G @ | TOGETHER

!{’\N i D/? L&y

=S~ vears | for a sustainable future
OCCASION

This publication has been made available to the public on the occasion of the 50" anniversary of the
United Nations Industrial Development Organisation.

’-.
Sy
B QNIDQI
s 77

vears | for a sustainable future

DISCLAIMER

This document has been produced without formal United Nations editing. The designations
employed and the presentation of the material in this document do not imply the expression of any
opinion whatsoever on the part of the Secretariat of the United Nations Industrial Development
Organization (UNIDO) concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries, or its economic system or
degree of development. Designations such as “developed”, “industrialized” and “developing” are
intended for statistical convenience and do not necessarily express a judgment about the stage
reached by a particular country or area in the development process. Mention of firm names or
commercial products does not constitute an endorsement by UNIDO.

FAIR USE POLICY
Any part of this publication may be quoted and referenced for educational and research purposes
without additional permission from UNIDO. However, those who make use of quoting and
referencing this publication are requested to follow the Fair Use Policy of giving due credit to
UNIDO.
CONTACT

Please contact publications@unido.org for further information concerning UNIDO publications.

For more information about UNIDO, please visit us at www.unido.org

UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION
Vienna International Centre, P.O. Box 300, 1400 Vienna, Austria

Tel: (+43-1) 26026-0 * www.unido.org * unido@unido.org


mailto:publications@unido.org
http://www.unido.org/




4




TMMrMo&m:mmmkmmmmm‘m
dionide from gypsum

By courtesy of Marchon Products LM . Whitehaven, Unded Kingdom




o o A

UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION
VIENNA

Fertilizer Industry Series

Monogreph No. 3

THE REDUCTION OF SULPHUR
NEEDS IN FERTILIZER
MANUFACTURE

UNITED NATIONS
New York, 1969




The designations employved and the presentation of the
material in this publication do not imply the expression of any
opinion whatsoever on the part of the Secretariat of the United
Nations concerning the legal status of any country or territory or
of its authorities, or concerning the delimitation of its frontiers.

ID/SER.F/3

UNITED NATIONS PUBLICATION
Sales No.: E. 69. II. B. 26
Price: §U.S. 0.75 (or equivalent in other currencies)

Printed in Austria.




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 thosc of the consultant and do
not necessarily reflect the views of the secretariat of UNIDO.







Contents

foreword
1. Patterns ol world sulphur supply and demand !
2. Petterns of world fertilizer supply and demand 13
3. Sulphur-consuming lertilizer processes 8
4. Sulphur-saving lerhlizer processes 30
S. Summary end conclusions 57

Relerences 60




EXPLANATORY NOTES

Reference to tons is to metric tons unless otherwise stated.

Reference to dollars(§) is to United States dollars unless otherwise
indicated.

One miil equals $0.001.
The following abbreviations have been used:

cal = calorie
f.o0.b. = free on board
kcal = kilocalorie

kWh = kilowa‘t hour




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 aud gas deposits in many areas of the world aiso 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 su pplies.

The search for further deposits of elen cntal 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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2 SULPHUR IN FERTILIZER MANUFACTURE

metals and other profitable materials. [t 1s, therefore, particularly
impocrtant for developing nations to examine thoroughly their known
resources of sulphur-containing minerals or fuels and to search for
niew deposits that could be of commercial or strategic value.

Sulphur is also recovered in elemental form or as a gaseous
oxide (SO,) or sulphide (H.S) 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 suiphur 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
scen 1n tables 1 and 2 below.

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

Country or area Production Consumption»s
Western Europe . . . . . . . . . . 2,078 3,700
USSR and Eastern Europe . . . . . . 2,145 2,145 est.
C:nada and United States . . . . . . 10,691 9,025
Mexico and Latin America . . . . . . 2,088 700
China (mainland) . . . . . . . . . . 150 est. 150 est.
Japan and rest of Asia . . . . . . . 351 950
Africo ard the Middle East . . . . . . 19 525
Australasta . . . . . . . . . ... 21 725
17,543 17,920

s Balance from stockpiles.

The ¢xcess 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 trade in sulphur a:d other commod:tie - 1s usualiv much larger
than the difference between the production «ad consumption figures
would indicate For example, large countries such as the United
States and Canada are both exporters and o porters of sulphur and
other matenials, to each other and with other countries An indication
of the principal patterns of wurld trade in elemental sulphur fo
the latest period available (i967) 1s given in table 2 below

Table 2. Principal patterms of world trade in elemental sulphur, 1967
(Thousand tons)

; Em cqiintnc:

Importing countries USSR
or a&reas USA Mexico Canads France Lastern Other:
Europe

Western Europe

Belgium . . . . . 186 — — 58 — —
Federal Republic of
Germany . . . . 230 — —_ 104 — —
France . . . . . . 5 220 —_— — 4 -—
Netherlands . . . . 198 -_— —_— 67 — _—
Sweden . . . . . 48 —_ 70 8 8
United Kingdom . . 150 300 11 270 1 1
Others . . . . . . 203 - 38 237 47; MB
Total 1,040 520 49 806 60 15
USSR . . —_ — 45 —_ — —_
Eastern Europe . . . 5 — 54 30 250 20
Total 5 —_ 99 30 250 20
Central America . . . 25 —_— —_ —_— 80 —
South America . . . 275 _— 10 15 33 --
Africa . . . . . . . 1 73 60 100 22 —_—
Australasia .. 280 180 285 8 —_ —_
North America
Canada . . . . . 115 —_ — — — —
Grand total 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 into the sulphur-beariiy iimestorie cap rocks of salt domes
found in the Mexican Gulf arra and the sulphur 1s meited and
displaced by ~superheat«d water

Sour-gas <" ripping

Elemental sulphur s also recovered on an appreciable scale from
sour natural gas and petroleum refinery operations In one popular
method the hvdrogen sulphide present s extracted by a solvent, such
is othanolamine, and subsequently cont erted to sulphur by oxidation,
as in the well-known Claus process

2*!38 e 30' - - 250‘1 * 2*{30 (‘)
2HL.S - S0, =38 - 2,0 (2)

During 1967 some five million tons of clemental suiphur werc
recovered from sour natural gas in western Canada, the United States
and Francc. Appreciable additional supplies will become available
from treatment of the sour natural gases of the Middle East during
the next 2 or 3 years. It has been reported that in Iran projects 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).

Natwee sulphvr v vonerel jorm

In some volcanic regions of the worid, 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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te partly met. under certain circumstances, by recoverning the
-ulphur 1n the gases evolved when roasting pyvirites, marcasite (iron
sulphide. FeS.) and pvrrhotite (FeSi Deposits of pvrites are found
in many industnal countrnies (e ¢ Austrahia. the Federal Repubhe
of Germany, Japan and the United States) Aftvr roasting, the iron
content 1n the residual cinder can be transformed 1nto blast-furnace
feed for Tocal nise The toaster gas is washed, punfied and converted
to sulphuric aad. Deposits of purites also exist i recions devoud
of large ndustries, in which a  the ores can be 2hupped to the
consuming arens Occastonally, as in Moroceo an iron ore (pyvrrhotite:
. found near phosphate deposits, and this permits the local pro-
duction of sulphuric acid. and hence concentrated phosphate ferti-
lizers suitable for sale in both domestic and export mutkets. Table 3
below gives the figures for the world produicticn of pyrites in 1967.

