cured product usually contains 6 to 10 
per cent moisture. 
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Single superphosphates are essentially mixtures of monocalcium 
phosphate, gypsum and various impurities, plus monture As a re- 
sult, chemical analyses differ according to the rocks used and the 
process employed. Water-soluble PfO. is usually between 16 and 
20 per cent; a typical analysis for a cured product might be: 

weight per cent 
Total P,05        200 

Citrate-insoluble PjOs  10 
Available P,Os  !9 0 

Water-soluble P,Os  17 5 
CaG  29 0 
Sulphates as SO,  2I.O 
Fluorine  20 
Free moisture  2 0 
Fr*e acid  10 

Concentrated superphosphates 

The presence of gypsum in single superphosphate results in a 
low-analysis phosphate fertilizer By making a product free from 
gypsum it 1* possible to mise the P.O, content from about 20 per 
cnt 1, nearly M per cent. This is done by making phosphonc acid 
und t^n reacting this with phoanliatc rock to produce concentrated 
*H tuple superphosphate (TSP) 

PhoMphoric acid 

Bcm-ficiattd. gr >und phosphate rot* normally containing 31 to 
•M rer cent PtO, is reacted with a mixture of concentrated sul- 
phuric acid ¿usually to to M per cent H»SOé) and recycled phos- 
phoric and to form additional phosphoric acid and gypsum, as shown 
empirically in the following equation- 

Ca^PO«), + 4H»PO, - ac^H^po.), 
.iCaH.iPO.K ¥ 3H.SO, 4 «H.O - ICaSO«   2H.O + 6H.PO- 

Impurities m the rock consume sulphuric acid wastefuily in accor- 
dance with the reactions shown earlier in connexion with single 
superphosphates m 

The i,vpaum is removed , v titration, and the phosphoric acid is 
evaporated to a maximum concentration of 54 per cert PtO», accord- 
ing to requirement» The gvpsum. corresponding to mo»t of the 
sulphuric acid used in the process, u usually dwearded in a neaiby 
waste pile or flushed to a local river or »ea Figure 7 below shows a 
basic How diagram of a wet-proceas phosphoric and plant 
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fi) rcoction section, (2) digestion section, (3) continuous filter, (4) 32% PjOt 
acid tank, (5) recycle acid tank, (6) wash acid tank, (7) evaporator, (8) pro- 

duct acid tank. 

Concentrated phosphates 

Concentrated superphosphates are produced in a manner similar 
to single superphosphates, but concentrated phosphoric acid is used 
in place of sulphuric acid: 

2Ca5(P04),F 4- 12H,P04  h 9HtO-* 9Ca(H,P04),  H40 + CaF2 

2CaF, + 4H,P04 + SiO,-* SiF4 + 2CaH4(P04),H,0 

Impurities such as calcium carbonate, fluorides, iron and aluminium 
compounds in the secondary rock also consume phosphoric acid, and 
in turn lead to a waste of sulphuric acid. Therefore, use of a finely- 
ground, high-quality phosphate rock is of the utmost importance. 

Various processes for manufacturing concentrated super- 
phosphate exist. (Sauchelli, 1964, Ch. 8; Van Wazer, 1961, Vol. 2, p. 
1,084). In one case the rock and acid are combined in a continuous 
mechanical mixer and allowed to cure partially on a slatted belt in 
a den before being disintegrated and convey ed to a storage pile for a 
further curing period of several weeks. In other cases a non-mechani- 
cal mixer and curing/conveyor rubber belt are used. Material 
retrieved from the storage pile can be used in run-of-pile form, or it 
can be screened and or granulated to a specific size. In another pro- 
cess, phosphate rock is slurried with phosphoric acid of about 45 per 
cent PtOi concentration, combined with the solid recycled granu- 
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lar produit dried »né nreencd to give a fullv cured, granular con- 
centrateci 1rs pie iup**rph<>*phatr 

A concentr,i?H ìU per phosphate of the triple type ma\   hav*» the 
following anal > »M 

w*lg^ f p*f . '-nt 

Tota! P,0, 4* 
Citrate-insoluble Pfi), 2 
Available PtO, .                          44 
Watrr-aolubir PgO» 44 
Ca<* i\ 
Sulphate« 2 
Fluorine .    .    .    .                                 2 
Free molature 3 
Trv* acid 4 

In %<>me ra*es concentrated sup* rphosphates are produced with 
PîO» concentrations in the range of 35 to 4* per cent by using 
mixed sulphuric and phosphoric acids The addition of ammonia to 
«ingle and concentrated superphosphates will yield products con- 
taining low percentages of nitrogen Mixtur« with nitrogen salts 
and or potash salts will permit a wide range of N-P and N-P-K or 
P-K fertilisers to be ?nade 

Ammonium phmphmtt» 

Ammonium phosphates, one of the fastest growing group« of 
fertilizers, are made bv reacting ammonia with phosphoric acid 
Usually, wet-process and is employed, although electric-furnace 
phosphoric acid is sometimes used instead of sulphuric acid to re- 
cover ammonia from coke-oven gas, thereby producing ammonium 
phosphate instead of ammonium sulphate According to the ratio of 
ammonia phosphoric acid selected, either the mono#mmonium or 
the diammonium salt can be produced, or variouj combinations of 
these, such as 

NH, + H,PO# - (NH4)K,PO# 

2PÎH» + H»PO«-* (NH.), HPO# 

Ammonium   phosphates   derived   from   electric-furnace   acid    are 
usually crystallized  from  the reaction  liquor, dried and   bagged 
When made with wet-protess phosphoric acid, the reaction slurry 
is normally produced   n granular form in a conventional recycling 
system as shown in 'igure S below 

Using ammonium phosphate slurrv as a base, a v/ide range of 
water-soluble, granulated binary and ternary N-P and N-P-K fertili- 
zers can be made by adding nitrogen salts, such as ammonium nitrate 
or urea, and potash to the circuit The system shown in figure • can 
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Figure I. Dtammonium phosphate plant of the type used by the US Ten- 
nessee Valley Authority (TVA). 

s. 
MW:, S      » 

(I) prt-*e*trsl«€r, fi) reaction lerubbtr, (1) TVA gfnulmtor, (4) furnmce. 
(%) rofry érttr, ($) »erem», {7) etueher, (I) du»t »crubber. 

also be med to produce granulated triple superphosphate by adding 
ground phosphate rock instead of ammonia 

Polyphosphate fertilizer* 

In recent yean a more highly concentrated form of phosphoric 
acid containing M to 76 per cent PtO, has become available com- 
mercially Known as superphosphortc acid, this product can be made 
either by electric-furnace or wet-process methods (Peterson et oí., 
1M3) and is used to make high-analysts liquid and solid fertilizers, 
principally by ammoni a ting the super-acid. 

The derivatives, known as polyphosphates, possisi several 
desirable properties in addition to high analysis (Pratt and Noyes, 
IMS, p 74) Limited commercial quantities are made from furnace 
add, which, unlike the products of wet-process engin, avoids the 
of sulphur 



4. 
Sulphur-saving fertilizer 
processes 

Under normal conditions, any fertilizer procesa designed to reduce or 
eliminate the u*e of sulphur must alao meet the following require- 
ments: 

(a) The product must be agronomicaliy successful, commer- 
cially acceptable and sell at a competitive pnce with 
established materials of equivalent nutrient value 

(b) The raw materials plant, utilities and other manufacturing 
needs must be readily available at the site 

However, a sulphur shortage and or extremely high suiphyr 
prices could turn a normally uncompetitive process or product into 
a competitive one A sulphur famine would modify all prerequisites, 
with the exception of agronomic suitability, and even m this regard, 
some compromise might have to be accepted. 

