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Foreword 

The data given in this report will enable a developing country to make an 
approximate assessment of die costs of making sulphuric acid and cement from 
sulphur or pyrites and limestone and from the various forms of calcium sulphate. 
They will also enable the costs of making sulphuric acid from sulphur, pyrites 
and calcium sulphate to be compared. The cost assessments can only be approx- 
imate for an unknown site in an unknown country, but they will enable a de- 
veloping country to decide the method of making sulphuric acid for which it 
wishes to obtain accurate cost estimates. 

This publication has been prepared by Mr. W. L. Bcdwcll in the capacity 
of consultant to UNIDO. The views and opinions expressed in this publication 
are those of the consultant and do not necessarily reflect the views of the secre- 
tariat of UNIDO. 
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EXPLANATORY NOTES 

Dollar ($) refcn to US dollar unkst otherwise specified. 
£ refers to pound sterling. 
References are indicated in parentheses in the text, by name of author màytm 
of publication. The full references are listed slphabetkaDy at die end of the 
paper. 

The following abbreviations are used in this publication: 
atm atmosphère 
B.O.V.     brown oil of vitriol 
cm centimetre 
cm? square centi metre 
*K degree Kelvin 
it foot 
f. o. b.      fice on board 
g gram 
gfc  ^piSSS ^Rr* *S3<W*S   vvH^pSSra^p 

g mole gram molecule 
in beh 
heal kfloaram i 
kg kilogram 
lb pound 

mß 
ttt    £% %M m m •at^S • 1   mit    n£ --*-•-* -• * Ä.UP.Y. ITU BUCHI OH Ol VHnOI 
tea locgton(2¿40lb) 
Unat metric tea (1,009 kg) 



INTRODUCTION 

Convention*! methods for die manufacture of Portland cement and sulphuric 
acid are considered firn in this paper and then production from calcium 
sulphate. 

The competition and major constituents of Portland cement made from 
ItmfH^M. gad their hydraulic properties are given in the first chapter, followed 
hy a typical specification for Portland cement. A plant for the production of 
Portland cement from limestone is described, capital costs arc stated, and raw 
material and other requirements are indicated. 

The second chapter describes plants for the preparation of sulphur dioxide 
from elemental sulphur and pyrite», the oxidation of sulphur dioxide to sulphur 
trioxide and the production of sulphuric acid from sulphur tnoxide. The thermo- 
dynamics and kinetics of the oxidation reaction are discussed and capital costs, 
with raw material and other requirements arc given. The avaibbtöty of elemental 
sulphur and pyrites it considered. 

The replacement of limestone in the manufacture of Portland cement by 
mineral formt of calcium sulphate is dealt with in chapter three. The chemical 
reactions that occur when calcium sulphate is med ate discussed and a plant to 
make sulphuric acid and Portland cement from mineral calcium sulphate it 
described. Capital costs, raw material and other requirements are given. 

The problem* that arise when mineral calcium rdnhate is replaced by 
gyyfpfti p«*tW»d m * hy-ptadnct of phosphoric acid manufacture are mdjcttrd 
m the fourth chapter. The effect of the two major impurities present in by- 
product gypsum on cement quahtv h considered. The com incurred by the 
me of by-product gypsum tre stated and possible consequences on the operation 
of the phosphoric seid plant on which the gypsum is made ate indicated. 





t. PORTLAND CEMENT 

A. DlflNITION 

Mo« countries have their own specifications for cernent. The British Standard 
specification given below is an illustration of a standard that a producer might 

be expected to meet. 
British Standard specification BS 12: 1958 "Portland Cement (Ordinary 

and RapUJ-Hardening)" defines cement as: 

". . manufactured by intimately mixing together calcareous or other hme- 
bearinf material with, if required, argillaceous and/or other »Ilea, alumina or 
•ron-oxidc-beanng materials, burning them at a clinkering temperature and 
grinding the resulting clinker so at to produce a cement capable of comply«» 
wtth this British Standard. .. 

"No material,   »her than gypsum (or its derivatives), or water, or both, shall 

be added after burnmg. c       ... 
"An amendment published on 5 November 1%2 states that traces of metallic 

iron from the grindig procesa are not to be regarded as an addition. 

It should be noted that cbnkeftng is the process of heating to produce 
»complete fusk» in the material heated. Lett than one third of the material 
heated to produce cement clinker becomes fluid. 

Gypsum is added « a retarder to control the setting time of the cement. 

B. COMPOSITION 

A typical range of analyses for ordinary Portland cement is: 
fWmtf 

QgO 60 —67 

Al|Oi - *-8 

FejOj     0.5— 6 
StOj 17-25 
MfO M-4 
S03 

x  - 3 

Modem Portland cements have CaO contents in the upper part of the bracket. 
The compoundi present in cement conker are formed during heating 

f burning") by the interaction of CaO. St02, Al20, and Fe203 present m the 

3 
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raw material, together with minor components such as MgO and alkali metal 
oxides The four major constituents amount to more than 95 per cent of the 
clinker. The phase relations in binary and ternary combinations of the major 
constituents have all been worked out. They arc too numerous for inclusion 
in this paper and reference must be made to textbooks for the phase diagrams, 
for example, Lea and Desch (1956), Taylor (1964) and Bogue (1955). The help 
obtained from these books in writing this section is gratefully acknowledged. 
That portion of the quaternary system CaO—AliOj—FejOj—SÍO2 that covers 
Portland cement hat also been worked out. It is complicated and reference must 
be made to textbooks for the phase diagrams. No new compounds occur in the 
quaternary system which were not found in the binary and ternary systems. 
Part of the system CaO—AljOj— SiOj is shown in figure 1. This diagram is 
shown m more detail in all modern textbooks on the chemistry of cement; 
the «one of Portland cement composition was also shown by Lea (1945). In 
calculating this area, the ferric oxide was added to the alumina and the sum of 

C|S* trtcakw* »¡licet« 
C)S>dtcokiu* Silicat« 
CjAatfifOlCNMI 

I. flUr AIJMM tftpÊtm C¿0—A¡¿h—S*>l 
Stmt :1M, ÍHS. 
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lime, silica, alumina and ferric oxide made up to 100 per cent. There may be 
objection» to this procedure but it does give a relatively simple and reasonably 
accurate picture. 

Át point B (1,445°C) tricalcium silicate, dicalcium silicate and tricalcium 
aluminate exist in equilibrium with liquid and vapour. The liquid is saturated 
with all three solid phases. A change in concentration or temperature will upset 
the equilibrium, causing one of the solid phases to dissolve or the liquid to 
solidify. Hence B is a quintuple invariant point. Similarly C is a quintuple in- 
variant pot.it (1,470'C) at which CaO, incaici un silicate and tricalcium alum- 
inate are in equilibrium with liquid and vapour. A is also an invariant point 
where at 1,900* C tricalcium silicate decomposes into CaO and dicalcium 
silicate. The percentage compositions of these three invariant points arc: 

B 

CiO   68.4 CaO   58.3 CaO   59.7 
Alp,  9.2 AlaO, 33.0 AljOj 32.8 
SiOj   214 SiOj    8.7 St02     7.5 

It will be noted that the Portland cement area is relatively small. Actually, 
most modern cernen» contain more than 65 per cent CaO and therefore fall 
in that part of the cement area above the 65 per cent CaO line. 

Microscopic, X-ray diffraction and other physico-chemical methods have 
established die presence of four major constituents in Portland cement clinker 
(table 1). They are constituents to be expected from the phase equilibria studies 
of the four major components to which reference has been made, but their 
relative proportions differ slightly from those expected in cooled clinker at 
equilibrium. This difference is due to one or more of these causes: 

(•) Equilibrium is not quite attained during clinkering due to the slowness 
of the initial reactions between the solids and to the relatively small 
amount of liquid phase present in the clinker to provide a medium for 
the later reactions; 

(k) Equilibrium is not maintained during clinker-cooling; 

(e) Some of die liquid in the hot clinker is present in the cooled clinker 
at a glass, having failed to crystallize during cooling. 

Lea and Desdi (1956, p. 103) summarize the position: "Essentially we can 
regard Portland cement as a material which has closely approached equilibrium 
at die clinkering temperature, but which has cooled too rapidly to allow complete 
equilibrium to be established at the temperature of final solidification." 
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TABLE 1 :    MAJO* CONSTITUENTS IN POITìAND CEMENT CUNKEK 

CutttpotmS Formuli A*n nation 

Tricakium alicate 

Dkakium silicate 

Tricakium alumínate 

Tetracakium aluramoferrite 

3CaO StQ2 CjS 

2CaO Si02 C2S 

3CaO AljOs CjA 

4CaO AlîC, PejOj QAF 

CaO -73.69 
SiO, -26.31 
CaO -6512 
SiOj - 34.88 
CaO -62.27 
AljOi - 37.73 
CaO -46.16 
AlaOi - 20% 
PciOi - 32.86 

Brief notes on these compound! are given below. 

Tricakium aliate 

Pure C3S was for long thought to be stable only between 1,250* C and 
1,950* C but it is now known to be stable up to 2,070* C, at which temperature 
it melts incongruently, giving CaO and a liquid. The range of «ability includes 
the temperatures at which cement cankering occurs during burning. Below 
1,250* C, C3S decomposes to give C2S and free CaO but the rate of decomposi- 
tion is very slow (Welch and Gutt, 1962, pp. 59—68). It u the most important 
constituent of Portland cement 

Dicêlcium tiíkttt 

Pure CjS occurs in four forms. The fferm is stable at ordinary temperatures 
but changes on heating to the a'-form at about 130* C and the a'-form changes 
to the a-form at 1,450* C. On cooling, die o-form changes to the a'-form at 
1,425* C and this changes to the p-form at 670* C which in tum changes into 
the r-form at 52=>* C. The relationship between thxse forim has been lummamed 
by Weich in this diagra»: 

~830*C 1450* C 

72S*C 

—«• a 

? 
6»#C 

rom the p-form to the reform can be inhibited by • 
such ai B2OJ or CrjOj. Oades nsch as CaO, P|Oj tod SOi 
nkm temperatures and might "stabihW small quantities of 

The change fiom the p-form 
amounts of «rides such as B¿Oj or CrjOj. Oades such as 
can alter the inrersion temperatures and might "stabihW 

il 
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the «'- er «-formi in cooled material, or delay or defer indefinitely the trans- 
formation of ¿-form to Y-form. The ¿-form of C2S is the second most important 
constituent of Portland cement and is the form in which C2S usually occurs 
in cement clinker, although the y- and «'-forms arc said to have been detected 
in cements. 

TricaLium ttuminMe 

C,A mete with decomposition at 1,515* C but is stable wider clinkering 
conditions. Other calcium aluminatcs Mich as CA and C3A3 (now regarded 
as C,2A7) are probably formed in early reactions in the kiln but disappear during 
later reactions and arc not normally found in Portland cement. 

TftrécaUium êhàmimftmtt 

A ternary compound of CaO, AljO, and Fe|05, known as BrownmiUente, 
wis for massy yean thought to be a compound with the composition 4 CaO 
AljOj • Fe20). However, it it now known that a sen« of solid solutions exits 
between 2CaO • FejO| and 2CaO • AljOi (which is otherwise not known), 
of which the limiting composition ts 6 CaO 2 Al2Oj Fe^,. The solid solution 
C4AP may be a special point » this series; clinker composition is still expressed 
in terms of QAF. 

The proportions in which the four major componete occur in cement 
vary appreciably with relatively small changes in cement analysis but can be 
of this order: 

fw «a» 

C0    «S-» 

CiA    ta—15 

hEBÉE    m^BpaaP^Vn^&m^E    •KI   ^^9aYât 

C. Hwvjuc mutmm of comovtiM m 

Tfce fear major cornponents of cement have «he feiowmg properties 
• 1:3 

wdHvUVIIIY   flñsVJvWr  tW jP*W» 

C|S Good. It has aB the tntnriil properties of Portland cement, the 
strength of which at amis op to 28 days is a fessene* of CsS 
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Compound Cementing quality of pure compound (cont'd) 

C2S a- and a -forms appear to luve only slight hydraulic properties. 
p-form sets slowly over several days, produces little strength for 
about 28 days but thereafter strength increases up to six months 
to approach equality with CjS. This form is largely responsible 
for increase in strength of Portland cement after 28 days. As 
already stated it is the usual form present in cement. The others 
are of minor interest in normal Portland cement. 
y-fmn has no hydraulic properties. 

CjA Has slight hydraulic properties. Sets a'most instantaneously with 
much heat evolution. Develops some strength at one day but 
shows no increase thereafter. 

C4AF Has slight hydraulic properties. Sets rapidly (but slower than 
CjA) with considerable heat evolution (less than with C3A). 
Develops some strength. 

It must be appreciated that the properties of these compounds when present 
in cement will not be identical with those of the pure compounds due to the 
presence of small amounts of other substances in solid solution ut them, but 
the behaviour of die pure compounds is die best available guide to their behaviour 
in cement. 

D. SPECIFICATION 

Although cement specifications vary with the country of origin, British 
Standard specification BS 12:1958 is used here as a typical example of a speci- 
fication to which a producer would be expected to conform. It should be pointed 
out, however, that a cement in the United Kingdom mat just satisfies the specified 
compressive strength would be at a disadvantage because of customer insistence 
on oie rapid development of early-strength in the concrete. 

Fineness 

The cement, when tened by the prescribed method, shall have a specific 
surface of not less man: 

Ordinary Portland cement....   2¿S0 cm2/g 
lUpid-hardcning Portland cement    3,250 cm*/g. 

The lime saturation factor (L S. F.) shall not be greater than 1.02 and not 
less than 0.66 when calculated by the formula. 

LSFw (CiO)-0.7(SO3) 
"*•      2.8 (SiOj) + \2 (AljOj) + 0.65 C*§iOi) W 
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where each symbol in parentheses refers to the percentage (by weight of total 
cement) of the oxide, excluding any contained in the insoluble residue referred 
to below. 

Insoluble residue 

The weight of insoluble residue determined by the prescribed method shall 
not exceed 1.5 per cent. 

Magnesia 

The weight of magnesia contained in the cement shall not exceed 4.0 per 
cent. 

Alumina—won ratio 

The ratio of die percentage of alumina to the percentage of iron oxide 
shall not be less than 0.66. 

Sulphuric anhydride 

The permitted content of total sulphur in the cement, expressed as SOj, 
shall not exceed the appropriate figure in die following table: 

Tit-oktu» ilMiilimc MntaMm toni Ntyfear «mtMd M SO) 
%byw^«ht %hf 

7 or less 2.5 
greater man 7 3.0 

The tri-cakium ilumínate content is calculated by fise formula: 

CjA - 2.65 (Al203) —1.69 (Fe2Oj) (2) i 

where rae symbols have die tame meaning as in (1) above. 

Loss m ignition 

The total loss on ignition shall not exceed 3 per cent for cement in temperate 
climates or 4 per cent for cement in tropical climates. 

I Thai formula k derived thus: 
IfegO] it assumed to be present as QAF 
AljOj present as C|A 
- total AljOj—AljOj combined with FejO) in QAF 

102 
- total AljOj-FejO, x ^ 
-tottlAl,O,-0.64Fe,O, 

lUtk>C>A/Al,Oj - ~ - 2.65 

Therefore CjA present - AljOs present as C§A x 2.65 
- (tottl AlîOj-0.64 PtjO,) x 2.65 
- 2,65 .'20,-1.69 FejOj. 
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Strength 

Compressive streti\>th 

Method (1). The average compressive strength of three mortai cubes, 
prepared, stored and tested in the prescribed manner shall be: 

(a) Ordinary Portland cement 
3 days ( 72 ± 1 hr) not less than 2,200 lb/in* (154 kg/em*); 
7 days (168 ± 2 hrs) shall show an increase on the compressive strength 

at 3 days and be not less than 3,400 îb/in2 

(239 kg/cm*); 

(h)  Rapd-hardcning Portland cement 
3 days ( 72 ± 1 hr) not less than 3,000 lb/m* (210 kg/cm*); 
7 days (168 ± 2 hrs) shaB show an increase on the compressive strength 

at 3 dayt and be not lew than 4,000 lb/in2 

(281 kg/cm2). 

Method (2). The average compressive strength of three concrete cabes, 
prepared, stored and tened m the prescribed manner, thai he: 

(*) Ordinary Portland cement 
3 days ( 72 ± Ihr) not less than 1^00 lb/in2 (84 kg/cm2); 
7 days (168 ± 2 hrs) shall show an mercase on the compressi ve strength 

at 3 days and be not  less than 2,000 lb/in2 

(140 kg/cm2); 

(h) Rspid-H'y'^**'*1^ Portland cement 
3dayT( 72 ± t hr) not lea» than 1,700 lb/«* (lWkg/ca^; 
7 days (168 ± 2 hrs) thai show an »crease on the compressive strength 

at3daysandbcnotles*than 2,500 lb/in2 

(175 kg/cm3). 

ifMHHf isWJjjw 

When specially desired, the one-day strength te* of rapid^urdening Port- 
ia ~m*«* «hall he üked fer at the time of piacmt the order. When ¿one as 
prescribed, the average tensile strength of áx mortar briquettes shafl not be less 

than 300 lb/in2 (21 kg/cm2). 

Co$UtMtHtt tj jMfSMSnf CTMSfMr ftÊÊt 

The quantity of water needed to produce a paste of standard constaeacy 
thafl be ascertained by the prescribed method. Th» quantity of water is med 
to determine the water content of the pastes used fer setting time and soundness 
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Setting time 

The setting time of the cement, when determined by the prescribed method, 
shall be as follows: 

Initial vtting time: not less than 45 minutes; 
Final setting time: not more than 10 hours. 