Tahle 3. World production of pyrites in 1967 *
(Million tons of sulphur equivalent)b

Country or area Production
North America . . . . . . . . . . . . 080
South America . . . . . . . . . . . . 001
Asia . . . . . . . . . .. 000 14T
Africa . . . . . . . . . . . . . .. 038
Australia . . . . . . . . . . . . . . 013
Western Europe . . . . . . . . . . . . 355
USSR . . . . . . . . . . . . . .. 216
Eastern Europe and other . . . . . . . . 189
Total 10.37

& Consumption is similar to production.
b 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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Table 4 Principal patterns of werld trade m pyrites an 1967
{Thou<and tor o

Exporting co-. ntries

Importing USSR
countries Spain Portugal Cyprus Easterm Norvway Other;
Furope

Belgum . . . . . . 27 189 23 - small small
Federa! Republic of

Germany . . . . . 480 40 233 200 390 40
France . . . . . . . 128 8 135 e - 43
[taly e e, — _ 325 760 — 133
Nethe rlands .o . — 9 85 — 11 smal!
United Kingdom . = . 19 -— 99 86 8 39
Others . . . . : 112 4 — — 73 small

Total 764 250 902 1046 482 260

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

In recent years the use of fluidized-ted calciners coupled with
controlled roasting, waste-heat recovery and power generation has
led to highly efficient methods of producing sulphuric acid irom
pyvrites. Such techniques (Shreve, 1956, pp. 363—3Y3: Anon., 1964)
can also produce an iron oxide suitable for the manufacture of iron
and steel. The economics 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 source of sulphur for muking sulphunc acd s
calcium sulphate, in the form of gvpsun or anhvdrite Reduction
with coal plus a little ~»./ica, 1s sometime: carried out in rotaryv kilns
to vield a cement clinker and a gas rich 1. sulphur dioxide The gas
is scrubbed and used to make sulphuric acid .~ conventional contact
plants In Great Britain, Western Europe and Tu-kev neariv one
million tons of g\ psum and anhvdrite are being used fu- this purpose.
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 e'emental form and a» sulphur dioxide or
hydrogen sulphide. 1s recovered from various chemical processes
and purificatior. systems of gas-works A variety of solvent extraction
and wet and dry oxidizing methods are also available (Kohl and
Riesenfeld, 1960, pp 240 --281) An indication of world sulphur
production (largely as sulphuric acid) from miscellaneous sources
is shown in table 5 below

Table 5. Production of sulpAur from miscellaneous
sources in 1967 *

(Thousand tons of sulphur equivelent)

Country or areq Produetion
Western Europe
Belgium ; o 180
Federal Repuhlic of Germany . . 250
Pinland . L o 170
France L . 140
Italy . 213
United Kingdom . . o . 485
USSR and Eastern Europe . = = . 2.000 (estimated)
North America
Canada . S / 290
United States 4 . , 1.100
Central and South America . o]
Asia
Australas:a , 135
Japan 840
Afr.ca - i‘ﬁ
Totai 6,060

s Consumption is 3m ar to production Frasch, brim-
stone ores, natural gas an ! pyrites are rx« huded
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Fossil fuels

The present major source of eiemental sulphur from fossil fuels
1s 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 {rom
the French Lacq fields, for example, amounts to about 1.6 million
tons annuallv. Lecovery is undertaken by several methods, often
based on solvent extraction and or oxidation (Anon. 1965 f. and 1966:
Kohl and Riesenfeld, 1960, pp. 240—281; Priestley, 1964). Figures for
world production of elemental sulphur from natural gas are included
i table 1. figures for sulphur recovered from coal-gas and coke-oven
¢ras purification processes are included in table 5.

Many petroleum crude oils contain from 1 to 2 per cent sulphur,
but desulphurization is normally undertaken on selected refinery
products in the lighter ranges. Hence, if economic methods could be
found, desulphurization 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.

Worid procuction and consumption

Based on the preceding tables, table 6 below gives the approxi-

mat« pattern 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 vear. 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 tons of S or S equivalent)s

Country or area Production Consumption
Western Europe . . . . . . 730 95
Eastern Europe . . . . . . 2.00 .-
USSR . . . . . . . .. 4.60} 1o ost
Canada . . . . . . . . . 3.00 1.3
United States . .. ... 990 9.3
Mexico T ¢ ) 0.3
Central and South America. . 0.26 0.6
Japan. . . . . . . . . . 256 -
Rest of Asia . . . . . . . 1.39} o
Africa and the Middle East . . 0.54 1.0
Australasia . . . . . . . 029 1.0
Total 33.76 34.0 approx
a 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
1952 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 S 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).




tn SULPHUR IN FERTILIZER MANTUFTACT 'RE

TH. vfore annual growth rates of world sulphur cor-umption
hould be about the same in the immediate future as those for the
tertil.ser industry (shightly more than 7 per cent) ard for general
mdustrial expansion (some 3 per cent) This gives an average figure
of 6 per cent per annum, compared with the weighted average of
35 per cent for preceding years

Total sulphur consumption may be subdivided into consumption
of elemental sulphur ard sulphur derived from pyrites and other
sources In approximately equal proportions With regard to the ex-
pansion of the fertilizer industry, especially in the developing areas,
clemental sulphur is a 1much easier material to process than pyrites
or sulphur from other so.irces, hence the rate of growth of consump-
tion of elemental sulphur can be expected to be greater than that
of sulphur from other soui-es, provided supplies are not restricted.
Some economists believe a 7 per cent average annual growth is likely
during the rext {ifteen vears

Figurc | below shows the projected world sulphur consumption
10 1080 based on an average annual increase of 6 per cent. Estimated
clemental 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 1964 to 1980 amount to
about 800 milhion tons for sulphur in all forms, and 410 million tons
for elemental sulphur

However, current estimated main reserves of elemental sulphur
(excluding sour gas sources) have been estimated to be approxi-
mately

Million toms

Mexico ... . he
Poland L , 100
USA .
USSR . . . . . . . . . .70
Italy o L 30

Total 400

Principal sulphur producers are usually reluctant to disclose
their deposits It 1s hoped that considerably greater sulphur deposits
will be found in the next decade, otherwise supplies will be ex-
hausted b about 1980 Because of this fear the Mexican Government
in 196, restricied sulphur exports to quantities proportional to
newly found deposits.

Should supplies become greatly restricted. alternative sources
(¢ g prrites, calcium sulphate and other sulphur-containing miner-
4181 would, no doubt. be expanded or developed Sulphur recovery




Figure 1 Projected increase in world sulphur comsumplion
(1) all forms (2) matire, (3) purites

Tere

» Basis of projection (1) Past and present patterns ol
consumption, (3) Unrestricted availability of supplies

from natural gas, 0.l and solid {ussil fuels could be undertaken to a
greater extent than at present. A potential new source are the Atha-
basca tar sands in C..nada, believed to contair. at least 1,000 million
tons of sulphur, which would become a co-product with the various
petroleum products now planned It is uncerstood, however, that
large-scale production will not begin for several years

Similarly, lack of sulphur supplies at rea:onable prices would
stimulate the development and use of alternative industrial proce-.-
ses requiring little or no sulphur Typical examples already in com-
mercial operation include the hydrochloric process [or titanium
dioxide, the use of hydrochloric acid for metal pickling and various
nitrophosphate fertilizer processes
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As might be expected. the current excexs of elemental sulphur
consumption over product on has led. in the absence of long-term
contracts to large price increases, from about $20 per long ton fo b
some vears ago to about $40 1n 1969 Prices have been mounting
stea hly. and this would justify operating many hitherto unpeofi-
table o1 marginal mines and using various alternative sources of
~ulphur

This breef review of tie patteins of sulphur supply and demand
emphasizes the concern of the United Nations to anticipate and
overcome possible handicaps to the fertilizer and other sulphur-
cor-uming industries, especially v developing countries that are
~ae tof <alphur.




Patterns of world fertilizer
supply and demand

A review of the patterns of world fertilizer supply and demand
in terms of principal products and those that consume sulphur dur-
ing their manufacture permits the potential sulphur shortage as

Table 7. Fertilizer production in 1966/1967
(Million tons of primary plant nutrients)

ngﬁtw or ares ) N

Western Lurope .. . 8
Eastern Europe . = . . . . 188
USSR . .. 310
Canada and L'mted Sutu .. 39N
Latin America . . . ... 058
Japan : A X ]
India o ‘ 031
China (mmund} R ¥ T
North Korea . . . . . . 010
Rest of Asia® . . . . . 01
Afrca . Y I |
Australasia oL 004

Total 22.05

PO,

490
1.46
1.71
35.14
0.22
0.66
0.16
0.36
na
0.10
0.54
1.26
16.51

- K,O0 ~_Total

4.04 16.42
2.00 5.34
2.65 7.48
481 15.92
0.02 0.79
— 246
—_ 0.47
n. a.* (approx.) 1.50
n.a. (approx.) 0 oV
0.30 0.78
- )78
1.30

1442 53.42

Source Food and Agriculture Organization of the United Nations, Pro-

duct:on Yeerbook and irade magazines
+ Not available.
Excluding North Viet-Nam
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it affects the fertilizer industry to be seen in perspective. Tables 7
and 8 show approximate production and consumption figures in
terms of primary plant nutrients for 1066 67.