With these considerations in mind, the various processes and 
produci« either commercially available or partly developed can be 
studied m possible alternatives offering economìe« in the use of 
sulphur 

The  principal   nitrogen   f erti hier   containing   sulphur   is 
mon i urn  sulphate,   for   which  several  methods   of   production   «re 
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available (Pratt and Nove* 19#5 p 74 rmt#*d Nitons lrdustrt.il 
Development Organization. ISNÎ7) Where plentiful supplie-* <»f :««**- 
coat sulphuric acid emit, direct neutralization processes incorpora- 
ting simultaneous evaporation and cr\stailization art normallv u*#^i 
as thev are able to make crvstaU of »'itrllr-it q-iabu for mir <,m <m 
operating cost* 

In tome countries lacking source* of sulphur, inch a.« Austria 
Great Britain and India, large tonnage« of ammonium sulphate are 
made from native gypsum (CaSO, 2HtO) 01 anhvdnte K'aSOj 
In some case« by-product gypsum from wet-process phosphoric at id 
plants li used Methods based on the us« of waste ga«et containing 
sulphur are also available or have been proposed (Pratt and Nove«*, 
I9ê5, p 74) These processes will now be brieflv described 

Ammonium sulphate from cmlcinm %niphmtt 

This method, sometime* called the Merseburg process, is based 
on the reaction between ammonium carbonate and calcium sulphate, 
which yields ammonium sulphate and calcium carbonate Ammonium 
carbonate is first made from ammonta and carbon dioxide 

NH, t  H/) — NH4OH — 8,320 cal per gram-mole, 
2NH.OH 4 CO,— (NH«)fCCH 4- H,0      22.080 cai per gram-mol«. 

Ammonium sulphate is then produced according to the- following 
reaction 

CaSO»  2H.O  • (NÜ^CO, — CaCO, 4 (NHt),SOt v ÌW - 3.900 cal 
per gram-mole 

The ammonium carbonate solution is made bv absorbing an- 
hydrous ammonia in water and carbonating either at atmospheric 
pressure or higher to produce a liquor contamini* about 170 gram* 
of NH» and 225 grams of CO« per litre In some plants jet mixers 
are used as an alternative to large absorbing and carbonatmg towers 
Heat from the reaction is removed bv inter-t-oolcis and used to 
vaporile the ammonia feed 

The natural gypsum or anhvdnte raw material is normally 
ground to a fineness of about 90 per cent through 100 mesh and 
reacted for some 4 to 6 hours m wooden or mild steel tanks The 
calcium carbonate is removed by filtration, ^nd the sulphate liquor 
containing about 500 to 520 grams (NH«itSO, per litre is con- 
centrated in multiple-effect evaporator crystalhzers The am- 
monium sulpha te crystals produced are centri fuged and dried at 
120 to 130 C and are comparable in qualitv to sulphate produced 
bv direct neu trai nation, provided, of course, the process is properly 
operated  Figure 9 below shows a basic flow diagram of the method 
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figure 9. Gypsum  process for ammonium sulphate production 
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(I) Wfw**n waiH tank, (2) gypsum filter, (3) reaction tank(s), (4) carbonate 
filter, (5) clarifier, (ê) vacuum evaporatore, (7) crystal separator, (S) cen- 

trifuge, (9) rotary drier, (J1) ammonium carbonate unit. 

To furnish the required ammonia and carbon dioxide, an am- 
monia plant must either be built or should be located nearby. An 
alternative might be to transport refrigerated ammonia to the site 
and to generate the carbon dioxide by burning the by-product cal- 
cium carbonate in a shaft furnace or rotary kiln. The calcium car- 
bonate and any quicklime made from it should find a market as an 
agricultural dressing and as a raw material for the manufacture of 
cement 

An important item of cost is the delivered price of the calcium 
sulphate, and for this reason, anhydrite (CaS04) is preferable to 
gypaum (CaSO« 2HfO). A little more than one ton of anhydrite is 
required to m*ke one ton of ammonium sulphate, but anhydrite con- 
tains only about 25 per cent of sulphur. Thus, by weight about four 
times as much anhydrite as sulphur is needed. 

Both gypsum and anhydrite arc low-price materials (about $2 
to 14 per ton ex-mine in some parts of the world); however, trans- 
port can increase ex-mine pnces considerably. If possible, therefore, 
the plant should be built, as in England, near a large source of cal- 
cium sulphate to be competitive with processes based on the use of 
sulphuric acid made from pyrites or sulphur. One large ammonium 
sulphate plant in India uses gypsum transported by rail from mines 
nearly  1,000 miles away,  nevertheless, the savings in foreign ex- 
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change are said to justify the relatively high delivered cost of the 
raw material. 

It is difficult to make cost comparisons between  ammonium 
sulphates produced from sulphur and from calcium sulphate without 

Figure 10. Relative production costs for the manufacture of ammonium 
sulpiiate using various sulphur sources 

Basi*: 300 metric tons per day; $40 per ton of NHV Capital costs for 
A - $2.0 million, for B — $3.5 million. 

knowing the details of each specific case and the delivered costs of 
raw materials. Accordingly, in figure 10 above comparative costs are 
given in terms of elemental sulphur and gypsum at various costs, 
including delivery, based on an output of 300 tons of ammonium 
sulphate per day. 

Capital costs for the direct neutralization plant and the gypsum- 
based plant are assumed to be $2 and 13.5 million respectively. The 
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higher cost of the latter i-» due to the need for handling larger 
quantities of materials as well as the reed for an ammorüum car- 
bonate unit and a reaction filtration section Labour and other pro- 
duction costs are also corresponding v higher The direct neutraliza- 
tion plant, however, needs a supph of sulphuric at id preferably from 
a captive source, amounting to about 240 ton» per dav, which in 
terms of a battery limits unit would bring the total investment to a 
figure as high as the cost of a gvpsum ammonium sulphate plant 

In figure 10, ammonia has been assumed to be available at a 
delivered cost of $40 per ton and carbon dioxide to be obtainable 
cost-free, both from a captive ammonia unit situated nearby it 
would be possible to use anhydrous ammonia purchased m bulk else- 
where, provided a separate source of carbon dioxide were available 
This could be supplied by calcining the by-product calcium carbonate 
and making up the difference by burning additional limestone, or 
perhaps by using local flue gases In the coat calculations, no credits 
have been allowed for the possible sale of by-product calcium car- 
bonate, or for waste steam from the sulphuric-aci4 neutralization 
units 

Figure 10 demonstratio that anhydrite or gvpsum at a 
reasonably low delivered cost is a competitive source of sulphur foe 
the manufacture of ammonium sulphate when delivered elemental 
sulphur costs are about 140 per ton 

Many established concentrated phosphate fertilizer plants have 
a large accumulation of by-product gypsum at hand Although some- 
times the gypsum may be flushed away to a local river or the sea, 
it is possible to uae it for manufacturing ammonium sulphate, provi- 
ded suitable treatment is undertaken beforehand One leading Indian 
fertilizer company has used by-product gypsum in this way for some 
time and has recently offered to license the technology of the process 
to others (George and Gropinath, 1964) 

Ammonium gulphate from lea» o/f-ptstt 

A more recently developed method for producing ammonium 
sulphate offen possibilities of recovering sulphur from lean stack 
gases containing marginal amounts of sulphur dioxide Known as the 
Pintas Españolas process (Anon I960), it is based on the absorption 
of sulphurous gas by a basic organic solvent, such as xylidine or 
monoethanolamme, m a packed absorption column to form a basic 
sulphite The solvent then passes to oxidation reactors, where it is 
blown with air and tooled 

After complete oxidation, the liquor is sent to a saturato?, 
where it is reacted with ammonia, which frees the organic base arid 
produces a saturated ammonium solution The base is recycled and 
the    ammonium    sulphate    crystallized,    centnfuged     and    dried 
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(1J «^©rl>«^, (Î) primar*  rt«€t©f, fJ)  •»«mi'iry reactor, (4) mturmtùr- 
fTp*tmiliM*f, ß) separane« tank, ff) et*trtf»#*, (7) rotor* ér%tr. 

