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ABSTRACT

This thesis analyzes the economic feasibility of 
sulfur and sulfuric acid recovery from gypsum deposits 
of Northeast Brazil. The most important deposits of 
Northeast Brazil are found in the Araripe Plateau, which 
is a cretaceous sedimentary sequence in the States of 
Ceara, Pernambuco, and Piaui. Gypsum is presently mined 
by open-pit methods in small mines where little mech
anization is used. Transportation is by truck, railroad, 
and barge, truck haulage being the most common. Shipment 
costs largely increase the delivered (c.i.f.) cost of 
gypsum to customers who use it mainly as a cement retarder.

Economic deposits of elemental sulfur are not known 
in Brazil, and the sulfur demand is mostly met by imports. 
Important alternate sources of sulfur are found in oil 
shales, pyritic coals, pyrites and gypsum. Several 
projects of sulfur recovery are presently under way, but 
none of them are located in the Northeast, whose only 
potential source of sulfur is gypsum.

The U.S. Bureau of Mines developed two processes of 
sulfur recovery from gypsum. The first one yields only 
sulfur as a salable product, and the second one yields
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also sodium carbonate and calcium chloride. The process 
of sulfuric acid recovery from gypsum, which was developed 
at the beginning of the century,produces also Portland 
cement as a coproduct.

Financial analysis indicated that, at present sulfur 
prices, the recovery of elemental sulfur from gypsum is 
not feasible. The analysis showed that sulfuric acid 
recovery is a good alternative that deserves to be further 
investigated. The social benefits of this project and the 
possibility of building an integrated fertilizer complex 
that would use the acid produced and the available phosphate 
resources are also aspects that deserve to be further studied.

iv
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INTRODUCTION

The recovery of sulfur from gypsum deposits of 
Northeast Brazil was suggested by several authors who 
studied these deposits. The reason for this interest is 
that economic deposits of elemental sulfur are not known 
in Brazil, the production of recovered sulfur from 
alternate sulfur sources is still small and most of the 
demand has to be met by imports.

The gypsum deposits are the only potential source of
sulfur in the Northeast. This region which includes the
States of Maranhao, Piaui, Ceara, Rio Grande do Norte,
Paraiba, Pernambuco, Alagoas, Sergipe, and Bahia, has an

2area of 1.6 million km , which is larger than any South 
American country with the exception of Argentina. In 
1969 the population of the Northeast was estimated to be 
27.3 million (Powers, 197i> P» 10).

Gypsum is a hydrous calcium sulfate (CaSO^.2K^0).
Pure gypsum contains 32.5 percent CaO, ^6.6 percent S0̂ , 
and 20.9 percent HgO. The technology of sulfur recovery 
from gypsum improved in recent years due to research done 
by the U.S. Bureau of Mines and private companies. Though 
the processes developed have proved technically feasible, 
the production costs are still rather high.

1



T 149? 2

FORTALEZA

to GRANDE
NORTE 

RAIBA
ECIFE

0OAS 
ERG I PE

RORAI

BELE3MMANAUS

PARAAMAZONAS

60 IAS
FEDERA 

I STRICT
SALVADOR

MATO GROSSO BRASILI 9» v
GOIANIA INAS GE

BELO HORIZONT

PAULO
SAO PAULO JNITEROI

ARAN
CURITIBA

RITO SANTO

0  DE JANEIRO

SYMBOLS
FEDERAL TERRITORIES

RIO DE JANEIRO
GUANABARA 

JTA CATARINA
FLORIANOPOLIS

110 GRANGE DO SUL
JU \PORTO ALEGRE

STATE D IV ID E

Figure i. Political map of Brazil



T 1497 3

The major use of sulfur is in fertilizer production. 
Sulfur is also used in titanium dioxide and cellulose fiber 
production, in ore and metal processing, in petroleum 
refining, and in a large number of chemicals. Sulfur is 
consumed mainly as sulfuric acid (HgSO^), rather than in 
its elemental form, and for this reason recovery processes 
have also been developed to produce sulfuric acid directly 
from sulfur sources.

The process of sulfuric-acid recovery from gypsum was 
developed in Germany at the beginning of the century.
During World War I the first plant was built in that 
country, and presently plants are in operation in several 
other countries.

The objective of this thesis is to analyze the economic 
feasibility of the recovery of sulfur and sulfuric acid from 
the gypsum deposits of Northeast Brazil.

The analysis consists of investigation of the gypsum 
and sulfur industries in Brazil, of the processes of sulfur 
and sulfuric-acid recovery from gypsum, and of the trans
portation facilities.

A cost estimate is made, including mining, transporta
tion, and sulfur or sulfuric acid plant; and a financial 
analysis is conducted to evaluate the different alternatives 
The discounted cash-flow and the net present value technique
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are used in this financial analysis.
All values given in tons refer to metric tons unless 

otherwise specified. The values given in dollars refer to 
American dollars. Exchange rates between dollars and 
cruzeiros are not constant, and to avoid the problems of 
comparison of money values caused by inflation if cruzeiros 
were used, the use of dollars was preferred.
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GYPSUM DEPOSITS

Location
The most important gypsum deposits of Brazil are in 

the Northeast. They are part of a cretaceous sedimentary 
sequence known as the Araripe Plateau (Chapada do Araripe), 
which lies on the border of the States of Pernamouco, Geara, 
and Piaui, between the parallels 7° and 8° south, and the 
meridians 39° and 41° west.

The Araripe Plateau covers an area of approximately 
27,500 km . The altitude on the top of the plateau reaches 

800m, and the thickness of the sediments ranges from 300 
to 600m. The climate is tropical semiarid, with summer 
rains. The total rainfall is less than 700 mm per year, 
concentrated in the months of January and February.
Natural vegetation consists of small trees, bushes, and 
cacti. On the top of the plateau the altitude modifies 
the climate, which becomes less hot and more humid. The 
main economic activities in this region are agriculture, 
cattle raising, and gypsum mining.

Deposits of economic interest are found in several 
other states, but the deposits of the Araripe Plateau offer 
better economic conditions. In the State of Maranhao gypsum 
is found in the regions of Codo, Balsas, and Carolina. In 
the State of Rio Grande do Norte gypsum was exploited for

5
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many years in the municipalities of Dix-Sept Rosado and 
Acuj these deposits are inserted in a sedimentary basin 
known as the Apodi Plateau (Chapada do Apodi). Deposits 
of less importance are found in the States of Rio de 
Janeiro, Bahia, Sergipe, Amazonas, Acre, and Goias.

Geology
The Araripe Plateau is formed by a cretaceous sedimen

tary sequence that was deposited over the Precambrian 
crystalline basement. The crystalline rocks were eroded 
prior to the sedimentation of the Araripe series, and the 
two groups of rocks are not conformed.

Crystalline Basement - Three large petrographic groups 
are found in the crystalline basement (Munis, 1971# P» 3)« 
The oldest one is formed by rocks that have undergone high 
migmatization. This group is followed by an ectinitic 
sequence of schists and phyllites. The last group consists 
of intrusive granites.

The migmatites are homogeneous and change gradually 
to biotite and hornblende gneisses. These gneisses form 
the upper portion of the migmatitic sequence and are found 
in a large area of the Araripe region; they are folded and 
have a NE-SW strike that becomes E-W toward south.
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The schists and phyllites have undergone little 
metamorphism and have not been exposed to metasomatism.
The lower portion of this group of rocks is composed of 
biotite and muscovite schists that are usually near the 
contacts with gneisses and granites. The upper part is 
formed by phyllites and sericite or chlorite schists.

The granites are found as isolated bodies, with well 
defined contacts, inside the schists and phyllites. 
Depending on the amount of quartz, sometimes the granites 
become syenites.

Sedimentary Sequence - The sedimentary sequence is 
represented by the formations of the Araripe series. The 
first division and classification of the sediments of this 
series was made by the geologist Horatio L. Small in 1914* 
It was based on the lithology of the sediments, and remains 
almost unchanged. According to Small, the Araripe series 
presents the following sequence: (1) Basal Conglomeratic
Sandstone; (2) Inferior Sandstone; (3) Santana Formation; 
and (4) Superior Sandstone (Duarte and Anjos, 1962, p. 10- 
11). More recent studies have shown some controversy about 
the division and nomenclature of the Araripe series (Munis, 
1971, P. 7).
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The sedimentary series is complete in the northeastern 
part of the Araripe Plateau, but in the southwestern part 
the series is not so well developed, and the Santana 
Formation or the Superior Sandstone may be found as a 
transition zone in direct contact with the crystalline 
basement. This variation results from the morphology of 
the crystalline basement at the time of the sedimentation 
of the series (Costa and Anjos, 1962, p. 11).

The Basal Conglomeratic Sandstone is found only in 
the northeastern part of the plateau. It is formed by from 
coarse to conglomeratic sandstones that are unconformed with 
the crystalline basement. It has a thickness of 20m, and 
the color varies from light yellow to light red.

The Inferior Sandstone was subdivided by N.F.R. dos 
Anjos in two formations: (1) Brejo Santo Formation? and
(2) Missao Velha Formation (Munis, 1971> P» 7)• The Brejo 
Santo Formation contains dark sediments that vary from 
marls to shales and clays. The Missao Velha Formation 
corresponds to the upper part of the Inferior Sandstone.
It is formed by fine-grained silts and sandstones which 
change to coarse grained. These formations are also found 
only in the northeastern part of the Araripe Plateau. The 
total thickness of the Inferior Sandstone reaches 250 m.

The Santana Formation is found above the Missao Velha
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Formation in the northeastern part of the plateau, or in 
direct contact with the crystalline basement where the 
sedimentary sequence is not complete. It contains marls, 
shales, limestones, silts, and gypsum.

According to Munis (1971, p. 10) gypsum was deposited 
as a thin layer over most of the sedimentary basin. Later 
the gypsum migrated to places of lower pressure, and 
presently it is found as lenses. Gypsum is deposited when 
water is saturated with calcium sulfate at temperatures 
below 42°Ci at higher temperatures anhydrate is formed.
It is possible that first anhydrite was deposited in the 
Araripe Plateau, and that by hydration it became gypsum 
(CaSO^.SK^O). The increase in volume would cause small 
migrations and foldings. The presence of anhydrate as 
an inclusion in gypsum suggests that the gypsum deposits 
were derived from anhydrite. The gypsum migration might 
also be the result of the action of different pressures 
exerted on the sediments due to morphologic variations of 
the crystalline basement under the sediments (Munis, 1971>
p. 10).

The gypsum deposits may have a thickness of more than 
20 m, and the total thickness of the Santana Formation has 
been estimated to be 240 m (Costa and Anjos, 1962, p. 12).

The Superior Sandstone or Exu Formation lies on the 
top of the Araripe Series. It is a reddish, uniformly
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grained sandstone, with high porosity and permeability.
Its thickness reaches 170 m.

(Only the Santana and Exu Formations are found in all 
extension of the Araripe Plateau. It seems that, at the 
beginning of the sedimentation process, the basin was 
limited to the northeastern part of the plateau, and later 
it expanded tov/ard southwest.

Reserves
Most of the Brazilian reserves of gypsum are found in 

the Araripe Plateau, in the States of Pernambuco, Ceara, 
and Piaui. The Departmento Nacional da Producao Mineral 
(DNPM) estimates the gypsum reserves as given in the 
following table.