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

Country or area N PO, K,O Total
Western Europe . . . . . . 495 4.46 3.94 13.35
Eastern Europe . . . . . . 209 1.52 1.87 5.48
USSR . T 1.66 1.90 6.22
Canada and United States. . . 5.74 4.30 3.45 13.49
Latin America . . . . . . . 092 0.54 0.35 1.81
Japan R X1 0.63 0.64 2.12
India . . . . . . . . . 083 0.27 0.13 1.23
China (mainland) . . . ., . . 178 n.at n. a. (approx.) 2.75
North Korea . . . . . . . 020 n. a. n.a. (approx.) 0.40
Rest of Asia® . . . . . . . 112 0.44 0.29 1.85
Africa e XY { 0.40 0.20 1.17
Australasia c e v . .. . 010 1.29 0.18 1.57

Total 21.78 15.51 12.97 51.64

Source: Food and Agriculture Organization of the United Nations, Pro-
duction Yearbook and trade magazines.

4 Not available.

b Excluding North Viet-Nam.

Figure 2 below indicates the 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 witl, 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 o1 the total fertilizer production
figure. For example. world production of ammonium sulphate has
remained at a fairly constant level of about 3 million tons annually,
whereas world nitrogen production has been increasing at a rate of
nearly 10 per (ent per vear, and much of this 'ncrease 15 due to the
growind populanty of the new:r ferti!.zors such as urea, ammonium
phosphat -« and hquid nitrogen solutions

Pble 9 below shows the relative amounts of sulphur required
for e ma of Ctire o cach of the principal fertilizers.
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Figure 2. Component percentages of principal types of world nitrogen and

phosphate fertilizers
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(KJO fertilizer types are 96°c potassium chloride (KCI); thc balance 1s
composed of nitrate, sulphate and mixed salts.)

Table 9. Relatire sulphur requirements in fertilizer manufacture

A. Nitrogen fertilizers

Theore.cal content of 8

T pe Forinula in b per Ib of final pro-
e } e duct
Ammonium chloride NH . CI 0

Ammonium nitrate . . NH,NNO, 0

Ammonium sulphate .~ (N1!,),50, 024~

Calcium nitrate . Ca(NOy), 0

Potassium nitrate KNO, 0

Sodium nitrate NaNO, 0

Urea (solid) CO(NH,), 0

Nitrogen solutions Various Usually n:l




Product
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B. Phosphate fertilizers

Formula

Ground phosphate rock
Defluorinated
phosphate rock
Thermal phosphates .
Sulphuric acid
Single SUerphOQPhatL

Phosphoric acid
(furnace) .

Phosphoric acid
(wet-process)

Triple supuphosphatv

Monoammonium
phosphate

Diammonium
phosphate
Nitrophosphates .

Basic slag .

Product

Potassium chloride .

Potassium nitrate

Potassium sulphate

Potassium .
netaphoxphate

KCl

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

3Ca,(PO,), CuF,

Cay(PO,)s

Ca0,P.0O;,, CaF,

H.50,

JCA(H,PO,) 7CaSO, -
impurities

H,PO,
H,PO, + impurities
Cu(}{._.PO‘)g -7

impurities
(NH,)H,PO,
(NH,),HPO,
CaHPO, a. NH,NO, b.
CaSO,¢

4Ca0O P,0,

C. Potassium fertilizers

Formula

0

0

0

0.33 (1007% H,SO,)
0.13 (18% P.O;)

) (100(: ons)
0.93 (10075 P,0,)
0.31 (47% P,0;)

0.45 (4870 P,0;)
(in practice)

0.43 (46% P,O;)
0 to 0.2 (10 to 22%

P,0;)
0

Approx. content of S in
ib per b of final product

KNO,
K,SO, (synthetic)

(KPO,)n (synthetic)

0
0
0.19

0.56

* If made 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 (svnthetic). Nitrogen fertilizers, with the exception of am-
monium sulphate, are not considercd further. as they do not con-
sume sulphur in manufacture. The principal potassium fertilizer is

potascium  chloride (KC1),

and potassium sulphate 1s available in

mineral form as an alternative to the synthetically produced sait.
Potassium  metaphosphate 1s an interesting high-analysis binarv
fertil/er but 1s only available in Iimited quantities, owing to the
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KCI disposal problem and its high cost. Mixtures of potash and triple
superphosphates are normally used to supply the requisite P;0,
and K,O.

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;

(9) Use of mineral potassium sulphate instead of the synthetic
salt;

(h) Use of pyrites, calcium sulphate and other minerals
containing sulphur, when circumstances permit.




Sulphur-consuming fertilizer
processes

Reasons for using suiphur in fertiiizer 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 ¢!lemental form for
fertilizer, as it is a relatively inert material, although some is used
in a finely 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 acid production

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

18
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below gives the figures for world production of suiphuric aad o
1966 and 1967

Table 10 World productm of sulphuric acr { 166 1967

1968 1967
Western Europe 20 36 21 29
North America 27 2¢ 27 1%
Latin America , 182 19
Japan and rest of Asia 7% 803
Africa 211 229
Australasia ; 244 248

» Data for Eastern FEurope and the USSR are not avail-
o ble

Table 11 below gives the production figures for sulphuric acid
by country; it shows that the production rate is growing by about 9
per cent annually.

Table 11. Production of sulphuric acid by country
(Miilion tons of 100% M, 30,

Country 1965 1966 Gmsﬂ; rete
Australia : o . 164 180 8
Belgium . , B R | 136 —86
Canada : o . 196 231 a0
Federa! Repullic of Germany . . .37 i 20
France . . : : 292 3107 50
Italy : , o : . 298 3 130
Japan ; o . : 508 603 65
Spain : L . 182 1.71 53
United Kingdom L 326 I —56
United States L 2294 2583 14.0
Total 4792 5248 L]

World sulphuric acid production in terms of the main sources
of raw materials is shown in table 12 below.

Early provesses for making sulphuric cid were based on the
roasting of sulphur to produce sulphur dioxide ($0,), which was then
catalytically converted to sulphur trioxide (SO,) by nitrogen oxide
gases The sulphur tnioxide was absorbed in water and sulphuric acid
to yeld additional sulphunc acd, and the nitrogen oxides were re-
turned to the process A brown “oil of vitnol' containing some 70
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Table 12. World sulphuric acid production in 1967 by
raw-material source?®

Source Million tons
of 100¢¢ H,SO,

Brimstone . . . . . . . . . .o 34
Pyrites . . . . . . . . . . . . .. .1
Other forms . . . . . . .« .« .« < . . _}_2

63

s 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,SO, 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 meclted 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
100°¢ H,SO, or even greater) in the form of a heavy, colourless
liquid. The principal reactions are:

S 4+ O, — SO, + 70,900 cal per gram-mole
SO, + ;05 — SO, + 23,000 cal per gram-mole
SO;; ‘i‘ Hgo -_— HgSO{.

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 ecid plant
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(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 ammoria prior to neutralization. ‘'he 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 These also used vacuum evaporation and crystallization to
reduce operating costs and to vield a uniform, superior produc*. Fi-

gure 5 below shows a simple flow diagram of this process

Figure 4 Semi-direct process for ammonium sulpha'e production

l ) | _ .

(1) gas cooler, (2) tar precipitator, (3) gas rehester, (4) saturator crystallizer,
(5) centrifuge, (6) rotary drier, (7) tar separstor, (§) ammonie shill.