A* an alternative to producing potassium sulphate from potash 
(KCl) and sulphuric acid by tht Mannheim process, or from potash 
and sulphur by the Hargreaves protest, potassium sulphate can be 
recovered from natural minerali by several methods and thus the 
need for elemental sulphur is eliminated (British Patent No. »2,363) 
Although these processes sre highly specialised, they might possibly 
be made available from source« in the United States and in Europe, 
under licence, to developing countries possessing suitable mineral 
reserves and in need of appreciable quantities of potassium sulphate 
fo* special agronomic purposes. 

Because of the need to render soluble the phosphate component 
in phosphate rock, this group of fertihiers offers the greatest po- 
tential field for effecting saving» in sulphur  As previously shown, 
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sulphuric acid is the principal material used for this purpose; hence, 
anv method which reduces or eliminates the need for sulphuric acid 
should be carefully studied. 

The main comportât of most phosphate rocks is the mineral 
apatite, which can be empirically expressed as 3Ca-,(PO,)j CaF2. The 
extreme insolubility of apatites in water has preserved their 
existence and widespread distribution throughout many geological 
periods, but when they are used as fertilizers, some method of ren- 
dering the phosphate component available to plant life must be used 
It is generally understood that the insolubility is due to the chelat- 
ing effect of the Ca F* molecules in the crystal latice, since remo- 
val of part or all of the Ft imparts varying degrees of solubility in 
water and soils. 

For convenience, the various methods for saving sulphur that 
are available or proposed will be grouped into physical and chemical 
processes according to their character. 

Physical processes 

Grinding 

Although phosphate rocks are regarded as being generally in- 
soluble in water and dilute acids, deposits found in different parts 
of the world do vary in this respect. For example, primary igneous 
rocks that have not been subjected to extreme weathering, such as 
the apatites found in the northern region of the Soviet Union and in 
South Africa, are virtually insoluble in water and soil acids and may 
also exhibit the low reactivity rates of strong acids. Other phosphate 
rocks may have been exposed to lengthy periods of weathering and 
may perhaps have been partly dissolved by sea-water and redeposited 
elsewhere. In such cases, solubility and reactivity might be relatively 
greater than for the true apatites, especially in acid soils. 

By grinding the more soluble rocks to a small size, the amount 
of phosphate available can be greatly increased. Large tonnages of 
ground rocks from North Africa, Christmas Island and Florida have 
been used directly on acid soils in various parts of the world for 
manv years. Although very fine grinding could be expected to in- 
crease proportionately the amount of phosphate available, limits 
are imposed by the cost of grinding ,ând increased difficulty in hand- 
ling and application. Phosphate rock ground to sizes in the 200-mesh 
tange and below fluidizes readily, but it can also cause severe dust 
problems and excessive losses Hence, rock in the lOO-to-200-mesh 
range is often preferred for direct application to soil. 

However, large low-cost granulation processes offer a new po- 
tential for ground phosphate rock, either alone or in conjunction 
with other fertilizer materials, such as ammonium sulphate and 
urea, or ammonium nitrate (British Patent No. 902,363) and potash. 
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In granulated form, a much liner particle can be tolerated with 
correspondingly better availability to plants and negligible problems 
of dust and loss. As an alternative to granulation by rotary methods 
trials have shown that compacting (Allis-Chalmers Co.. Milwaukee, 
USA) also offers possibilities for producing mixtures of finely ground 
phosphate rock and other fertilizer materials in agglomerated form 
The only binder needed when granulating and compacting such mix- 
tures is 1 or 2 per cent of water, (In compacting, even subsequent 
drying is not required.) Properly made granules and compacted 
agglomerates of appropriate size (about 3 to 5 mm in diameter) 
exhibit good storage, handling and application properties vet readily 
disintegrate in the soil 

Granulated and compacted mixtures of this nature, incor- 
porating finely or very finely ground phosphate rock of the more 
soluble and active type, are considered possible alternatives to 
phosphates made soluble by chemical means, especially in times of 
sulphur shortage. This is particularly important for developing 
countries because capital requirements are relatively small, the 
techniques are simple, and a wide range of raw materials and pro- 
duct formulations is possible. Of course, specific soil conditions and 
crop responses need to be checked before recommendations can be 
made 

Decomposition by heating 

Defluorinated rock. Much work has been undertaken in the 
United States and in the Soviet Union on the decomposition of 
phosphate rock by heating (Sauchelli, 1964, p. 345; Waggaman, 1952, 
p. 376). One difficulty is that the temperature needed for de- 
fluorination is usually near the fusion point of the rock (approxima- 
tely 1,500 C). Another is that reversion to unavailable tricalcium 
phosphate may occur by annealing, unless the defluorinated product 
is quickly cooled and ground. Hence, close temperature control in 
the rotary kilns used in this method is essential 

In practice, silica is usualiv added to the rock, which is fed into 
the cool end of the kiln, while water is injected into the hot. 
discharge end The fluorine, water vapour and silica react at the 
high temperature to form HF and SiF, and escape from the kiln 
The product contains mostly citrate-soluble P,0, (principally 
alpha-tricalcium phosphate) and under 0.1 per cent fluorine The 
principal end-use of this tvpe of defluorinated rock is for animal feed 
and not for fertilizers For developing countries, a more suitable 
alternative involving a lower capital investment might be the pro- 
duction of dicalcium phosphate by chemical means 

Fuêed   trtcalcium   phosphate     Extensive   studies   were   under- 
taken  some  time  ago  in  the  United  States on  the  production  of 
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furnace (Amin, l%5fl Altnouuh the rr<<du<t proved to b* «uttabie 
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/•'used aUaJi-phospJiaff prodiu fi The addition of alkali «alt* 
to phorphate usually lower» the calcining temperature required for 
defluorination purposes, and several operating processe* are baaed 
on this principle In the Federal Republic of Germanv, Rhénan ia 
phosphate is made bv calcining phosphate rock, «odium carbonate 
and .silica Rochling phosphate is a ¿titular product made from phos- 
phate rock and a soda slag In both products mich of the total 
PtOj is citrate-soluble, and little fluorine is removed 

Numerous other processes based on the fusion of phosphate rock 
with various salts have been developed or proposed In one of these, 
a mixture of phosphate rock, magnesia and silica is fused in an 
• lit trie-arc furnace to produce calcium magnesium phosphate, which 
has proved to be successful on acid soils (Van Wazer, 1961, Vol. 2, 
p, 1,093) The use of sodium sulphate and gypsum has also been 
studied (Sauchelli, 1964, p. 351), but no large-scale processes of this 
nature are yet known. One proposed method of potential interest is 
based on the low-temperature fusion on phosphate rock with am- 
monium phosphate and the addition of ammonium carbonate to 
produce more ammonium phosphate and calcium carbonate (Barnes). 

in another thermal process in commercial operation in the Uni- 
ted States, (Sauchelli, 1964, p. 354) elemental phosphorus is burned 
with air and phosphate rock to yield calcium metaphosphate 
Ca(PO,)i containing about 64 per cent P2Os, mostly in a citrate- 
soluble form, and approximately 0.2 per cent fluorine. 

The foregoing thermal processes in general require high capital 
investment and appreciable quantities of fuel and energy. The pro- 
ducts are mostly citrate-soluble and not especially suited to alkaline 
or calcareous soils. Although these processes do not use sulphur, they 
cannot be recommended as a first choice for a country wishing to 
reduce the sulphur requirements of its fertilizer industry. 