TABLE 1
BRAZILIAN RESERVES OF GYPSUM BY STATE (tons)

Measured Indicated Inferred
Maranhao 1,415,000 NA NA
Piaui 40,000 160,000 NA
Ceara 506,421 974,000 11,746,855
Rio Grande do Norte 250,000 NA 850,000
Pernambuco Z2Ĵ 3.Q̂ 0Q.Q. 81.977.550
Total 13,622,655 28,614,000 94,574,405

Source of Data: Andrade, 1971, P« 136-137
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•Measured reserves include the tonnage computed 
according to data obtained from outcrops, trenches, 
underground work, and drilling; the grade has to be 
defined by detailed sampling. The variation in tonnage 
and grade shall not exceed 20 percent of the actual values.

Indicated reserves, which are based on partial 
sampling and production data, may include some extrapola
tion based on the geology.

Inferred reserves are based only on the geology of 
the orebody.

The data given in Table 1 may be considered conservative 
because they refer only to presently granted mining conces
sions .

In order to evaluate the gypsum reserves of the Araripe 
Plateau, an exploration program was carried out by the 
Superintendencia de Desenvolvimento do Nordeste (SUDENE).
The region v/as mapped in 1*50,000 scale, and electrore
sistivity was used to define the most promising areas.
Based on these studies an area of 2,000 hectares located 
north of Trindade, Pernambuco, v/as chosen for drilling.

The measured gypsum reserves, calculated only for the 
gypsum deposits which had less than 20m of overburden, 
amount to 5^>000,000 tons. The total reserves of the 
Araripe Plateau were estimated to amount to 500,000,000
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tons (Munis, 1971# p. 140.

Mining
Until 1957 almost all Brazilian gypsum was mined in 

the State of Rio Grande do Norte. As much as 20m of 
overburden needed to be removed to mine the gypsum layer 
which had a thickness of 5m• Tbe high waste to ore ratio 
forced the mechanization of these mines.

With the development of the deposits of the Araripe 
Plateau, where the gypsum deposits crop out or have little 
overburden, the mines of Rio Grande do Norte were shut 
down. Presently the Araripe Plateau is the major producing 
region.

Gypsum is mined in the transition zone that surrounds 
the Araripe Plateau. All gypsum is mined by open pit, but 
little mechanization is used. The mining conditions are 
good, and labor costs are very low. Many mines are owned 
by the cement companies.

Usually the overburden is removed by workers using 
pick and shovel, and after the gypsum is blasted, workers 
use hammers to break the blocks too large for handling, 
and load the trucks.

In some mines compressors and jackhammers are used to 
drill the ore, and pumps are used to drain the water
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accumulated in the pits during the rainy season. Bulldozers 
are employed to remove the overburden. Many mines have to 
be shut down during the rainy season because access roads 
cannot be used.

Beneficiation is not required because of the high 
purity of the gypsum mined.
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TRANSPORTATION

Transportation costs are a function of distances, type 
of transportation, volume, and type of cargos. According 
to the ordinary pattern, the lowest unit costs are found 
in water transportation, followed by rail, road, and air 
transportation.

This pattern is not always observed in Brazil. Water 
transportation still presents the lowest unit costs, but 
rail haulage is often more expensive than truck haulage.
The rails are usually old and not suitable for large ore 
transportation. The gauge is narrow, there are not enough 
cars available, the cars are closed, and there are not 
appropriate loading and unloading facilities. The following 
tables compare transportation costs by truck and by railroad 
from selected cities.

TABLE 2
COSTS OF ORE HAULAGE FROM SELECTED CITIES

Origin
Petrolina

TO SAO PAULO (Dollars per ton) 
Truck Haulage Rail Haulage

16.8018.00
Araripina 19.10 21.80
Salgueiro 18.25 23.40

14
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Recife 20.90 21.10
Salvador 16.50 13*60

Source of Data: CONDEPE, 1968, p. 95

TABLE 3
COSTS OF ORE HAULAGE FROM SELECTED CITIES 

TO BELO HORIZONTE (Dollars per ton)
Origin
Petrolina
Araripina
Salgueiro
Recife
Salvador

Truck Haulage
15*75
16.80
16.40
17.60
14.00

Rail Haulage 
13.00
18.00 
19.20 
15.80 
12.10

Source of Data: CONDEPE, 1968, p. 95

The distances to the markets largely increase the 
final cost of the gypsum produced in the Araripe Plateau. 
Depending on the means of transportation available, and 
on the location of the mines and.markets, different ways 
of transportation are used to ship the gypsum production. 
The ore is transported by truck, by a combination of 
truck and rail, or by a combination of truck and oarge;
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but truck haulage is by far the most common way of 
transportation.

The production of the State of Ceara is either 
shipped by rail or by truck to Fortaleza, where some is 
consumed and some is exported to the Southern States, and 
to Joao Pessoa, State of Paraiba, where it is used as 
cement retarder.

The gypsum mined in the State of Piaui used to be sent 
by rail from Paulistana to Petrolina. From Petrolina it 
was transported either by truck or by rail to Salvador to 
be used as cement retarder. The operation of the line 
Paulistana-Petrolina presented a large deficit and was 
considered uneconomic. A road is being constructed to 
replace the railroad. Therefore, only truck haulage will 
be available for direct transportation from the mines to 
the cement plant in Salvador.

The gypsum output of Pernambuco is sent to several 
states. Most of the production is transported by truck 
to the Southern States, where the major gypsum markets 
are located. Part of the production is transported by 
truck to Petrolina, and then is shipped either by barge, 
using the Sao Francisco River, or by rail to the State of 
Minas Gerais. The gypsum consumed in Pernambuco is shipped 
to Recife either directly by truck from the mines, or by
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a combination of truck haulage from the mines to Salgueiro 
and then by rail to Recife.

Gypsum shipments by railroad are subjected to a special 
freight rate, which is 40 percent below the current rate 
for other cargos. The trains are pushed by 450-hp 
locomotives. Each train has from 15 to 20 cars, and 
several types of cars are used.

Because the lines do not reach the mines, the ore 
has to be transported by truck to a point where it can be 
shipped by railroad. It takes from 15 to 25 days for a 
train to get from Petrolina, in the State of Pernambuco, 
to Belo Horizonte, in Minas Gerais. Truck haulage would 
take less than half of this time.

Even though unit freight rates are lower for barge 
transportation than for truck or rail haulage, not much 
gypsum is shipped by barge. Some gypsum is shipped by 
barge from Pernambuco to Minas Gerais, using the Sao 
Francisco River, which is navigable for a distance of 
1370 km between Petrolina and Pirapora.

As a result of the problems that railroad transportation 
faces in Brazil, truck haulage is presently the most used 
type of transportation for almost all kinds of cargo.

Truck unit freight rates are not constant, but rather 
a function of the distances. The unit freight rates decrease
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as the distance increases, as a result of the distribution 
of the fixed costs over the distance. The variation of 
unit freight rates is very sharp for short distances, but 
the changes are small for long distances, as shown in the 
following table.
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TABLE 4
TRUCK HAULAGE RATES AND HIGHWAY DISTANCES FROM RECIFE

Destination
Distance
.

Freight 
(Cruzeiros per ton)

Unit Frt 
(CR per *

Porto Alegre 3911 115 0.020
Sao Paulo 2788 80 0.029
Rio de Janeiro 2496 80 0.032
Belo Horizonte 2206 85 0.038
Itabuna 1300 65 0.050
Peira de Santana 949 55 0.058
Fortaleza 9*H 55 0.058
Salvador 898 50 0.061
Petrolina 758 50 0.064
Crato 643 50 0.078
Aracaju 558 42 0.075
Natal 356 40 0.112
Maceio 262 35 0.133
Campina Grande 243 30 0.123
Caruaru 133 30 0.225
Joao Pessoa 126 30 0.238

Source of Data: CONDEPE, 1968, p. 94
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Regression analysis can be used to relate the distances 
to the unit freight rates. If Y represents the unit freight 
rates and X represents the distances, the relationship 
between them is expressed by the regression equation

Y = — + 0.0265

The coefficient of correlation is 0.994. The values of 
freights are given in cruzeiros, but can be transformed to 
dollars using the exchange rate US $1.00 = CR $4.00, 
effective in 1968. This equation can be used to calculate 
the freights when the distances are known.

The cheapest unit freight rate is $0,005 (CR 0.020), 
for a distance of 3#9H  km; for a distance of 600 km the 
unit freight rate is about $0.0190 (CR 0,076), and may be 
considered expensive.
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GYPSUM MARKET

Supply
Already in 1938 gypsum was mined in the Northeast.

At that time 18 gypsum concessions were found in the 
State of Ceara, 7 in the State of Rio Grande do Norte, 
and 3 in the State of Maranhao (Moraes, 1938, p. 108).

Presently all gypsum produced in Brazil comes from 
the Northeast, and from a total of 216,798 tons produced 
in 1968 about 97 percent was mined in the Araripe Plateau. 
Besides The Northeastern States only the State of Rio de 
Janeiro produced some gypsum, but since 1964 no production 
was reported.

TABLE 5
BRAZILIAN PRODUCTION OF GYPSUM BY STATE (tons)

1258 1968
Maranhao 6,000
Piaui 7,000
Ceara 79,036 30,811
Rio Grande do Norte 45,040
Pernambuco 20,100

6,000
172,987

Rio de Janeiro

22
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Sources of Data: IBGE - Anuario Estatistico do Brasil,
quoted from Munis, 1971# p. 21, and Pinto Coelho (written 
communication). Costa and dos Anjos, 1962, p. 29.

Rio Grande do Norte was the largest producing state 
for more than 20 years, hut the mines were shut down when 
the deposits of the Araripe Plateau were developed.

Ceara became the largest producing state in 1963# and 
maintained this position in 1964, but in 1965 Pernambuco 
took over the position of leading producer. In 1968 there 
were 17 gypsum mines in Ceara, but only 7 of them were in 
operation.

The increased production of Pernambuco v/as due to 
better mining conditions, less distance to the markets, 
and better roads. In 1968 there were 42 gypsum mines in 
Pernambuco, 35 of them developed after I960. Most of them 
were developed between 1962 and 1965# and in 1968 many 
gypsum deposits were still under exploration programs.
In 1971 the production of Pernambuco was 207#000 tons.
Ten companies accounted for 86 percent of this total.

The State of Piaui has always had small production; 
and Maranhao, despite large reserves, has its gypsum output 
limited by the lack of appropriate transportation facilities 
and by the distance to the markets.
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TABLE 6
BRAZILIAN PRODUCTION OF GYPSUM (tons)

Year Total Northeast
195**- 75,417 74,017
1955 161,655 161,305
1956 170,649 169,449
1957 126,593 114,593
1958 150,176 144,176
1959 183,028 181,028
i960 103,101 97,101
1961 156,035 135,835
1962 108,079 102,809
1963 105,620 99,320
1964 84,405 84,405
1965 72,538 72,538
1966 80,223 00,223

1967 71,450 71,450
1968 216,798 216,798
1969 220,000 220,000

Sources of Data: IBGE - Anuario Estatistico do Brasil,
quoted from Andrade, 1971, p. 135* Costa and Anjos, 1962, 
P. 29.
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The total gypsum output has been rather irregular. A 
large decrease in production was observed from 1964 to 196? 
due to decreasing mining activity in the State of Rio Grande 
do Norte. In the short period from 1961 to 1964, Rio Grande 
do Norte changed from the position of largest producer to a 
situation of no production at all. As a result the total 
production was kept low until the new mines of Pernambuco 
went on stream in 1967.