Figure 5. Ammonium suiphate vacuum-crystallizer unit
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(1) saturator-crystallizer, (2) recirculation pump, (3) slurry pump, (4) ve-
cuum unit, (5) separator. (6) centrijuge, (7) liguwor tank, (8) drier.
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The basic reaction is

INH. (g) - HS0, (1) - (NHH.50, - 67710 cal per gram-mole

One ton of dry ar monium sulphate made by these methods
requires about 0 74 ton of 100 per cent sulphuric acid and 0 25 ton of
corresponding elemental sulphur (Ammonium sulphate can alxo be
produced by methods not involving the initial use of sulphur and
sulphuric acid)

Potsssium fertilizers

Although potassium chloride (KC1), or potash, is by far the do-
minant potassium fertilizer, some crops. such as tobecco, are ex-
tremely sensitive to chlorides, and potassium nitrate or potassium
sulphate is used instead Potassium sulphate can be produced {rom
minerals such as burkeite, polvhalite and arcanite It can also be
made by the reaction of potassium chlonde with sulphuric acd
(Sauchelll, 1964 p 392) 1o vield potassium suiphate and hvdrochloric
acid gas according to the over-all reaction

IKCH .80, - K, 80, + YHCI

Theoretically. one ton of dry potassium sulphate would require
057 ton of 100 per cent suiphuric acd, corresponding to 019 ton of
elemental ~ulphur

Combinations of ammaor um sulphate, ammonium nitrate and
potassium sulphate perhaps i conjunction w ‘th other salts, are also
produced either as mixtures or as double saits Their sulphur require-
ments, i based on the use of sulphuric ac 4. can be determined
stoichiometnically

Phoephete fertilinere

By far the greatest consumers of sulphur (as sulphuric acd) in
the fertilizer 1mdustry are the phosphate manufacturers. Phosphate
rock is virtually insoluble in most soils, unless the rock is finely
ground and a favourable soil acidity exists. Therefore, a mineral acid
is used to make the rock soluble prior to cunversion to a fertilizer
For reasons of availability, suitability and economy, sulphuric aC1d
has been the universal choice until comparatively recently, when an
carlier shortage of sulphur in Europe led to the commercial develop-
ment of alternative methods using limited quantities of sulphunc
acid or even none at all
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Single superphosphates

About 1840, the German chemist Justus von L.icbig recommen-
ded treating bones and other pho.phoritic substances with acid to
improve supplies of phosphates In England in 1842, John Lawes ob-
tained a patent whereby phosphatic minerals, such as local copro-
lites. were mixed with suiphuric acid to make chemical manures
This was the beginning of the world-wide superphosphate industry,
which by 1862 was prod .cing 200,000 tons annually and today pro-
duces about 30 million tons @ vear

Earlv manufacturing methods were based on mixing phosphate
minerals with sulphuric acid by hand and allowing the sluiry to set
in a chamber or den After a suitable curing period, the solid mass
was dug out by hand Modern processes employ the same principle,
except that semi-continuous or continuous methods of acidulaticn
and wechanical methods of handling are used in the interests of
economy and product uniformity (US Department of Agriculture,
1964 Sauchelll, 1963) The continuous den 1is a popular method and
s normally used for outputs of between 10 and 50 tons per hour
Figure 6 below shcws a simplified flow diagram.

Figure 6. Continuous-den single superphosphate plant
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(1) ecid diluter, (2) acid cooler, (3) acrdulator, (4) mixer, (5) continuous den,
(€) cutter, (7) storage conveyor, (8) curing and storage pile.

Besides calcium phosphate, phosphate rocks frequentlv contain
calcium carbonate, calcium fluoride, iron and aluminium compounds,
and clays and organic materials. These impurities must be reduced
1o suitable limits before the manufacture of fertilizer can begin in
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order to ensure products of acceptable quahty 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 (Sauchelli, 1964). Sienificant amounts of
calcium carbonate and or organic material in the rock should be
removed by chemical treatmert or roasting to make  processing
easier

The reactions between sulphuric ac:d and phosphate rock are
complex, but under the usual operating conditicns emploved 1n
single superphosphate manufactur., thev can be empirically sum-
marized as:

Ca,, (POJF: + TH,SO, — 3Ca(H,PO,), + 7CaS0O, + 2HF.

The HF evolved reacts with the silica present in most rocks as
follows:
GHF + SlOg - H,Squ ‘+‘ 2}{-0

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

Fe,0, + 2H,PO, — 2F2PO, + 3H,0.

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 1n the rork reacts wastefully with sulphuric
acid and generates carbon dioxile, which may also cause processing
trouble, i e.

C‘CO; -+ }{gSO‘ + H,O — C&SO4 : ZHQO + COg

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,04 in
the rock in a form insoluble in water, while excess acid is wasteful
and will also weaken fibre or paper bags after packing, unless
“gweetened’’ by a suitable alkali-containing material.

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

Rock . . . . . « « « .« . ... 1L
Sulphuric acid (100%) . . . . . . . . . 700
Dilution water . . . . . . . . . . . 309

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 moisture. As a re-
sult, chemical analyses differ according to the rocks used and the
process employed. Water-soluble P,Q, is usually beiween 16 and
20 per cent; a typical analysis for a cured product might be:

weight per cent

Total P,O, e X
Citrate-insoluble P,O, . . . . . . . . . 10
AvailableP,O, . . . . . . . . . . . 190
Water-soluble P,O, . . . . . . . 17.5
CaG . . . . . . 200
Sulphatesas SO, . . . . . . . . . . 310
Fluorine . . . . . . . . . . 20
Free moisture . . . . . . . . 99
Freeaed . . . . . . 1.0

Concentrated superphosphates

The presence of gypsum in single superphosphate results in a
low-analysis phosphate fertilizer By making a product free from
Kypsum it is possible to raise the P,O, content from about 20 per
crnt 1y nearly 30 per cent This is done by making phosphor.c acid
and then reacting this with phosniiate rock to produce concentrated

ot triple superphosphate (TSP)

Phosphoric acid

Bene ficiated. ground phosphate rock normally containing 31 to
33 per cent P,O. is reacted with a mixture of concentrated sul-
phuric acid (usually 90 to 98 per cent H,80,) and recycled phos-

phoric acid to form additioral phosphoric acid and gypsum, as shown
empiricallv in the following ejuation’

Cas‘ ms)ﬂ + 4“3})00 - JC.HAPOJz
J3CAH(PO,), + IH,S80, + 6HO — 3CaSO, - 2H,0 + 6H,PO,.

Impunities in the rock consume sulphuric acid wastefully in accor-
dance with the reactions shown earlier in connexion with single
superphosphates

The ¢vpsum is removed v s:itration, and the phosphoric acid 1s
evaporated to a maximum concentration of 54 per cent P,O,, accord-
'K to requirements The gypsum, corresponding to most of the
sulphuric acid used in the »rocess, is usually discarded in a nearby
waste pile or flushed to a local river or sea Figure 7 below shows a
basic flow diagram of a wet-process phosphoric auid plant
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Fygure = Avet proccts phosphore acd plan?
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(1) reaction section, (2) digestion section, (3) continuous filter, (4) 3270 P,O,
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:

203;(?04);F + 12H;PO4 ‘}‘ QH,O - 9Ca(HgPO.)g : H,O + Can
2CaF, + 4H,PO, + SiO, — SiF, + 2CaH,(PO,);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 conve , 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
retneved 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 1s slurried with phosphoric acid of about 45 per
cent PO, concentration, combined with the solid recycled granu-




b SCLPHUR IN FERTILIZER MANUFACTURLE

lar product dried and <«creened to give a fullv cured, granulir con-
centrated triple superphosphate

A concentr.ated superphosphate of the triple tvpe mav have the
following analysis

weight ! per . mt

Tota! PO, , .o . .. 48
Citrate-insclubie PO, , . .2
Available P,0, . . , 46
Water-soluble P,0, S N L
Cat) S a1
Sulphates 2
Fluorine 2
Free moisture 3
Free acid 4

In ~ome cases concentrated supcrphosphates are produced with
PG, concentrations in the range of 3% to 4% per cent by using
mixed sulphuric and phosphoric acids The addition of ammonia to
single and concentrated superphosphates will yield products con-
taining low percentages of nitrogen Mixture with nitrogen salts
and or potash salts will permit a wide range of N-P and N-P-K or
P-K fertilizers to be 'nade

Ammonium phosphates

Ammonium phosphates, one of the fastest growing groups of
fertilizers, are made by reacting ammonia with phosphoric acid
Usually, wet-process acid 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 monoemmonium or
the diammonium salt can be produced, or variour combinations of
these, such as

NH: + H.PO.—* (NH,.)H.PO.
2NH, 4+ H,PO, -+ (NH,), HPO,.