The possible availability of phosphate-containing slags from iron 
and steel plants should also be borne in mind, since these give good 
results on pasture and non-alkaline soils, when finely ground. 

E!ecfnr-/umare method. A major thermal process for treating 
phosphate rock is ba.^ed on reduction with carbon, plus silica, to 
produce phosphorus, which can be empirically shown as; 

3Ca,(PO,)f + 6SiO, 4- IOC —eCaSiO, + P4 - 10CO — 730 kcal. 

Some silica also reacts with the fluorine present in the rock, while 
metallic impurities, such as iron compounds, are reduced and form 
ferrophosphorus, a material of commercial value 
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In practice. » VdrH-jrv furnaces aro generally employed (Van 
Wafer, l1*^! Vol 2 p 1 149), although the use of a shaft or blast 
furnace* K ai-o possible (Waí*gaman, 1952, p 144), as well as rotary 
horizontal kilns The phosphorus vapour evolved from the furnace is 
liually tondfnwj to elemental phosphorus (PJ which is used for 

numerous industrial purposes In the I'nited States and in Europe, 
much of the elemental phosphorus produced is burned with atr to 
produce P|Olt which ts then absorbed in water to form hi^h- 
punty phosphoric acid (H,PO,) (Van Waz€-r, 1961, Vol 2, Ch, 18). 
Most of this is used in the detergent, food and chemical industries, 
and verv little for fertilizer production because of the relatively 
high cost compared with wet-process acid. 

However, furnace-grade phosphoric acid is occasionally used for 
fertilizer manufacture, especially from captive sources when in 
surplus supply and or during peak fertilizer demand periods. It is 
also increasingly used to produce high-grade diammomum phosphate 
fertilizer from coke-oven gas (instead of ammonium sulphate bv 
scrubbing with sulphuric acid), since the diammonium phosphate 
commands a higher price and a better margin of profit 

A sulphur shortage and correspondingly high sulphur prices, 
nevertheless, could make electric-furnace acid much more attractive 
for the production of fertilizers, especially in areas where low-cost 
power is available. In figure 12 below the costs of wet-process phos- 
phoric acid and electric-furnace phosphoric acid are compared on the 
basis of 54 per cent P|03 (75 per cent H,PO«) in each case. The 
effects of sulphur prices and power costs on the production costs 
of wet-process acid and electric-furnace acid are shown respectively. 
Other unit cost items are the same except the delivered phosphate 
rock costs. These figures are based on an output of 220 tons of 
P,Os per day. Fixed investments for the sulphuric and phosphoric 
acid plants are taken «3 $6.6 million and for the phosphorus furnace 
and furnace acid plant, $7.3 million, including all off-site factories 
(Bixby et al., 1964). Phosphate rock co:rts for the furnace and the 
wet-process unit have been assumed to be $6.9 and $8.5 per ton 
respectively. A credit of $5 per ton of P,Os has been given for 
slag and ferrophosphorus sales in the case of the iurnace acid and a 
cost of $1 per ton of PtO| has been included in the wet-process 
acid cost for gypsum disposal. 

It should be noted that these costs are average ones and are 
intended to show the relative effects of sulphur prices and power 
charges, rather than specific acid costs for each process. However, 
approximate acid costs for higher delivered costs for rock c«n easily 
be calculated by including the corresponding cost of the transport 
of rock Specific cost estimates can !>e worked out on the basis of 
actual local data in conjunction with published information (Bixby 
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et al, 1964; Van Wazer, 1061, Vol. 2   Ch   18) and txpeneneed plant 
contractors 

A delivered  price for sulphur  m  the region  of $50 per   ton 
causes   the   corresponding   wet-process   phosphoric   acid   eo»t    to 

Figure 12. Typical cost relation between electnc-jurnace and iret-proce.« 
phosphoric adds 

Basis: 220 metric torn P,Ot produced per day, rock for A 75 BPL at 
$f.5/metric ton, rock for B 70 BPL at $6.9/metrtc ton, power for A 
$0.007 per kWh, other unit costs identical. A includes $1 per ton of 
pf05 for gypsum disposal; B includes $5 per ton PtO¡ credit for slag and 

ferrophosphorus. (Compare also with figure 14 b.) 

approach the cost of furnace-grade phosphoric acid, if produced from 
low-cost power in the range of 3 to 5 mills per kWh. Of course, for 
power in the 10-mill range and over, the cost of electric-furnace 
acid becomes prohibitive, except in the case of sulphur famine or if 
Lhere is no other means of making water-soluble fertilizers. Never- 
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procevs and for  fertilizer   production   in ta*es of  suipf, *í 

especially for developing arras 
Several additional factors m-i*.* -»í-M» b»> I on-tdtTed First, Oí v*rm- 

developing areas, large hvdrœWtîru  projects or  substantial natura, 
gas supplies at lo«  cost enable pouer to be «tupplied .»ì   Io*   rate*, 
vet there ma\  not be sufficient local demand to yield an economi« 
return   A medium or large phosphorus producer could t>e .< vcelcume 
customer, as he v-ould require a continuous, heavv load and could 
himself obtain power on a long contiact at attrattive rates  piobabiv 
in the range of 3 to 5 mills per kWh   Second, elettiti-fumai e acid 
can produce higher fertilizer grades than  w.-t-process acid of cor- 
responding  PtOj  concentration   because of   the   virtual   absence  ot 
impurities   (for    example,    21-53-0    compared    with    18-46-0    for 
diammonium  phosphate).  The  higher-grade   material  commands  a 
better price and can be expected to give better agronomi«   results 
Third, phosphorus and furnace-grade phosphoric acid can be put to 
many uses in a developing area and thus attract new industries, 
which in turn mean a saving in foreign exchange. Typical end-uses 
for phosphorus include military needs, insecticides, and pyrotechnics, 
while high-purity phosphoric acid is a raw material for detergents, 
beverage, and numerous inorganic and organic chemicals. 

Other method». Phosphorus can also be produced by reducing 
phosphate rock in furnaces of the cupola or shaft type using coke 
or other suitable fuel, but these methods have been largely superse- 
ded by the electric-furnace process. Reduction in a rotary kiln, 
followed by the injection of oxygen or air to produce high-strength 
phosphoric acid is another promising method. A further possibility 
is *he use of direct heating and reduction by means of reformej na- 
tural gas, or refinery gas in fluidized-bed furnaces on the lines 
developed for iron-ore treatment (Anon., 1965 b). In this way re- 
formed gas might be used to manufacture ammonia and also phos- 
phate fertilizers (via phosphorus) without the necessity for sulphur 
or low-cost power. Such a project might be well suited to the long- 
range programmes of those countries with access to phosphate rock 
and ample supplies of natural gas or refinery gas. 

Chemical processe 

Sulphur-saving chemical methods for phosphate fertilizer pro- 
duction are principally those which (a) reduce or eliminate the use 
of elemental sulphur in producing sulphuric acid and (b) those which 
reduce or eliminate the need for sulphuric acid as the principal 
reagent for dissolving phosphate rock. 
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l'r.u ••?<*•< hated on %ulpharic acid 

S'tlphnru acid from p'/nff.t, smelter gate* and anhydrite. As 
indicated earlier. h¡t,*h tonnages of sulphuric acid are produced in 
manv muntries from pyrites (FeS,) and pvrrhotite (FeS approxima- 
tiv), whith contain about 45 îo 48 per cent and 30 to 32 per cent of 
sulphur, respectively. Waste gases from sulphide-ore smelters are 
also used to produce sulphuric acid, where local markets exist. In a 
frw cases anhydrite or gypsum is the primiry raw material. These 
non-elemental sources of sulphur offer possibilities for greatly ex- 
panded use, should native sulphur become scarce or prohibitive in 
price 

To obtain the required sulphur dioxide, the iron sulphide ore is 
crushed and roasted, usually in a vertical multiple-hearth furnace 
fitted with rakes (Anon., 1965 d), or in a fluidized-bed calciner (Guc- 
cione, 1965) Dust and other impurities such as chlorine, fluorine and 
arsenic are removed from the gas by various types of scrubbers and 
washing towers, and the sulphur dioxide is converted to sulphuric 
acid in conventional plants, generally of the contact type. 