Soundness 

The cement, when tested for soundness by the prescribed method, shall 
not have an expansion of more than 10 mm (0.4 in). 

E. COMMBNTS ON SPECIFICATION FOR CHEMICAL COMPOSITION 

Urne saturation factor 

The L. S. F. is a measure of the "free" CaO content of cement (i. e., CaO 
not combined with SÌO2, AI2O3, FC2O3 or SO3). A considerable amount of 
free CaO in clinker may cause unsoundness in the cement resulting from expan- 
sion after setting due to its hydration to calcium hydroxide. It is, of course, 
common practice for builders to add hydrated lime (Ca(OH)2) to cement, but 
this does not produce unsoundness because it is hydrated when used. Free CaO 
in cement clinker is present in crystal lattices and therefore hydrates slowly so 
that hydration is unfinished when die cement sets. 

The maximum lime content which can be present without free lime ap- 
pearing at the clinkering temperature in equilibrium with the liquid phase is 
expressed by the formula: 

CaO - 2.8 x % S1O2 + 1.2 x % Al2Oj + 0.65% Fe203 (3) 

To dus must be added the lime equivalent to the SOj present, normally largely 
supplied by the gypsum added as a retarder « 0.7% x % SO3. 

A high L S. F. ensures a high C3S content with quick development of 
fitly•tiiriigih. The specified limits for L. S. F. enable a high C3S content to 
be achieved in the cement while ensuring mat unsoundness will not develop 
due to ir« Urne. 

Magnesia 

Unsoundness in cements due to expansion as a result of a high magnesia 
content has occurred aud often becomes apparent only after long perioda. The 
evidence is not unambiguous but mere seems no doubt that the expansion due 
to free Mme is increased at all ages of the cement by the presence of magnesia 
(Bogue and Letch, 1945). A maximum limit for magnesia is therefore fixed to 
obviate any risk of failure. 
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Aluminafiron ratio 

Alumina and ferric oxide act as fluxes in the kiln, increasing the liquid 
phase and reducing the clinkering temperature, but too high a proportion ot 
these oxides can produce too much liquid in the kiln, with consequent ring or 
ball formation. The relative proportions of Al203 and Fe203 determine the 
amounts of C3A and C4AF in the clinker. C3A, as stated in section C of this 
chapter, has an almost instantaneous set and the amount present in clinker must 
be restr cted (normally below 18 per cent) or the cement will set too quickly. 
The lower the Al203/Fe203 ratio, the higher the proportion of C4AF to C3A. 
On the other hand, a proportion of C3A helps the initial set of the cement and 
perhaps adds a little to the initial strength, although C3S is by far the major 
contributor to early strength. The weight ratio Al203/Fe203 would have to 
fall to 0.64 (or, put the other way round, the Fc203/Al203 ratio would have to 
be 1.56) for all the Al203 to be present as C4AF. A weight ratio Al203/Fe203 

of 0 66 ensures that there is sufficient Al203 present to combine with all the 
FcîOi to give C4AF and that some C3A is also present in the cement. In practice, 
this ratio lies between 1.5 and 3.5 but combination in the kiln becomes more 
difficult as this ratio increases. A low Al203/Fe203 ratio gives too much liquid 
in the kiln, with consequent operational difficulties. 

The ratio SiOa/(Al203 + Fe203), although not covered by specific«, 
is important for kiln burning. It usually lies between 1.5 and 3.0 andcombination 
becomes more difficult as the ratio increases, especially above 3.0. 

Sulphuric anhydride 

The amount of gypsum incorporated in cement as a reorder to control the 
setting time vari« with the C3A content. The presenceo( large quantities of 
gypsum leads to slow expansion in the set cement and the quantity m cement 
is therefore strictly limited. 

F. PlODUCTlON 

Oinentismamifoturedbyplená^ 
eoos mixture, b«iniiig the «attire in a rotary kiln to form i ctakcr which is 
ground with gypsum to produce cement. A line diagram is gmn m »pire *. 

Raw materials 

The main source of lime is cakhim carbonate in the form of ¡"J"*«* 
oc chalk. These materials often contain dolomite (MgCOj « CaCO,) but tac 
amount present must be such that the MgO in the cement does not exceed 
4 per cent (See section D in this chapter.) Silica, alumina and feme oxide are 
.applied as clay, marl or shale (the two Utter may abo «mtribute some «tarn» 
carbonate). Deficiencies of silica, alumina or ferric oxide m the raw materials 



PoiTLAND CEMENT 13 

I 
•'t 

Ì 
i* 
I 



14 MANUf ACTUM Of CIMENT AND SULfHUMC ACID FIOM CALCIUM SULPHATE 

available can be rectified by the addition of sand, bauxite and a cheap form of 
ferric oxide such as pyrites cinders. If the kiln is fired by coal, allowance must 
be made for the silica, alumina and iron oxide introduced by the coal ash into 
the burden. Some of the sulphur present in the fuel will appear in the clinker as 
alkali metal sulphates and thus reduce the amount of gypsum that can be added 
as a retarder. 

Preparation of raw $n*terials 

The preparation of the raw materials depends on whether they are fed to 
the kiln a* a mixture of dry powder» (dry procesa) or as a slurry (wet procesa). 
Modern plants using hard limestone normally employ the dry process and the 
dry process is used in anhydrite kilns. The wet process will therefore not be 
further considered. 

The raw materials must be accurately proportioned to give the required 
composition and finely ground to produce reasonably rapid rates of reaction 
between the solids in the kiln before die liquid phase appears. The raw materials 
are therefore crushed and dried, when necessary, and weighed into mills where 
they are ground and mixed. The dry, finely divided mixture, "raw meal", 
which leaves die nulls is conveyed, usually by pneumatic conveyor», to storage 
silos which are abo used as blenden to even out short-term fluctuations in the 
raw meal composition. 

Cakinatwn 

Raw meal is taken from the storage silos to a rotary kiln, fired by pulverized 
coal, oil or gat, and travels through the kiln counter-current to the hot air flow. 
A kiln about 200 ft long by 14 ft in diameter would be required for an output 
of 350,000 tons per year clinker if modern heat recovery equipment were installed. 
The kiln would be much longer without heat recovery equipment. The time 
of passage through such a kiln is about 2% hours, but the time in die clinkenng 
tone probably docs not exceed 20 minutes. The clinkenng temperature is about 
1,450* C and clinker leaves the kiln at 1,000* C +. It passes to coolers in which 
the air required for fuel combustion is preheated by heat from the clinker. The 
cooled clinker (about 100* C) is taken to clinker stores. Fairly rapid cooling of 
die flitikfT is desirable. 

The kiln atmosphere normally contains an excess of oxygen so that the 
iron in the clinker is largely present as ferric iron. Reducing conditions in the 
kiln have undesirable effects on the clinker. Thus, the decomposition of CjS 
to C2S and CaO below 1,250* C is markedly accelerated, probably due to 
replacement of calcium in CjS by ferrous iron. In addition, die tendency of 
C2S to revert from 0- to y-form on cooling is increased. 

One form of heat recovery is based on the use of raw meal which has been 
granulated with a small amount of water in a dish granulator. The granules 
are conveyed to the kiln, called a Lepol kiln, on a travelling grate and heat is 
recovered from the kiln exit gas by pasting it through the granules on die travel- 
ling grate. This improves heat efficiency and is one acceptable method of reducing 
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the fuel requirement. Some raw meals produce granules which arc not suf- 
ficiently strong to survive the handling and heating on a Lepol grate. 

The kiln is lined with ordinary firebricks in the relatively cool back end 
but these arc attacked by the kiln burden in the hotter /ones where more resistant 
bricks such as high alumina, magnesite or chrome-magnesite are required. 

The heat balance in cement kilns has been studied by Gygi (1954, p. 750). 
He calculated that the heat theoretically required to form 1 kg of clinker was 
429 kcal. The actual heat requirement will vary slightly with the composition 
of the raw meal. Because much heat is lost, chiefly by radiation from the kiln 
and in the kiln exit gases, the over-all heat efficiency of a modern dry cement 
kiln is at best 50 per cent, so that the actual heat requirement in the kiln is of the 
order of 860 kcal/kg clinker. Later workers give slightly different figures, but 
the theoretical heat requirement seems to be about 400 kcal/kg clinker. The 
actual heat requirement differs little from the figure of 860 kcal/kg clinker given 
above, but Urge kilns producing 1,000 tons clinker per day, or more, can achieve 
figures below 800 kcal/kg clinker (Monk, 1963). The heat required to dry the 
raw materials before preparing the raw meal must be added to this heat require- 
ment. 

A broad picture of the reactions occurring in a cement kiln is as follows: 

500* C + Release of combined water from clay 
lOO*—900* C Formation of C2S begins 
900* C Decomposition pressure of CaCOj reaches 1 atmosphere 
1,100*—1,200* C CjA and QAF formed 
1,260* C Liquid formation begins 
1,260*—1,450* C CjS formed, with progressive reduction in free Urne 

content. 

The main function of A120| and FeiOl is to act as fluxes, which reduce 
the clinkering temperature and make it easier to produce clinker with a high 
CjS content without too much free CaÖ. 

Clinker can be "overburned", mat is, subjected to too high a temperature 
during clinkering with resultant increate in the amount of liquid. This impairs 
the properties of the cement, due probably to the higher "glass" coment in the 
clinker, formed from cooling in the pretence of increased liquid. 

nCm fttevtry mm fgRMfftf irtmmem 

The temperature ofthegasattheentofakiln designed tor use without 
heat recovery eouipment can be several hundred degrees centigrade and rep- 
resents a considerable heat loss. Modem cement kilns are therefore usually 

3uipped with heat recovery Systems. These are to efficient that the temperature 
the kiln exit gases is allowed to rise to 900*—1,000* C. 

One heat recovery system, the Lepol kiln, has been mentioned in section F 
of this chapter, another system recovers heat from the kiln exit gases by using 
them to preheat the incoming raw meal in equipment such as the Humboldt 
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suspension prcheatcr and the Polysius Dopol prchcater. In the Humboldt pre- 
hcater, the kiln gases pass through four cyclones mounted one above another. 
The kiln gas enters the bottom cyclone and passes successively through the 
other cyclones. Raw meal is fed to the prcheater before the top cyclone where 
it is entrained and heated by the kiln gas, from which it is recovered by the 
normal cyclonic action and passes to the next cyclone. The raw meal is thus 
preheated to 75O0—800e C and the kiln exit gas cooled to 300°—350° C. Some 
decarbonation occurs in the prcheater. Sufficient heat remains in the kiln exit 
gas for this to be suitable for use in drying raw materials. A high alkali content 
in the raw meal may cause operational difficulties in suspension preheaten due 
to build-up in them. Other manufacturers make equipment based on a single 
gat stream but Polysius has developed a Dopol prcheater, in which the gas stream 
is split, hi all diese preheaten, the dust burden of the kiln exit gas increases during 
passage through the preheaten. The gas leaving the preheaten is therefore de- 
dusted with electrostatic precipitators and the recovered dust returned to the 

Use of the heat in the kiln exit gas has not only improved the heat efficiency 
of (by rotary kilns but has also helped to reduce kiln length. 

Convmum of tanker to amtnt 

Choker is taken from the clinker stores to tube mills, where it is mixed 
with a small amount of gypsum and ground to a fine powder. The cement is 
conveyed pneumatically to storage «los, packed pneumatically, and the bagged 
cement is taken to a product store for despatch. Much of die cement may be 
despatched in hulk. 

G. RATO>HAU)»roic PORTLAND CIMINT 

Rapid-hardening Portland cement is cement mat develops a high carry- 
strength, h it a development of ordinary Portland cement and there is no sharp 
division between the two cements. 

Rmid-hardemng cernent m usually made by finer grinding of the clinker, 
annonça orner enanget aie somennies re<jutreo. 

H. CAfffT AL COSTS 

Much issfcrmatton m the next two sections n taken nom a report on 
eesjsjsnjSfjsñtSQssEBjQBS setwDaers otxiotsejcsoss based on natural can m^^ntsoci rotations, 
1963). It is subsequently referred to at the 1963 report . It is assumed in die 
present report that a df^tlfffif* nTinitiy would, ss far as possible, follow the 
trend m developed countries and tnstau a plant with a sarge output. Data are 
given in the 1963 report for a dry kan mirtnstion in a developing country with 
a capacity of 400.000 tont of cement per war. Since this data is readily available, 
ntff   aWiaMB   lu^Mfe   Aflsssrifttfs   afla   s)na^a ^^^^^^^^^^  nusMa^tf^dsss^ 
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Fixed capital cost 

tons of cement/ yeai 

Plant capacity 400,000 
Plant output (90 per cent) 360,000 

The plant output is based on American achievements (1963 report, p. 22). 
This may be optimistic for a developing country, but the output achieved 
dépends, among other factors, on the amount of "spare" capacity built into the 
plant when it is designed. 

The total fixed capital cost in 1960 of a dry kiln plant in a developing 
country with the above capacity is given in the 1963 report (p. 4) as $35.10 per 
ton per year. This cost covers the plant for all stages from raw material quarrying 
to cement packing. At the 1960 exchange rate, this is equivalent to £12.5 per 
ton per year. On the assumption that the United Kingdom cost index has risen 
by about 35 per cent tinee 1960, the 1968 cost in a developing country would 
be about £17 per ton per year. The total fixed capital would then be £6.8 million. 

Working capital 

In American plants, working capital (6 days) is about 3 per cent of fixed 
capital (1963 report, p. 22). A developing country would need to carry much 
higher stocks of machinery spares, refractory bricks and so forth and it is sug- 
gested that working capital in such countries should be taken as 10 per cent of 
fixed capital. 

I. RAW MAXIMAL AND OTHER REQUIREMENTS 

Raw materials 

Raw material requirements will obviously depend on the composition of 
die taw material available. The assumption has been made mat limestone and 
shale (or day) only are used as components of raw meal fed to the kiln and that 
3 per cent gypsum is incorporated in the cement as a retarder. The quantities 
of limestone and shale for American plants are given in the 1963 report (p. 22) 
as 1.6 and 0.3 tons per ton of cement respectively. The limestone consumption 
seems rather high and a more usual figure would be 1.4 tons limestone per ton 
of cement, although the raw material consumption will depend on the alkali 
content winch may prevent recycle of part or all of the recovered dust. 

t*u¡m*ftimmt 

limestone 1.4 
Shale 0J 
Gypsum 0.03 

Allof these figures arc on a dry basis. 
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Fuel 

The fuel requirement in new dry cement plants in developing countries is 
given as 1,2001 cil per ton of cement (1963 report, p. 10). This is high for modern 
dry kilns with efficient heat recovery and a figure of 9001 cal per ton of cement 
is used on the cost summary below: 

Fuel 

ittlltmtfrtmmi 

.  .  900 

Ekaricity 

The over-all electricity requirement from quarrying to cement packing 
for a dry kiln in a developing country it given as 120kWh per ton of cement 
(1963 report, p. 10). 

kWklm tftmmm 

Electricity 120 

Mântrtumce 

Tne maintenance cost is taken at 4 per cent of the total fixed capital. This, 
with an output of 360,000 tons of cernent per year, is £0.75 per ton of cement. 

Vmtf 
Maintenance 0.75 

la a developing country the total personnel fi» a (by kiln plant wiè a 
capacity of 400,000 tons of cement per year is given as 442, of whom 95 are 
r.in^^ workers (1963 report, p. 21). The labour requirement will obviously 
depend on the acgr« to wrùchmeciumMÒon and autoniaricccmtrc^s arc imtaücd 
and could be much higher man this figure (cf. Indian kbour requirements, 
1963 report, p. 6). Accepting the total labour requirement given in the 1963 
report, die number of maintenance workers in it must be deducted since the 
maintenance cost has already been expressed as a percentage of fixed capital. 
The residual labour requirement is 34? and, assuming that each employee works 
42 hours per week (24S4 hours per year), the man-hour requirement is 2.1 per 
ton of cement at 360,000 tons per year output. 

Man-hour requirements 
(1« ) . . .   2.1 
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Depreciation in American plants of comparable capacity is about 7.5 per cent 
of fixed capital (1%3 report, p. 23). It is suggestrà that déprédation m a develop- 
ing country should be at the rate of 10 per cent of fixed capital which, at an 
output of 360,000 tor» of cement per year, it about £1.9 per ton of cement. 

tmt msnj aw mjm^mj 

Depreciation     1-9 

rVOMflWf MM tfmwUfOn 

The cost of packaging for that proportion of the output which wiB be 
dispatched in bags and the cost of tramporting the cement from the factory to 
the consumer must be estimated. Thcic costs may be considerable. 

Ovtiktêi t**$ 

Overhead chargei will he incurred and ihottU be included m the cost 
estimates. A very approximate figure that can be iised foe prehminary evaluation 
it that the overhead charges are 100 per cent of the total labour coat 

iHáaa#áf a&^MamwssáVF IfHCfTJf fmWwlWm» 

The portion of the capital borrowed at a fixed rate of intere« wiB normafly 
have to he repaid in a specified period within the Ufe of the plant, n addition, 
mattest wtfl be payable on the outstanding lorn capital Ine cost of servicing 
and repaying the loan capital must be included in the evaluation. 