Ammonium phosphates derived from electric-furnace acid are
usually crystallized from the rraction liquor, dried and bagged
When made with wet-process phosphoric acid, the resction slurry
is normally produced 'n granular form in a conventional recycling
system as shown in "igure 8 below

Using ammonium phosphate slurrv as a base, a vwide range of
water-soluble, granulated binary and ternary N-P and N-P-K fertiii-
zers can be made by adding nitrogen salts, such as ammonium nitrate
or urea, and potash to the circuit The system shown in figure 8 can
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Figure 8. Diammonium phosphate plant of the type used by the US Ten-
nessee Valley Authority (TVA).
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(1) pre-neutralizer, (2) resction scrubber, (3) TVA granulator, (4) furnace.
(5) rotary drier, (6) screens, (7) crusher, (§) dust scrubbder.

also be used to produce granulated triple superphosphaie by adding
ground phosphate rock instead of ammonia.

Polyphosphate fertilizers

In recent years a more highly concentrated form of phosphoric
acid containing 68 to 76 per cent P,O; has become available com-
mercially. Known as superphosphoric acid, this product can be made
either by electric-furnace or wet-process methods (Peterson et al.,
196J) and 1s used to make high-analysis liquid and solid fertilizers,
principally by ammoniating the super-acid.

The derivatives, known as polyphosphates, possess several
desirable properties in addition to high analysis (Pratt and Noyes,
1963, p 74) Limited commercial quantities are made from furnace
acid, which, unlike the products of wet-process crigin, avoids the use
of sulphur.



4.

Sulphur-saving fertilizer
processes

Under normal conditions, any fertilizer process designed to reduce or
eliminate the use of sulphur must also meet the following require-
ments:

(a) The product must be agronomically successful, comme~r-
cially acceptable and sell at a competitive price with
established materials of equivalent rutrient value.

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

However, a sulphur shortage and or extremely high sulphur
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 in this regard,
some compromise might have to be accepted.

With these considerations in mind, the vanous processes and
products either commercially available or partly developed can be
studied as possible alternatives offering economies in the use of
sulphur

Nitrogen fertilizers (ammonium sulphete)

The principal nitrogen fertilizer containing sulphur is am-
monium sulphate, for which several methods of production are

»
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available (Pratt and Noves 1965 p 4 United Nations Irndustrial
Development Organization, 1967) Where plentiful supplies of low-
cost sulphuric acid exist, direct neutralizat:or. processes INCOrpota-
ting simultaneous evaporation ard cristallization are normaliv used
as thev are able to make cryvstals of excellent aquality for mirm.am
operating costs

In some countries lacking sources of sulphur, such as Austrg
Great Britainn and India. large tonnages of ammonium sulphate are
made from native gypsum (CaSO, 2H,0) or anhsdrite (CaSQ),)
In some cases by-product gypsum from wet-process phosphoric acid
plants is used Methods based on the use of waste gases containing
sulphur are also available or have been proposed (Pratt and Noves,
1965, p 74) These processes will now be briefl. described

Ammonium sulphate from calcium sulphate

This method, sometimes called the Merseburg process, is based
on the reaction between ammonium carbonate and calcium sulphate,
which vields ammonium sulphate and calcium carbonate Ammonium
carbonate is {irst made from ammonia and carbon dioxide

NH, + HO -+ NHOH — 8,320 cal per gram-mole,
2ZNH,OH 4+ COy - (NH),CO,y + H,O — 22080 cal per gram-mole

Ammonium sulphate is then produced according to the following
reaction

CaS0O, 2H,0 + (NH),CO, = CaCO, + (NH,).SO, + H,O0 - 3,900 cal
per gram-mole

The ammonium carbonate solution is made bv absorbing an-
Liydrous ammeonia in water and carbonating either at atmospheric
pressure or higher to produce a liquor containing «bout 170 grams
of NH, und 225 grams of CO, per litre. In some plants jet mixers
are used as an alternative to large absorbing and carbonating towers.
Heat {from the reaction is removed bv inter-coolers and used to
vaporize the ammonia feed.

The natural gypsum or anhvdrite raw material 1s normally
ground to a fineness of about 90 per cent through 100 mesh and
reacted for some 4 to 6 hours in wooden or mild steel tunks The
calcium carbcnate is removed by fiitration. and the sulphate liquor
containing about 500 to 520 grams (NH,),S0O, per litre is con-
centrated 1n multiple-effect evaporator crystallizers The am-
monium sulphate crystals produced are centrifuged and dned at
120 to 130 C and are comparable in quality to sulphate produced
bv direct neutralization, provided, of course, the process is properly
operated Figure 9 below shows a basic flow diagram of the method.
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#igure 9. Gypsum process for ammonium sulphate production
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(1) gypsum wash tank, (2) gypsum filter, (3) reaction tank(s), (4) carbonate
filter, (5) clarifier, (6) vacuum evaporators, (7) crystal separator, (8) cen-
trifuge, (9) rotary drier, (17) 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 (CaSO,) is preferable to
gypsum (CaSO, - 2H,0). A little more than one ton of anhydrite is
required to make 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 are low-price materials (about $2
to $4 per ton ex-mine in some parts of the world); however, trans-
port can increase ex-mine prices 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 1n 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
sulphate using various sulphur sources
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Basis: 300 metric tons per day; $S40 per ton of NH, Capital costs for
A — 82.0 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 $3.5 million respectively. The
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higher cost of the latter 1» due to the need for handhng larger
quartities of matenals as well as the need for an ammonium car-
bonate unit and a reaction filtration section Labour and other pro-
ductinn costs are also corresponding v higher The ditect neutraliza-
tion plant, however, needs a supply of sulphuric acid preferably from
a captive source, amounting to about 240 tons per dav, which 1n
terms of a battery hmits unit would bring the total investment to 4
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 ncarby. It
would be possible to use anhydrous ammonia purchased in 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 cost calculations, no credits
have been allowed for the possible sale of by-product calcium car-
bonate, or for waste steam from the sulphuric-acid neutralization
units.

Figure 10 demonstrates that anhydrite or gvpsum at a
reasonably low delivered cost is a competitive source of sulphur for
the manufacture of ammonium sulphate when delivered elemental
sulphur costs are about $40 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 niver or the sea,
it 1s possible to use 1t 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 sulphate from lean off-gases

A more recently developed method for producing ammonium
sulphate offers possibilities of recovering sulphur from lean stack
gases containing marginal amounts of sulphur dioxide Known as the
Piritas Espafiolas process (Anon. 1964), 1t 1s based on the absorption
of sulphurous gas by a basic organic solvent, such as xylhidine or
monoethanolamine, 1n a packed absorption coiumn to form a basic
sulphite. The solvent then passes to oxidation reactors, where it 1is
blown with air and (ooled

After complete oxidation, the hiquor 1s sent to a saturator,
where it is reacted with ammonia. which frees the organic base and
produces a saturated ammonium solution The base is recyvcled and
the ammonium  sulphate crystallized. centrifuged and drnied
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Fxothermic heat from tre abscrption ard reaction units s used o
provide most of the necessary evaporation ard drving Figure 11
below shows a simpified flow diagram of this provess

Figure 1! Piritas Etpaiolas process for ammonium sulphate production
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(1) absordber, (2) primary resctor, (3) secondary reactor, (4) saturator-
erystallizer, (3) separation tank, (6) centrifuge, (7) rotary drier.

Potasssium fertiitzsere

As an alternative to producing potassium sulphate from potash
(XC1) and sulphuric acid by the Mannheim process, or from potash
and sulphur by the Hargreaves process, potassium sulphate can be
recovered from natural minerais by several methods and thus the
need for elemental sulphur is eliminated (British Patent No. $02,363).
Although these processes are highly specialized, they might possibly
be made available from sources 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

for special agronomic purposes.