The iron-oxide calcine can be sold for the manufacture of iron 
and steel when suitable markets are available; this helps to reduce 
the over-all sulphuric acid cost. Some of the exothermic heat can 
also be recovered by generating steam in waste-heat tubes and 
boilers built into the calcining unit. 

The use of pyrites necessitates considerable additional equip- 
ment, such as facilities for storage, handling and crushing, a large 
calciner and a train of gas scrubbers and purifiers. In some cases 
equipment for processing the calcine (e.g. for leaching, briquetting 
and shipping) may also have to be installed. As a result, the invest- 
ment cost for a pyrites-acid plant may be from 50 to 100 per cent 
higher than a sulphur-based plant having the same HtS04 capacity. 
Labour and other operating costs are also correspondingly greater. 
Thus, to ensure a competitive operation, the price of the pyrites used 
must be lower per unit of sulphur than the price of native sulphur. 
Of course, in times of a sulphur shortage the price of pyrites can be 
expected to rise and so lead to higher costs for sulphuric acid. 

When operations are carried on using smelter gas, considerable 
washing and purifying equipment is usually needed, since many ores 
contain arsenic and other impurities, which are active catalyst 
poisons. Thus, the capital cost of a sulphuric acid plant using smelter 
gas may be at least 50 per cent greater than an equivalent plant 
using sulphur; operating costs, too, will be increased. 

For a captive operation, however, the equivalent sulphur costs 
are virtually nil, since the sulphur dioxide would otherwise escape 
up the stack and pollute the surrounding area. Indeed, in some cases 
local air pollution has been so bad that smelter operators have been 



SULPHVR SAVISG ÏROCFSSES 4Ì 

compelled either to install extensive gas-washing equipment and 
large, costly stacks or to recover the offending sulphur dioxide as 
sulphuric acid In such instances the sulphuric acid can be regarded 
as a valuable by-product from a waste-gas cleaning operation. Yet 
minimum practical and economic limits exist for sulphur dioxide 
recovery from stack and smelter fumes. SO* contents in the range 
of 4 to 10 per cent usually justify conversion, but lean gases contain- 
ing up to about 4 per cent SO. may possess only a nuisance value, 
except in cases of restricted sulphur supplies. 

Nevertheless, practical methods of removing sulphur from waste 
and exhaust gases containing even less than 1 per cent SO* have 
been developed based on scrubbing with lime, sulphite salts, organic 
solvents and other materials (Hori et al., 1963; Pratt and Noyes, 
1965, pp. 106, 109). In some cases, such as scrubbing the stack gases 
from large power stations and various industrial plants, the volume 
of liquid effluents and the corresponding sulphur content, would 
reduce air pollution but create problems of liquid waste disposal. 
This reduction in air pollution, in addition to the value of the sul- 
phur that has been removed, may justify sulphur recovery in some 
form. Hence, every possibility of sulphur recovery of this nature 
must be carefully studied. 

Hematitic calcines (FejO,) from pyrites roasters have not al- 
ways been readily saleable on world markets, owing to problems of 
handling, impurities, and sometimes a relatively low Fe content. In 
a new process recently installed on a large scale in Italy (Guccione, 
1965), pyrites ore is first roasted in a fluidized-bed calciner to pro- 
duce sufficient ROi for 2,200 tons per day of 100 per cent HsS04, 
570,000 kWh of power from waste-heat steam and 1,500 tons per day 
of hematitic calcines. The calcines are reduced with the aid of fuel 
oil in a second fluidized-bed reactor system to produce magnetite 
(Fes04), which is magnetically and hydraulically concentrated, made 
into pellets and sold as high-grade iron-oxide pellets containing 
about 67 per cent Fe. 

In another process of recent origin, pyrites ore containing minor 
amounts of other metals is flash-roasted in a specially designed fur- 
nace to yield pyrrhotite and a mixture of sulphur, arsenic and other 
metallic vapours, which are selectively condensed and recovered. 
Steam is generated in a waste-heat boiler from the heat given up 
by the furnace gases. The pyrrhotite is roa. ted to produce sulphur 
dioxide and hence sulphuric acid, and the calcine is made into pellets 
for use as blast-furnace feed. 

The process is unusual in that it can operate on contaminated 
pyrites ore and, at the same time, recover valuable non-ferrous 
metals and elemental sulphur. For example, one installation under 
construction (Anon., 1964, 1965 a and 1965 e) is expected to produce 
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annually about $3.5 million worth of elemental sulphur (113.000 
tons), plus over $15 million worth of iron ore pellets, sulphuric 
acid and other products, on a total investment of $28 million. Based 
on plant fixed capital, this figure represents an annual return of fir, 
per cent 

Techniques recently developed for producing sulphur and sul- 
phur-dioxide from various minerals by controlled roasting should 
also prove helpful in treating, for example, magnesium sulphate (to 
\ield Mi\() and SO,), and perhaps sodium sulphate and calcium 
sulphate. 

Sulphuric acid from anhydrite and gypsum. In Great Britain 
and in Europe several plants using calcium sulphate as the source 
of sulphur for the manufacture of sulphuric acid have been built 
Local anhydrite is used in preference to gypsum, in view of reduced 
transport costs and savings in fuel. The anhydrite is mixed with 
coke or con! and sand, plus a little clay or shale and roasted in a 
rotary kiln. The calcium sulphate is reduced to lime, which combiner 
with the rest of the charge to form cement clinker. The SO., is 
scrubbed and used to produce sulphuric acid, while the clinker ?s 
ground and sold for cement manufacture. The reduction reaction can 
be empirically expressed as: 

2CaS04 + C — 2CaO + 2SO, + C02. 

Capital investment for such plants is high, perhaps four or five times 
the cost of a sulphuric acid plant using elemental sulphur. However, 
if a continuous sale of the clinker at a reasonable profit can be as- 
sured (perhaps by a long-term contract to the cement industry), 
the plant can be considered to be a two-product installation. There- 
fore, capital investment, as well as a proportionate share of the 
operating costs and the cost of raw materials, should be borne by 
the cement clinker product, especially as about a ton of cement is 
produced per ton of 100 per cent sulphuric acid. 

In Great Britain and in Europe the process received a great 
impetus during a sulphur shortage in the early 1950s, particularly 
as coal and anhydrite were available in ample quantities under the 
plant sites. The likelihood of another sulphur shortage has already 
led to the ordering of additional plants of this type. The ability to 
produce cement clinker and sulphuric acid shouid offer interesting 
possibilities to developing countries faced with a large construction 
programme. As previously mentioned, this process might be parti- 
cularly suitable to the more recently developed controlled-roasting 
methods, using fluidized-bed or other techniques to reduce capital and 
operating costs. 

Wet-process phosphoric acid plants generate about 4.5 times as 
much gypsum as the P.O. they produce. This by-product material 
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is rarely used, except in ateas with limited supplies of sulphur 
and calcium sulphate, such as parts of India and Japan In other 
regions of the world millions of tons annually are flushed to MUS or 
rivers or allowed to accumulate m lagoons and storage piUs 
Although this seems wasteful, since most of the sulphur purchased 
to make concentrated phosphates is discarded, the re-use of by-pro- 
duct gypsum, or the recovery of its sulphur component, is not alwa\ > 
economic. First, natural gypsum, either domestic or imported, mav 
be relatively cheap and of high purity. Second, no local markets for 
by-product gypsum may exist; and third, the impurities, such as 
residual P205, fluorine compounds and free moisture, may be tech- 
nical'y impossible or economically prohibitive to remove. This applies 
to a greater extent to the manufacture of sulphuric acid than it 
does to ammonium sulphate, for which satisfactory purification tech- 
niques have been available for some time (George and Gopinath, 
1963). 