Hjftum cm> canity ossela/ 

Ine return requited on equity capital WE depend on the source of this 
capital. Private enterprise will notmafly in vest capital oidy if the estimate» show 
a return on this capital comparable with the return available on alternative 
iiiimmrnti rlrwhrrr ft Wtoping rmmtry mty htrf \ ^ -p^T T***1 

in wbkb case the return on this capital may not be the only, or even the chief 
criterion, by which it judges where to invest. Nevertheless, the return on capital 
may help in deciding how so apportion uroited apital resource» between compet- 
ing capital-intensive projects. Discounted cash now calculation» are needed as 
soon as the necessary data are available. 

i 
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Summary 

Requirements for production of one ton of cement: 

limestone (toni) *•* 
Shale (torn)        0-3 
Gypsum (tons)        °-°3 
Fuel (teal)     90° 
Electricity (kWh)     12° 
Maintenance (£)        0.75 
Labour, excluding maintenance (man-hours)            2.1 
Depreciation (£)        *•* 
Overhead charges, apf rcximiierf 100 per cent of labour costs 
Packaging and transport 
Interest payments to he added 
Loan repayments 
Return on equity capital ' 

A preliminary estímate of the total cost can be made from the data «ven 
above when unit costs and other faeton are known. It must be emphasized that 
an accurate estimate can be made only by a contractor for a particular site that he 
has investigated in detail and for a particular production and wies pattern. The 
contractor will be able to supply estimates for commissioning charges and labour 
training which have not been included above. 



APPENDIX 

CALCULATION OF CSS, C2S, C3A AND C4AF PIBSENT IN CEMENT 

The method is due to Bogue (1929, p. 192). 

Basic assumptions 

(1) All the FC2O3 react! with CaO and Al203 to form C4AF. 
(2) The MgO remains substantially uncombined. 
(3) The AI2O3 remaining after formation of C4AF reacts with CaO to 

form C3A. 
(4) The remaining CaO reacts with Si02, forming C2S. Any CaO then 

uncombined reacts with QS to form C3S. CaO remaining after all 
the C2S has been converted to C3S will be present as uncombined 
CaO. 

The assumptions presuppose mat equilibrium is reached in the kiln. In 
practice, a small amount of CaO remains uncombined. The amount of free CaO 
must be determined by analysis and taken into account in calculating the cement 
composition. 

The insoluble residue consists of quartz, Si02 and so forth but is usually 
small and not worth correcting for. If it is high, the Si02 content must be 
determined and deducted from the total Si02. The loss on ignition consists 
essentially of moisture and carbon dioxide that have been taken up by the cement 
after the clinker leaves the kiln. In calculating the cement constitution, this value 
is set down without further change. 

Calculations 

Baca per cent of SOj combines with 0.70% of CaO to give 1.70% of CaS04 

CI       — CaO equivalent of SO3 
- % SOj x 0.7 

Each per cent of Fe203 combines with 0.64% of Al20, and 1.40% of CaO to 
give 3.04% of C4AF 

al        » Al203 equivalent of Fe203 

- % FeaOl X 064 
C2       » CaO equivalent of Fe2Oj 

- % Fe203 X 1.40 
a2        — AI2O3 present in cement less al 

•• AI2O3 available for combination as C3A. 

21 
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Each per cent of a2 combines with 1.65% CaO io give 2.65% CjA 

C3        = CaO equivalent of AI2O3 in C3A 
= a2 x 1.65 

C = CaO available for combination with Si02 

- CaO in cement less (uncombincd CaO + CI + C2 + C3) 
S «« S1O2 in cement (unless corrected for SÌO2 in die insoluble residue). 
S is fin« calculated to combine with CaO to form C2S. 

Each per cent S will combine with 1.87% CaO to give 2.87% CjS 

C4       » S 4- C — CjS content as calculated above 
— CaO available to combine with CjS to give CjS 

%C|S - 4.07 x C4 
%CaS - S + C-%CjS 

TBC fine CjS calculation (S x 2.87) is approximate only and is superseded 
by%C2S«S + C-%C,S. 

Tim method of computing the compounds present in cement is illustrated 

Tasta 2. COMNTATSON or 

CtO 
so» Aior mSSám     CmiS Cs* 

CaO 
M|0 
AllOs 
P*|Oi 

SO, 
Lost 

62* 
3.7 
43 
3.4 

10 
1.1 

0.3      CI - 1 4 C2 - 4JC3 - 3J  C - 515 - 

- —       al-12  12-13       - - 
_ 3.4 - - - 

2.0 - - - - 

hssCsO 
0.1 
0J —          __ — _ mm. _ 

tpmsnb. 
MfO 
3.7 

- CsSO« 

- 3.4 

OAF C>A 

___ 

ssy 6 

OS C|S 

1.1 10.4 
ssy 10 

30J 
ssy 31 

ci 

ti 

C2 

*2 

C3 

- CaO equivalent of SOj 
- 2 x 0.7 - 1.4% 
- AljOj equivalent of FejOj 
- 3.4 X 0.64 - 22% 
- CaO equivalent of Fe203 
- 3.4 x 1.40 - 4.8% 
» AljOj available for combination as CjA 
- total AI3O) — al 
- 4.5 - 22 - 13% 
- CaO equivalent of AI3O3 
- 23 X 1.65 - 3.8% 
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C •» CaO available for combination with SÌO2 
= total CaO-(free CaO + CI + C2 + C3) 
- 62.8 - (0.3 + 1.4 + 4.8 + 3.8) 
= 62.8 - 10.3 = 52.5% 

C2S      = equivalent to S (per cent of SÌO2) 
= 22.3 X 2.87 = 64.0% 

C4        = CaO available to combine with C2S to form C3S 
= S + C - 64.0 
= 22.3 + 52.5 - 64.0 = 10.8% 

CjS      - C4 x 4.07 
= 10.8 x 4.07 = 44% 

QS      = S -f C - 44 
« 22.3  r 52.5 - 44 = 30.8% 

Subsequent work by Lea and Parker (1935), cf. Lea and Deich (1956), 
provided data from which the compound content of clinkers in which the equil- 
ibrium is assumed to be frozen from the clinkering temperature can be calculated. 
These data enable corrections to be applied £0 the values obtained by the Bogue 
method. Lea and Desdi state that the complete calculation is somewhat tedious, 
but if a clinkering temperature of 1,400° C is assumed, approximate corrections 
for the Bogue method values for clinkers of Al203/Fe203 weight ratio 0.9 to 
6.1 can be obtained from the equations given below. Thest corrections give 
values of the compound content accurate to ±2 per cent for a clinkering tempera- 
ture of 1,400s C. They are not ippreciably affected by the use of higher clinkering 
temperatures but may lead to rather larger errors for mixes clinkered at much 
lower temperatures. The equations shown below give the amounts to be added 
to the Bogue values on the assumption that the liquid present at the clinkering 
temperature crystallizes independently of any pre-exi ang solid. The corrections 
depend only on the Al203 and Fe203 contents of the clinker. 

(a) Clinkers of Al2Oy¡Fe2Gi weight ratio 0.9 to 1 7 

The Bogue values do not need correction. 

(b) Clinkers of ¿JjOi/ftaOi weight ratio 1.7 to 6.1 

The corrections to be added to the Bogue values aie as follows: 

C|S: + (1.8 
C2S: + (2.1 
CjA:+(2.5 
C4AF: Nil 

A1203] 
Fe203| 

2.8 
1.4 

Fe^j) - 1.6 A12OJD 

Pepli) 
Al2Ojj) 

The formula in square brackets if the percentage (by weight) of that 
compound in clinker. 

For most cankers and cements, the corrections to be added to the Bogue 
values are positive for CjS and negative for CjS. 
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The Lea and Parker data lead to the following equations for the compound 
content of normal clinkers and cements: 

C4AF - 3.04 [Fe203] 
C3A   - 2.65 (Al203] - 1.69 [Fe203] 
C3S   - 4.07 (CaO) - 7.60 (SiOj - 6,72 [AlaO|] - 1.43 [FcaOjl 
QS   - 8.60 [Si02] - 3.07 ¡CaO] + 3.10 [AI2O1] + 1.08 [PejOJ 

Steinour (1957) replaces 5.10 by 5.07 in the equation for C2S. 



1 SULPHURIC ACID 

A. NoMZMCLATUU 

Sulphuric acid b f roduccd by the addition of water to sulphur trioxide, 
SOJ + HJO -HjS04. 

Ham output», coraumpnons and die like are usually expressed as 100 per cent 
HjSO* lometimei called monohydratc (M. H.); tbb procedure b followed in 
this report SOj dissolves «a Uly in sulphuric acid to form oleum. The oleum 
strength b defined as the percentage of tree SO} in the acid; for example, 10 per 
cent oleum contains 10 per cent of free SO3.2 

The nomenclature of sulphuric acid varies frei country to country. In 
the United Kingdom the usual grades of sulphuric acid available contain 77 per 
cent and 95—96 per cent HjSO* and are known at brown oil of vitriol (B.O.V.) 
and rectified oil of vitriol (R.O.V.) respectively. B.O.V. b the maximum 
concentration normally produced by the Chamber manufacturing process (see 
section C in this chapter) and b near the minimum concentration which can be 
Bandied in mild steel equipment. R.O.V. b approximately the maximum 
concentration which can be made by heating B.O.V. One advantage of diese 
two concentrations b mat their freezing points arc well below 0* C and they 
can therefore be handled in cold weather without freezing. The two most 
important grades of oleum contain 20 per cent and 65 per cent of free SO3 
respectively and abo have freezing points below 0* C. 

B. SnafiCAitON 

Ine grffifrrttrni b ususfly agreed between producer and customer to suit 
the tue to which the sulphuric acid wiU be put. There b no all-embracing 

as in the case of Portland cement. Customers using sulphuric acid 
batteries or in textile or foodstufi manufacture will specify hunts for bon. 

* 11K composition of 10 per «at oleum at 15.5*C is as follows: 
Total SO] - 83.4" par cent 
Therefore Hfi - 16.53 per cent 

80 
H3SO4 equivalent to 16.53 water - 16.53 x  — as SO,. 

-73.47 
Thefesorc%offteeSO) -83.47-73.47 

-10. 
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sulphur dioxide, nitrogen oxides, arsenic, lead, fluorine and so forth, but those 
using it for fertilizer manufacture are unlikely to impose stringent limits for 
such impurities. Production of some high grades of sulphuric acid may require 
minor plant alterations (such as the use of iron-free packing in the drying and 
absorption towers). The qualities of acid required should therefore be discussed 
with the plant contractor before the plant design is finalized but it must be 
emphasized that any modifications to the standard design will increase the capital 
cost of the plant. 

C. MANUFACTURE 

The baric raw material for sulphuric acid manufacture is sulphur dioxide 
(SO2). This is oxidized to sulphur trioxidc (SO3) which is then combined with 
water to produce sulphuric acid. In the earlier sulphuric acid plants, S02 was 
oxidized to SO3 in lead chambers in the presence of rUurous gases (chamber 
process) but, as stated earlier, the maximum concentration of sulphuric acid 
obtainable in the chamber process is about 77 per cent H2S04. In recent years 
the l-ad chambers have been replaced by towers (as in the Petersen and Kach- 
karoff processes) which produce acid containing about 80 per cent H2S04. 
This is adequate for some consumers but more concentrated sulphuric acid or 
oleum is required in many modern processes. The concentration of 77 per cent 
H2SO4 by heat is costly and unattractive and it is easier and cheaper to make 
96 per cent H2S04 and dilute this with water if lower strengths are required; 
96 per cent H2S04 and oleum are produced by the contact process in which gas 
containing S02 and an excess of oxygen (02) is brought into "contact" with 
a catalyst to form SO3. Most sulphuric acid is now made in contact plants 
and the chamber and tower processes will not be considered further in this report. 

Oxidation of sulphur dioxide 

Thermodynamics o/S02 oxidation 

The reaction between SO* and 02 to form SO3 is exothermic, about 
23,000 cal/g mole SO3 being liberated at the temperature at which the reaction 
is carried out commercially. The conversion of S02 to SO3 is a balanced reaction 

The equilibrium constant of this reaction at constant pressure, Kp, is: 

(FSOa)(pQj)T 

Where p = the partial pressures in atmospheres of the three gases. 

The equilibrium SO3 partial pressure (p SO3) = K, x (p S02) X (p O^ . 
In commercial operation the object is to convert as much S02 to SO3 as is 
economically practicable. The S02 equilibrium partial pressure will therefore 
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be low and high convenions of S02 to SO3 are accordingly achieved by operating 
with an excess of 02 and at a temperature which gives as high a value of the 
equilibrium constant as is practicable. 

Values of this equilibrium constant at various temperatures were first 
determined by Bodenstein and Pohl (1905, p. 373), and the latest data derived 
from a paper by Evans and Wagman (1952) and given in Duecker and West 
(1959, p. 136) arc reproduced in table 3 below. The help given by this textbook 
is gratefully acknowledged. 

TABLE 3.   VALUES OF EQUILIBRIUM CONSTANT AT VARIOUS TEMPëIATU*ES 

TKT" kuafmok 
AFj. 

kcäjmok <*>•*, JC 
p 

600 -23.42 -9.94 3.621 4,180 
700 -23.27 -7.72 2.410 237 
800 -23.08 -5.51 1.505 32 
900 -22.87 -3.34 0.811 6.47 

1.000 -22.61 -1.18 0.258 1.81 
1,100 -22.35 +0.96 -0.191 0.645 
1,200 -22.06 +3.07 -0.559 0.276 

¿HT = heat of reaction in kcal at die temperature» Tin die table; 
1FT- Heimholt» free energy and represents die maximum work die system can 

perform at temperatures T. 

AfT it related to the equilibrium constant by the equation 

AFT*-RTiogejXr (5) 

where Ä — the gas constant = 1.98 g cal/g mole 
âFT — free energy in gram calories 
T -» temperature in * K. 
Columns 4 and 5 in table 3 can be derived by solving the equation 

AFT - -2.3026   RT log,0 JC,. 

A plot of JC, versus the reciprocal of the absolute temperature gives a 
straight Une described by the equation: 

log K,-4— -4.678 (6) 

Where T = temperature in • K. 

This equation has been used to calculate the variation of K, with temperature. 
The results, to the nearest whole number, are given in table 4 following. 
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TABU 4.   VARIATION or Kf WITH TEMKKATVU 

TlWMWt K 
f 

Tmwr K 
P 

300 9.363 450 150 
325 4,072 475 89 
aso 1,994 900 54 
370 934 525 35 
400 493 550 22 
425 264 600 13 

For a given SO2 concentration, the oxidation of S02 to SO} is obviously 
critically dependent on the temperature of the system. The temperature of the 
gases leaving the oxidation stage (conversion) must be as low as practicable 
to achieve maximum conversion of S02 to SO j. The effect of temperature and 
O2/SO2 ratio on conversion of various gas mixtures is shown in figure 3. The 
approximate Oj contents cocreipooding to the SOj figures given in figure 3 
are obtained by subtracting the SOj content from 21. (Thii calculation applies 
only to gas from a sulphur burner.) 
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Stmt*: Dmdm mi W**t 1959, p. 141. 

It will be seen fro» figure 3 that the high cc«vertion required m commercial 
production can be obtained only at conversion exit temperatures below about 

Khtttia of SO2 oxidation 

It it necessary te consider tue rate at which equilibrium is readied as well 
at the gat composition when the system is in equilibrium. The rate at which 
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equilibrium is attained at acceptable values of Kp is too low for commercial 
use unless a catalyst is used to increase the reaction rate. The catalyst initially 
used was platinum, and this process is described by Bodenstein and Fink (1907) 
in their classical work. Commercial platinum catalysts were supported on 
asbestos, silica gel or calcined magnesium sulphate. The catalytic activity of 
platinum was adversely affected by a number of impurities liable to be present 
in small quantities in many sources of S02. This catalyst "poisoning", together 
with the high initial cost of the catalyst led to its replacement by vanadium 
catalysts, which arc much less subject to poisoning and cost much less. 

Vanadium catalysts contain vanadium pentoxide and potassium sulphate 
on a siliceous base. The alkali metal salt considerably increases the catalyst activity. 
Many kinetic studies of the oxidation of S02 in the presence of vanadium catalysts 
have been made and various rate equations have been proposed, but most of 
them are largely empirical and their theoretical basis is at best incomplete. 
Catalyst pellet size affects the reaction rate due to the limitation imposed by 
diÄusion within the pores of the larger catalyst pellets. At higher temperatures, 
the chemical reaction rate is so fast that diffusion of gases to and from the catalyst 
surface becomes the rate-controlling factor. Because activation energy for gas 
diffusion is less than the activation energy for chemical reaction, the over-all 
activation energy for the process is lower at higher temperatures. 

Textbooks and original papers must be consulted for further information 
on the reaction kinetics in the presence of vanadium catalysts. It is sufficient 
now to say that the velocity of the reaction increases rapidly with temperature. 
In commercial operation, it is necessary to balance the opposing effects of 
temperature on the equilibrium composition of the gas mixture and the rate 
at which equilibrium is attained. 

Vanadium catalyst in S02 oxidation plants 
The minimum temperature at which most vanadium catalysts are sufficiently 

active ("ignite") to give a reasonable reaction velocity is about 420°—430° C 
and they lose activity at a significant rate above about 600° C. Vanadium catalysts 
in production plants therefore operate between 420° and 600° C. The temperature 
of the gases leaving the conversion section must be kept as low as possible to 
achieve maximum conversion of S02 to S03. This is done by dividing the 
catalyst in the converter into three or four beds ("passes") with some form of 
heat removal between the passes. Most of the conversion is effected in the first 
two or three passes. The temperature rise in the last pas» is therefore only a few 
degrees, thus giving the lowest practicable gas exit temperature. In practice, a 
catalyst manufacturer, knowing the characteristics of his catalyst, can calculate 
the optimum catalyst distribution between passes and the temperature ranges 
within which each pass should operate to achieve the required conversion effic- 
iency. An equilibrium conversion diagram for a four-pass converter with vana- 
dium catalyst working on 8 per cent S02 from a sulphur burner is given in figure 4. 
The cost of achieving equilibrium conditions in a production plant would be 
prohibitive because of the large amount of catalyst needed and the size of the 

j. 
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sulphur äoxukfnm ê sulphur burner). 