Phoephete fertilizers

Because of the need to render soluble the phosphate component
in phosphate rock, this group of fertilizers offers the greatest po-
tential field for effecting savings in sulphur As previously shown,
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sulphuric acid 1s the principal material used for this purpose. hence,
anv method which reduces or eliminates the need for sulphuric acid
should be carefully studied.

[he mai comporeat of most phosphate rocks 1s the mineral
apatite, which can be empiricailv expressed as 3Ca,(PO,), - CaF,. The
extreme insolubihity  of apatites 1n water has preserved their
exi~tence 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 15 generally understood that the insolubility is due to the chelat-
ing effect of the CaF, molecules in the crystal latice, since remo-
val of part or all of the F, 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 relativelv
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 experted to in-
crease proportionately the amount of phosphate available, limits
are imposed by the cost of grinding and increased diificulty 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 100-to-200-mesh
range 1s 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 matenals, 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 f{iner 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 vround
phosphate rock and other fertilizer materials in agglomerated form
The onlv binder needed when granulating and compacting such mix-
tures is | or 2 per cent of water. (In compacting, even subsequent
drving is not required.) Properly made granules and compacted
auglomerates of appropriate size (about 3 to 5mm 1n 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 usuallv 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 PO, (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 stuitable
alternative involving a lower capital investment might be the pro-
duction of dicalcium phosphate by chemical means.

Fused tricalctum phosphate Extensive studies were under-
taken some time ago in the United States on the production »f
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alpha-tricalaium phosphate from fawed pho-phate ek o0 a <haft
furnace (Anon | 1965 e Although the proaduct proved to be suitable
for come (rops on acid saids 1t @ d rot prodace good resaits o al-
kaline or calcareous sotls As far as 18 krown no large-scale process
of thi. thvpe 1w inoperation at presen?

Fused alkali-phosphate prodiicts The addition of alkali salts
to phosphate usually lowers the calciiing temperature required for
definorination purposes, and several operating processes are based
on this principle In the Federal Republic of Germanv. Rhenania
phosphate 1s made bv calcinirg phosphate rock, sodium carbonate
and silica. Rochling phosphate 1s a similar product made from phos-
phate rock and a soda slag In both products much of the total
P,O, 1s 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
electric-are 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 vet 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. 3154) e.~mental phosphorus is burned
with air and phosphate rock to yield calcium metaphosphate
Ca(P0O,); containing about 84 per cent P,0O;, 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.

Electric-furnace method. A major thermal process for treating
phosphate rock 1s based on reduction with carbon, plus silica, to
produce phosphorus, which can be empirically shown as:

JCa,(PO,), + 6510, + 10C — 6CaSi10, + P, + 10CO — 730 kcal.

Some silica also reacts with the fluorine present in the rock, while
metallic impurities, such as iron compounds, are reduced and forra
ferrophosphorus, a material of commercial value.
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In practice. « ectric-are furraces are generallv emploved (Van
Wazer 1961 Vol 2 p 1149 although the use of a shaft or blast
furnace 1 ai-o possible (Waggaman, 1952, p 144), as well as rotary
horizortal kilns The phosphorus vapour evolved from the furnace 1s
wsually condenszed to elemental phosphorus (P, which i1s used for
numerous industrial purposes In the United States and in Europe,
much of the elemerital phosphorus produced 1s burned with air to
produce P,O,, which is then absorbed in water to form high-
purity phosphoric acid (H,PO,) (Van Wazer, 1961, Vol. 2, Ch. 18).
Most of this 1s used in the detergent, food and chemical industries,
and very little for fertilizer production because of the relatively
high cost compared with wet-process acid.

However, furnace-grade phosphoric acid 1s 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 diammonium phosphate
fertilizer from coke-oven gas (instead of ammonium sulphate by
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,O; (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 as $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 costs 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,O; has been given for
slag and ferrophosphorus sales in the case of the furnace acid and a
cost of $§1 per ton of P,O; 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 can easily
be calculated by including the corresponding cost of the transport
of rock. Specific cost estimates can Le worked out on the basis of
actual local data in conjunction with published information (Bixby
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et al, 1964, Van Wazer, 1961, Vol 2. Ch 18) and cxperienced plant
contractors.

A delivered price for sulphur in the region of $50 per ton
causes the corresponding wet-process phosphoric acid cost to

Figure 12. Typical cost relation between electric-furnace and u-et-proces:
phosphoric acids
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Basis: 220 metric tons P,O; produced per day, rock for A 75 BPL at
$8.5/metric ton, rock for B 70 BPL at $6.9/metric ton, power for A
$0.007 per kWh, other unit costs identical. A includes $1 per ton of
P,O; for gypsum disposal; B includes $5 per ton P,O4 credit for slag and
ferrophosphorus. (Compare also with figure 14b.)

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
there is no other means of making water-soluble fertilizers. Never-
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theless, the production of prosphorus ard coriespoding o
phoric acid should be carefully ~tudied a~ an aiteriatooe toowos
process acid for fertihizer production in cases of sulphiar =mortas
especially for developing areas

Several additioral factors most aiso be cori~ndered First in some
developing areas, large hyvdroelectric provects or ~ubstantial natura.
gas supplies at low cost enable power to be suppiied at low rates,
vet there mav not be sufficient local demand to vield an economi
return A medium or large phosphorus prodicer could be . welcore
customer, as he would require a continuous, heavy load ard could
himself obtain power on a long contract at attractive rates. probabiy
in the range of 3 to & mills per kWh Second, electnic-furnace acid
can produce higher fertilizer grades than w.t-process aad of cor-
responding P;0; concentration because of the wvirtual absence ot
impurities (for example, 21-53-0 compared with 18-46-0 for
diammonium phosphate). The higher-grade n.aterial commands a
better price and can be expected to give better agronomic 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 1s a raw material for detergents,
beverage., and numerous inorganic and organic chemicals.

Other methods. 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 the use of direct heating and reduction by means of reformeu na-
tural gas, or refinery gas in fluidized-bed furnaces on the lines
developed for iron-ore treatmert (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 usc
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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Sulphuric acud from pyrites, smelter gazes und anhydrite. As
indicated earlier, high tonnages of sulphuric acid are produced in
manv countries from pyvrites (FeS,) and pvrrhotite (FeS approxima-
telv), which contain about 45 to 48 per cent and 30 to 32 per cent of
sulphur. respectively. Waste gases trom sulph:de-ore smelters are
also used to produce sulphuric acid, where local markets exist. In a
few cases anhvdrite or gypsum is the primary 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 races (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 1ron-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 H,SO, 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 piant
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
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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 himits 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 (FesO,) 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 SO, for %,200 tons per day of 100 per cent H,SO,,
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
(Fe,O,), 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 wasta-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 exarnple, one installation under
construction (Anon., 1964, 1965 a and 1965 e) is expected to produce
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annually about %35 million worth of elemental sulphur (113.000
tons), plus over 315 mullion worth of iron ore pellets. sulphunc
acid and other products, on a total investment of $28 million. Based
on plant fixed capital, this furure represents an annual return of 66
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
sweld MeO oand SO.). and perhaps sodium sulphate and calcium
sulphate.

Sulphuric acid from anhydrite and gypsum. In Great Britain
and in Murope 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 coal and sand, plus a little clav or chale and roasted in a
rotary kiln. The calcium sulphate is reduced to lime, which combines
with the rest of the charge to form cement clinker. The SO. is
scrubbed and used to produce sulphuric acid, while the clinker is
ground and sold for cement manufacture. The reduction reaction can
be empirically expressed as:

2CaS0O, + C — 2Ca0O + 280, + CO,.