In Japan methods have been developed for producing phosphoric 
acid and gypsum of a high purity based on the initial formation of 
hemihydrate instead of gypsum, as in other wet-process plants. Such 
pure gypsums give excellent results when used for board and cement 
manufacture (Nippon Kokan; Pratt, 1964), and if the fluorine content 
can be reduced to appropriate limits, there seem to be good prospects 
also of using such by-product gypsums for the manufacture of 
sulphuric acid. In effect, this would result in a closed-cycle sulphuric- 
acid operation and lead to very considerable savings in elemental 
sulphur. 

A prolonged sulphur shortage and high sulphur prices, together 
with continuing advances in the appropriate technology, might well 
provide the fertilizer industry in developing countries with the 
necessary stimulus to adopt some form of closed-cycle sulphuric-acid 
system. For countries with limited supplies of high-cost sulphur 
obtained from abroad and restricted foreign exchange, this method 
would be particularly advantageous. 

Various processing methods introducing the production of am- 
monium sulphate have also been proposed or investigated for the 
purposes of purification and solubilization. For example, an excessive 
fluorine content in the gypsum might be reduced to satisfactory 
limits by reacting with ammonium sulphate as follows: 

CaF¿ i- (NH4)fS04 - CaSO* -f NH«F (vaporized). 
(heat) 

The PiOj can be reduced to about 0.1 per cent (total) by using the 
latest hemohydrate processes and purification techniques. Hence, 
the re-use of by-product gypsum for sulphuric acid production should 
present excellent possibilities when special economic or other cir- 
cumstances justify it. 
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Spent sulphuric acid recovery \n the VmUnl States alone, 
>ome 2 million torn of spent vulphunt «it id art' recovered annually for 
captiw re-use or sale Principal source-, in this category are thr »ron 
and steel industry, petroleum refiners, ve«» table oil and soap fac- 
tories, titanium-dioxide producers, nitration processes and some mis- 
cellaneous chemical and pigment opérations Several processes are 
available for pickle liquor treatment (Anon, 1965c), some based on 
separation of the ferrous sulphate by concentration and others on 
the use of organic solvents. 

Sludge acids from petroleum refineries are usually treated by 
burning in specially designed furnaces to yield SO, (and CO,); the 
SO, is converted to sulphuric acid in conventional contact plants 
A method of producing granular ammonium sulphate directly from 
sludge acid has also been reported (Wilson, 1962). 

More stringent legislation against water pollution is focusing 
attention on the treatment and re-use of spent acid Rising sulphur 
prices may transform some waste-disposal operations into recovery 
units for sulphuric acid or ammonium sulphate, which, if not profit- 
making, might be at least financially self-supporting. 

Cost comparisons of various iulphuric octd proctite«. In figure 
13 below, estimated manufacturing costs of sulphuric acid produced 
from elemental sulphur (A), pyrites (B), and anhydrite (C) are 
compared. They are intended to show the relative manufacturing 
costs of each process rather than real costs, which can only be cal- 
culated when specific factors are known. The relative manufacturing 
costs for producing sulphuric acid from these sources (A, B, and C of 
figure 13) are listed below. 

(A) Elemental sulphur 
Sulphur         $ per ton X 0.345 
Other costs        $7.16 
Installed cost  $2.7/ma 

Depreciation  10 per cent 
Interest on total capital .     6 per cent 

(B) Pyrites 

Capital and operating costs — 75 per cent additional 
to those for A. (No credits for cinder.) 

(C) Anhydrite 

50 per cent of anhydrite and capital cost and fuel 
of $4 per ton of acid allocated to cement; other 
costs taken as 100 per cent additional to those for A. 

For comparative purposes, a daily capacity of 300 tons of 100 per cent 
H,S04 has been assumed in each case. Total installed cost (plus 
M00,000 for working capital) has been taken as $2.7 million for a 
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plant based on elemental sulphur, and all other costs have been 
assessed at 17 37 per ton of 100 per cent H,S04. This includes a 
10 per cent annual depreciation charge and 6 per cent capital interest 
charge. 

Figure   13.   Sulphuric   acid   manufacturing   eosti   for   alternative   raw 
materiali 

% *f-H MtT*i'-    TON   or   PIHilf     ,«    »*••• 

M M 4« M 

• »e"  M'«.'    TOM  O»   rLt»f»r»t   S..I' 
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'f  !OK-Jtmto 

1« 1» 

10 M 

Ba.fi« — 300 metric ton* per day of 100 per cent H:SO%. 

For the pyrites plant, capital and operating costs have been 
taken as being 1.75 times the corresponding costs of the elemental 
sulphur plant. For the anhydrite plant, a lotal capital cost of $13 
million has been assumed, 45 per cent being allocated to sulphuric 
acid production and 55 per cent to cement manufacture, i.e. $5.8 
for the H,S04 operation. Sulphuric acid operating costs have been 
taken as twice those of the elemental sulphur plant. Anhydrite costs 
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and fuel costs of H per ton art» apportioned equally between the 
H..SO, and the cement produced, sine? about one ton of cement is 
made per ton of sulphuric acid. 

From figure 13 above it tan be seen that on the basis of the 
assumed costs and allocations, elemental sulphur at about 140 per 
ton. including delivery, and pvrites at S12 per ton, including de- 
livery, would produce one ton of 100 per cent H,SOt for approxima- 
tely *21 This would correspond to an anhydrite cost of about $2.5 
per ton Hence, it can be seen that m cases where delivered sulphur 
prices are high, pyrites and anhydrite can both become competitive 
with elemental sulphur, especially when the mines are located near 
the plant. 

Figure 14 a. Phosphoric acid process using the IMI process 

» g       ._ » ¿i * 
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(1) digesters, (2) clarifier, (3) toi vent extractor, (4) water extractor, {$) and 
(6) evaporatori, (7) add storage tank, (i) ion-exchange unit, (9; solvent 

recovery unit. 

Processes based on hydrochloric acid 

Several processes using hydrochloric acid as an actdulartt have 
been developed   The principal problem is to separate the calcium 
chloride and phosphoric acid produced, in a method developed by 
Israel Mining Industries (IMI), n-butanol is used for th« purpose 
The extracted phosphoric acid is transferred to an aqueous solution 
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tn a liquid-hquid contactor and evaporated to yieid a very pure pro- 
duct containing about 58 per cent P,Oi The solvent is recycled 
and the calcium chloride can be sold ^figure 14 a) 

Supplies of hydrochloric acid on a large scale are relatively 
limited in most parta of the world, consequently, HCl processes for 
phosphoric acid ¡»reduction have not been widely adopted. By-product 
acid is sometimes available from other processes and may even create 
disposal problems In such cases, the production of pherphoric acid 
may be ideal Figure 14 h indicates typical production costs in terms 
of costs of raw material. 

Figytr« 14 è   Typical eott relatwn betteten phosphoric acid made from 
mlpn«ric seid and hydrochloric arid (IMi procès») 
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 for B 100 metric tons P/>% produced per day, rock: $23.2 per metric 
ton, cmpiUl cost: $2.75 million (acid mid to be of furnace-grade purity; 
compare also with figure 12). Basi* for A 220 metric tons of PgO§ produced 

per day, rock: 73 BPL ot $3.5 per metric ton. 