Source: Dmtker muí West, 1959, p. 163. 

conversion equipment required. Conversion efficiencies 1—-2 per cent below 
equilibrium are normally acceptable. The total volume of catalyst required in 
a converter depends on the composition of the gas entering it and may vary 
between 160 and 250 litres of catalysts per ton of H2S04 per day. 

Catalyst poisoning 

Vanadium catalysts are much less susceptible to poisoning than platinum 
catalysts. For example, die amount of arsenic required to deactivate vanadium 
catalyst is 80,000 times the quantity which poisons platinum catalysts (Duecker 
and West, 1959, p. 183). However, vanadium catalysts are susceptible to fluorine 
poisoning. Fluorine and chlorine are said to cause volatilization of vanadium from 
the catalyst (Duecker and West, 1959, p. 184). 

Another cause of difficulty with vanadium (and platinum) catalysts is dust 
deposited on the last catalyst pass, which causes a high pressure drop across die 
bed and has to be removed by screening the catalyst Some loss of catalyst occurs 
during this process and a small catalyst make-up is needed. The effect of dust 
deposition is largely physical and die catalyst is otherwise little affected. 
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Sources ofS02 for sulphuric acid manufacture 

S02 for sulphuric acid can be produced in the following way*. 
(1) By the combustion of elemental sulphur; 
(2) By roasting sulphur-bearing materials such as iron pyrites; 
(3) As a by-product from metallurgical processes; 
(4) From anhydrite; 
(5) From other relatively minor sources. 
The production of sulphuric acid from these various sources is briefly 

described below. 

(1)   Sulphuric acid manufacture from S02 made by combustion of elemental sulphur 
Sulphur is melted, filtered if necessary, and pumped to a burner where it 

meets combustion air which has been dried with sulphuric acid to avoid mist 
formation in later stages of the process. The gas leaving the burner contains 
10— 11 per cent of S02 and 11 — 10 per cent of 02 and is at a temperature 
of 900« — 950# C. Most of this hot gas passes through a waste heat boiler to 
recover as much as possible of the heat in a useful form and to reduce the gas 
temperature to that required in the conversion plant. The exit gas temperature 
is controlled by a bypass round the boiler. The gas passes through a filter packed 
with quartz or silica to remove dust before entering the converter. Much heat 
is evolved during the passage of the gas through the first catalyst bed and this 
is recovered by passing the gas through another waste heat boiler. The heat 
produced by passage through the second and third pastes can be removed in 
steam superheaters or by injecting cold dried air into the gas stream. The cooling 
air added to the converter (or before it if air cooling is not used) is equivalent 
to producing a converter inlet gas containing about 8 per cent S02 and 13 per 
cent 02 (C>2/S02 ratio « 1.6). Over 98 per cent of the S02 in this gas would 
be converted to S03 in a four-pass converter. The gas leaving the last pass is 
first cooled in an economizer which preheats the boiler feed water or in a heat 
exchanger in which die air for die sulphur burner is heated, and finally in an 
air cooler. 

SOj in the cooled gas is dissolved in 98 — 99 per cent H2S04 in an absorber 
to which dilute acid from the drying tower and water are added to maintain 
the concentration at 98 — 99 per cent H2SC>4. The partial pressures of SO, 
and H20 are at a minimum above acid of mis concentration. The maximum 
amount of S03 can therefore be removed from the incoming gas and the mini- 
mum quantity of H20 passed forward in the exit gas, thus minimizing the 
possibility of mist formation. If oleum is required, SOj is absorbed in 98 — 99 
per cent of H2S04 in a smaller tower before the mam absorber, and absorber 
acid is fed to the oleum tower to maintain the required oleum streng«. Production 
of oleum containing more than 35—40 per cent of free SOj is impossible at the 
S02 concentrations in the gas normally produced in the sulphur burner; 65 per 
cent oleum if required can be made by boiling 35 per cent oleum, condensing 
the S03 evolved and adding it to fresh 35 per cent oleum. The stack from a 
properly operated sulphur-burning plant is usually acceptable without further 

a 1 
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treatment, provided the bitumen in the sulphur does not exceed about 0.4 per 
cent. Bitumen, if present in sulphur, is oxidized to carbon dioxide and water 
when the sulphur is burned and the water combines with SO3 to produce acid 
tate. The capital cost estimate given in section D of this chapter does not in- 
clude any form of tail gas treatment. A simplified line diagram is shown in figure 5. 

MftSML^-. 

S. 

(2)  Stdplmk tàà mmufxtrnfrom SO^maJkby nesting pyrites 

w^J*J*!T^ ??£? 0Ì<m ** bodl rf*** mm «dpkkiei FeS, (pyrite) and 
FerSt (pyrrhoote). When heated in air, these sulphides are converted into fer- 
rosoferric oxide tad SO* 

3 PeS2 + 8 O2 - Pej04 + 6 SO, 
This reaction goes 10 completion at 900* C if the stoichiometric amount 

of Oí, or shghtry more, b used. An oxygen deficiency causes some sulphur to 
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remain in the calcine while an excess of oxygen (more than 10 per cent) converts 
the FC3Ü4 to Fe203. 

4 Fc304 + 02 = 6 Fe203 

At lower calcination temperatures, the oxygen needed to produce a b- 
stantially sulphur-free FesC^ calcine increases sharply; SO3 can be formed during 
calcination from S02 and 02 and any SO3 so produced is lost during the sub- 
sequent gas cleaning operations. As previously explained in section C of this 
chapter, the SO3 formed can be minimized by calcining at a sufficiently high 
temperature in the presence of a small amount of excess 02. Very little SO3 
can be produced at 900° C and minimum SO3 formation with good desulpb r- 
ization is achieved by calcining at about 900° C in the presence of not m e 
than 5 per cent of excess 02. 

The SO2 concentration in the gas produced by roasting pyrites is lower 
than in the gas obtained by burning sulphur (for the same oxygen content). 
This is because oxygen is required to combine with the iron as well as the sulphur 
in pyrites, with a consequent increase in the nitrogen content of pyrites gas and 
corresponding decrease in its S02 content. Pyrites available in world markets 
usually contain 48 — 50 per cent of S and gas made from such material can 
contain 12 —14 per cent of S02 with a small amount of oxygen, but the actual 
S02 concentration depends on the calcining equipment used (see below). The 
oxidation of pyrites is strongly exothermic and steam is usually raised by passing 
the hot gas from the roaster through a waste heat boiler. 

A variety of equipment is available for roasting pyrites, such as the Badisene 
Anilin Turbulent Layer Roaster, the Nichols Freeman Flash Roaster and the 
Nichols HerreschofF Hearth Roaster. The TurbrJent Layer Roaster can receive 
pyrites up to 6 mm in size. Pyrites are roasted over a horizontal grate and the 
material is kept in motion by an air blast. The S02 content of the exit gas pro- 
duced by burning pyrites containing 48 per cent S is 12 —13 per cent. The 
Nichols Freeman Flash Ro&ster was developed to treat finely divided flotation 
pyrites, which are injected into the top of a large cylindrical combustion chamber 
and roasted while suspended in air. The exit gas contains about 10 per cent of 
S02. The Nichols HerreschofF Hearth Roaster has been used for many years. 
It consists of a number of circular firebrick hearths in a vertical casing. Pyrites 
are fed to the top hearth, propelled across it by arms with ploughs and dropped 
on to the hearth below. The exit gas contains 7 — 8 per cent of S02. The capital 
and maintenance costs are usually less than those of a Turbulent Layer or Flash 
Roaster, but the lower S02 concentration increases the cost of the subsequent 
gai purification plant and heat is not recovered from the hot gas. A recent 
development is the addition of equipment to recirculate part of the hot exit 
gas to the roaster. A hearth roaster with recirculation produces gas containing 
10 —11 per cent of S02 and heat is recovered from this gas in a waste heat 
boiler. The hot gas is recirculated from the outlet of the boiler. In all cases, the 
iron oxide residue ("cinders") is recovered and can be used in blast furnaces for 
pig iron production. The credit obtainable for pyrites cinders depends on local 
circumstances, but is usually about £2 to £3 per ton of cinders. 
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The SO2 containing gas from all pyrites roasting equipment contains dust 
and other impurities (such as the volatile oxides of other metals present in the 
pyrites) which must be removed before the conversion section. Two methods 
can be employed to clean the gas after the coarser particles (the bulk of the dust 
content) have been removed in cyclones. In one, the gas passes through a Pcabody 
Scrubber where it is cooled and almost all the remaining solid impurities are 
removed by water washing. The water leaving the Peabody Scrubber is blown 
with air to remove dissolved SO2 and then put to drain. The SO2 containing 
air joins the main gas stream which enters electrostatic mist precipitators for 
final cleaning, is dried by sulphuric acid and passes to the conversion plant. 
This is the cheapest method of gas cleaning where facilities exist for disposing 
of the effluent from the Peabody Scrubber. Where such facilities arc lacking, 
the alternative cleaning method must be used. In this, the gas from the cyclones 
is taken to electrostatic dust precipitators and then to two towers, the first an 
unpacked spray tower and the second a packed cooling tower. Dilute sulphuric 
acid, usually containing about 20 per cent H2S04, is circulated round each 
tower and becomes contaminated with the impurities removed. The disposal 
of this dirty acid may be difficult. The gas leaving the packed tower goes to an 
electrostatic mist precipitator and drying tower before entering the conversion 
plant. 

It will be seen that the simple gas cleaning equipment of a sulphur-burning 
plant has been replaced by an elaborate gas cleaning system in which the gas is 
saturated with water vapour. Further, the gas in a sulphur-burning plant leaves 
the hot gas filter at the correct temperature for conversion, but the gas from a 
pyrites plant has been cooled virtually to atmospheric temperature and must 
be reheated to 420° C before entering the converter. This is done in a series of 
heat interchangers in which the hot gas leaving the converter passes is used to 
preheat the incoming gas. A prcheater is installed to heat the converter when the 
plant starts up. In addition, air is added to the gas entering the drying tower 
to give an O2/SO2 ratio of about 1.5. The SO2 concentration of gas entering the 
converter is therefore only about 7 per cent, irrespective of the type of pyrites 
roaster used: 98 ;>cr cent of the S02 in this gas would be converted to SO3 in 
a four-pass converter. The SO3 produced is absorbed in sulphuric acid as in a 
sulphur-burning plant and oleum may similarly be made but the proportion 
of total make which can be produced as oleum is less than in a sulphur-burning 
plant because of the higher moisture content of the purified SO2 gas from a 
pyrites plant 

The gas leaving the absorber contains small amounts of unconverted S02 

and unabsorbed SO3, together with acid mist. It can usually be discharged to 
the atmosphere without further treatment, apart from the installation of an 
inexpensive mist eliminator. If desired, die S02 content of the stack gas can be 
reduced by scrubbing with water, or ammonia as a solution of ammonium 
sulphite and bisulphite, or with caustic soda as a solution of sodium sulphite 
and bisulphite. The latter two are economic only if there is a demand for die 
resulting ammonium or sodium salts. Any of these forms of scrubbing can 
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reduce the total acidity in the stack gas to less than 2.3 g/mJ but none can guarantee 
a suck of good appearance. Washing with an aqueous solution may cause the 
appearance of the stack to deteriorate because the combination of water vapour 
with SO3 gives rise to a persistent mist which can be removed adequately only 
by electrostatic mist precipitators. The capital cost estimate given in section D 
of this chapter does not cover the installation of mist precipitators but the layout 
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should be planned to permit their subsequent installation if circumstances made 
this necessary. 

Simplified flow sheets for the production of sulphuric acid from pyrites 
are given in figures 6 and 7. 
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(3)  Probaten of sulphuric mia from SOj maé as a by-proètet of metallurgical 
processes 

The production of copper and line frota their sulphide ore« involves roasting 
with simultaneous production of SO] as a by-product This S02 can be con- 
verted to sulphuric acid by the same procès« as that used for S02 obtained from 
roasting pyrites, but whereas pyrites are roasted primarily to produce S02, the 
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sulphides of copper and zinc are calcined primarily as a step in the recovery of 
the metals. Hence a producer of copper and zinc usually supplies SO2 into his 
sulphuric acid plant at nil cost. He may even regard the SO2 as having a negative 
value because it cannot be discharged direct to the atmosphere. Hence by- 
product SO2, when available, enables sulphuric acid to be made at low cost. 

(4) Production of sulphuric acid from SO2 made from calcium sulphate 

This is dealt with in chapter 3 of this report. 

(5) Production of sulphuric acid from other SO2 sources 

SO2 can be made by: 
(a) Decomposition of petroleum refinery sludge; 
(b) Burning hydrogen sulphide which is made as a by-product in various 

processes; 
(c) Burning spent oxide made by removing hydrogen sulphide from 

town's gas or industrial gases. 
Theie are relatively small and specialized sources of SO2 and none is con- 

sidered further in this paper. 

D. CAPITAL COSTS 

It is clearly impossible to give accurate cost estimates for plants erected 
on unknown sites. The cost of a plant in a developing country will depend on 
the engineering facilities and skilb available and an accurate estimate can be 
produced only by an engineering contractor for a specific site that he has investi- 
gated. Order of cost estimates are given below solely for the preliminary evalua- 
tion of a project and for indicative comparisons of the cost of making sulphuric 
acid by various routes. 

The costs are given as battery limit costs for the United Kingdom. A develop- 
ing; country would have to add to the battery limit price the cost of transport 
which might amount to 10 —15 per cent of the battery limit cost. In addition, 
the price of civil and erection work may be higher in a developing country than 
in the United Kingdom. An increase of 30 per cent in the cost of this work 
would amount to about 10 per cent of the battery limit cost. 

It must also be remembered that considerable capital cosa must be incurred 
outside the battery limit to provide an operating factory. These costs which are 
known as oftsites, vary greatly with the site, commercial and policy requirements. 
Items to be considered include: site purchase; site cleaning and levelling; piling 
or rock removal; roads and railways (both to the factory and within it); drainage 
and effluent treatment; power and water supplies and distribution network; 
power generation from surplus steam; packaged boilers; compressed air supply; 
raw material and product storage capacity: loading and unloading facilities and 
vehicles; offices and furniture; workshops and equipment; canteens, washrooms 
and changerooms and engineering stores. 
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Many of these depend on the geology and geography of the site chosen, 
but the size of raw material and product storage is determined by sales pattern, 
transport availability and reliability, while offices and other items depend on 
policy decisions, bearing in mind existing facilities and local building regula- 
tions. 

No realistic estimates can be given in this paper, but it must be realized 
that these ofFsite costs are not insignificant and can range from 25 per cent of 
battery limit cost upwards and are sometimes two or three times higher. 

All these additional costs must be included in the preliminary evaluation 
of a project. The battery limit costs given below include moderate storage for 
sulphuric acid and for pyrites. They do not include storage for sulphur or pyrites 
cinders nor do they contain any allowance for a difficult site. Costs less than 
those given are sometimes quoted in literature, but as Duecker and West (1959) 
point out, the cost of sulphuric add made in a plant in which the prime objective 
has been a minimum capital cost will be greater than that made in a plant designed 
to achieve minimum operating costs. 

Fixed capital cost estimates 

These capital costs are order-of-cost estimates only. 

Sulphur-burning plant 

Running time: 350 days per year. Minimum economic size in developed 
country: 50,000 tons per year. Costs rounded off to nearest £50,000. 

Output of 100% H |SO« 

ton$lytm 

52,000 
105,000 
210,000 

letu/éty 

150 
300 
600 

Hmty\imUtott(t) 

300,000 
500,000 
850,000 

Pyrites plant 

Running time: 340 days per year. Minimum economic size in developed 
country: 100,000 tons per year. Coso rounded off to nearest £50,000. 

Outpu><ft00%Ht8Ot 

51,000               150 
102,000              300 
204,000              600 

700,000 
1,100,000 
1,750,000 

Working capital 

The working capital should be taken at 10 per cent of the battery Unit 
cost. 
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£. RAW MATERIAL AND OTHER REQUIREMENTS 

Raw materials 

tons/ton o/HjSÛ4 

Sulphur (95 per cent efficiency)    ....    0.345 
Pyrites (48 per cent S at 
91 per cent efficienc y)      0.75 

Steam and electricity 

Steam is generated at all outputs quoted for both sulphur-burning and 
pyrites plants. This steam may be used to drive the main blower by steam 
turbine, to generate power or to be fed into the factory steam system. The choice 
between these depends on local factory circumstances. 

Sulphur-burning plants 

Steam : 1.0 — 1.2 tonnes/ton of H2SO4 
Electricity : 35 — 50 k Wh/ton of H2S04 

(assuming steam not utilized on plant). 
Little electricity will be needed if steam is used to generate power or to 

drive the main blower. 
Some steam will be required for sulphur melting, say 0.2 tonnes per hour. 

Pyrites plant 
Steam : 1.0 — 1.2 tonnes/ton of H2SO4 
Electricity : 60—100 kWh/ton of H2S04 

(assuming steam not utilized on plant). 

As with sulphur-burning plants, use of the steam generated within the plant 
can make these plante virtually self-sufficient in energy. 

With both types of plants, the steam produced increases and the electricity 
used decreases with increased acid production. (Note: The capitel costs do 
not include equipment for generating electricity from the steam produced.) 