The exploitation of the gypsum deposits of Pernambuco 
started in 1956, but production remained low until 196?.
The jump in the total production that occurred from I967 
to 1968 was caused by the increased output of Pernambuco.

During the period of low production, the demand had 
to be partially met from inventories. Because most gypsum 
is used as cement retarder, and because the cement industry 
has been growing steadily, variations in gypsum production 
affect mainly the calcined-gypsum market, which is not well 
developed yet.

It can be expected that production will keep growing 
and will be able to meet the demand requirements. However, 
increased mechanization of the mines will be needed.

Because a definite pattern has not been observed for 
the gypsum production, the use of regression analysis to 
define the output trend is not very meaningful. A rough
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estimate of the gypsum production can he made, based on 
the period from 1965 to 1969* If the trend observed in 
this period is maintained, the expected gypsum output will 
be 478,000 tons by 1975• This estimate is probably 
conservative, as the expected gypsum production for 1972 
already is 440,000 tons (Mineradora Sao Jorge S’.A., written 
communication).

Gypsum is not exported, and small amounts have been 
imported in some years, mainly from Bolivia.

Demand
The development of the gypsum industry has been 

closely related to the growth of the cement industry.
Most gypsum produced in the Northeast is used as cement 
retarder. According to an estimate made by the Conselho 
de Desenvolvimento de Pernambuco (CONDEPE), gypsum consump
tion by the cement industry accounted for 85 percent of the 
total gypsum demand in the period from 1959 to 1963 
(Mineradora Sao Jorge, v/ritten communication). In 1971 
the total gypsum consumption amounted to 360,000 tons.
From this total, 300,000 tons were used as cement retarder, 
and only 60,000 tons (16.7 percent) were used as calcined 
gypsum. Therefore, the cement industry still uses more than 
80 percent of all gypsum consumed in Brazil.
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Cement Retarder - About 3 percent of the final weight 
of Portland cement comes from gypsum. Gypsum is used to 
control the setting time of the cement. The Brazilian 
cement industry consisted of 30 plants in 1970, and 12 
additional plants were in planning and construction phases.

The world production of Portland cement amounted to
568,500,000 tons in 1970, showing an increase of 4.8 
percent over 1969* In 1970 the total capacity of the 
cement industry of Brazil was 9#284,000 tons per year.
The industry operated at 97 percent capacity and produced 
9,002,431 tons, showing an increase of 15*1 percent over 
the preceding year. To meet the domestic demand, it was 
necessary to import 328,245 tons (Sindicato Nacional da 
Industria do Cimento, 1971» P» 8-11). Per-capita consumption 
for a population of 92,237,570 inhabitants was 101.1 kg; 
this value was still very low when compared with European 
countries, where the per-capita consumption was generally 
above 500 kg per year, or the United States, where cement 
per-capita consumption was 344 kg in 1969 (Freire, 19?1» 
p. 121).
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The demand for cement in Brazil has grown rapidly in 
the last 20 years. It has more than doubled for each 10- 
year period.

TABLE 7
CEMENT DEMAND IN BRAZIL (million tons)

1950 I.25
i960 4.25
1970 9.00

Source of Data: Freire, 1971# P« 122

Although cement production has also grown fast, the 
industry was not able to meet the demand. Variable amounts 
of cement have been imported in each year of the period from 
1950 to 1970. Imports were high in 1967 and 1968, and 
decreased in 1969 and 1970.

Because the production of each ton of cement requires 
1.5 tons of limestone, the cement plants have to be located 
near the limestone deposits. This fact has favored the 
development of the cement industry in the State of Minas 
Gerais, which presently is the largest cement producing 
state in Brazil, even though its cement consumption is only 
10 percent of the total cement consumption.
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TABLE 8
BRAZILIAN CEMENT PRODUCTION BY STATE 
(percentages of total production)

1950 I960 1970
Pernambuco 5.2 7.2 6.9
Rio de Janeiro 3^.8 19.6 14.0
Minas Gerais 15.2 23.6 28.0
Sao Paulo 37.8 30.5 26.2
Parana — 3.9 3.9
Rio Grande do Sul 4.6 3.6
Espirito Santo — — 3-7
Others 7.0 10.6 13.7
Source of Data: 
1971, p. 22-23.

Sindicato Nacional da Industria

TABLE 9
BRAZILIAN CEMENT CONSUMPTION BY STATE IN 1970 

(percentages of total consumption)
Sao Paulo 36.0
Guanabara 13.0
Minas Gerais 10.0
Others 41.0

Source of Data: Sindicato Nacional da Industria do Cimento,
1971, p. 10.
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Between 1950 and 1970 there was a decline in the relative 
position of the State of Sao Paulo, which was the largest 
producer, while Minas Gerais increased its production and 
became the leading producer. The cement consumption in the 
State of Sao Paulo amounted to 36 percent of the total cement 
consumption in 1970, but the lack of adequate limestone 
deposits has inhibited the growth of the cement industry in 
this state.

As a result of different economic conditions in different 
regions of the country, per-capita cement consumption varies 
from as high as 337*6 kg per year in the Federal District 
(Brasilia) to as low as 10 kg per year in the State of 
Maranhao (Sindicato Nacional da Industria do Cimento, 1971» 
p. 19).

Among the 16 producing states, only in Paraiba did the 
cement production decrease in 1970.

The cement capacity of the Northeast was 1,281,000 tons 
in 1970. The cement industry of this region worked at 90.2 
percent capacity and produced 1,15^»886 tons. Total apparent 
consumption amounted to 1,300,103, and the gap between supply 
and demand was 1^5,217 tons. In 1969 the Northeast accounted 
for 12.6 percent of the total Brazilian consumption, and in 
1970 its share increased to 1^.5 percent (Sindicato Nacional 
da Industria do Cimento, 1971, P* 1^-16).
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TABLE 10
CEMENT INDUSTRY IN NORTHEAST BRAZIL (1970)

Capacity
(tons)

Production Utilized
Capacity(^)

Ceara 90,000 86,885 96.5
Paraiba 159,000 153,252 96.i4
Pernambuco 720,000 620,730 86 , 2
Sergipe 96,000 85,336 88.9
Bahia 216,000 208,683 96.6
Source of Data: Sindicato Nacional da Industria do Cimento,
1971i P. 1^.

In the Northeast the largest consumers in 1970 were 
the State of Bahia with 4^3,237 tons, Pernambuco with 
400,465 tons, Ceara with 133,439 tons, and Paraiba with 
113,184 tons.

The cement industry of Brazil has been growing fast 
in recent years, but it has to grow still faster to 
eliminate the need for imports. Gypsum consumption is a 
function of cement production, and at least under present 
conditions, the gypsum industry depends on the cement 
industry.

The Ministry of Planning of Brazil estimated a growth 
rate of about 8 percent per year for the cement industry 
(CONDEPE, 1968, p. 62).
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This estimate was based on the assumption that real increase 
in GNP will be maintained at the level observed in the last 
4- years, which was above 8 percent. The gypsum demand by 
the cement industry was estimated to be 3 percent of the 
cement production.

TABLE 11
ESTIMATED GYPSUM DEMAND BY THE CEMENT INDUSTRY (tons)

1972 323,900
1973 349,800
1974 377,700
1975 407,700
1976 440,200
1977 474,100
1978 510,600
1979 549,900

Source of Data: CONDEPE, I968, p. 62

As an alternative to the above estimates, regression 
analysis was used to define the trend of cement production 
in the last decade. If this trend is maintained in the 
next few years, the values of cement production and gypsum 
demand can be estimated. This estimate might be conservative
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because the trend was defined for a period that includes 
an economic recession. Already in 1971 about 300,000 tons 
of gypsum were used as cement retarder. Therefore, the 
estimate made by the Ministry of Planning seems more 
realistic. The estimated cement production and gypsum 
consumption, using regression analysis, is given in the 
following table.

TABLE 12
CEMENT PRODUCTION AND GYPSUM CONSUMPTION (tons)

Year Cement Production Gypsum Consumption
1973 9,938,^60 298,150
197^ 10,398,870 3H»970
1975 10,859,280 325,780
1980 13,161,3^0 39^,840

Calcined gypsum - Calcined gypsum has several different 
uses, such as in sculpture, stucco, plasters, and wallboard. 
Not much information is available about the demand for 
calcined gypsum in Brazil. In 1971 approximately 60,000 
tons of calcined gypsum were consumed. In recent years 
calcined gypsum accounted for about 15 percent of total 
gypsum consumption, but the amount of calcined gypsum used 
may be much less than that in the case of tight supply when 
almost all gypsum is consumed by the cement industry.
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The potential market for calcined gypsum is large, 
mainly in the building industry. The gypsum requirements 
for 1000 sq ft of 3/8-in. wallboard are 1500 lb (Ver Planck, 
1952, p. 92). In the United States calcined gypsum accounts 
for about two-thirds of the total gypsum demand. The 
distance from the deposits to the markets and the high 
transportation costs are factors that limit the growth of 
calcined gypsum markets in Brazil. Only with low-cost 
calcined gypsum at the markets could the gypsum industry 
compete with substitute materials such as lime, bricks, and 
cement.

A wallboard plant, which is being built in the State 
of Maranhao, will be the first plant to produce wallboard 
in the country.

Use of calcined gypsum by the building industry may 
be expected to increase in the next years mainly because 
of the housing program sponsored by the government.
Houses are financed by the government to be paid in 15 
years in installments proportional to the salary received 
by the buyer.

If calcined gypsum maintains the same share of the 
total demand, by 1975 about 72,000 tons of calcined gypsum 
will be used.
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SULFUR MARKET

Supply
Most sulfur consumed in Brazil is imported. In 1951 

there was only one plant which for more than 25 years had 
been using domestic pyrites from Ouro Preto, State of 
Minas Gerais, to produce sulfuric acid. During the short- 
supply period at the time of the Korean War, the United 
States restricted sulfur exports. The Brazilian industry, 
which was mostly supplied by imports from the United States, 
had also to restrict its production, and to avoid this 
problem measures were suggested to develop a domestic 
sulfur industry.

After the Korean War sulfur imports were available 
again, and sulfur prices were low, so the country continued 
to rely on imports. Again in the late 1960's the same 
situation of tight supply, high prices, limited imports, 
and losses caused to the industry, was observed,

Economic deposits of elemental sulfur are not known in 
Brazil, but sulfur may be recovered from oil shale, gypsum, 
pyritic coals, and pyrites.

Graphitic-dolomitic phyllites containing an average of 
10 percent of pyrites are found in Ouro Preto, State of 
Minas Gerais. These deposits were partially explored from

35
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19^1 to 1942, and it was estimated that the reserves amounted 
to 24,156,340 tons of ore containing 2,328,302 tons of pyrites 
(Leonardos, 1951* P* 299). This amount of pyrites is equiv
alent to 1,243i313 tons of sulfur.

The coal reserves of the State of Santa Catarina are 
estimated to be 1,200 million tons. These coals contain 
pyrites that could yield 25 million tons of sulfur. The 
beneficiation of the pyritic coals by the Companhia 
Siderurgica Nacional, at Tubarao, produced from 3.5 
million to 4 million tons of pyritic tailings that contain
585,000 tons of sulfur (Wasserman and Santos, 1968, p. 276). 