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, especiaily 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 additicnal plants of this type. The ability to
produce cement clinker and sulphuric acid should 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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1s rarelv used. except 1n areas with limited supplies of sulphur
and calcium sulphate, such as parts of India and Japan In other
regions of the world milhions of tons annuaily are flushed to seas o1
rivers or allowed to accumulate v lagoons and storage piles
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 1ts sulphur component, is not alwav s
economic. First, natural gypsum, either domestic or imported. mav
be relatively cheap and of high purity. Second, no local markets for
by-product gypsurn may exist; snd third, the impurities, such as
residual P,0;, 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, + (NH,);SO, — CaSO,; + NH,F (vaporized).
(heat)
The P,05 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  In the United States alone,
some X milhion tons of spent sulphuric acid are recove red annualiy for
captive re-use or sale Principal sources in this category are the iron
and steel industry, petroleum refiners, vegetabie o1l and soap fac-
tories, titantum-dioxide producers, nitration processes and some mis-
cellaneous chemical and pigment operations Several processes are
available for pickle iquor treatment (Anon, 1965 ¢), 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 sulphuric acid processes. 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/m?
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 34 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 to:s of 100 per cent
H,SO, has been assumed in each case. Total installed cost (plus
100,000 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 $7 37 per ton of 100 per cent H,SO, This includes a
10 per cent annual depreciation charge and 6 per cent capital interest
charge.

Figure 13. Sulphuric acid manufacturing costs for alternative raw
materials
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Basis — 300 metric tons 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 iotal capital cost of $13
million has been assumed, 45 per cent being allocated to sulphuric
acid production and 55 per cent to cement manufacture, ie $5.8
for the H,SO, operation. Sulphuric acid operating costs have been
taken as twice those of the elemental sulphur plant. Anhvdrite costs
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and fuel costs of %4 per ton are apportioned equally between the
H.SO, and the cement produced, sinc» about one ton of cement is
made per ton of sulphuric acid.

From figure 13 above it can be seen that on the basis of the
assumed costs and allocations, elemental sulphur at about 340 per
ton. including dehivery, and pyrites at %12 per ton, including de-
hvery, would produce one ton of 100 per cent H.SO, for approxima-
tely 21 This would correspond to an anhydrite cost nf about $2.5
per ton. Hence, 1t can be seen that in 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 IM] process
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(1) digesters, (2) clarifier, (3) solvent extractor, (4) water extractor, (5) ar.d
(6) evaporators, (7) acid storage tank, (8) ion-exchange unit, (9) solvent
recovery unit,

Processes based on hydrochloric acid

Several processes using hydrochloric acid as an acidulant have
been developed. The princ.pal 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 this purpose
The extracted phosphoric acid 1s transferred to an aqueous solution
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in a liquid-liquid contactor and evaporated to yieid a very pure pro-
duct containing about 58 per cent P,O,. The solvent is recvcled
and the calcium chloride can be sold (figure 14 a).

Supplies of hydrochloric acid on a large scale are relatively
limited 1n most parts of the world; consequently, HCl processes for
phosphoric acid production have not been widely adopted. By-product
acid 13 sometimes available from other processes and may even create
disposal problems. In such cases, the production of phezphoric acid
may be ideal. Figure 14 b indicates typical production costs in terms
of costs of raw material.

Figure 14 b Typical cost relation between phosphoric acid made from
n!pxun‘c scid and hydrochloric acid (IMI process)
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Beasis for B 100 metric tons P,O; produced per day, rock: $13.2 per metric

ton, capitsl cost: $2.75 million (acid said to be of furnace-grade purity;

compsre also with figure 12). Basis for A 220 metric tons of P,O, produced
per day, rock: 75 BPL at $8.5 per metric ton.
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Processes based on nitric acid

A sulphur shortage 1n the earlv 1950s spurred in Europe the
development of phosphate fertilizer procesces in which the main
acidulant 1s nitric acid. Numerous plants in this category have been
built, and the total production of nitrophosphates now amounts to
several million tons annuallv. These processes, however, have not
been widely adopted elsewhere, partly because of the renewed
availability of sulphur at a reasonable cost but ualso because of the
limited P.O; water-solubility of mtrophosphate fertilizers.

Anacute 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 countrics.

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

3Cay(PO,). - CaF. -~ 14HNO, -» 3Ca(H,PO,), + 7Ca(NC ): + 2HF

}

3C83(PO4): * CaFg -+ ZO}iNO;; - 10C3(NO|)3 + GH*}POg + ZHF

The presence of calciura nitrate, however, makes the reaction pro-
cuct extremelv hyvgroscopic 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 1nodified 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 nonium nitrate plant
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(1) digestion tank, (2) chill tank, (3) Ca(NO,), filter, (4) amn:oniaticn tank,

(5) carbomation tank, (6) calcium carbonate filter, (7) ammonium nitrate

evaporator, (8) prill tower, (9) concentrator, (10) granulator, (11) drier
(12) screens.

Figure 16. Non-separation type nitrophosphate process
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(1) digestion tanks, (2) ammoniation tanks, (3) granulator, (4) rotary drier,
(5) screens, (6) oversize crusher.




32 SCTFPHUR IN FERPTLILFR MANT FACTIURE

(with recvole) and non-separation. tespectively In each of these pro-
cesses. nitric acid in concentration, up to about 60 per cent 1s the
principal ~clubtdhizing agent Ammionia 15 added to the slurry to re-
duce the calaum-nmitiate content, to furnish nitrogen, and  to
stabilize the phosphates Thus, the final products will contain dical-
¢ram phosphate. ammonium nitrate, calaum fluoride and perhaps
sorae ammonium  sulphate, ammonium phosphate. and a httle cal-
ciam nitrate, according to the method and mater:als used The over-
all reaction during ammoniation can be expressed as

10Ca(NOy), + 6H,PO, + 2HF + 14NH, -
JCa(NO,), + 6CaHPO, -+ I4NH,NO, + CaF,

Potash or porassium 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 nitrophosphates, virtually all the phosiphate
1s citrate-soluble. The mole ratio of CaO.P,O, in phosphate rock is
usually between 3.3 and 40 1 and for dicalcium phosphate 2:1.
Therefore, at least 40 to 50 per cent of the CaO in the rock must be
1solated 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 P,O, 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 et al., 1965). Sulphur re-
quirements range from zero for the carbon dioxide and the Uhde-
Odda metheds 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 P,0, water-solubility, or higher
sulphur requirements and increased water-solubilities. Table 13
below indicates the vanous raw material needs for 1-1-1 nitrophos-
phate fertilizers made by different methods.
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A nitrophosphate process that elimiates the need for <ulphur
and at the same time offers high P.O; water-solubility would have
many advantages Several methods for achie ing this dua! aim have
been proposed (Hignett et al, 1965 Weber and Ol er, 1963) In one
of these (Weber and Oliver, 1963), phosphate rock 1s digested with
nitric acid, and ammonium sulphate 1s added to the slurry The
precipitated calcium sulphate 1s separated by filtration and reacted
with ammonia and carbon dioxide to produce ammonium sulphate,
which 18 recvcled to the reaction slurry precipitator. Calcium car-
bonate produced by carbonating the gypsum can be used to re-
generate carbon dioxide or sold.

Figure 17. Proposed nitrophosphate-sulphate cycle process
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(1) digester tanks, (2) gypsum precipitation tank, (3) gypsum filter, (4)
ammoniation tanks, (5) carbonation tank, (6) carbonate filter, (7) granu-
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.O;. 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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prilied 10 vield produc’s such as 25-25-6 and 0-10-0  Cal-
cium caitrate cryvstals separated from the . rophosphate reaction
liquor are aiso carbonated ard ammoniated *o produce ammoni:. m
mitrate (and calcium caorbonate), which can be added to the m n
reaction liquor or evaporated and prilled separately to prodice sohid
ammonium nitrate (33 5-0-0) Figure 18 below shows a ba~c¢ flow
diagram of this process.