Water requirements 

Cooling water is required to remove the heat generated by absorption 
of SOj in 98 — 99 per cent H2S04. Cooling water requirements vary with 
differences in local temperatures and, to some extent, with plant design. It is 
therefore possible only to give a spread of cooling water requirementt. These 
will be much reduced if a closed circulating water system is employed. Cooling 
water requirements wÜl be appreciably higher in tropical or sub-tropical regions 
than in temperate climates. 
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The amount of boiler feedwater will depend on the amount of condensate 
returned to the boilers. "Dilution" water is needed if the product acid contains 
94 — 98 per cent H2S04. 

Cooling water (m*) 

Boiler feed water (m3) 
(with nil condensate 
return and 10% blowdown) 

Dilution water (m*)   .... 

KftfwiftfffMtltt pit ton ofHiSOi 

Sulphur burning Pyrtltt 

9—18 27-72 
(with weak 
acid circula- 
tion system) 

1.1 —1.3 1.1-1.3 
0.22S 0.075 

Maintenance 
Suiphur-buming plants 

Maintenance cost is not directly proportional to output but little error 
will be introduced if the maintenance cost including manpower is taken as 
10 per cent of the battery limit cost. This gives the following figures, rounded 
off to the nearest 6d. 

Outwit tfHtSO* Maintttumet 
HEW; (éUtoiptmrftkSO*) 

52,500 11/6 
105,000 9/6 
210,000 8/— 

Pyrites plants 
Maintenance costs at the three outputs should be taken as 9 per cent, 10.5 

per cent and 12 per cent of the battery limit cost, giving these figures, rounded 
off to the nearest 6d. 

Owl 
Tmtlytm)                    amm*n «f "»SO*) 
51,000 

102,000 
204,000 

24/6 
22/6 
20/6 

rrOCeU mmOm 

One process worker per shift would be required in a developed country 
at each of the three outputs, plus one man on days for sulphur handLng. A 
foreman will be needed if the plant operates on its own, otherwise an existing 
foreman might supervise the plant as part of his duties. Assuming that die 
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part-time services of a foreman will be available, the process manpower require- 
ments are as follows: 

Output of Hi. iOt 
(tonslytar) 

52,500 
105,000 
210,000 

Man^ourtlum 0/H3SO4 

0.21 
0.10 
0.05 

Pyrites plants 
In a developed country, four shift process workers would be needed for 

each plant. In addition, one plant manager, one foreman and two men foi 
pyrites and cinders handling will be needed, all on days, with a third man on 
days for the highest output. The process manpower requirements are as follows: 

utpul 
(tetujytm) 

51,000 
102,000 
204,000 

Mm-hounlton afHiSO* 

0.86 
0.43 
0.23 

The man-hours required in a developing country will depend on die skill 
of the workers available and on the extent to which the plant is mechanized. 

Depreciation 

This should be taken as 10 per cent of the battery limit cost. 

Sulphur-buminfi pknts 

(Htm efHìSO*) 

0.57 
0.48 
0.40 

Pyrites plants 
OMiitfHtSOi 

(tHm*HtS04> 

11,000 
102,000 
204,000 

1J7 
1.08 
0.86 

Pyrites ciftders 

About half a ton of pyrites cinders is produced for each ton of H2SO4 made. 
The appropriate credit moat be allowed. 
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Overhead costs 

A figure must be included to cover this item. A provisional and approximate 
method for preliminary evaluation has been suggested in section I of chapter 1. 

Interest payments 
Return on equity capital 

These charges have been discussed in section I of chapter 1. The appropriate 
figures are included here. 

Summary 

Requirements for production of one ton of H2SO4. 

Sêêtphut fantini Pyriki 

Sulphur  0.345 tons 
Pyrites  0.75 tons 
Steam—credit*  0.8—1.0 tonnes 1.0—1.2 tonnes 
Electricity*  35 —50kWh 60—100 kWh 
Cooling water  9 —18 m* 27 — 72 m* 
BoilerTeed water  1.1 —1.3 m^ 1.1 —1.3 m* 
Dilution water  0.225 m* 0.075 m* 
Maintenance"  8s to lis 6d 20s6dto24s6d 
Process labour0  0.05 — 0.21 man-hours 0.23 — 0.86 man-hours 
Dcpreciationb  £0.40 — 0.57 £0.86 — 1.37 
Pyrites cinders  credit for 0.5 ton 
Overhead charges 

to be added Interest payments   .... 
Return on equity capital  . 

to be added 

* Depend on use made of available energy in steam. 
b Depend on output. 

(A preliminary estímate cf the total cost can be made from the data given above when unit 
costs and other faeton are known). 

F. RAW MATERIAL AVAILABILITY 

The plant descriptions in section C, the capital coat estimâtes in section D 
and the operating coat estimates in section F of this chapter combine to emphasize 
die attractiveness of elemental sulphur as a source of S02 for sulphuric acid 
manufacture, ignoring for the moment its availability and price. A sulphur- 
burning sulphuric acid plant is simple, easy to operate, requires die minimum 
of labour and needs a lower capital investment than plants that make sulphuric 
acid from other raw materiali. Unfortunately, the position is complicated by 
doubts about the availability of elemental sulphur in steadily increasing quantities 
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for sulphuric acid manufacture. The medium-term requirements for total sulphur 
and the availability of elemental sulphur and of pyrites are therefore briefly 
considered in the following sections. 

World sulphur requirements* 

Market-economy countries consumed 27.7 million tonnes of sulphur in 
1968, well over twice their consumption in 1950 and 46 per cent more than in 
1962. The 1968 consumption was supplied by 16.7 million tonnes elemental 
sulphur and 11.0 million tonnes sulphur in other forms, chiefly pyrites, which 
in 1968 provided almost 60 per cent of the non-elemental sulphur. In the United 
States and Mexico the Frasch process, described below, produced 9.2 million 
tonnes elemental sulphur in 1968, while 7.0 million tonnes were recovered from 
natural and refinery gases and 0.54 million tonnes produced as native refined 
sulphur in market economy countries. In addition, 1.3 million tonnes elemental 
sulphur were produced in Poland in 1968 and more than half of this was exported 
to market-economy countries. In 1966 about 87 per cent of the total sulphur 
used was converted into sulphuric acid and more than half of this sulphuric acid 
was used for fertilizer manufacture. 

Requirement figures for countries with centrally planned economics are 
not available but it has been estimated that total world sulphur requirements 
will exceed 200 million short tons by the end of the century. The ability of 
elemental sulphur and/or pyrites to meet this great increase in requirement must 
now be considered. 

Production, jfmfability and price of elemental sulphur 

Elemental sulphur océtñ in a few localities in underground domes, often 
in areas where oil is producid. The sulphur is recovered by the Frasch process 
in which sulphur in the dome is melted by superheated water and the molten 
sulphur raised to the surface by compressed air. Sulphur domes were originally 
discovered and worked in southern areas of the United States. These domes 
were for many years the major source of elemental sulphur but by the early 
1950s, their output was inadequate tc meet rising demands. The result was a 
sulphur shortage which led in the United Kingdom to increased production of 
sulphuric acid from indigenous anhydrite. This shortage of elemental sulphur 
was relieved by the discovery of new sulphur domes chiefly in the Gulf of M :xico 
and by the recovery of sulphur from natural gas. By the early 1960s, sulphur 
supplies had overtaken demand and the price of elemental sulphur fell to i low 
level, with the inevitable effect on production. This in turn led to another sulphur 
shortage with a consequent sharp increase in sulphur price. This boosted output 
but, despite large increases in Frasch and recovered sulphur, production did not 
overtake demand until the middle of 1968. 

I Souaca: Sulphur (1968,1969) Nos. 74,78,79,80 and 81 ; Engineering at J Mining Journal 
(1968) May inue. 

Él 
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In addition to the start-up of new Frasch mines in the United States, a con- 
siderable factor in helping supply to overtake demand has been the emergence 
of Poland as a major supplier of elemental sulphur. Polish sulphur is recovered 
partly by open-cast mining but the greater part comes from modified Frasch 
operation in sulphur-bearing limestones.4 

The end of the sulphur shortage has caused sulphur prices to ease and 
delivered prices of United States Frasch sulphur in Western Europe at the beginn- 
ing of 1969 were $2 lower than the year previous. Larger reductions have been 
made elsewhere. The pattern of world prices for early 1969 below5 shows a 
narrowing in the price range as well as a reduction in prices from those for the 
beginning of 1968. 

S per ton, cost rniélreight 

North West Europe  45 — 50 
Northern Europe  44 — 48 
Mediterranean  46 — 50 
Latin America  48 — 52 
South East Asia/Far East  47 — 53 

It is most unlikely that the supply of elemental sulphur will outstrip demand 
to such an extent that prices will fall to anything like die low levels of the early 
1960s, but price reductions may well continue for a few years to bring the price 
of elemental sulphur appreciably below the early 1969 price. 

Can elemental sulphur production be increased substantially or must sulphur 
users turn increasingly to other forms? Some think that Frasch mining in the 
United Sutes has reached its zenith and quote as evidence the substantial sums 
spent on sulphur exploration without finding a major source of exploitable 
Frasch sulphur. The search for Frasch sulphur in the most likely locations is said 
to be anything but encouraging and the only bright spot appearing in the Frasch 
recovery sphere in the United Sutes is in Western Texas {Engineering and Mining 
Journal, 1968). As already stated, substantial sulphur deposite have been found 
in Poland and are being developed, but their long-term effect on elemental 
sulphur production cannot yet be assessed. 

Elemental sulphur recovered from natural and refinery gases will continue 
to marease and production from crude oil may some time prove economic. 
None die less, considered against the background of a continuous increase in 
total sulphur usage "the industry's failure to identify and start developing major 
new sources of brimstone supply leaves the medium term situation in doubt... 
Against this background, the wider use of pyrite» and of anhydrite/gypsum— 
both the natural product and of phospho-gypsum—attract and deserve increasing 
attention as a basis of competitive sulphuric arid supply" (Sulphur, 1968, pp. 
2-3). 

4 For description of die Polith sulphur deposits, the mechanism of their formation and 
the recovery of elemental sulphur see Sulphur (1967,1968) Nos. 72, 77 and 78. 

5 Soutes: Sulphur (1968) No. 79. 
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The major producers of elemental sulphur (1 million tons per year minimum) 
are Canada, France, Mexico, Poland, the United States and the Union of Soviet 
Socialist Republics. 

Production, availability and price of pyrites 

Pyrites deposits are widespread throughout the world and the Engineering 
and Mining Journal lists 20 countries that produced more than 100,000 tons in 
1966. The largest producers (more than 500,000 tons in 1966) are China (main- 
land), Cyprus, Finland, Italy, Norway, Portugal, Spain, the United States and 
the Union of Soviet Socialist Republics. Pyrites deposits are not only widely 
disseminated, but extensive. Sulphur in the form of pyrites is available to meet 
increasing sulphuric acid demands for many years. 

Pyrites have long been used to make S02 for sulphuric acid manufacture, 
but a plant for making sulphuric acid from pyrites is more complex than that 
for making sulphuric acid from elemental sulphur. The unit price of sulphur 
in pyrites«, while related to that of elemental sulphur, has always been lower 
to make pyrites a competitive raw material for sulphuric acid manufacture. 

The prices of pyrites produced in Europe are based on the price of pyrites 
from the very large Spanish deposits. At die beginning of 1969 the price of 
Spanish pyrites, f. o. b. at the port of Huelva, was £4.65 per ton of material 
containing 48 per cent S, equivalent to £9.7 per ton of sulphur (Sulphur, 1968, 
p. 2). With the addition of freight charges, (1 ton of pyrites contains only 0.5 ton 
of sulphur), this price is less than the cost of elemental sulphur and makes it 
essential to consider pyrites as a raw material for sulphuric acid manufacture in 
new plants in locations whepp pyrites cinders can be disposed of at a reasonable 
price. 

Summary 

World requirements for sulphur in all forms is expected to increase at a 
considerable rate in the remainder of the century. There are doubts about the 
ability of elemental sulphur to meet these rapidly increasing demands. Ample 
pyrites supplies are available and the manufacture of sulphuric acid from pyrites 
is a well established process. Ample supplies of calcium sulphate ate also available 
and iti use in sulphuric acid manufacture is discussed in the following chapter. 
Serious consideration should be given to pyrites as an alternative to elemental 
sulphur for new sulphuric add production. 

• One nut of nilphur - rrr of a tun. 





II 

125 • 1.4 
MMBB 

HI 4 | 16 



3. PORTLAND CEMENT 
FROM MINERAL CALCIUM SULPHATE 

A. ¡UftAClMBNT O» LIMÖTONI tY CALCIUM SULFHATl 

The proce* for the manufacture of ordinary Portland cement clinker has been 
described in Mctkm G of chapter 1. Calcium carbonate in the form» of limestone 
and chalk it decomposed by heat into Urne with evolution of carbon dioxide 

CaC03 - CaO + CO* 

The decomposition pressure reaches 1 atm at about 900* C. The Urne produced 
combina with «ilka, alumina and ferric oxide to form cement clinker. 

The analagou» reaction with a sulphur-bearing calcium compound would 
be the thermal decompoution of calcium sulphite 

CaSO> - CaO + SO* 

Unfortunately calcium sulphite is an unstable substance which does not occur 
n-rurally. The most closely related compound that does occur in large deposits 
is calcium sulphate, found as anhydrite (CaS04) and gypsum (CaS04 2 H20). 
On heating, gypsum loses water at a relatively low temperature to form anhydrite. 
Hence if gypsum » used in a kirn proceis, anhydrite is the material from which 
hmc hat ultimately to be produced te combine with Si02, Al2Oj and FejO] 
to make cement clinker with simultaneous formation of SC j for sulphuric add 
mamiftmirr Possible methods of producing lime from anhydrite are considered 

Anhydrite decomposes on heating much less readily than limestone to ghre 
HHHB« 93ÊSBÊÊUÊ (OOKÉCHï ftBQ CWTffBCtt 

CaS04 - CaO + SOj + ± O* 
Hofsnrn and Mostowksch (1909) studied the decotnposmon of synthetk cascinm 
sulphur (gypsum heated to constant weight at t,150* Q in a stream of purified 
dry ait. Decomposition began at about 1,20o* C and increased with temperature 
to gm a weight feas of 30—40 per cent alter 10 minute« at 1,4W*C with fusion 
of the material. The decomposition pressure* above calcium sulphate were 
studied by Marchai (1926) and Zawadiki (1932). Zawadxki round that the total 
gps pressure above natural anhydrite was 2.4mmHg at 1,180*C rising to 
U J mm rig at 1¿40# C and to 47J am Hg at ÏJ3U0* C. The total gas pressure 
M ptotstu against temperature as ligure o. 
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«ki1. mails can be expreß tt 4? - US#» - 60J T fio» whkh AT - 0 
tt l,6êO*C. Hence the ec^brium move» ia &vow of the production ot 
SO, +1 Cb abort 1,680* C. Oeatry the thermal decomposition oTanhydrite 
is not a «¿table reaction fot the production of lin« m a ki» whe« the normal 
chnkermg temperature » »boot MKPC Operation at higher temperature» 
would involve mohen anhydrite with a high heat requirement and pote very 
difficult chemical engineering problemi. Mo* of the pubUshed work^*\«J 
decomposition of calcium sulphate was done on pure calcium sulphate obtained 

. 
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by the ignition of synthetic gypsum. It is not always easy to be sure of the exact 
state of the calcium sulphate used but it is of interest to note that some samples 
of dehydrated gypsum had a considerably higher decomposition pressure than 
natural anhydrite (Marchai, 1926; Zawadzki, 1932). This is shown «»figure 8 
where curve (1) can be regarded as the decomposition pressure above dehydrated 
gypsum. The decomposition pressure of dehydrated gypsum falls with time and 
temperature of heating and ultimately approaches that of anhydrite. Zawadzki 
was of the opinion that anhydrous calcium sulphate existed in at least two forms 
which he called dehydrated gypsum and anhydrite. Dehydrated gypsum changes 
fairly rapidly at 1,200° C into anhydrite. The transformation temperature is at 
a lower but unknown temperature. Zawadzki considered that his earlier pressure 
measurements and those of Marchai corresponded to a system undergoing trans- 
formation and, not having reached equilibrium, are much higher than the true 
anhydrite decomposition pressures. 

Thermal decomposition of anhydrite in the prtseftce of St02, ¿/203 and Fe2Oy 

In practice, the production of cement clinker from anhydrite would require 
it to be heated with St02, Al2G3 and Fe203. The behaviour of anhydrite when 
heated in the presence of these substances must therefore be considered. Hofraan 
and Mostowitsch showed that the temperature at which decomposition began was 
reduced by Si02 to 1,000#C and by Fe203 to 1,100" C and the amount of 
decomposition increased. This is due to die entry of the CaO formed by thermal 
decomposition into other equilibria with Si02 and Fe203 to form calcium silicates 
and ferrites. 

The total gas pressures above mixtures of dehydrated gypsum with kaolin 
(2 Si02Al20j), SÍO2, Al20| and Fe203 were measured by Marchai. Her results 
arc shown graphically in figure 8, from which it can be seen that the total gas 
presure is increased appreciably by Hfì* considerably by SiOj and very much 
by kaolin. The curve for dehydrated gypsum atone is almost identical with that 
for dehydrated gypsum with M&y The reason for the very larae increases 
obtained with kaolin is not known. They are possibly the result of the system 
not having reached equilibrium. 