1 
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Processes based on nunc acid 

A sulphur shortage in the earlv 1950s spurred in Europe the 
development of phosphate fertilizer processes in which the main 
acidulant is nitric acid. Numerous plants in this category have been 
built, and the total production of nitrophosphates nowamuunts to 
several million tons annually. These processes, however, have not 
been widely adopted elsewhere, partly because of the renewed 
availability of sulphur at a reasonable cost but also because of the 
limited P.O., water-solubility of nitrophosphate fertilizers. 

An udite sulphur shortage and related high sulphur prices could 
be relieved to a considerable extent by the greater use of nitro- 
phosphate processes, if a compromise could be reached regarding the 
necessity for total water-solubility maintained by some agronomists 
Furthermore, the increasing availability of low-cost ammonia (and 
derived nitric acid) permits nitrophosphate fertilizers to be produced 
at favourable price levels, a particularly important consideration for 
developing countries. 

The principal empirical reactions between phosphate rock and 
nitric acid can be shown as 

3Ca,(P04),  CaF_, + 14HNO, - 3Ca(H2P04), + 7Ca(NO,)« -f 2HF 
3Ca,(PO«), • CaF¡ f 20HNO, - 10Ca(NO,)i + 6H,PO, + 2HF. 

The presence of calcium nitrate, however, makes the reaction pro- 
duct extremely hygroscopic and also induces instability in the mono- 
calcium phosphate. Accordingly, the calcium nitrate must be re- 
moved or converted to less hygroscopic salts. This has led to the 
development of four main types of nitrophosphate processes: 

(a) Separation and removal of some calcium nitrate (Uhde- 
Odda process) ; 

(b) Conversion of calcium nitrate to calcium sulphate by the 
use of sulphuric acid or sulphate salts; 

(c) Conversion of calcium nitrate to calcium carbonate by car- 
bon dioxide; 

(d) Conversion of calcium nitrate to dicalcium phosphate, using 
phosphoric acid. 

In conventional versions of process (a), the separated calcium nitrate 
is crystallized or prilled. In a modified method (the Uhde-Odda pro 
cess), the calcium nitrate is reacted with ammonia and carbon 
dioxide to produce calcium carbonate, which is removed by filtration, 
and ammonium nitrate, which can be recycled to the process or used 
separately. 

Figures  15 and 16 below show simplified flow diagrams for 
nitrophosphate   processes   employing   calcium   nitrate   separation, 
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Figure 15. Separation type nitrophosphate-am nomum  nitrate plant 
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(1) digestion tank, (2) chill tank, (3) Ca(N03)t filier, (4) ammoniation tank, 
(5) carbonation tank, (6) calcium carbonaie filter, (7) ammonium nitrate 
evaporator, (8) prill tower, (9) concentrator, (10) granulator, (lì) drier, 

(12) screen*. 

Figure 16. Non-separation type nitrophosphate procens 
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(l) digestion tanks, (2) ammoniaüon tanks, (3) granulator, (4) rotary drier, 
(5) screens, (§) oversize crusher. 
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(with nivuti and non-separation, respettivelv In each of th»»se pro- 
cesses, rutric icid in concentration., up to about 6A per cent is the 
pr¡n< ip.il MiiubiliZinii agent Ammonia i>, addt d to the .slurrv to ré- 
duit' the cali îum-ruL.tte imitent, to furnish nitrogen, and to 
st.ibih/r the phn-phat* , Thu>. the final produits will contain dical- 
( i mi phosphate, ammonium nitrate, calcium fluoride and perhaps 
som»- ifiimoruum sulphate, ammonium phosphate, and a hule cal- 
cium nitrate, according to the method and materais used The over- 
.ill M action during ammomatio.i can be expressed as 

lOCafNO,),   *   fiH,PO,  i 2HF + 14NH, •• 
3Ca(NOt),  *- 6C iHPO,   *   14NH.NO,  •  CaF, 

Potash or potassium sulphate can be added, if desired, to make 
complete N'-p-K fertilizers Phosphate water-solubility can vary 
from nearly zero for the carbon-dioxide method to 50 per cent or 
even higher when substantial amounts of sulphuric acid and or phos- 
phoric acid are used 

In properly made nitrophoaphates, virtually all the phosphate 
11 citrate-soluble The mole ratio of CaO P.O» in phosphate rock is 
usually between 3 3 and 4.0 Ì and for dicalcium phosphate 2:1. 
Therefore, at least 40 to 50 per cent of the CaO in the rock must be 
isolated by combination with other anions to prevent the formation 
of calcium phosphates more basic than dicalcium phosphate. 

The chemistry and technology of the various processes are quite 
complex, and selection of the optimum method depends in each case 
on several factors These include: 

(a) Cost and availability of raw materials; 

(b) Agronomic requirements in terms of required N-P-K ratios 
and concentrations; 

(c) Agronomic requirements regarding minimum PfO, water- 
solubility; 

(d) Sources of investment capital. 

When all these factors have been considered, a choice of the optimum 
method and raw materials can be made on the basis of the various 
proprietary processes available (Hignett ft al, 1965). Sulphur re- 
quirements range from zero for the carbon dioxide and the Uhde- 
Odda methods to 10 per cent and above when phosphoric acid and or 
sulphuric acid are used In general, existing nitro-phosphate pro- 
cesses represent a compromise in each case between low sulphur 
needs (as sulphuric acid) and low PtO, water-solubility, or higher 
sulphur requirements and increased water-solubilities. Table 13 
below indicati*« the various raw material needs for 1-1-1 nitrophos- 
phate fertilizers made by different methods. 
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A nitrophophate process thut tl¡m,i,jies the need for sulphur 
and at the same time offers hsi,m P.O» water-solubility wjuid have 
many advantages Several methods for achie mg this dua! aim have 
been proposed (Hignett et al , 196.V Weber and Oh-.er, tf>63) In one 
of these (Weber and Oliver, 1963), phosphate rock is digested with 
nitric acid, and ammonium sulphate is add*»d to the slurry The 
precipitated calcium sulphate is separated by filtration and reacted 
with ammonia and carbon dioxide to produce ammonium sulphate, 
which is recycled to the reaction slurry precipitator Calcium car- 
bonate produced by carbonatmg the gypsum can be used to re- 
generate carbon dioxide or sold. 

Figure 17. Proposed nitrophosphate-sulphate cycle process 

a,iy-;tj,.-e»M:tJ. 
V lire i*^ f      t 

% . 

(1) dictator tanki, (2) gypsum precipitation tank, (3) gypsum filter, (4) 
ammoniation tankt, (5) carbonation tank, (6) carbonai« /titer, (7) grann- 

lator, (8) rotary drier, (9) screens, (10) oversize crusher. 

Filtered reaction liquor containing phosphoric acid and ammo- 
nium nitrate is ammoniated, evaporated, and prilled or granulated 
to yield a water-soluble product containing about 28 per cent nitro- 
gen and 14 per cent P,05. Figure 17 above shows a simplified flow 
diagram of this process. 

The use of a sulphate recycle has also been proposed for the 
Uhde-Odda process (Hignett et al, 1965). In this method the reaction 
liquor remaining after separation of some of the calcium nitrate is 
treated with ammonium sulphate, and the resulting calcium sul- 
phate is used to regenerate ammonium sulphate by ammoniation 
and carbonation. The reaction liquor is ammoniated, evaporated and 
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prilled to \ield produis «uch a% 25-25-0 and 30-10-0 Cai- 
cium (.¡tratf <rv*tal.« separated from the ¡i.trophosph.ite reaction 
liquor are also carbonated and .immomah-tl *>> prudute amm<*tu m 
nitrate (and calcium carbonate), which can be added to the rr .im 
réaction liquor or evaporated and prilled separately to prod nee solid 
ammonium nitrate (33 5-0-0) figure 18 below *hows a bave flow 
diagram of thu prece*». 