The oil shales of the Irati Formation are a large
potential source of sulfur. The economic possibilities of

2an area of 82 km located in Sao Mateus do Sul, State of 
Parana, have been studied, and the recoverable sulfur 
reserves were estimated to be 10 million tons. With present 
technology about one-third of this sulfur can be recovered. 
Only the sulfur contained in gases is recovered, and the 
process is being further investigated (Wasserman and Santos,
1968, p. 276).

Another source of sulfur is sulfur-bearing crude oils. 
Brazilian oils contain very little sulfur, but imported 
crude oils from the Middle East contain from 6 to 8 percent 
of sulfur. Gases produced in the steel-making process are
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also a potential source of sulfur.
In Northeast Brazil the only potential source of sulfur 

is the gypsum deposits. The gypsum reserves of the Araripe 
Plateau have been estimated to he between 100 million and 
500 million tons (see gypsum reserves). About 7 tons of 
gypsum are used to produce 1 ton of sulfur, and the total 
sulfur recovered from the gypsum deposits could amount to 
as much as 70 million tons. If sulfuric acid were recovered, 
2 tons of gypsum would be used to produce 1 ton of H^SO^, 
and the total acid recovered could be up to 250 million 
tons.

The potential sulfur reserves may supply the domestic 
market for more than 100 years at the present demand level, 
but until 1968 the domestic sulfur capacity was limited to
8,000 tons per year, recovered from pyritic concentrates 
produced at the Refinaria Uniao, at Capuava, Sao Paulo.

With such a small production almost all sulfur consumed 
has to be imported. In 1968 imports accounted for 97 
percent of the apparent consumption. The United States 
is the main Brazilian supplier. Sulfur Is also imported 
from Canada, Poland, France, and Mexico.
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TABLE 13
BRAZILIAN SULFUR PRODUCTION (tons)
1965 5,022
1966 5,918
1967 6,210
1968 6,925
1969 7,250

Source of Data, IBGE - Anuario Estatistico do Brasil

TABLE 14 
BRAZILIAN SULFUR IMPORTS

Price(dollars per
Year Amount(tons) Value(dollars) ton. CIF Brazil)
I960 140,056 3,794,625 27.09
1961 130,072 .3,915,830 30.10
1962 152,764 4,123,510 26.99
1963 176,603 4,212,410 23.85
1964 140,801 4,147,679 29.46
1965 192,337 6,936,594 36.06
1966 166,967 7,768,110 46.52
1967 202,834 10,319,397 50.87
1968 234,934 13,488,261 57.41
1969 216,864 9,524,369 43.92
1970 260,944 8,239,459 31.58

Source of Data: Carteira do Comercio Exterior (CACEX),
Brazil, written communication.
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According'to the British Sulphur Corp. Ltd., Brazilian 
imports of sulfur were 289,000 tons in 1970 (Sulphur, 1971» 
p. 33)* If this value is correct, Brazil was the eighth 
largest brimstone importer in the world, after the United 
States, the United Kingdom, India, the Netherlands, Czech
oslovakia, France, and Belgium.

The growth rate of sulfur imports has been above 100 
percent for each decade since 19^0, if the figure given 
by The British Sulphur Corp. Ltd. is accepted. Sulfur 
imports amounted to 2^,101 tons in 19^0, rose to 6^,197 
tons in 1950, increased to 1^0,056 tons in I960, and 
reached 289,000 tons in 1970.

Prices of imported sulfur varied sharply in the last 
decade, ranging between $23.85 in 1963» and $57*^1 in 1968. 
From 1963 to 1968 there was a large increase in prices 
caused by the tight-supply situation. After 1968 an 
inverse situation has been observed. The present situation 
of the world sulfur industry is in many aspects similar to 
the situation that this industry faced at the start of the 
1960's. Production increased faster than consumption, and 
there is strong competition between old and new producers. 
The trend observed since 1968 has been one of excess supply, 
increasing stocks, low prices, and preeminence of sulfur 
in elemental form over sulfur in. all other forms.
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The oversupply observed at the beginning of the 1960's 
was caused by the development of the sulfur industry in 
West Canada and France, and also of the Mexican Frasch 
sulfur industry. In the early 1970*s the same situation 
was caused by further growth of the Canadian production 
and substantial shipments from Poland. New brimstone 
output from the Near East, Japan, and West Germany also 
contributed to the oversupply situation.

The decrease in prices that occurred in 1969 is 
attributed to expected oversupply in 1970 and 1971 rather 
than to actual oversupply in that year.

In 1969 sulfur sold in Latin America was quoted by 
The British Sulphur Corp. Ltd. at prices ranging from 
$26 to $32, CIF (Sulphur, 1970b, p. 8). In that year 
the average price of imported sulfur was $43*92 in Brazil. 
The quoted price remained unchanged until May, 1970, when 
sulfur was quoted between $27 and $30, CIF. In 1971 the 
export price of American and Mexican dry bulk Frasch sulfur 
was based on $18.60 per ton of bright sulfur f.o.b. Gulf
ports; in Latin America prices ranged upward from $25 per
ton, CIF. In February, 1972, sulfur prices in Latin 
America were quoted by the British Sulphur Corp. Ltd. 
between $25 and $27 per ton of bright sulfur, CIF
(Sulphur, 1972, p. 10).
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The recovery of sulfur from domestic resources has 
aroused much interest in the last years. The Industria 
Carboquimica Catarinense (ICG) plans to produce sulfuric 
acid from the pyritic tailings that resulted from the 
beneficiation of steam coals. The plant, located at 
Imbituba, Sate of Santa Catarina, will produce 300,000 
tons of sulfuric acid per year, and is expected to go 
on-stream in 1972 (Sulphur, 1971» P* 36).

Petroleo Brasileiro S.A. (PETR0BRAS) is installing 
sulfur-recovery units in six refineries to produce sulfur 
from sulfur-bearing crude oils. PETR0BRAS also built a 
prototype plant in Sao Mateus do Sul, State of Parana, 
to recover oil, gas, and sulfur from the oil shales of the 
Irati Formation. Operations were planned to start in 
1970, but only in 1971 did the plant go on-stream. An 
industrial-scale plant utilizing oil shale is scheduled 
to start operations in 1975 (Sulphur, 1971» P» 35) •

The exploitation of the pyritic deposits of Ouro 
Preto, State of Minas Gerais, has been studied by 
Fertilizantes Minas Gerais S.A., but this project does 
not seem likely to be accomplished (Sulphur, 1971» P* 36). 
The company planned to construct a sulfuric acid plant 
with a capacity of 100,000 tons per year based on the 
utilization of pyrites.
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Cimentos e Acidos Ltda (CIASA) plans to use phospho- 
gypsum to produce sulfuric acid near Sao Faulo City 
(Sulphur, 1971# P» 36). The Marchon process would be 
used to recover 198,000 tons of sulfuric acid per year.

The following table, which was prepared in 1968, 
shows the planned Brazilian sulfur capacity in the period 
from 1968 to 1975.
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Demand
Sulfur is an important factor for industrial growth 

and agricultural productivity. Most sulfur is used to 
produce sulfuric acid which has its main applications in 
the fertilizer and chemical industries. One ton of sulfuric 
acid (100 percent) requires 310 kg of sulfur.

TABLE 16
* AVERAGE SULFUR USES IN THE WORLD (percentages of total)
As sulfuric acid 85

Fertilizers 40
Chemical products 20
Pigments 8
Steel 4
Fibers 4
Oil 2
Other industries 7

Other uses 15
Paper 6
Other 9

Source of Data: Wasserman and Santos, 1968, p. 274

If the population continues to grow at the same rate, 
by the end of the century the world population will be
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about 6 billion people. The Brazilian population is 
expected to be 200 million people at that time. Increased 
use of fertilizers will be needed, but it can be expected 
that the actual fertilizer demand will be much less than 
the potential fertilizer demand because of factors such
as low income and primitive technology.

The Brazilian fertilizer consumption has more than 
doubled in the 3 years before 1971* However, about 80 
percent of the fertilizers are still imported, and the 
average fertilizer consumption is between 8 and 10 kg per 
hectare (Sulphur, 1971, p. 33)• Therefore, there is a 
large potential for development of the sulfur and sulfuric 
acid industries.

In the last decade the use of sulfuric acid by the 
Brazilian fertilizer industry was the factor which caused 
the overall acid consumption to increase at an annual rate 
of 11.8 percent. Between i960 and 1969 the use of sulfuric 
acid by the fertilizer industry increased from 72,000 to
207,000 tons (Sulphur, 1971 , P» 33)*

The use of sulfuric acid for other purposes has also
increased fast as a result of the growth of the chemical 
industry, which in 1970 accounted for $2.5 billion, or 6.25 
percent, of the Brazilian GNP. Between 1965 and 1970 the 
investments in the Brazilian chemical industry amounted to
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$770 million (Sulphur, 1971» P« 33) • Other important 
markets for sulfuric acid are found in processing of iron 
ore and titanium dioxide, and in textile industries.

The total sulfuric acid production in Brazil increased 
from slightly above 200,000 tons in i960 to 610,000 tons 
in 1970. According to the **-year plan announced by the 
government in 1969» the target production for 1973 is
1,270,000 tons of sulfuric acid per year. If this plan 
is accomplished, the sulfur requirements for the sulfuric 
acid industry will be **10,000 tons by 1973*

A projection of the sulfur demand was made by 
Wasserman and Santos (1968, p. 277), relating the sulfur 
percapita consumption in the period between 1955 and 1965 
to the percapita disposable income. An annual growth rate 
of 3 percent was assumed for both population and disposable 
income.

A correlation coefficient of 0.85 was obtained for 
the following regression equation:

Y » 2.23 + 0.015 X

where Y is the sulfur consumption per capita, and X is 
the disposable income per capita. Using this equation, 
and the projections of population, a forecast of sulfur
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consumption was made.
The actual sulfur demand may be expected to be higher 

than the estimates made by '.Vasserman and Santos because 
the assumption that disposable income would increase at 
an annual growth rate of 3 percent was conservative.
National income has grown at an annual rate above 8 percent 
since 1968. Already in 1970 the sulfur demand was almost
300,000 tons, and the projected value for this year v/as 
only 252,000 tons.

Even if the actual sulfur demand were equal to the 
amounts projected, the expected sulfur supply would not 
meet the demand. The expected domestic supply of sulfur 
by 1975 is 261,000 tons, while the projected demand for 
that year is 388,000 tons. Therefore, by 1975 the gap 
between demand and supply would be 127,000 tons of sulfur 
which will have to be supplied either by imports or by 
increased recovery of domestic resources.

None of the projects of sulfur recovery already cited 
is located in Northeast Brazil. In this region the only 
potential source of sulfur is gypsum.