Correspo'iding measurements with anhydrite are not available, but as 
explained above the pressures would be expected to be considerably lower. 
The corves therefore exaggerate tat elect of these addition« on the thermal 
décomposition of anhydrite It must abo be remembered mat the StOj used 
was an ignited gel which would be expected to be much more reactive than 
sand, which is the cheap form of SiOj normally used m mdustry. It would there- 
fore be expected mat the décomposition pressures of mixtures of anhydrite 
with these additives would not reach 760 mm Hg at a temperature below the 
fusion point of anhydrite. Hence the thermal decomposition of anhydrite in 
the presence of SiO* A¿03 and PejOi will not provide the CaO needed for 
the production of cement conker by a method mat is industrially acceptable. 
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A variety of compound» on be formed by heating anhydrite with Si02, 
Al,0, and Fc2Oj. The free energies of formation of these compounds are not 
all known but approximate free energy equations for the various reactions can 
be calculated. These show that the effectiveness of the additives in increasing 
the total gas pressure is Si02 > Fe203 > Al203, which agrees with the experi- 
mental results (cf. Dijksman, 1958, p. 333). 

Reduction of calcium sulphate 

The reduction of calcium sulph-te was examined many yean ago to ascertain 
if this o&red a method of recovering sulphur from calcium sulphate. The 
reduction of calcium sulphate with carbon or carbon monoxide commences at 

1 
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a much lower temperature than thermal decomposition and goes readily to 
completion. Reaction with carbon takes place according to the equation: 

CaS04 f 2C     CaS f 2 C02. 

This reaction and the reduction of calcium sulphate by carbon monoxide were 
studicü by Hofman and Mostowitsch (1911). The decomposition curves they 
obtained with carbon and carbon monoxide are shown in figure 9. It will be 
seen that reduction of calcium sulphate by carbon was detectable at 700* C, rapid 
between 800° C and 900° C, and complete below 1,000° C. With coke, reduction 
is said to commence at 900° C and continue to 1,100° C (Hull, Schon and Zirn- 
gibl, 1957). 

The free energy of the reaction CaS04 -f 2 C « CaS + 2 COj can be 
expressed by the equation IF* - 38,375-81.59 T, from which it may be 
calculated that IF* = 0 at 200° C. This reaction is therefore thcrmodynamically 
capable of producing calcium sulphide at relatively low temperatures, the limita- 
tion being the speed at which the reaction occurs. The kinetics of the reduction 
of calcium sulphate with both solid and gaseous reducing agents has been dis- 
cussed by Dijksman. The rate of reaction in both cases is a function of tempera- 
ture, the concentration of reducing agent, the ratio of concentration of reducing 
agent to that of calcium sulphate and to the tota' surface area of the calcium 
sulphate. 

With solid reducing agents such as coai, coke or carbon, reduction of 
calcium sulphate is preceded by gasification of the reducing agent. The velocity 
of the forward reaction is independent of the particle size of the reducing agent 
within wide limits but increases with decrease in the size of CaS04 particles. 
Dijksman s results indicate that at high temperature (> 800* C) the kinetics 
of the reaction with gaseous reducing agents are controlled by the rate of diffusion 
of the reducing gas to the surface of the calcium sulphate. Reduction with coke 
will therefore be controlled by the diffusion of the reducing gas formed from 
coke. 

The reduction of calcium sulphate produces calcium sulphide and not 
calcium oxide as required for clinker production. Further, the calcium sulphide 
produced contains all the sulphur present in die original calcium sulphate. 
Hofman and Mostowitsch therefore examined the behaviour of calcium «ulphidc 
when heated in a stream of purified dry air to determine if the sulphur in it could 
be reseated as SO* They found that about two thirds of the calcium sulphide 
was re-oxidized to calcium sulphate but that one third of the sulphur initially 
present in calcium sulphide was lost as SO] produced according to the equation 

3 CaS04 + CaS - 4 CaO + 4 SO* 

This reaction, under their particular experimental conditions, began at about 
S0O*C and became rapid between 850* and 900*C. It will be seen that this 
reaction oilers the possibility of producing CaO for conker formation at an 
acceptable temperature but the simultaneous formarán of large quantities of 
calcium sulphate showed that, in die presence of sufiici *nt oxygen, the oxidation 
of calcium sulphide proceeded more »apidly than UV in tei action of calcium 
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sulphide 4iid calcium sulphate. This was confirmed by Neumann (1926) who 
also showed that the reaction between calcium sulphide and calcium sulphate 
could be carried to completion at 1,000° C in a stream of pure nitrogen. 

The system CaS04-CaS is so fundamental to the production of cement 
and S02 from anhydrite that it must be considered in more detail. 

The system CaSOA—CaS 

This system was studied by Zawadzki (1932 and 1925.    1930) as part of 
his investigation of the system calcium-sulphur-oxygcn and by Schenck and 
his co-workers (1929,1933). Zawadzki summarized his results in these equations: 

CaS+3CaS04.-  -4CaO + 4S02 (a) 

CaS + 2S02^   -CaS04 + S2 (b) 

4CaO + 6S02_ -MCaS04 + S2 (c) 

Reaction (c) need not be taken into account because it must be in equilibrium 
if reactions (a) and (b) arc in equilibrium. The partial pressure of S02 in the 
s^n^overned by the reaction 3 CaS04 + CaS - 4 CaO + 4 S02 and the 
ratio p S2/p SO, by the reaaion CaS + 2 S02 - CaS04 + S2; 

ZawadWs data lead to the Mowing equation tor the free energy of 
reaction (a). Af - 225,000 - 153 T, whereas Schenck s g,vej£ -  02 000 - 
59 6 T  if* becomes zero at 1,200» C (Zawadzki) and 1,440« C (Schenck). 
Dijksman says that Zawadzki's equation is reasonably dose to that which can 
be derived from other equilibria but also sutes that an equation derived from a 
combination of several equilibria cannot be of firswlas. accuracy. Dijksman 
therefore redetermined the total equilibrium pressure of S02 + S2 overihe 
system CaS + 3 CaS04. His results give a free energy equation AF" == ¿lv.wu 
150 T whence Af becomes zero at about 1.190e C. This is in good agreement 
with Zawadzki's result and indicates that the decomposition pressure becomes 
1 atm at about 1,200#C. Figure 10 summarizes the information on the tree 
enera*, of this reaction and shows that Schenck's results must be erroneous. 
RgurTlO also shows mat the forward reaction jriving CaO and S02 » favoured 
by increase in temperature. , 

It » clearly important to know the mfluence of SiOj. ^ • *"°» 
on this equiÜbrium. Neumann found mat the reaction of CaS and 3CaS04 * 
*»• C in a stream of nitrogen was increased from 17 per cent to 66 per cent 
by the addition of «Uceous Mast furnace slag. Dijksman states that the influence 

of SO* Alp, and ft20, on the equihbrium •J*J*^^"^ 
from free energy data. The thermodynamic data do not p^t preci* calcula- 
tion! to belnadcbut me additio» of SiO, and PejO, could be expected to result 
»T• of 1 atm being reached at about 870« and U^C r~cly, 
whereas AljO, addition should have htde effet. Dqbman measured the^equttV 
brhmT«^ over the system CaS + 3 CaS04 with me addmon of S,02. 
AljCb, *>d FejO, respectively. The experimental results are given m figure 11 
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and apee quite well with tfaoie predicted from thermodynamic data. Tbey 
earn that an equilibrium pretmre of 1 atm WM reached at 900* C with Si02, 
at 1,078#C with FejOi and at 1,169»C with AljO,. 

The reaction between CaS + 3CaS04 in At peamos of àtO» Al^, and 
FejOj an» provides the batís of a practicable method of producing Bordead 
cement and SO| from anhydrite. It U therefore impewnnt to cooñda the fnech- 
aniam and kinetici of the reaction CaS + 3CaSO+ 

Drjksman pointt out mat two possible mechanisms for the reaction esn be 

(ê) The reaction proceed» through the gat phase ai m the 
CeSOa with carbon; 

(k) The reaction is a tofcd-tond interaction. 
Sobd CaS and CaSO« heated together m the tame reaction veste! but without 

actual physical contact thowed no evidence cf reaction. Tim fiivoun (k) at the 
mechankm of the reaction. Supporting evidence it provided by the rate of me 
reaction. If the ¡eaction proceeded through the g* phase, the minai step wc^ 
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hieb actuation energy. Ti» »g«*i wiA die concept of a lohd-wha reaction 
became if the »te controlling fcctot woe gat **f°*i ùV?^fm tÜE 
muda he «nail Dnkaraan found that when a cube of anhydritewat neatea 
wkb on* free retting on a layer crfpowdefed CaS, reactic«hetw«àei«hyAite 
and CaS occurred only where there wat phyaical contact between tnem. 
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Dijksman refers to the work of Jander (1927) and Jagitsch and Hcdvall 
(1944), who investigated solid-solid reactions involving gas evolution. These 
autii rs described two types of solid-solid reactions: for one the reaction rate 
is controlled by the chemical reaction at the interfaces of the rcacunts and is 
therefore independent of the thickness of the product layer; for the other the 
reaction rate is controlled by diffusion of one or both reactants through the 
product layer. 

Dtjkiman's experimental work led to the conclusion that die reaction bet- 
ween CaS and 3 CaS04 was controlled by diffusion, except for the first few 
minutes of die reaction. This is probably because die dimisión mechanism does 
not control the reaction rate before an appreciable product layer has been formed. 

Reaction in Dijksman'» determination of reaction equilibria began at 
temperatures over 900* C and equilibrium at a given temperature was reached 
comparatively rapidly. Hull, Schon and Zirngibl (1957) sute that the addition 
of clay or similar material to CaS 4- 3 CaS04 produced quantitative decomposi- 
tion in one hour at 1,100* C. 

One conclusion to be drawn from the fact that the interaction of CaS and 
CaS04 is a solid-solid reaction controlled by diffusion is dat die anhydrite in 
a kiln (whirh also produces the CaS) must be finely divided. As stated in this 
section diminution in anhydrite particle sire alio assists its reduction. Another 
conclusion to be made from the work of Hofman and Mostowitsch is that 
the amount of oxygen present when CaS i id CaS04 react must be carefully 
controlled to avoid the re-oxidation of CaS to CaS04. 

It is now necessary to consider the reaction CaS 4- 2 SO2 =* CaS04 + Sa 
became this reaction controls die ratio S2/SO2 in die gas at iquilibrium and the 
presence of appreciable amounts of elemental sulphur in die kiln exit gas would 
cause serious operating difficulties in die purification of the kiln gas. Dijksman 
determined the ratio of S2/SO2 in the gas over the lysccm CaS 4- 3 CaS04 at 
various températures and from these calculai the free energy of the reaction 
CaS + 2 SO2 * CaS04 4- S2. This is plotted against temperature in figure 12 
which abo shows the equations derived from the measurement» of Sehende 
and Zawadzki. It will be seen that Schenck't equilibria for the reaction, the 
calculated equilibria and those obtained by Dijksman agret reasonably well, 
bot Zawadxki's results are outside the limits of acanacy of he cakidated equatk». 

k may therefore he concluded that AF* - 0 at about 900*C when 

Z5»   -1 
fSO, 

The effect of temperature and pressure on the Si/total S ratio m the reaction 
CaS 4- 2 SO3 ; * CaSO, 4- S2 » shown is nguic 13.  It will be sen 
that there is a sharp fall in the S^/total S ratio with increase in temperature, 
this rat» abo fails with decrease in the total pressure S2 4- SO* 

In OTtifortnky with dus, Fleck reported that the amount of elemental 
sulphur produced from a mixture of CaSO* C, S1O2, AI3O1 and FejOj u*àet 
specified reaction conditions increased from 15 per cent with coke to 30 per cent 
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with charcoal and » 50 per «at with coil. Coal is active ai a reducing agent 
at t tower temperature than cob. The reduction of CaS04 to CaS will therefore 
proceed a« a lower temperature with coal than with coke and the equilibrium 
between SOj and Sa over CaS will be established ai thi« lower temperature with 
comequent increate in the proportion of sulphur present. 

Dtjbman calculated the heat of reaction from this free energy data and 
obtained a value Hw - -58.48 kcal/g mole, whkh is in good agreement with 
the figure of -55.35 kcal/g •* obüned from standard thermodynamic datì. 

Ditkttnan also made a prehmfaary study of the kinetics of the oxidation 
of CaS with S02 and showed that me rate of reaction is dependent on temperature 
and on the ratio of concentration of S02 to that of CaS. The value of the velocity 
constant for this oxidation reaction increases rapidly with temperature to a 
B-^rnnm It »bout 800# C and then falls smoothly to approach a value of zero 
at MJU0*C. 

These thermodynamic and kinetic data can be used to show that very 
nttk elemental sulphur tan be derived from the reaction of CaS and S02 in 
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Figure Í3. Egttí of temperature and pressure 
Some: Fleá, 1952. 

an anhydrite kiln and that the sulphur content of the gas leaving a correctly 
controlled anhydrite kiln is very low. As already stated, the reduction of CaS04 
to CaS by coke begins in the kiln at 900s C and continues to 1,100* C. Interaction 
of CaS and CaS04 occurs in the same femperature range in the presence of 
StO* AI2O3 and Fe203 and therefore the production of S02 docs not begin 
until the kiln burden reaches a temperature of 900* C. The combustion gases, 
mostly N2 and C02, pass rapidly through the kiln countercurrent to the solid 
flow and become charged with S02 from the kiln burden. The reaction velocity 
fer the reaction CaS + SC^- CaS04 4- S2 is wro at 1,000* C so that this 
forward reaction can only occur for a short period in the kiln (900* to 1,100* C) 
where its velocity will be relatively low. The contenu of the kiln wül not have 
reached equilibrium at 900* C and the sulphur content of the gas will be lower 
than corresponds to equilibrium at mat temperature. If the contents of the kiln 
were in equilibrium at 900* C, in partkular if the system CaS + S02 — CaS04 + 
Sa were in equilibrium at 900* C where Af° » 0, it can be shown that 

J^L » 1, whence p (S,) - p (SOjp. 
p (SO^2 

The sulphur content of kiln gas containing 8 — 9 per cent of SO2 in equilibrium 
at 900* C would therefore be 0.64 — 0.81 per cent. The actual sulphur content 
will be much less and, given a small excess of air, will be oxidized to SO* This 
is discussed later in section B of this chapter. 
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It must be realized, however, that elemental sulphur can be formed in 
undesirable amounts during the interaction of CaS04, C, Si02, Al203 and 
Fe203 in a kiln if this interaction is carried out in a reducing atmosphere. It is 
not necessary to discuss the precise mecruuusms by which sulphur can be produced. 
It is sufficient to empnasize the importance of maintaining the correct conditions 
in the kiln, avoiding alike the reducing conditions that produce elemental sulphur 
and the oxidizing conditions that reconvert CaS to CaS04. 

B. PlODUCnON OP PomAND C1MINT AND SO2-CONTAININC, CAS FKOM CALCIUM 
SULPHATE 

Process 

It is now possible to state in general terms a process for the production of 
Portland cement dink« and S02-containing gas from calcium sulfate. An- 
hydrite, coke and sources of Si02, Al203 and FC2O3 are ground, mixed and 
heated to clinkering temperature (M56# C) in a rotary kiln. The over-all reac- 
tion between anhydrite and coke is: 

2 CaS04 + C « 2 CaO + 2 S02 + C02. 

The CaO so produced combines with the acidic oxides in the usual way to form 
Portland cement clinker. In practice, a slightly higher mole ratio C/CaS04 is 
used than is indicated by this equation to compensate for the carbon in the raw 
meal which burns directly to C02. 

Control of the C/CaS04 ratio a fundamental to the success of the process. 
Raw meal with too little carbon will produce material dut contains too much 
CaS04 when it enters the clinkering zone with the result that there will be too 
much liquid in this zone. On the other hand, raw meal with too much carbon 
will give material containing an excess of CaS, which softens at high temperatures 
causing agglomeration. 

Either condition leads to operational difficulties and produces clinker contain- 
ing appreciable amounts of CaS04 ot CaS. The former might make it difficult 
not to exceed the permitted SOj content in the cement made from such clinker. 
BS 12:1958 does not specify a permitted sulphide content of cement but cement 
r^t,ining more than a traction of a per cent of CaS turns blue when hydrated. 
This colour does not affect the strength of me concrete but may cause suspicion 
that the cement has been adulterated with basic slag. Producers of cement from 
anhydrite usually have their own limit for CaS content of the cement to avoid 
complaints from usen of the cement. 

The orner constituents of clinker must be carefully controlled also. High 
StOj or high AljOj in raw meal can produce operational difficulties and the 
ratio Si02/Al20j + FcaOj must be carefully controlled as well as the absolute 
amounts present. The air entering the kiln must be carefully controlled to avoid 
production of elemental sulphur or re-oxidation of CaS to CaS04. This is done 
by ensuring that conditions are neither oxidizing nor reducing when CaS04 
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rca«ct,on beg»« in the k.ln. In practice, the lain ex« gas contains a fraction of 
a per cent of oxygen. A.r is blown into the kiln smoke box or part way along the 
kito, to ensure that the gas entenng the gas purification plant » free from elementa 
sulphur. It is obviously necessary to reduce all uncontrolled a,r intakes, for 

example, through imperfect seals, to a minimum. 
The kiln burner has analytical data, air flow and temperature measurements 

to assist him in the correct operation of the kiln, but this depends to a large extent 
on his skill and judgement. A »killed kiln burner can tell from the »Prince 
oîthc kiln whether it ,s operating correctly or whether the kiln burden ,. high 
in CaS04, CaS, Si02 or Al20„ or whether the clinker .s overbumed or under- 
burned. This skill can only be passed on from a skilled burner to a trainee on a 

WOrkTht requirements of production control and the training procedure for 
penonncl to be in charge of production control form part of the know-how 
oTTLrator. and canLt be further discuacd in this report. This know-how 
»fao includes k i design that provides minimum dust formation and accurate 
retention time, experience in kiln lining that gives maximum performance, and 
procedures for surfing and shutting down kilns. 
^lt wiU by now be evident that the control of a kiln using anhydrite is more 
difficult and must be more precise than that of a kiln using limestone. The 
consequence, of nuUperation are »bo more «rio»«. These difficulties must not 
bT^xawcrated because the proco, is successfully operated at seven locations 
(»eeippeUx to this chapter), but developing countries considering this process 
mm luciate that it is technologically a more difficult process than «^facture 
of cUnkerfrom Umestone. A larger number of variable, must be controlled within 
narrower limits for satisfactory kiln operation. 