At present no commercial nitrophoaphate installation uv-oipora- 
ting an internal  ammonium sulphate  recycle is known   However, 

Figurf If. Proposed s*partt%oi\ typt mtrophmphnte proem trtfh tripli«te 
recycle 
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(1) étotttion t*nk($), (21 «Alii tank, (3) eentnfuo*, (4) No I emrbenmtm, fSJ 
No. I carbonate #ft«r, (%) tvmpormtm, (7) pr*ll ioutr, {1/ wlphmt* prtctpt 
iBtor, ($) No. 2 COt /liter, (19) No   2 rm*b«m*tw, (it) No  2 CO, /liter, 

(17J ammontato?. 

the techniques of each section have been in iaige-tcale operation in 
separate plants for many years. Nitrophosphate processes of this 
type, therefore, are considered to have an excellent futur« potential, 
particularly in developing countries w^ re low-coat ammonia is 
available and elemental sulphur is m restricted supply 

Capital costs of such plants can be higher than those for simpler 
processes that do not incorporate separation, the ammonium sul- 
phate recycle and the prilling stages. However, associated sulphuric 
acid and phosphoric acid units are not needed, so the total installed 
coats for both methods are probably similar 



M Sl'LPHCR !H rtñTtUZEH MANUFACTt nË 

Sulphur 

Sulphur is indispensable to plant life (McVickar et al, 1943, 
Sulphur Institute), ye* sotk in many areas of the world are efficient 
in this element The continued use of concentrated fertilizers con- 
taining tittle or no sulphur can aggravate this conditio« Hence, 
fertilizers incorporating gypsum, magnesium sulphate or other sul- 
phur-containing radicals, or these materials themselves, may be 
necessary for agronomic reasons This might influence the choice of 
a particular process and type of product, especially in a developing 
country 

Phosphorui 

Total phosphate water-solubility in phosphate fertilizers is held 
by some agronomists to be essential for effective results, and in 
certain countries it is the only acceptable criterion. This view, 
however, is by no means universal, and many authorities claim 
equally effective results for phosphate fertilizers of limited water- 
solubihtv on the basis of extensive agronomic evidence (Mattingley, 
1W3, Piepers, IMS; Vanden Berg, 19Ô3). This appears to apply 
particularly to past ires and long-term crops grown on neutral or 
slightly acid soils. 

Thus, when new fertilizer projects in which the production of 
phosphates with limited water-solubiltty are contemplated, adequate 
field testing should be undertaken to ensure that the proposed 
fertilizers will be suitable for the respective crops, soils and other 
agronomic requirements It may be possible in some cases to use 
totally water-soluble phosphate fertilizers in limited amounts as 
«tarter materials, with larger quantities of less water-soluble ma- 
terials 

One interesting possibility (McVickar €t al, 1963) is the use of 
phosphate rock-sulphate mineral combinations in conjunction with 
reducing bacteria, either in some type of process or perhaps for 
application to the soil in granular form. 



Summary and conclusions 

World consumption and production of fertilizers are at present grow- 
ing at the unuiually high rate of 14 per cent annually. The con- 
sumption of nitrogen fertilizer is expanding more rapidly than that 
of phosphate fertilizer, but even this is increasing by about 11 per 
cent per year. Ample supplies of natural gas and other feed- Uocks 
are available for ammonia production yet the situation regarding 
future supplies of phosphate fertilizer is viewed by many with 
apprehension. This is because sulphuric acid is by far the most popu- 
lar solubilizer for phosphate rock, and although the sulphur shortage, 
with correspondingly high sulphur prices, is not so acute as it has 
been, it appears to be continuing. 

Although large reserves of sulphur in non-elemental form exist, 
these have normally been more costly to use than elemental sul- 
phur when the latter is in ample supply. The price of minerals con- 
taining sulphur can be expected to rise in conformity with elemental 
sulphur prices; and even if substantial new reserves of elemental 
sulphur should be found, it ii unlikely that the prices of sulphur 
from all sources will revert to their former low levels. 

Therefore, to ensure the continued availability at reasonable 
prices of fertilizers that normally require sulphur for their manu- 
facture, various alternative production methods have been proposed 
In addition, several new types of fertilizer using little or no sulphur 
in their manufacture have been developed These alternative methods 
and products arose in ome cases out of a sulphur shortage in Europe 
in the early 1950s and are still in wide use today 
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Certain alternative processes for manufacturing fertilizer* are 
of particular importance to developing countries because thev offer 
the possibility of Manufacturing other products simultaneously, and 
this may result in savings or an increase in foreign exchange. Typical 
examples include the production of phosphorus and corresponding 
phosphoric acid of high purity; the use of iron-sulphide minerals to 
make sulphuric acid, blast-furnace feed and electricity; and the use 
of low-co t minerals such as anhydrite to make sulphuric acid and 
cement. 

It seems evident from this study that the alternative processes 
available and certain proposed methods (such as nitrophosphate pro- 
cesses incorporating an internal ammonium-sulphate recycle) will 
enable the fertilizer industry to overcome a sulphur" shortage 
without an undue rise in prices or a reduction of agronomic effec- 
tiveness. However, this may entail additional capital investment, a 
willingness to adopt different techniques and perhaps a compromise 
on the part of some agronomists regarding optimum N-P-K ratios 
and degrees of phosphate water-solubility. 

Recommendation« 

Recommended alternative processes and fertilizer products 
designed to offset a sulphur shortage and rising sulphur prices are 
summarized in table 14 below. 

Tabic 14.    Recommended alternatives for developing countries in the 
event of a sulphur shortage 

Products 

Nitrogen fertilizers 
Ammonium sulphate from H,S04 

and NH3 

Idem 

Potassium fertilizers 
Potassium sulphate from HfS01 

and KCl 

Phosphute fertilizers 
Coarse ground rock 

Single superphosphate 

Recommended alternatives 

Ammonium sulphate from 
gypsum, NH, and CO, 

Ammonium sulphate from lean 
stack gases 

Use of natural minerals such as 
burkeite, langbeinite; alkaline- 
ion exchange processes 

Finely ground rock, granulated to 
reduce dusting 

Idem 
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Mimed  fertilizers  using  »in¿'. 
superphosphate 

Dr(lourtnatt.<d rock (for animal 
feed) 

Magnesium phosphate 
Calcium metaphosphate 
Other fusion product.« 
Wet-process phosphoric acid 

Jdrm 

Sulphuric add from elemental 
sulphur 

Sulphuric acid from elemental 
sulphur 

idem 

¡dem 

Idem 

Binary and ternary fertilizers 
(partly or totally water-soluble) 

Single superphosphate 

Itero ^n m **»«írd a!'er*-'it • **« 

GrinulaWd  mimed  f* ft ..,-. , 
usini{ fine!>   ¿ratini  j.ik 

Dica ic m TI phiwphatf (rum phoi- 
pha*e t<x.k, minerai .»*. ¡d and 
lime 

Nitrophosphate* 
Slags from steel works 

Phosphorus and furnace-grade 
phosphoric acid 

Phosphoric acid by HCl digestion 
and solvent extraction 

Sulphuric acid from pyrites, 
smelter gases, etc. 

Sulphuric acid (and cement) by 
calcining anhydrite 

Sulphuric acid (plus iron oxide, 
power and non-ferrous metals) 
by controlled roasting of sul- 
phide minerals 

External closed-cycle roasting of 
by-product gypsum 

Spent acid recovery by crystalli- 
zation, roasting, etc. 

Nitrophoaphate   processes   possi- 
bly with interal, closed 
ammonium-sulphate cycle 

Bacterial reduction of phosphate 
rock-gypsum mixtures to make 
the phosphate soluble 
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