Due to incentives given by the government, the chemical 
industry is developing in the Northeast, and the region 
presently produces synthetic fibers, textiles, plastics,



T 14-97 48

TABLE I?
PROJECTIONS OF DISPOSABLE INCOME 

AND POPULATION IN BRAZIL

Per-capita Population
Year Disposable Income($) (1000)

1967 304 85,772
1968 313 88,217
1969 321 90,722
1970 331 93,292
1971 342 95,930
1972 353 98,636
1973 365 101,413
1974 377 104,262
1975 390 107,183
1976 402 110,179

Source of Data: Vasserman and Santos, 1968, p. 277
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TABLE 18 
FORECAST OF SULFUR DEMAND 

IN BRAZIL

Per-capita Total Consumption
Year Consumption (kg) _____(tons)______

1967 2.32 199,000
1968 2.47 217,000
1969 2.57 234,000
1970 2.72 252,000
1971 2.92 280,000
1972 3.07 302,000
1973 3.27 332,000
1974 3.42 356,000
1975 3.62 388,000
1976 3.72 410,000

Source of Data: Wasserman and Santos, I968, p. 277
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and resins, synthetic rubber, paints, explosives, matches, 
drugs, fireworks, soaps and detergents, and other chemical 
products (SUDENE, 1969* p. 1)'.

2The Northeast has an area of 1.6 million km and a 
population of about 30 million people. In this region, 
mostly semiarid, almost all areas that offer good conditions 
for agriculture are already being cultivated, and the 
increase in food output will largely depend on the use of 
fertilizers. One ton of NPK fertilizer could produce 10 
tons of basic food, and 1 ton of basic food is equivalent 
to about 5,000 cal per day during 1 year (SUDENE, 1969> 
p. 16). The use of fertilizer is low in this region. In 
1969 the average annual fertilizer consumption was 4 kg 
per hectare, while the average Brazilian consumption was 
27 kg per hectare (Powers, 1971# p. 10).

In 1969 a total of 52,000 tons of fertilizer was used 
in the Northeast; 92 percent of it was imported material 
(Powers, 1971# P« 11). The only fertilizer production in 
the entire region came from a simple superphosphate plant 
located in Recife.

In 1970 most fertilizer consumed in the Northeast was 
used in sugar-cane and cocoa plantations, which accounted
for 92 percent of the total fertilizer demand (Powers, 1971»
p. 2-3).
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The federal and state governments have given priority 
to the development of an improved agriculture in the 
Northeast. Among the measures that could be taken, a 
chemical fertilizer program would provide the fastest 
results.

TABLE 19 
FORECAST OF FERTILIZER DEMAND 

IN NORTHEAST BRAZIL (nutrient basis, tons)

Year P2°5 Total

1972 41,185 94,045
1973 45,825 107,565
1974 54,810 130,350
1975 59,720 141,495

Source of Data: Powers, 1971, P- 49

. The manufacture of 54,000 tons of ^2^5 Per year ^y 
1974, equivalent to 118,000 tons of triple superphosphate, 
would require a sulfuric acid plant with a capacity of 
350 tons per day (126,000 tons per year). To produce 
this amount of sulfuric acid, 4-2,000 tons of sulfur would 
be required.
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SULFUR RECOVERY FROM GYPSUM

The low-cost sulfur produced by the Frash process has 
supplied most of the world's sulfur demand since the 
beginning of the century. Some producers think that 
Frash production is approaching its maximum and that in 
the future sulfur will increasingly come from alternate 
sources. In 1971 the Western world production amounted 
to 29,850,000 long tons. From this total 8,100,000 tons 
were produced by the Frash process (Gittinger, 1972,
p. 161).

The tight-supply situation observed from 1963 to 1968 
provoked large interest on alternate sources of sulfur.
One of the materials studied was gypsum. The processes 
of sulfur recovery from gypsum were investigated by the 
U.S. Bureau of Mines and by private companies.

Elcor Chemical developed a highly secret process 
which is now used in a plant located northeast of Van Horn, 
Cullerson County, Texas. The process largely depends on 
the use of high-grade gypsum, but other materials can also 
be employed. To produce 1 ton of sulfur, 6 tons of gypsum 
are required. Elcor operated a prototype plant 2 years 
before installing the industrial plant with a capacity of
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350,000 tons of sulfur per year (Muniz, 1970, p. 11).
The processes of sulfur recovery from gypsum consist 

basically of reduction roasting of gypsum to produce 
calcium sulfide which is then processed to produce 
hydrogen sulfide. The Claus process is used to convert 
the hydrogen sulfide to elemental sulfur.

Two processes were investigated by the U.S. Bureau 
of Mines in the Salt Lake City Metallurgy Research Center 
One process yields only sulfur, and the other one include 
an ion-exchange operation and the use of sodium chloride 
to yield elemental sulfur, sodium carbonate, and calcium 
chloride (George et al, 1968, p. 3)•

Reduction roasting of gypsum is common to both 
processes. The reduction can be made in a fluidized-bed 
reactor or in a rotary kiln. Gypsum is reacted with coal 
natural gas, carbon monoxide, or hydrogen at temperatures 
between 900° and 950°C. Depending on the fuel employed, 
the following reactions may take places

CaS0^.2H20 + 4C0  CaS + 4C02 + 2H£0
Ca30^.2H20 + 4H2 --- CaS + 6H20

CaS0^.2H20 + 2C  CaS + 2C02 + 2H20
CaS0^.2H20 + CK^  CaS + CC>2 + WgO

(1)
(2)
(3)
W
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In the first process of the U.S. Bureau of Mines, 
the calcium sulfide is carbonated to precipitate calcium 
carbonate and recover hydrogen sulfide. A water slurry 
of calcium sulfide containing from 20 to ^0 percent of 
solids is carbonated with C02-bearing gases produced in 
the rotary kiln. The carbonation reaction occurs in two 
stages s

2Ca3 + C02 + H20  3- CaCO^ + Ca(HS)2 (5)
Ca(HS)2 + C02 + H20 --> CaCO^ + 2H23 (6)

The CaCO is filtered and dried, and the Hp3 is sent
j ^

to the Claus plant where the sulfur is recovered.
In the second process the calcium sulfide is dissolved 

in water and reacted with recycled H2S to produce a solution 
of Ca(HS)2 which is then contacted with a strongly acid 
cation-exchange resin (NaR) in an ion-exchange system. The 
resin is converted to calcium form, and a solution of NaHS 
is produced. The subsequent operation consists of 
carbonation of the NaHS with flue gases produced in the 
reduction kiln to precipitate NaHCO^ and to evolve H2S.
The calcination of NaHCO^ yields soda ash (Na2C0 )̂, and 
elemental sulfur is recovered from hydrogen sulfide.
Sodium chloride is used to regenerate the resin and
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produce CaCl2 (George et al, 1968, p. 5)• The reactions 
that occur are as follows:

water
CaS + H2S  Ca(HS)2 (7)
Ca(HS)2 + 2NaR  CaR2 +2NaHS (8)
NaHS + C02 + H?0  NaliCÔ  + H?S (9)

heat J
2NaHC0^ --^ NaCO^ + C02 + H20 (10)
CaR2 + 2NaCl  2NaR + CaCl2 (11)

The process used to convert H23 to elemental sulfur, 
which is known as Claus process, is the same as that used 
to recover sulfur from natural gas and refinery gases.
One third of the H2S is burned to produce S02, and then 
the SO^ is reacted with the remaining H23 to yield elemental 
sulfur. The following reactions occur:

H2S + 3/2°2    K2° + S02 <̂XZ'>
2K,S + H,0 + SO, -- - 3S + 3H20 (13)

An alumina catalyst is used in the second reaction.
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SULFURIC ACID RECOVERY FROM GYPSUM

The basic technique of sulfuric acid recovery from 
sulfates was developed in Germany during World War I, 
when pyrite imports became restricted. The first plant 
was designed by Bayer and produced 40 tons of acid per 
day. This technique, known as the Muller-Kuhne process, 
consists of reacting calcium sulfate with carbon to yield 
sulfur dioxide, according to the following reactions 
(Sulphur, 1970a, p. 31).

CaSO^ + 2C — » CaS + 2C02
3CaS0^ + CaS  4Ca0 + 4S02

The overall reaction is
^CaSO^ + 2C --* 4Ca0 + ^S02 + 2C02 (3)

Hydrogen sulfide may be formed if excess water is 
present, and elemental sulfur may be produced if the 
temperature is too low, according to the following reactions 
(Muniz, 1970, p. 5)*

(1)
(2)

CaS + H„0 --  CaO + HgS
3CaS + CaSO^ ---   3Ca0 + 2S„
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The reactions occur in rotary kilns very similar to 
conventional cement kilns. The optimum temperature for 
reaction (1) is 900°C, and for reaction (2) is 1,200°C.
Clay, sand, and iron oxide are added to produce cement 
clinker.

Several plants using this method are now in operation, 
the largest of which produces 450,000 tons of sulfuric acid 
and the same amount of cement per year. Natural gypsum, 
byproduct gypsum, or anhydrite can be used as feed. The 
industrial process consists basically of three main sectors: 
cement plant, dust elimination unit, and acid plant (Muniz, 
1970, p. 5).

Clay, sand, iron oxide, and coke are previously dried 
and ground, and then mixed with calcined sulfate. Presently 
natural gas and fuel oil can also be used to fire the kiln.

The kilns have ceramic heat exchangers that are 
designed to increase the rate of heat exchange, to control 
the material flow, and to decrease the length of the kilns. 
They generally have a capacity between 100 and 400 tons per 
day which corresponds to only 60 percent of the capacity of 
a conventional cement kiln of the same size (Muniz, 1970, 
p. 5).

Kiln exhaust gases contain SÔ , 0̂ , CO2, Ng, and dust. 
The cleaning system consists of cyclones, electrostatic
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precipitators, wash towers, indirect coolers, and wet gas 
precipitators. The SO^ concentration when the gases enter 
this system is between 7 and 9 percent (Muniz, 1970, p. 6). 
Air is added to optimize the oxygen content, and then 
the gases pass to the acid plant. The SO^ concentration 
at this stage is between 5*5 and 8 percent.

In the acid plant the SOg is converted to S0̂ , and 
finally to sulfuric acid, by the contact process. This 
plant can produce sulfuric acid with a concentration of 
98 percent.

Natural gypsum is added to the clinker from the rotary 
kiln to produce cement. The function of gypsum is to control 
the setting time of the'cement.
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TAXATION AND INCENTIVES IN BRAZIL

Taxation is an important factor to be considered in 
the analysis of a project. The most important taxes that 
apply to the mineral industries in Brazil are the federal 
corporate income tax and the severance tax (mineral 
production tax).

The value of the income tax is basically 30 percent 
of the profits earned during the fiscal year. Lower rates 
are applied to firms engaged in public utilities and to 
civil entities organized exclusively for rendering 
professional services. Small firms may choose to be 
taxed on the net profit or pay a tax of 12 percent of 
the gross income. Income tax may be reduced if a company 
complies with price guidelines designed to fight inflation. 
Profits, royalties, and dividends earned in Brazil and 
remitted abroad as income of nonresident individuals or 
firms are all subject to a 25 percent withholding tax.

The mineral industries are subjected to a special tax 
that applies to one of the following activities: mining, 
transportation, beneficiation, distribution, consumption, 
and exports of minerals (Diario Oficial, 197i» P* !)• 
Besides the income tax, the severance tax is the only one 
that applies to the activities listed. For most minerals
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the value of the tax is 15 percent of the selling price. 
Lower rates are applied when the minerals are exported; 
in this case the tax rate is 7.5 percent of the selling 
price for iron and manganese ores, and 4 percent for 
almost all other minerals.

Exploration expenses are fully deductible for income 
tax purposes. Investment in equipment may be depreciated 
over the life of the project.