Product 

Analyses of anhydrite clinkers given in the literature fall within the limits 
of composioon given earner. Examination by X-ray ««taction of the cement 
pound from an anhydrite clinker indicated the existence of the normally expected 
%mm compound* Nothing of an abnormal nature was observed m the diflrac- 

¡^«ihydfite canker tothe United Kingdom is sold through the Associated 
Portland Cement MantActurert-who make Portland cement from calcium 
ctfbonate-tnd reüy meets British Standard specifications (Hull, Schon and 
Zimgibl, 1957). It would be unwise, however, to conclude that clinkers made 
fronTlimestone and from anhydrite are therefore identical in composition. The 
dka of minor components such as P2Os and F in Portlaiid cement is àscussed 
k*r in section B of chapter 4, where it k shown that the* comment, «e^capable 
of causing profound structural modifications to C2S and C3S and thus play a 
BMSchmo«Tiniooitant part in cement quality than the amounts present in the 

dmker might suggest. . 
Giittaiid Smith (1966) have begun an investigation of high temperature 

phase equihbna in me system CaO-SiOr-SOj. They have reported the location 
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of a new compound (2 CaOSi02)2CaS04 (Gutt and Smith 1966). This formula 
can be written as 2 C2S • CaS04 (cf. 2 C2S • C3P in chapter 4, p. 72). Further 
information is given by Gutt and Smith (1968). The newly detected silico sulphate 
does not appear to form detectable solid solutions with other phases and it decom- 
poses at 1,298°C ± 2°C. The only solid solution detected was between C2S and 
Ca2+ and SO5- ions. The solubility of Ca2+ and SO*" ions in a'-form of C2S is 
thought to be higher than in ¡J-form of C2S. The maximum solid solution of 
a'-form of C2S with Ca2+ and SOf ions at 1,200°C can be represented as 98.9 
C2S : 1.1 CaS04 mol per cent and at 1,000°C as 98.3 C2S : 1.7 CaS04 mol per 
cent. 

Much work remains to be done and firm conclusions on the effect of CaS04 

in anhydrite clinker cannot yet be made but there is the possibility that CaS04, 
by entering into solid solution with one of the calcium silicate constituents, may 
cause structural modifications which affect cement quality. As already stated, 
Portland cement made from anhydrite meets current quality requirements, but 
an understanding of the effect of calcium sulphate in anhydrite clinker, if this 
emerges from the work of Gutt and Smith, may enable anhydrite cement quality 
to be improved still further. 

Production 

A simplified line diagram is given in figure 14. 

Btwu ««mi 

IO] CONtMMNO GM 
IO OM MMnCMION ANO 
•UtmUftC AC» HANI» 

citwrw 
ANO CfMNT 
HAM 

Ptptrt Í4. Simplifiéeßewskttt for mhyérite kih plant 

Rmv materials 

Mineral calcium sulphate in the forms of anhydrite or gypsum can be used 
at sources of CaO and SO». If gypsum were used and fed direct to the kiln in the 
raw meal, the SCH containing gases leaving the kiln would be diluted with the 
products of combustion (C02 + Nj) of the extra fuel needed to remove 
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combined water from the gypsum. As will be seen later, this dilution is unde«rable. 
Gypsum is therefore dehydrated to hemihydrate or anhydrite before incorporation 
in raw meal. Anhydrite is therefore preferred to gypsum as a raw material 
because of the additional cost of processing gypsum before incorporation in 

raW Silka can be supplied as sand or shale (which also contributes Al2Oj, Fc20, 
and some CaO), or a mixture of each. If sand i, used as the major source of 
silica, A1203 and Fe20, can be supplied in coal ash from boilers Pyrites anders 
can also be used to supply Fe203. These raw materials are usually cheap, and 
their availability determines which of them arc used. Any combination of them 
that Rives the required over-all composition and does not mtroducetoo much 
MRO or alkali metals can be used. Excess of alkali metals can cause difficulty in 
the gas cleaning system. If the kÜn » coal-fired, allowance must be made (as w«h 
a limestone kiln) for the SiO* Al20, and Fe20, introduced by the coal adi into 
the kiln burden. Carbon is supplied as coke, which also contributes some Si02. 
AUOj and Fe203. It ii desirable that the composhk« of the raw materials should 
vary as little as possible to assist in the production of raw meal of constant 

composition. 

Preparation of raw materials 
The raw materials are prepared in a similar way to that described in section F 

of chapter 1. Anhydrite does not normally need drying^tbough it may require 
cruahinT before it is conveyed to its storage bunker. The other raw materials 
are all dried before being taken to individual dried raw matntl bunkers. Drying 
is neceaiary to prevent variations in moisture content which would aftect raw 
meal composition, and to emure that the raw materials can be handled and 
proportioned satisfactorily. The raw material, are weighed into mius, where 
theVare ground and mixed. The raw meal leaving the mills is taken usually by 
pneumatic conveyor, to raw meal storatc and blending silos, which are inter- 

connected to enable raw meal to be ^^^^«^/T^^^d 
for the kiln. Properly W***** «" *** » W to the luln at a controlled 
rate either directly or through raw meal feed hoppers. Alternatively, the con- 
stituents of raw meal can be dried, ground and stomi aeparately ui individual 
bunkers. Each constituent is withdrawn at a controlled rate and all are mixed in 
a Wender before being taken to raw meal feed storace or.direct to the kdn. Raw 
meal b sometimes granulated before it enter, the kÜn. This «said to reduce the 
dust generated in the kÜn. It may also assist in controUtng the raw meal rate 

through die kiln. 

Calcination 
Anhydrite kÜns, Uke Uraestone kilns, can be fired with coal, oil or poaiiWy 

«*. An ¿ihydrite kÜn u lined in the hotter «ones with reáttant bricks «molar 
»those utedin limestone kflm and. as with nW kO^fW conibu«io» atr » 
preheated by cooling the clinker a. it leaves the kiln. The SOr««aining gas 
paaae. through the kiln smoke box and a cyclone to remove most of the entrained 
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du«. The remainder of the dust can be removed in a Pcabody Scrubber or in an 
electrostatic precipitator followed by towers as described in section C of chapter 2. 
The amount of recovered dust that can be recycled to the raw meal feed depends 
on its alkali content. This in turn depends on the amount of alkalis in the con- 
stituents of the raw meal. The higher the quantity of alkalis in the raw meal, 
the greater the proportion of dust that will have to be discarded. 

As already explained, an anhydrite kiln, unlike a limestone kiln, docs not 
run with an excess of oxygen in the kiln atmosphere. On the contrary, the oxygen 
content of an anhydrite kiln atmosphere is controlled carefully to promote the 
desired reactions in the kiln. The composition of he kiln exit gas is approxi- 
mately: S02 - 9%, 02 - <   1%, COj = 20% and N2 = 70%. 

A heat balance in an anhydrite kiln has not been calculated in the same detail 
at that for the limestone kiln. The heat required to produce 1 mole CaO from 
CaS04 by reduction with C is about 70 per cent more than that needed to produce 
1 mole CaO from CaCOj by thermal decomposition. An anhydrite kiln there- 
fore has a larger batic fuel requirement than a limestone kiln. In addition, heat 
recovery by suspension preheater or by Lcpol kiln is not practised. 

Ceramic dams and liftcrt are fitted in the kilns to control the rate at which 
meal passes through the kiln and improve contact between the burden and the 
hot gat in the kiln. Thit reduces the heat lott on the kiln exit gas but to a less 
extent than equipment uted with modern limestone kilns. The thermal efficiency 
of an anhydrite kiln is therefore lower man mat of a limestone kiln. This, coupled 
with the higher batic fuel requirement, givet a fuel requirement of about 1,8001 
cal per ton of clinker, approximately twice that of a modern limestone kiln. 
A reduction in fuel requirement in an anhydrite kiln is beneficial not only in 
decreasing the cost of burning but also by increasing the S02 concentration in 
the kiln exit gat by reducing the N2 + C02 retulring from the fuel combustion. 
This has advantages mentioned in section C of this chapter. 

Current anhydrite kiln design indicates that an output of 100,000 tons of 
clinker per year should be achieved in a kiln 350 ft long by 12 ft in diameter. 
The minimum economic size for a developed country is now regarded as about 
180,000 tont of clinker per year, for which a kiln 450 ft by 15 ft would be needed. 
It i* mott unlikely that a developing country would need more than 100,000 tons 
of H2SO4 per year at one time, or that it would be willing to intuii a kiln so 
mudi larger than the largest anhydrite: kiln now operating in a developed country, 
which is about the size specified for 100,000 tont of clinker per year. It will be 
noted that me output of these anhydrite kilns it much lets than that of a modern 
cement kiln using lknestone and fitted with efficient heat recovery equipment. 

Conversion of clinker to cement 
Anhydrite clinker it converted to cement in the tame way at limestone 

clinker (tee section F of chapter 1). 

Rapid hardening Portland cement 
Thit can be made by fine grinding exactly at with clinker produced from 

limestone. 
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C. PtODUCTION OF SULFHUWC ACID FIOM CALCIUM SULFHATl 

Little need be said about the production of H2S04 from the SOrContaining 
gas leaving the kiln because this is essentially similar to production from pyrites 
described in section C of chapter 2. The wet gas cleaning system is controlled 
so that it removes any HF or HCl which may be present in the kiln gas, thus 
obviating the possibility of halogen poisoning of the vanadium oxidation catalyst. 
The wet substantially dust-free gas from the dust removal plant is passed through 
electrostatic precipitators to remove mist and the small amount of residuai dust. 
Thereafter the gas is treated as described for gas made from pyrites, with air 
added before the drying tower to give the required Oj/SOa ratio. Some operators 
work with an 02/S02 ratio of 1.6, which is higher than that used with gas nude 
from pyrites. This high ratio reduces the SOj content of the gas entering the 
converter to little more than 5 per cent with corresponding increase in the sue 
of gas drying towers, converter and heat exchangers. It should be possible to 
achieve a conversion of % per cent in a four-pan converter with a somewhat 
lower O2/SO2 ratio, but reduction of this ratio to littk more than 1 may require 
tome form of gas scrubbing to remove unconverted SC*2 from the stack gas. 
A decision between these alternatives must depend on a contractors advice after 
full investigation of local circumstances and requirements. 

The tail gas from the absorbers, whether scrubbed or not, is more misty 
than the tail gases from plants using sulphur or pyrites. This extra rmsóness is 
connected with the synthesis of oxides of nitrogen in the anhydrite kiln^Wch 
cannot be avoided. In developed countries, the only satisfactory method of 
producing an acceptable stack discharge is to pass the tail gas through electro- 
static precipitators. The need for such precipitators in a developing country will 
depend on the location of the plant and local regulations. If tail gas precipitators 
are not installed when a plant is built, the layout should be planned to perm« 
them to be added easily if this is found necessary. 

D. Carnai COSTS 

Capital cost estimates for anhydrite kilns are given in recent papers and 
publications: European Chemical News (1968), Sutpk* (1968) No. 74 and M. W. 
Kellogg Company (1968). Estimated cos» for difterent outputs have abo beai 
supplied by an engineering contractor. There are considerable differences bet- 
ween these various estimates. These may be partly due to différences in what 
the estimates include, for example, the amount provided for storage of raw 
materials and finished products, the inclusion or omission of a plant tor cement 
manufacture, storage and packing and so forth. There may also be different 
opinions about the maximum size of single stream units and the cost reduction 
which these would make possible. 

The capital costs given below are battery limit coats based on a fata output 
of 100,000 tons of H2S04 per year. They cover for moderate sulphuric acid 
storage and raw materials stored in the plant. They do not include raw material 
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stores external to the plant or equipment for winning anhydrite but they do 
provide a plant for the grinding, storage and despatch of cement. Their accuracy 
is unlikely to be better than ± 25 per cent. OrTsite costs as discussed in section D 
of chapter 2 add substantially to the battery limit costs. 

Fixed capital costs 

0*fi**fHtSO* Huiery Htm tut 
miWio« I                    tllmly*« 

100,000 
200,000 
300,000 

3.9                  39 
6.6                  33 
9.0                  30 

The« costs should be increased by 10 to 12 per cent if mineral aypsura is 
wed instead of anhydrite. The cost of transport and an allowance (if rcouired) 
for hither civil and erection costs must be added (tee tection D of chapter 2). 

Working ctfiul 

It » suggested dial the working capital in a developing country should be 
taken as 10 per cent of the battery limit coat 

E. RAW MATMUAL AND OTIIMI MQUIMMIUTI 

Raw material and other requirements are expressed below in terms of the 
amount needed to produce one ton of H2S04. This is aho true for clinker pro- 
duction, thus, the figures «ven bebw at« those for the production of one ton 
of HjS04 and one ton J clinker. The requirements are «pressed per ton of 
HjSQa because it is usual in the cost evaluation to subtract the credit for clinker 
or cement from die total cost to give the coat of acid made. 

The amount of anhydrite required depends on its parity and die alkali 
content of the raw moi; which determines how much dust can be recycled. If 
the anhviite contains 90 per cent CaSO« and if 90 per cent of the sulphiir in it 
is converted to H3SO4, the amount of anhydrite rehired is about 1.7 tons per ton 
of H2SO4. The ratio cfcnker/HjSC^ witl vary slightly wié the composition of 
the raw materials used but it it suffióendy accurate for preliminary evaluation 
to assume that 1 ton of ctrnkcr it made for each ton of H1SO4 produced. 

The amounts of aand, sink, ashes and the like required for producing one 
ton of H^SO« it» depend on their composmon They are (expressed on dry 
basis) approximately as follows: 
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halved for one third of the output (i. e. 100,000 ions of H2S04 per year), these 
would amount to 1.5 man-hours per ton of H2S04. This does not include mining 
or quarrying the raw materials or grinding and packing cement. About 0.3 man- 
hours must be added if cement is ground and packed, giving a total requirement 
of 1.8 man-hours per ton of H2S04 for the plant from raw material reception 
to cement packing. 

In comparing these man-hour requirements in a developed country with 
those for a limestone kiln in a developing country (cf. section H of chapter 1), 
it must be remembered that the latter figures include personnel for admini- 
stration, security and miscellaneous, which are not included in the man-hour 
requirements for an anhydrite kiln. A complete breakdown of the labour force 
for the limestone kiln in a developing country is given in Studies in Economics 
of Industry (United Nations, 1963, p. 21). 

The process labour and supervision requirements in a developing country 
will depend on the skill of the workers available and the extent to which the plant 
is instrumented and mechanized. It must be appreciated that the control of an 
anhydrite kiln is a difficult operation calling for a high degree of technological 
competence. A developing country would find it necessary to train supervisors 
and kiln burners on an existing kiln plant. A burner from a limestone kiln would 
require some training on an anhydrite kiln before he could be given charge of 
an anhydrite kiln. A developing country would also require the help of a con- 
siderable number of expatriate operato« skilled in the art of running an anhydrite 
kiln to start up the plant, and to train the rest of the plant personnel. The cost of 
commissioning and proving the plant, the training of operati ves and the provision 
of skilled expatriate labour cannot be estimated at this stage, but it will be con- 
siderable. 

Dépréciation 

This has been taken as 10 per cent of the battery limit cost and amounts to 
£3.9 per too of HjS04 at an output of 100,000 tons per year. 

Packaging and transfert 

The statements made in section I of chapter 1 apply equally to cement made 
from anhydrite. 

Overhead costs 

A figure must be included to cover this item. A provisional and approximate 
inethodtoc preliminary evaluation has been suggested in section I of chapter 1. 

Interest payments—return on equity capital 

These have been discussed in section I of chapter 1. The appropriate figures 
are mesuoco nere. 
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Summary 

Requirements for production of 1 ton of H2S04: 

Anhydrite (tons)  l'• 
Shak(tons)  °f 

<* sand (torn)  *« 
tad ash (torn)  «£  Asa 

Coke(«4  °0^>14 

Gypwmiton.)  J* 
F«el(tcal)  W" 
Electricity (kWh)  250-f0 

WatcrM •    •     • ^ 
Steam (tonnes).   *££» 
Coinpreaed air (m*)  \%~ 
Maintenance (£) «"«A 
Proem Ubour ami »urKTvtsion, (m»n-houn) •* 

Depreciation (I) £V 
Conker, í ton J**« 

tasca on 
reumuoa 

Overhead charfo, ibout 100 per cent of Ubourc«ts 

Packaging and transport ì 
Interest pavin<»ti and loan repay ment | to be added 
Retarli on equity capital ^^ 
The coat of commissioning and personnel training mutt abo be included 
(cf. section I of chapter 1). 

A preteiinary estimale of the production coat can be made from these figure*. 
but it must be emphasized again that a detailed evaluation of a project by a 
contractor most be made to obtain an accurate con estimate. This must be 
combined with forecast production and salea estimate, of cement and sulphuric 
acid to obtain an over-all a-essment of the viability of the project. It may take 
at least a year to achieve steady operation at design oirtpmmadeveiopoigcountry. 