At present no commercial nitrophosphate installation incor pora-
ting an internal ammonium sulphate recycle i1s known However,

Figure 13. Proposed separstion type mitrophosphate process with sulphate
recycle
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(1) digestion tank(s), (2) chill tank, (3) centrifuge, (4) No. | carbonator, (5)

No. 1 carbonate filter, (6) evaporator, (7) prill tower, (8) sulphate precips-

tator, (9) No. 2 CO, filter, (10) No. 2 rarbonator, (11) No. 2 CO, hiter,
(12) cmmmuctm.

the techniques of each section have been in taige-scale operation in
separate plants for many years. Nitrophosphate processes of this
type, therefore, are considered to have an excellent future potential,
particularly in developing countries w! re low-cost ammonia is
available and elemental sulphur is in 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
costs for both methods are probably similar.



b SULPHUR IN FERTILIZER MANUTACTURE

Agronomic oconelderstions

Sulphur

Su.phur 1s indispensable to plant life (McVickar et al., 1943,
Sulphur Institute). ve* sotls in many areas of the world are deficient
in this elsment The continued use of concentrated fertilizers con-
taining little or no sulphur can aggravate this condition. Hence,
fertilizers incorporating gypsum, magnesium sulphate or other sul-
phur-containing radicals, or these materials themselves, may be
necessarv for agronomic reasons This might influence the choice of
a particular process and type of product, especially in a developing
country

Phosphorus

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-
solubility on the basis of extensive agronomic evidence (Mattingley,
1963, Piepers, 1963. Vanden Berg, 1963). This appears to apply
particularly to pastires 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-solubility 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 mav be possible in some cases to use
totally water-soluble phosphate fertilizers in limited amounts as
starter materials, with larger quantities of less water-soluble ma-
terials.

One interesting possibility (McVickar et 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 unusually 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-stocks
are available for ammonia produc‘ion yet the situation regarding
future supplics 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 is 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 fertilizers are
of particular importance to developing countries because thev offer
the possibility of ranufacturing other products simultaneously, and
this may result in savings or an increase 1n foreign exchanze. 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 cvident 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.

Recommendations

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

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

Products Recommended alternatives

Nitrogen fertilizers

Ammonium sualphate from H,SO, Ammonium sulphate from
and NH;, gypsum, NH, and CO,
Idem Ammonium sulphate from lean

stack gascs

Potassium fertilizers

Potassium sulphate from H,SO, Use of natural minerals such as
and K(Cl burkeite, langbeinite; alkaline-
ion exchange processes

Phosphute fertilizers

Coarse ground rock Finely ground rock, granulated to
reduce dusting

Single superphosphate Idem




SUMMARY AND CONCILUSIONS

Products

Mixed fertilizers using sing'
supeiphosphate

Deflourinated rock (for animal
feed)

Magnesium phosphate
Calcium metaphosphate
Other fusion products

Wet-process phosphoric acid
Idem
Sulphuric acid from clemental

sulphur

Sulphuric acid from elemental
sulphur

ldem

Idem
Idem

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

Single superphosphate

Re-ommonded altere .t « ox

Granuiated nmuxed ot o,
using finely ground 1ok

Meaiciumn phosphate from  phos-
phate 1ok, minera! wo:d and
lime

Nitrophosphates

Slags from steel works

Phosphorus and furnace-grade
phosphoric acid

Phosphoric acid by HC! 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.

Nitrophosphate processes possi-
bly with interal, closed
ammonium-sulphate cvcle

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




References

ANoN. (1960) Nitrogen, Sept. pp. 11—15,

ANon. (1964) Sulphur, No. 50.

Anon. (1985 a) Chemical Week, Aug. 21.

ANON. (1965 b) Oil and Gas Journal, Dec. 6, p. 88.

ANoN. (1985 c) Sulphur, April, No. 57, p. 25.

AnoN. (1965 d) Sulphur, June, No. 58.

ANON. (1965 e) Sulphur, Aug., No. 59.

ANoN. (1965 f) “Sulphur Recovery from Gases”, Chemical Engineering
Progress, Sept.

ANon. (1966) “Sulphur Removal from Gas”, Oil and Gas Journal, Jan. 3,
p- 58.

Barnes, M. D. United States Patent No. 2,762,698.

Bixsy, D. W. et al. (1964) “Phosphatic Fertilizers”, Sulphur Institute
Technical Bulletin, No. 8.

British Patent No. 902,363 (ICI Ltd.).

Georce, K. C. and N. D. GoriNaTH (1333) “Manufacture of Ammonium
Sulphate by the Method of Direct Neutralization and the Merseberg
Reaction” in Report of the Conference on the Development of the
Fertilizer Industry in Asia and the Far East, United Nations (docu-
ment E/CN. 11/1 & NR/51).

Guccioxg, E. (1965) Chemical Engineering, May 10, pp. 142—144.

HicNerr, T. P. et al. (1965) “Nitrophosphate Processes, Advantages and
Disadvantages” in The Fertilizer Industrial Round Table 15" Annual
Meeting, Washington, D. C., pp. 92—100.

Honry, S. et al. (1963) Chemical Engineering, 18 (7), 35.

Koni, A. L. and F. C. RIFSENFELD (1960) Gas Purification, McGraw-Hill,
New York, N. Y.

McVickar, M. H. et al. (1963) Fertilizer Technology and Usage, Soil Science
Society of USA, Madison, Wisc.

MarniNGLEY, G. E. G. (1963) in Proceedings, Fertilizer Society, London.

NirroN Kokan Co. Bulletin (Tokyo), No. 39. 2. 3.




REFERENCES B o o A

PetersoN, A. et al. (1963) in American Chemical Society Meeting, Septem-
ber 1963, Atlante City, N. J.

Pierers, R. J. (1965) “Nitrophosphates™ in The Fe, .ilizer Industrial Round
Table 15" Annual Meeting, Washington, D. C., pp. 72—76.

Pratr, C. J. (1964) British Chemical Engineering, Aug.

Pratr, C. J. and R. Noves (1965) in Nitrogen Fertilizer Chemical Processes,
Pearl River, New York, N. Y.

Priesicey, J. J. (1964) in King's Manual of Gas Manufacture (Section 8),
Walter King, London.

Savcuert, V. (1964) Chemistry and Technology of Fertilizers, Reinhold,
New York, N. Y.

Savcuernr, V. (1963) Manual on Fertilizer Manufacture, Industry Publi-
cations, Caldwell, N. J.

Sureve, R. N. (1956) The Chemical Process Industries, McGraw-Hill,
New York, N. Y.

SurpHur INsTiTUTE [n.d.] Sulphur — The Essential Plant Food Element,
Sulphur Institute, Washington, D. C.

UNiTED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION (1967) Fertilizer
Manual. New York, N. Y. (Sales No. 67. II. B).

UNITED STATES DEPARTMENT OF AGRICULTURE (1964) Superphosphate: Its
History, Chemistry and Manufacture, Washington, D. C.

VANDEN Bzrg, P. F. J. (1963) in Proceedings, Fertilizer Society, London.

VAN Wazen, J. (1961) Phosphorus and Its Compounds, Vol. 2, Interscience,
New York, N. Y.

VERGHESE, M. C. Private Communication from Iran.

WaceamaN, W. H. (1952) Phosphoric Acid, Phosphates and Phosphatic
Fertilizers, Reinhold, New York, N. Y.

Weser, W. C. and R. H. Oriver (1963) “The Techno-Economic Aspects of
Processes for the Acid Solubilization of Phosphates” in Report of the
Conference on the Development of the Fertilizer Industry in Asia and
the Far East, United Nations (document E/CN. 11/I & NR/51).

WiLson, F. J. (1962) United States Patent No. 3,035,899.







Fertilicer Industry S0 res
of the
Pated Natwons Lrdr strad Decelepraent Qrrgeaas ot o

ID SERF | Chenucal fertili-er progects the v oreation o gl g
estgbl shment

Lo O Pratr Mobs! Chemae ol Companny. Nen Y

1D SERF 2 Guede to hulding an @ammon.a tertd er oo
by J A Fumeran and P 7 Masur, The M W Kol

%

Company,. a division of Puilman Incorporate 8N 00

e

1D SERTY 3 The roduction of <ulph o mneed- tn fert er oo oaote

by C 1 DPratt AMaobil Chemvoad Compansy . faoa Yo

ID SFRF The grricn um chlorde and siela a-' dral gt
proce <x tn Japarn

by Shozaburo Sekt Japaa Amoeonem Chiorede bt L

N-wmgation Tokso

New process for the prodactan ol phophat o rertel
using Apdrochlore acd

by Y Aretenn and B Brosh Institute o0 Be ool
Development. [siael Mining Dietustrie-~ 1oty

3

a3t







~'J;O/