Expenses in scientific and technologic research may 
be considered as operating costs. Expenses with patents, 
royalties, copyrights, and licensing may be amortized over 
the period of utilization, or in at least 5 years.

In 1970 the depletion allowance as an income tax 
deduction was raised from 15 to 20 percent of the gross 
receipts. The depletion allowance is not a direct cash 
saving. The deduction forms a monetary reserve to be 
incorporated into capitalization of the mining company.
The depletion allowance applies to the first 10 years of 
mining activity.

Exploration programs may be financed by the government 
as an ordinary loan or as a special loan. The repayment of 
the special loan depends on the results of the exploration 
program. If an economic deposit is not found, the borrower
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does not pay the loan back. If an economic deposit is 
found, the borrower will pay the loan, interest, and an 
additional amount designed to compensate the losses caused 
by unsuccessful projects. The value of the additional 
amount is obtained by multiplying the value of the loan 
by a coefficient that depends on the mineral investigated 
and the region. The amount loaned is limited to 80 percent 
of the total cost of the project. The additional amount 
can be paid either as monthly installments that cannot 
exceed 5 percent of the production, or as an ordinary loan.

Brazilian industry may deduct 50 percent of the federal 
income tax to invest in the Northeast in new industry, 
agriculture, communications, forestry, fishery, and tourism. 
The investment of these deduction funds is controlled by a 
system known as Articles 3^ and 18, under the supervision 
of the Superintendencia de Desenvolvimento do Nordeste 
(SUDENE). The investment can be made in the form of stock 
acquisition or, in very special circumstances, as an ordinary 
loan. If stock is acquired, at least 50 percent of it has 
to be nonvoting preferred stock.

Individuals may also deduct 50 percent of their income 
tax to invest in the Northeast. They have to acquire non** 
voting preferred stock. A company or an individual which
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deduc-ts 50 percent of the income tax to invest in a new 
project cannot sell the acquired stock for a period of 
5 years after the project actually starts operation.

To receive financing through the 3^/18 system, a 
project may he classified in 5 priority categories. The 
classification is based, among other factors, on the 
type of the project, location, use of regional raw 
materials and labor, and decrease of imports. A project
classified in category A may receive 75 percent of the
required financing through the 3^/18 system. The amount 
financed through the 3^/18 system decreases for each of 
the remaining categories. In category B, for example, 
the maximum amount is only 60 percent of the total cost 
of the project. Projects considered less beneficial to 
the economy or designed to expand the capacity of sectors 
already self-sufficient, except when monopoly is present, 
cannot benefit from fiscal incentives.

Projects that went on-stream in the Northeast after 
July, 1963> do not pay income tax for a period of 10 years. 
This period may sometimes be extended to 15 years. The 
exemption does not apply to projects that will produce goods
which are not considered important for the development of
the Northeast, except when they are exportable goods, and 
v/hen similar projects which are able to supply the market
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are already in operation. The deduction has to be invested 
in the Northeast and in activities directly related to the 
production of goods and services.

Projects that started operations after June 1963» and 
that do not benefit from total income-tax exemption, may 
deduct 50 percent of the income tax until the end of 1978. 
Because all Brazilian industry may deduct 50 percent of 
the income tax, the combined effect of the two incentives 
is that an industry located in the Northeast may deduct 
a total oi 75 percent of the income tax.

Equipment imported to the Northeast is exempt from 
import taxes and duties. The exemption does not apply to 
used or repaired material, nor when a similar product is 
produced in Brazil.

Projects in the Northeast may also be financed by 
loans from the Banco Nacional de Desenvolvimento Economico 
(BNDE), and the Banco do Nordeste do Brasil (BNB). The 
interest rate is usually 8 percent per year, and the loan 
may be paid back in 10 years. Up to 50 percent of the 
total cost of a project may be financed by the BNDE, or the 
BNB. It is.possible to use financing from the BNDE, or the 
BNB, and from the 34/18 system.

Incentives given by state governments include donation 
of land in industrial districts, acquisition of nonvoting 
preferred stock, reduction or exemption of state taxes,
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project design, and market studies.
The states are allowed by the constitution to levy 

taxes only on the transfer of real estate and on the 
circulation of merchandise. The tax rates in different 
states are basically the same, but a state may reduce or 
exempt the taxes to be paid by a project if this project 
is considered important for the economic development of 
the state.
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COST ESTIMATION

Mining
Not much mechanization is utilized in the gypsum 

mines of Northeast Brazil. Because little investment 
is required, labor is cheap and plentiful, and little 
overburden has to be removed, the mining companies 
continue to use techniques that may be considered 
primitive.

Mining costs vary from mine to mine, and it is 
difficult to compare them because of the way the companies 
break down their costs. According to the Itapessoca 
company (written communication), the mining costs per 
ton of gypsum, including depreciation, are as followss

Dollars Percent of Total 
Dynamite 0.120 4.90
Fuse 0.024 O.98
Primers 0.016 0.65
Fuel Oil 0.034 I.38
Gasoline 0.224 9*15
Electric Energy 0.014 0.57
Other Supplies 0.116 4.73
Labor 0.678 27.69
Overhead 0.232 9*47

68
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Social Security 0.270 11.02
Maintenance 0.128 5.22
Insurance 0.046 1.87
Other Expenses 0.278 11.35
Depreciation 0.268 10.94
Total 2.448 100.00

A typical mining operation produces from 1,000 to
2,000 tons of gypsum per month. The equipment usually 
consists of 1 compressor, 1 dump truck, 1 pump, and 
jackhammers. The number of workers employed is between 
15 and 30• The average salary is $36 per month of 25 or 
26 work days, and 8 work hours per day. The investment 
required for the equipment listed is about $20,000.

Based on data from the Poty company (written 
communication), the mining costs per ton of gypsum for 
a mine with a capacity of 1,200 tons per month are 
estimated as follows:

Dollars Percent of Total
Labor 0.446 32 .45
Overhead 0.149 10.84
Social Security 0.347 25.25
Supplies O.I34 9.75
Depreciation 0.298 21.68
Total 1.374 100.00
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For a mine with a capacity of 1,680 tons per month, 
the mining costs per ton of gypsum would be (Duarte, L.F., 
written communication)s

Dollars Percent of Total 
Labor 0.322 20.73
Overhead 0.133 8.56
Social Security 0.^17 26.85
Drilling (including
depreciation) 0.315 20.28
Blasting 0.051 3*28
Haulage (includ ing
depreciation) 0.315 20.28
Total 1.553 100.00

Because it is not known how these costs have been 
broken down, it is not possible to compare some of the 
cost items. The total costs, however, indicate that 
mining costs for this type of operation, including 
depreciation, range from $1.38 to $2.^5 per ton of 
gypsum.

The use of gypsum to recover sulfur or sulfuric 
acid would require large-scale mining operations that 
have to use much more mechanization. It could be expected 
that good mining methods would bring savings in mining 
costs. It is possible to mine gypsum in a shallow
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open-pit mine for as low as $0.40 per ton (George et alf
1968, p. 8).

A sulfur plant with a capacity of 100,000 tons per 
year would use 600,000 tons of gypsum, and for a sulfuric 
acid plant of same output the gypsum requirements would 
be 200,000 tons. The gypsum industry, which presently 
produces about 440,000 tons of gypsum per year, mostly 
used as cement retarder, does not have enough capacity 
to supply this additional demand* and it would be 
necessary to develop a new mine or new mines to produce 
gypsum for the sulfur or sulfuric acid plant.

Open-pit gypsum mining is usually economic for 
overburden-to-ore ratios of less than 3 to 1 (Schroeder, 
1970, p. 1041). The equipment used depends on the type 
of overburden, but scrappers, power shovels, and drag
lines are commonly employed. After the removal of the 
overburden, gypsum is mined in benches from 3 to 9 m 
high. Drilling is not difficult because gypsum is 
relatively soft. It is necessary to use closely spaced 
drill holes loaded with medium-strength explosive to 
achieve good fragmentation because gypsum absorbs much of 
the explosive shock (Schroeder, 1970, p. 1041).

Based on a project submitted by the Mineradora Sao 
Jorge S.A. to SUDENE, estimates of the investment and
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production costs were made for a gypsum mine with a capacity 
of 200,000 tons per year. These estimates are presented 
in the following tables.

TABLE 20 
MINE INVESTMENT

Dollars
Land, Mine, Development 311,000
Buildings 80,000
Installations 24,000
Equipment 338,000
Furniture 16,000
Construction 7,000
Other Expenses 79.000
Total Investment 855,000

Source of Data: Mineradora Sao Jorge S.A., written
communication, modified.

TABLE 21
PRODUCTION COSTS (dollars per ton of gypsum)

Percent of Total 
Labor 0.356 18.00
Overhead 0.143 7*23
Social Security 0.200 10.11
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Maintenance
Supplies

0.207
0.933 47.16

10.46
Other Expenses 0--13.2 

1.978
7 . 0 3

Total Costs 100.00

Source of Data: Mineradora Sao Jorge S.A., written
communication, modified.

The investment per ton of mine capacity is $4.27.
The depreciation of the equipment amounts to $0.1-69 per 
ton of mine capacity, if the straight-line method is used 
over a period of 10 years. Depreciation should not he 
included in the production cost because it is a book 
cost rather than an out-of-pocket expense. Depreciation 
is deducted in the income-tax calculation, but it has to 
be added back to find the cash flow.

The depletion allowance per ton of gypsum is 20 
percent of the selling price, but it applies only when 
income tax is paid. Severance tax is 15 percent of the 
selling value.

According to the costs listed, it seems realistic 
to assume that gypsum could be produced at $2.00 per ton, 
or less, depending on the method used and on the mining 
conditions. The gypsum deposits of the State of Pernambuco
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offer' better conditions for a large-scale mining operation 
needed to supply a sulfur or sulfuric-acid plant because 
the reserves are adequate, the mining conditions and the 
roads are good, and the distance to the plant would be 
smaller.

Transportation
Fresently truck haulage is the most common trans

portation used to ship the gypsum produced in the Araripe 
Plateau. Rail haulage is also used, but on a much smaller 
scale. Some costs of gypsum transportation by truck are 
shown in the following table.

GYPSUM TRANSPORTATION COSTS (Truck haulage from Ipubi,Pernambuco)
TABLE 22

Destination

Barbaeena
Campos

Minas Gerais
Rio de Janeiro

State Freight (Dollars per ton) 
11.50 
14-. 4-0

Goiania Goias 25.80 
14-.50Sao Paulo City Sao Paulo

Source of Data: Munis, 1971» P* 20
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Transportation costs from the mines in the State of 
Pernambuco to Recife are estimated to be between $8 and 
$10, for a distance of about ^00 miles (Itapessoca 
Agroindustrial, and Cia, Cimento Portland Poty, written 
communication). Transportation costs to Salvador are 
about the same as those to Recife. Because transportation 
costs are so high, the use of other ways of transportation 
should be studied.

The rail lines could be extended to reach the sines, 
and the use of appropriate cars and special trains to ship 
only gypsum would mean large savings in costs. Rail- 
haulage costs may be as low as $0.01 per ton mile, as 
observed in the haulage of iron ore by rail over a distance 
of 530 miles from the Mesabi Range to Chicago (Polta, 1971» 
p. 9)« If the same cost level could be achieved in the 
Northeast, the transportation cost from the Araripe Plateau 
to Recife would be reduced to $^ per ton.

Polta (1971# P« 2 5) estimated that if pipeline were 
used for iron ore-transportation, cost would be from 33.66 
to $3*97 per long ton, or from $3.60 to $3»9l per metric ton. 
The cost per ton mile in this case would be from $0.0368 to 
$0,007 #̂ and for a distance of 400 miles the transportation 
cost could be from $2.72 to $2.96. However, the costs were
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estimated for iron-ore slurry, and they are likely to be 
different for gypsum or sulfur slurry.

The use of pipeline transportation,if possible in 
the case of gypsum,would become more interesting if the 
possibility of building a wallboard plant in Recife or 
Salvador was considered. In this case the large amount 
of gypsum to be shipped could justify the construction 
of a pipeline system from the mines to the market.

Pipelines are already used in many places to transport 
mineral slurries. They present large advantages in operating 
and maintenance costs, even though capital requirements are 
high. Typical costs for gas pipelines and for selected 
commercial slurry pipelines are shown in the following 
tables.

TABLE 23
TYPICAL GAS PIPELINE COST PER MILE IN THE GULF OF MEXICO 

(Water depth from 0 to 100 ft)
Pipeline diameter (in.) Cost (dollars)

3 6 435,000
30 330,000

26 250,000

24 225,000

20 180,000

16 100,000

Source of Data: U.S. Bureau of Land Management, 1970, p. 196
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TABLE 24
SELECTED COMMERCIAL SLURRY PIPELINES

Location Material
Length 
(miles)

Diameter i 
(in.) .

Ohio Coal 108 10
Arizona Coal 273 18
Canada** Coal 500 24
Utah Gilsonite 72 6
England Limestone 57 10
Colombia Limestone 9 5
Trinidad Limestone 6 8
California Limestone 17 7
South Africa Gold Tailings 22 6 8c 9
Tasmania Iron Concent. 53 9
Japan Copper Tail. 40 8
Canada** Sulfur/hydro 800 12 & 16
Bougainville Copper Cone. 17 6
West Irian* Copper Cone. 69 3
Africa* Phosphate 3 12
Ohio Wastes 13 12
Ohio* Wastes 45 6
New Zeland Magnetite 6 8 & 12

1.0 
4.8 
12.0 
0.38 
1.70 
0.35 
0.57 
2.0 
1.05 
2.25 
1.0 
• f • 

1.0 
0.3 
5.0

1.0
* In design phase 
** In planning phase

Source of Datas Montfort, 1972, p. 56
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Sulfur Plant
Size and Location - The expected Brazilian sulfur 

supply by 1975 is 261,000 tons, while the demand for sulfur 
in the same year is estimated to reach 388,000 tons. The 
gap between demand and supply will be 127,000 tons. None 
of the projects of sulfur recovery presently under way is 
located in the Northeast. By 1975 this region will have 
a population of about 35 million people, and using the 
projected sulfur per-capita consumption (Table 19)» the 
expected total sulfur demand in that region would be 
126,700 tons, which is about equal to the gap between 
demand and supply for the country as a whole. However, 
the assumption that the per-capita consumption in the 
Northeast will be equal to the Brazilian per-capita 
consumption is optimistic, and it would be more realistic 
to assume that the sulfur demand in the Northeast will be 
about 100,000 tons by 1975*

A plant to recover sulfur from gypsum would be limited 
to supply a regional market because of the high cost of the 
sulfur produced. The production of 1 ton of sulfur requires 
the use of about 6 tons of gypsum, and because of trans
portation costs the plant had to be located at the gypsum 
mine.
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Investment - Dorr-Oliver Inc. has been operating a 
plant with a capacity of 116,000 long tons of sulfur per 
year. The investment required was $10.8 million (Muniz, 
1970, p. 1*0 . The plant operated by Elcor in Texas has 
a capacity of 350,000 long tons of sulfur per year, and 
the investment required was about $29 million, including 
mining and beneficiation (Eng. Mining Jour., 1968, p. 73)•

In the alternative process developed by the U.S.
Bureau of Mines, which includes an ion-exchange operation 
to recover byproducts, sodium chloride is used to produce 
sodium carbonate and calcium chloride. A plant with an 
annual capacity of 116,000 long tons of sulfur would require 
an investment of $20 to $25 million (George et al, 1968, 
p. 8).

Operating Costs - The operating costs of the plant 
owned by Elcor range from $27 to $^0 per long ton of sulfur, 
with gypsum at $0.50 per short ton. The operating costs of 
the plant owned by Dorr-Oliver are estimated to be $53*85 
per long ton of sulfur, including $19.25 for natural gas 
at $0.*J'0 per million BTU and $9-35 for 1.17 short tons of 
oxygen valued at $8 per short ton; no cost for gypsum was 
considered (George et al, 1968, P* 7).
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According to the U.S. Bureau of Mines the use of coal 
for gypsum reduction in a rotary kiln, instead of natural 
gas in a fluidized-bed reactor, would be more desirable 
(George et al, 1968, p. 7)« The fuel requirements would 
be $11 per long ton of sulfur, at $6 per ton of coal, and 
oxygen would not be needed. Savings in fuel and oxygen 
would total $19 per long ton of sulfur, and the production 
costs would be about $35 per long ton for a plant with a 
capacity of 116,000 tons of sulfur per year (350 long tons 
per day). By increasing the daily capacity to 660 long 
tons, the cost would be about $30 per long ton, and for a 
capacity of 1,000 tons per day, a cost of $27 per long ton 
($26.60 per metric ton) could be achieved.

In the second alternative developed by the U.S. Bureau 
of Mines, in addition to sulfur, the yields are 1,230 lb 
of sodium carbonate, and 1,290 lb of calcium chloride per 
short ton of gypsum. To produce 1 long ton of sulfur,
6.7 short tons of gypsum would be used. The amount of 
sodium chloride needed would be from 0.7 to 1 ton, and 
the amount of coal used would be 550 lb. The production 
cost was estimated to be $73 per long ton of sulfur, 
without considering the byproducts, and assuming sodium 
chloride at $3 per short ton, and coal at $6 per short ton. 
No cost was allowed for gypsum.
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Sulfuric Acid Plant
Size and Location - Sulfuric acid is difficult to 

handle, and transportation requires appropriate facilities. 
Because of these factors, sulfuric acid plants are usually 
designed to supply local markets. A large amount of sulfuric 
acid is used by the fertilizer industry. By 1974 the 
expected ^£^5 consumption in Northeast Brazil would be
54,000 tons per year, equivalent to 118,000 tons of triple 
superphosphate. The production of this amount of fertilizer 
would require a sulfuric acid plant with a capacity of 350 

tons per day (126,000 tons per year). Other uses of sulfuric 
acid could justify the increase of this capacity to 400 tons 
of acid per day.

In 1970 the cement industry in Northeast Brazil worked 
at 90 .2 percent capacity, and the cement supply was 145,217 
tons less than the cement demand in this region, A study 
of the expansion plans under development would be necessary 
to define the supply trend, but if supply and demand increase 
at the same rate, an additional output of 126,000 to 144,000 
tons per year produced at the sulfuric acid plant could be 
consumed in the Northeast in the future.

Two tons of gypsum are used to produce 1 ton of sulfuric 
acid and 1 ton of cement. The tonnage to be shipped would be
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the same if the sulfuric acid plant were located either 
at the mine or at the market. The difficulty of sulfuric 
acid transportation, however, favors the construction of 
the sulfuric acid plant at the market.

The sulfuric acid plant could be located in Recife 
or Salvador, but because it is assumed that the main use 
of the acid would be for fertilizer production, and 
because partially developed phosphate deposits are found 
near Recife, it seems that the plant should be located in 
this city. The main advantage of the location in Salvador 
would be the proximity of natural gas deposits.

Investment - A plant having a capacity of 300 tons 
of sulfuric acid per day, located in Recife or Salvador, 
would require an investment of $7*200,000 (SUDENE, 1969# 
p. 3̂ )• If the Bayer-Lurgi process were used, the plant 
would have a capacity of *K)0 tons of sulfuric acid per 
day, and the investment would be $12 million. Estimates 
of capital costs for plants using the Marchon process are 
given in the following table.
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TABLE 25
ESTIMATED CAPITAL COSTS OF PLANTS

Capacity 
(tons per year)

No. of 
Kilns

No. of 
Acid Plants

Cost
(dollars)

100,000 1 1 7,000,000
150,000 2 1 10,000,000
200,000 2 2 12,000,000
300,000 3 2 18,000,000
300,000 4 2 19,000,000

Source of Data: Eng. Mining Jour., 1969# P» 90

The breakdown of the investment for the Marchon 
process varies from project to project, but the capital 
charges can be allocated as follows: equipment, 57 percent; 
erection, 15 percent; civils, 20 percent; and fees 8 
percent (Eng. Mining Jour., 1969> P* 92).

Operating Costs - The Marchon process can make acid 
at $12 per ton, after taking a cement clinker credit of 
$8 per ton (Eng. Mining Jour., 1969# P* 92). The production 
costs for a plant located in Northeast Brazil were estimated 
by SUDENE (I969# p. 3*0* Eor a plant with a capacity of 
300 tons per day, the production costs would be $18.30 per 
ton of sulfuric acid, excluding the cost of gypsum; and for
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a plant with a capacity of 400 tons per day the production 
costs would be $15.90 per ton of sulfuric acid (also 
excluding the cost of gypsum). The revenue.would be 
$43.60 per ton of acid, and $20.90 per ton of cement.
The raw materials and utilities used to produce 1 ton of 
^2S04 are ŝ own following table.

TABLE 26
RAW MATERIALS AND UTILITIES PER TON OF H230^

Marchon
Process

VEB Chemiewerk 
Coswig Process

Gypsum
Clay

2.0 to 2.2 tons 2.18 tons
0.29 ton (shale) 0.27 ton

Sand 0.06 ton 0.08 ton
Coke 0.10 ton 0.13 ton
Fuel
Iron Oxide

11 million BTU 0.28 ton(Fuel oil,
10,OOOkcal/kg)

0.01 ton
Electric Power, Kwh 251
Water 14,300 gal.

215 
55 m3

Sources of Data: Eng. Mining Jour., 1969» p. 90 (modified)
Sulphur, 1970a, p. 32
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FINANCIAL ANALYSIS

The economic evaluation of the different alternatives 
of sulfuric and sulfuric acid recovery from gypsum will 
be made by using the discounted cash-flow (DCF), and net 
present.value (NPV) methods. These methods, although not 
perfect, are considered viable economic evaluation techniques
(Rudawsky, 1971* p. 10). The notation employed is from

<"Engineering Economy and Investment Decision Methods", by 
Stermole, F.J. (1971).

Sulfur Plant
Delivered sulfur sold in Latin America was quoted by 

The British Sulphur Corp. Ltd. from $25 to $27 per ton in 
February 1972 (Sulphur, 1972, p. 10). Since 1968 the price 
trend has been downward, but at the present situation of 
the sulfur industry it does not seem realistic to expect 
that the price will be maintained at the low levels now 
observed, as it is not realistic to expect prices at the 
levels of 1968, when sulfur was sold in Brazil at $57*^1• 
According to Lewis (1970, p. 1263) the minimum sulfur 
prices in the United States will be from $38 to $40 per long 
ton by year 2000. It is important to consider, however, 
that the sulfur industry faces complex problems, mainly

85
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related to the increased effect of pollution controls that 
could force sulfur recovery regardless of costs.

Production costs of recovered sulfur from gypsum are 
high, ranging from $27 to $53*85 per long ton, if only 
sulfur is recovered, and to as high as $73 per long ton 
if "byproducts are also recovered. Gypsum costs and sulfur 
transportation costs must be added to the production costs. 
Assuming a cost of $2 per short ton of gypsum, the cost of 
6 short tons of gypsum required to produce 1 long ton of 
sulfur would be $12. The sulfur would be produced at the 
mine in the Araripe Plateau, and the transportation of 1 
long ton of sulfur to Recife or Salvador, which are the 
major markets in the Northeast, would cost from $8 to $10. 
Therefore, at the present conditions, a long ton of sulfur 
would cost from $^7 to $75*85 at the markets, if only 
sulfur were produced. It could be possible to reduce gypsum 
costs to a total of $3 per long ton of sulfur by using 
improved mining methods, and sulfur transportation costs 
to $3 or $^ dollars, but this is an optimistic assumption.
In this case, 1 long ton of sulfur would cost from $33 to 
$60.85 at the markets, depending on the method used.
Capital costs of investment and working capital had to be 
added to these amounts.
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The process developed by Dorr-Oliver, and modified by 
the U.S. Bureau of Mines, requires an investment of $10.8 
million for a plant with an annual capacity of 116,000 long 
tons; the production cost is about $35? and adding $3 for 
the cost of gypsum, the total costs amount to $38 per long 
ton of sulfur. Because of fiscal incentives in Northeast 
Brazil, a new plant would be exempt from income tax for 
a period of 10 years, and for this reason depreciation and 
depletion would not affect cash-flow calculations for a 
project located in that region. A selling price that 
yielded a rate of return of 12 percent could be considered 
satisfactory. To define this price it is assumed that the 
life of the project would be 10 years, and that the salvage 
value of the plant would be zero at the end of the project 
life. Working capital is assumed to be 20 percent of the 
investment. The annual cash flow, which would be equivalent 
to an investment of $10.8 million, over a period of 10 years, 
and at a rate of return of 12 percent, is given by the formula

CP = P ( R P ^ )  + S (RSi-n)

where P is the investment, is the capital-recovery
factor over n periods, at a rate of return of i percent,
S is the working capital, and RSi-n is the sinking-fund
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deposit factor. Using this formula
CF = (10,800,000 + 2,160,000)(RP12-10) + 2,160,000 (R312_ 
= $2,417,040

The annual revenue, needed to yield this cash flow is 
$6,825,040, according to the following calculation:

Cash Flow 2,147,040
Income Tax
Gross Profit 2,417#040
Costs 4,408,000
Gross Revenue 6,825,040

Sulfur had to be sold at $58.80 per long ton at the 
mine, and adding transportation costs it can be concluded 
that this alternative is presently unfeasible.

If the recovery of byproducts were included in the 
process, the production cost would be $73 per long ton of 
sulfur. For each long ton of sulfur produced, the yield 
of sodium carbonate is 3»7 short tons. If all sodium 
carbonate (429,200 short tons per year) was sold at $20 
per short ton, the income would be $74 per long ton of 
sulfur, and sulfur would be produced at no cost (George 
et al, 1968, p. 8). If metric tons were used, the values
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would- be only slightly different. Sodium carbonate is used 
in pulpwood processing, in chemical compounds, in soap and 
detergents production, and in the aluminum industry.

The assumption that all sodium carbonate could be sold 
in Northeast Brazil seems unrealistic; and gypsum costs, 
capital costs, and sulfur transportation costs had still 
to be added to define an acceptable sulfur price. For an 
inyestment of about $20 million required for a plant of 
this size, the cash flow needed to yield a rate of return 
of 12 percent over 10 years was

cf = (20,000,000 + ^,000,000) (rp12-10) + 4-, ooo, ooo (RS12_10) 
= $4-,4-76f000

The required cash flow per long ton of sulfur produced 
is $38.50, and adding a gypsum cost of $3*35 (8.7 tons of 
gypsum) if gypsum was produced at $0.50 per short ton, and 
a transportation cost of $10, sulfur had to be sold at 
about $51*85 per long. The assumptions that all soda ash 
could be sold at $20, and that gypsum would be produced 
at $0.50 per short ton are optimistic, and this alternative 
may still be considered presently unfeasible.
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Sulfuric Acid Plant
A sulfuric acid plant v/ith a daily capacity of 300 

tons would require an investment of $7,200,000. Assuming 
that gypsum would be produced at $2.3.0 per ton, including 
severance tax, the gypsum cost would be $4.80 (2.10 tons), 
and the transportation cost at $10 per ton would be $21. 
Production cost is estimated to be $18.30 per ton of acid, 
and the total cost would be $44.10 per ton of acid. The 
annual gross revenue v/ould be $6,966,000, for a production 
of 108,000 tons of sulfuric acid sold at $43.60 per ton, 
and 108,000 tons of Portland cement sold at $20.90 per ton 
(SUDENE, 1969» p. 34). The cash-flow calculation for this 
plant is shown in the following table.

TABLE 27
CASH-FL0V7 CALCULATION (108,000-ton capacity)

Gross Revenue

Gross Profit
Total Costs

$64.50
$44.10
$20.40

Inc ome Tax

Cash Flow
Net Profit $20.40

$20.40
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The discounted annual cash flow per ton of sulfuric 
acid produced would be $20.40. Income tax would not be 
paid for a period of 10 years. It is assumed that the 
life of the project would be 10 years, that the salvage 
value of the plant would be zero at the end of the project 
life, and that working capital would be 20 percent of the 
total investment. It is also assumed that mine investment 
would be $4.27 per ton of gypsum. All investment is 
assumed to be made at year zero.

TABLE 28
SULFURIC ACID PLANT (108,000-ton capacity):

M ine Inve s tme nt $970,000

Cash Flow

Total Investment
Plant Investment

Working Capital

$7,200,000
$8,170,000
$1,634,000
$2,203,200

$1,634,000
$2,203,200

$2,203,200 $2,203,200 $2,203,200

1 2 3 10

$8,170,000
$1,634,000
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Using a present-worth equation
8,170,000 + 1,634,000 = 2,203,200(PRi-10) + 1,634,000(PSi-10)

where capital-recovery factor, and PS^
is the single-payment present-worth factor. The value of 
the rate of return has to be found by trial and error.
For this equation the rate of return is 19*22 percent; 
and assuming that a rate of return of 12 percent is 
satisfactory, this project may be considered good.

For a rate of return of 12 percent, the net present 
value is

NPV = 2,203,200(PR12_1q) + 1,634,000(PS12-10) - 8,170,000 
- 1,634,000 = $3,170,228.

If the Bayer-Lurgi process were used, the plant would 
have a daily capacity of 400 tons of acid (144,000 tons per 
year), and the required investment would be $12,000,000.
The production cost would be $15*90 per ton of acid; gypsum 
cost would be $^.80; and transportation cost would be $21, 
both per ton of acid. The cash-flow calculation is shown 
in the following table.
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TABLE 29
CASH-FLQV7 CALCULATION (144,000-ton capacity)

Gross Revenue $64-. 50
Total Costs $4«1.70
Gross Profit $22.80
Income Tax
Net Profit $22.80
Gash Flow $22.80

Maintaining the same assumptions made in the preceding 
analysis, and using a present-worth equation, the rate of 
return will again be found by trial and error.

TABLE 30
SULFURIC ACID PLANT (144,000-ton capacity)

Mine Investment $1,280,000
Plant Investment $12,000,000
Total Investment $13,280,000
Working Capital $2,656,000
Cash Flow $3,283,200
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$3,283,200 $3,283,200 $3,283,200

$2,656,000
$3,283,200

10

$13,280,000
$2,656,000

13,280,000 + 2,656,000 = 3,283,200(PRi-10) + 2., 656, 000 (PS^q)

This project yields a rate of return of 17.04 percent, 
which may also be considered good. The net present value, 
discounting at 12 percent, is

NPV = 3,283,200(PR12_1q) + 2,656,000(PS12-10) - 13,280,000 
- 2,656,000 = $3,469,312

Both projects may be considered feasible, but if a 
rate of return of 12 percent was satisfactory, then the 
second project is the best one because it has a higher 
NPV (Stermole, 1971, p. 50).

These projects, if classified in category A, may 
receive up to 75 percent of the needed financing through 
the system of the Articles 34 and 18. If an ordinary loan 
were prefered, up to 50 percent of investment could be
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financed by the BNDE, or the BNB, at an annual interest 
rate of 8 percent on outstanding balances. Because the 
rate of return yielded by both projects is higher than 
the interest rate paid for borrowed money, the leverage 
obtained from using borrowed money would increase the 
rate of return on the equity the owner has on the project 
(Stermole, 1971, p. 197).
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CONCLUSIONS

The financial analysis conducted took into account 
the point of view of a private investor and was based on 
the existing conditions in the Brazilian economy.

Although the economic evaluation of sulfur recovery 
from gypsum was made by assuming a very low cost for 
gypsum ($0.50 per short ton), the financial analysis 
indicated that this alternative seems unfeasible at 
present sulfur prices. A situation of high prices for 
sulfur deserves further investigation.

The recovery of sulfuric acid and cement from gypsum 
appears to be a far more attractive project. The analysis 
was based on Brazilian Costs; and for a plant with an 
annual capacity of 10b,000 tons, the discounted cash-flow 
rate of return was 19.22 percent, while for an annual 
capacity of 144,000 tons, the rate of return v/as 1?.04 
percent. Reduction of gypsum mining and transportation 
costs would largely increase the feasibility of this 
alternative. Gypsum costs might be reduced by two-thirds, 
and transportation costs might be reduced by a half. The 
salvage value of the plant was assumed to be zero at the 
end of the 10-year life of the project; salvage value

96
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would further increase the rate of return.
The social benefits provided by sulfur or sulfuric 

acid recovery from gypsum are an aspect that deserves to 
be further studied. For the economy as a whole, it is 
possible that these benefits justify a project which seems 
unattractive only by profit considerations. In this case 
government action could provide incentives in the form of 
financing, exemptions, import quotas, and tariffs, as well 
as research and improved transportation facilities.

The construction of an integrated fertilizer complex 
to use the sulfuric acid recovered from gypsum and the 
phosphate rock from the deposits located near Recife would 
bring further advantages. These deposits are presently 
exploited on a very small scale, and the fertilizer consumed 
in the Northeast has to be mostly imported. The integrated 
complex would provide employment from the mines to the 
fertilizer plant in a region where unemployment is high 
and income is low. Savings in foreign currency, scarce in 
a developing country, would be achieved by decreasing sulfur 
and fertilizer imports. The inflow of funds from these 
operations would increase the level of regional income.

The large mining operations needed would provide more 
intensive utilization of the gypsum and phosphate deposits.
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The amount of gypsum to be shipped would justify the study 
of means of transportation other than truck haulage, which 
could provide lower transportation cost and assure a 
constant supply of raw material.

The effects of pollution controls were not considered 
in the study, but these controls could change the present 
pattern of the world sulfur industry. The excess supply 
of recovered sulfur would probably keep prices down and 
make most Frasch sulfur production uneconomic. As a result, 
the Brazilian sulfur industry would have to compete v/ith 
readily available low-priced imported sulfur.
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