Cmámáom 

The capital invested in an anhydrite kam plant is very high and the capital 
dawgeiarecorrei«**»»^ 
if economic promotion u to be achieved. For example, operation at half the 
deism output would double the already heavy capital chargea, k ma* aa© he 
remembered that the output of clinker from an anhydrite kirn a bwby com- 
patto wim niodera kill» work^ 
therefore a more expensive producer of canker. ^^ 

Pore anhydrite contains only 233 per cent sulphur and an anhydrite kiln 
most therefore be situated at, or near to the quarry or mine ptodaoag it to 
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avoid heavy transport charges which could make a project uneconomic. Since 
Î.7 tons anhydrite are used for each ton of H2S04 made, the cost of anhydrite 
at the kiln plant is of major importance to the economic viability of a project. 
If anhydrite is not already produced, it could be won most cheaply by quarrying. 
Drift mining would be more costly than quarrying but cheaper than a shaft 
mine, which could add ver/ considerably to the over-all cost of the project. 
The method adopted would, of course, depend on the nature of the deposit. 

It must also be appreciated that cement and sulphuric acid are both relatively 
low cost products which cannot bear heavy transport charges. A market for 
diem must therefore exist within a relatively short distance of the anhydrite 
kiln plant. Since one ton of clinker is made for each ton of H2S04 produced, 
the price obtained for the clinker or cement made from it will have a marked 
effect on the economics of an anhydrite kiln plant. 

It may be of interest to note that a recent production cost estimate for a 
plant to make 330,000 tonnes of H2S04 per year from anhydrite in a developed 
country indicated that sulphuric acid from this plant would be competitive with 
sulphuric acid from a sulphur plant when the price of elemental sulphur exceeded 
$45 per ton (McFarlane, 1968, p. 34). 



APPENDIX 1 

OPMATORS   OP   ANHYDMTMUIMIUIIC   ACID   PLANTS   AND   THMt   ENGINIBBINC 
CONTRACTO« 

The operators of anhydrite-sulphuric acid plants are listed below, so far as they 
are known, with the number of kilns at each location and their total capacity. 
The engineering contractors appointed by the operators are also indicated. A 
serious inquirer for the anhydrite-sulphuric acid process whose preliminary 
evaluation based on the data in this report indicates that the process might be 
economically attractive can obtain further assistance from an engineering con- 
tractor. 

Albright and Wilson Limited, 
Marchon Division, 
Whitehaven, 
Cumberland, 
United Kingdom 

Engineering contractor 

Imperial Chemical Industries Limited, 
Agricultural Division, 
Biuingham, Teesside, 
United Kingdom 

Engineering contractor 

österreichische Stickstoflwcrkc, AG, 
Postfach 296, 
A-4021Lint, 
Austria 

Number of kilns —     5 
H2S04 capacity - 400,000 t/yr 
Clinker capacity — 380,000 t/yr 

Power-Gas Corporation Limited, 
P.O. Box 21, 
Bowesfield Lane, 
Stockton-on-Tees, Teesside, 
United Kingdom 

Number of kiln» —     3 
Uncapacity - 190,000t/yr 
Clinker capacity — 187,000 t/yr 

Simon-Carves Chemical Eng. 
limited, 
P.O. Box 49, 
Stockport, Cheshire, 
United Kingdom 

Number of kims—     1 
H2S04 capacity —   68,000 t/yr 
Clinker capacity —   66,000 t/yr 

68 
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Engineering contractors 

United Sulphuric Acid 
Corporation limimi, 

Widncs, Lancashire, 
England 

Engineering contractor 

V. E B. Chemiewerk, 

German Democratic Republic 

V. E. B. Farben Fabrik, 
Wolfen, 
German Democratic Republic 

engineering contractor« 

E.I.C. Engineering and Industrial 
Corporation S.A., 

31 Boulevard Prince Henri, 
Luxembourg 
Fredrich Krupp, 
Chemieanlagenbau, 
Postfach 979, 
D-43 Essen, 
Federal Republic of Germany 
The M. W. Kellogg Company, 
711 Third Avenue, 
New York, N.Y. 10017, 
United States of America 
Vereinigte österreichische Eisen- 

und Stahlwerke AG, 

A-4021 Lint, 
Austria 

Number of kirns —      2 
H2S04 capacity  — 200,000 t/yr 
Clinker capacity — 190,000 t/yr 

Simon-Carves Chemical Eng. 
Limited, 
P.O. Box 49, 
Stockport, Cheshire, 
United Kingdom 

Number of kilns 
H2S04 capacity 
Clinker capacity 

—      4 
240.000 t/yr 
230,000 t/yr 

Number of kilns—      4 
HjSCUcapacity — 220,000t/yr 
Clinker capacity — 210,000 t/yr 

V. & B. Owmie-Ingcnieurbau, 

German Democratic Republic 
Simon-Carves Chemical 
Engineering Limited, 
P.O. Box 49, 
Stockport, Cheshire, 
United Kingdom 
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Zakbdy Chemioiic. Number of kilns -     2 
SKX

7 liasen capacity  - 114,000 t/yr 
PX^ ' Clinker capacity - 116,000 t/yr 
DOMO work for ZakMy Chcmicnie Waôw it carriea out by "Kprokwaf", 

U. ioro Proiektow Prierayil» Nkorgankaiego, M. Strrody 11, Gliwice, 
Poland The ¡emca of "Kptokwa»" can be obtained by companies outside 
Poland through "Fotone*", i.e. PoUúe Towanyttwo Expottu i Importo Masxyn, 
Sp. t oo^ Ctackiego 7-9, Wantw. Poland. 

i. 



APPENDIX 2 

THBUMOCHBMICAL DATA 

(1) 

(2) 

(3) 

W 

CaS04 
AHJM 

= CaO + S02 + i 02. 
= + 119.6 kcal/molc 

C1SO4 + 2C    = CaS + 2C02. 
A Hi« » + 39.0 kcal/molc 

3CaS04 + C*S - 4CaO + 4S02 
A Hfo - + 2S1.2 kcal/molc 

CaS + 2S02 
AH** 

- Q1SO4 + S2 
= —54.6 kcal/molc 



4. PORTLAND CEMENT 
FROM BY-PRODUCT CALCIUM SULPHATE 

A. PlODUCTION OF BY-MODUCT CALCIUM SULPHATE 

A developing country may wish to produce a substantial amount of sulphuric 
acid largely or wholly for fertilizer manufacture and lack indigenous supplies 
of mineral calcium sulphate. If plans for fertilizer production include the manu- 
facture of phosphatk fertilizers, the developing country can set up a fertilizer 
complex that would be largely self-sufficient in sulphuric acid. 

The manufacture of phosphoric acid from phosphate rocks by reaction with 
sulphuric acid and the conversion of the phosphoric acid into ammonium phos- 
phates are weU known processes. The ammonium phosphates can be mixed with 
ammonium nitrate and potassium salts to give "complete" fertilizers containing 
the three major plant foods, nitrogen, phosphorus and potassium. Phosphate 
rocks are essentially impure apatites, chiefly fluorapatites [3Ca3 (P04)2 ' CaF2], 
which react with sulphuric acid to give phosphoric acid and calcium sulphate, 
which may be in the forms of gypsum, hemihydrate or anhydrite. Most of the 
existing phosphoric acid plants produce calcium sulphate as gypsum but an 
increasing number of new plants make hemihydrate. Calcium sulphate in what- 
ever form it is made is removed from the phosphoric acid by filtration and put 
to dump or occasionally used for the manufacture of plaster and plasterboard. 
The amounts of phosphate rock and sulphuric acid used and of phosphoric acid 
and calcium sulphate produced will depend on the phosphate rock used, but the 
round figures given below show the order of usages and production. 

Umilwsti 

Phosphate rock  120,000 
Sulphuncaod  100,000 
Phosphofkacid(asP30,)   .... 40,000 
Calcium sulphate (as "dry" gypsum)   . 180,000 

The calcium sulphate contains a minimum of about 20 per cent of free water 
when it leaves the filters. 

Theoretically, the by-product calcium sulphate can be used in a kiln process 
to regenerate the sulphuric acid used to make the phosphoric acid, but in practice, 
it would be necessary to bum a small amount of sulphur or anhydrite in the kiln 
to compensate for the inefficiencies which inevitably occur. The by-product 
calcium sulphate will contain impurities from the phosphate rock which could 

n 
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affect the quality of cement made from it. The most important of these arc 
phosphate and fluorine. P205 is present in by-product calcium sulphate partly 
in a water-soluble form and partly as a solid solution in gypsum which is water- 
insoluble. The fluorine may be present as CaF2 or in more complex forms such 
as fluosilicates. The P2O5 and F contents of by-product gypsum vary with the 
phosphate rock and process used, but can be between 0.5—2.0 per cent of P205 

and 0.1 — 1.5 per cent of F (dry basis). 
The effect of P205 and F on Portland cement quality must be considered 

before the use of by-product calcium sulphate for the manufacture of cement and 
sulphuric acid can be discussed. 

B. THE BFFECT OF PHOSPHORUS PBNTOXIDB AND FLUORINE ON THE QUALITY OF 

CEMENT MADE FROM LIMESTONE 

Phosphorus pentoxide 

It has long been known in the manufacture of Portland cement from lime- 
stone that P2O5 in significant amounts in the raw materials, that is, producing 
1 — 2 per cent of P205 in the cement, gives a raw meal that is hard to burn to a 
low free lime content and reduces the rate at which early-strength develops in 
the resulting cement; the setting time of this cement is erratic. Precise information 
was lacking until the findings of Nurse (1952). Nurse's research and that by other 
workers in this field were reviewed by Steinour (1957). Steinour believed that 
Nurse's equations and conclusions regarding the phase composition of phosphate 
containing clinker could be accepted as approximately valid and that the results 
of other workers, properly interpreted, did not conflict with Nurse's conclusions. 
Nurse's research can therefore be regarded as representative of results up to 1957, 
when Steinour's review was published. 

The existence of compounds such as silicocarnotite (5 CaO • P205 • Si02) 
and nagelschmidtite (7 CaO • P205 • 2Si02) has long been known. These can 
be written using the normal abbreviations and with P representing P205, as 
C3P • C2S and C3P • 2C2S respectively. In fact, both these phases have been 
shown to be solid solutions between C3P and C2S and can thus vary considerably 
in composition. Since C2S is an important constituent of Portland cement, this 
suggested that P203 in a phosphate-containing cement might be present as a 
solid solution of C3P with C2S. 

Nurse, investigating the proposed manufacture of cement in Uganda from 
phosphatic limestone, examined the effe« of P2Os on the burning of Portland 
cement clinker and the setting and hardening of the resulting cement. He found 
that P2Os in the limestone, or CjP added to synthetic mixes, formed a solid 
solution with C2S in the cement clinker. Nurse established that the composition 
of the solid solution (Pss) which exists in equilibrium with C3S and CaO at 
1,400°C was approximately: P205 = 7 per cent; Si02 = 26.5 per cent; 
CaO - 66.5 per cent (equivalent to 1 CjP: 8.95 C2S : 3.15 C). 
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Strino« .ummamed (W. finding, in the «ble ""-.^^ÎÊ 

AASinTcernen, »pecification (KC *«ion D in chapter 1). 

C/iwfcr constitution when phosphate is present 
tubami ÁtVm WHmlimit •Sur «***, h-«• 
C4AF C4AF C4AF 
C3A CjA CjA 

Pssì ss ^» !f 

cfs c,s c,s 

CS ote Wow Mme »turarta a. a »lid «tata «i* *» The »mou« 
of C2S decrea«. ». »me ««ration U «m£d *¡?p^ J•* 

TiOTC and compWte cryW»li««¡on bad «med thereafter. Af F«•""* 
'•       ^ , /   .    u.^_i rk» mmoound content of normal cement u 

percentage of that compound in Ac cement. 

C4AF - 304 (FcaOj) 

Nun. «calcuU-d te. «,-»0-J. *• «•*£ ^îl^Z 
u«. i« whkh (PiOs) - per cent of P2OS in cement, ine* equa««*» « 

A"Är£¿- 4^o» —ufa*»»«.*•* 
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C4AF = 3.04 (Fc203) 
C3A   - 2.65 (Al203) - 1.69 (FcjOj) 
CjS    - 4.07 (CaO) - 7.60 (SiO^ - 6.72 (Al2Oj) - 1.43 (Fe2Oj) - 

9.9 (P205) 
C2S    = 8.60 (Si02) - 3.07 (CaO) + 5.10 (Al203) + 1.08 (Fe2Oj - 

3.4 (P2Os) 
Pss     = 14.3 (P2Os) 

The reason for the marked effect of P2Oj on the rate at which cement hardens 
is apparent from the equation for determining CjS content (see section C in 
chapter 1) that is largely responsible for die early strength of cement. Each per 
cent of P205 reduces the C3S content by 9.9 per cent. Nurse confirmed the 
accuracy of his calculations by measuring the percentages of each constituent 
in synthetic clinkers. 

M>* 

Wgm 15. AffftximMe $$M phmt nUtkmt ¡* $p$m CtO-PjQi-SXh m 
mJC4AF*l,400°C 

mtkCyi 
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Steinour somewhat extended a diagrammatic representation of the clinker 
equilibria made by Nurse and this is shown ,n figure 15. In using this diagram, 
Se CaO required to form C4AF and C,A »s first calculated and subtracted from 
the total CaO. The residual CaO. together with the Si02 and P2Oj, are then 
recalculated to give a total of 100 per cent. The phases to be expected ,n solidified 
clinker of th» cLposiuon (,n addition to C4AF and C3A) can then be determined 
from figure 15. The point P$s represents the limiting composition of the solid 
solution (P205 - 7 peV cent, S.02 = 26.5 per cent CaO = 66.5 per cent) and 
die line iota»« P»s and C2S represents the solid solutions formed by these two 
end tnern^ Any pomt withm the triangle C,S-P2S-PSs can be resolved 
in*, definite percentage, of C,S, C2S and Pss, the two latter being¡united»,, the 
over-al» solid solution phase. Properly designed mixes will thus be represented 
by points in the mangle C,S-C2S-PS5. Over-limed mixes will normally tall 
m thctnangle C,S-CaO-PM but over4imcd mixes containing as much as 
6 or 7 peTeent PjO, might fall in the triangk CaO-Pss^P, j» which case 
C»S would not be present (QP - tetracakium phosphate, 4CaOP203) 

Since PjO, reduces the amount of C,S that can be present m the clinker, 
Nurse concluded that mixes should be nude up to give approximate lime satura- 
tion » the cfcnker, thus achieving the maximum possible CjS content. This 
would place Acta on the hue C,S-P» in figure 15. To help in computing 
mixes. Nunc developed an equation that would produce lime saturation when 
u«„. a raw mix of limestone (L) and day (C). In the equation below, the per- 
centages of the oxides in these raw niateriak are indicated by their formulae in 
parentheses, with die respective suffixes L or C; A is used to indicate differences, 
the percentage in day being always subtracted from that in limestone. Thus, 
(ASèOt) - (SiO^L - (SiO^C. (ASiOj) would of course usually be negative. 

The percent day in a mix to give saturation is given by: 

%dty~ 
100 (CaOk + 100 (ff^-W[W>ÒL - ttô (AlaO^ - 36 (Fe2 Oj)L      - 
(ACaO) T(A PjOs) - 2.77 (A SiOa) - IAS (A AJjOs) - 036 (A Fe2Oj) 

Thu equaoon of Nurse apparently make, possible a rational design of mix 
that wit produce a phosfihaie-containing clinker without excessive free lime and 

C|S ~——. 
è the physical properties of PjOrContainmg cements and 
 made hi the laboratory from natural raw materials to give 

* Unse «warn tactor of 1 tailed to meet die M 12:1947 compteiirve strength 
«grifoni— |f dse PjOj coment exceeded 125 per cent.'' The initial and final 

-«11 tTfT    .if -'•* 1 ' ri~^-a-^-w^«A«tolie1.60ulb/in* 
Q cays) mi USUO Vira«1 (7 days). The* figures w«t increased to 2¿00 lb/m* (3 days) 
mi34»nvsn* (7nay*) « » W: ,9Si (•* wct*tm D •»ch*Pter !) Thesehifher compressive 

Ém m mài mm reduced the PjO, coment of cement to about 1.75 per cent. As pointed 
ehsffter t, a CSSSMM that just met BS 12 : 19» strength «*cHk»booi would be it a 

m the United Kingdom. 
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setting times increased considerably with P2Os content but met BS 12: 1947 
(and BS 12:1958). Nurse also showed that the strength of concrete made from 
P205-containing cement fell off more rapidly with increasing watcr/ccment 
ratio than that made from ordinary cement. 

Welch and Gutt (1962) reported that manufacturing experience in Uganda 
had shown that the effect of P205 was less deleterious than had been forecast 
from Nurse's laboratory and pilot plant work. A possible reason for this is 
discussed below but, whatever the cause, the reduction in the expected deleterious 
effect of P205 in the full scale plant, combined with the addition of fluorspar 
to the kiln feed, enabled cement of excellent quality to be made. 

It is now necessary to discuss why the effect of P205 in the full scale plant 
was less harmful than Nurse expected. Nurse (1952) and Nurse, Welch and 
Gutt (1959) showed that ¡1-, a'-, and a-forms of C2S could be stabilized by 
P2Os. Welch and Gutt (1962) also showed that only P205-stabilized ¡i-form 
of C2S had substantial hydraulic properties. In fact, P205 enhanced the hydrau- 
licity of ß-form of C2S. These workers considered that the reduction in deleterious 
effect of P205 in full scale manufacture in Uganda might be due to stabilization 
of ß-form of C2S by P2Os. They found that small amounts of P205 increased 
the compressive strength of synthetic C2S while large amounts reduced it. This 
is apparently due to the fact that C2S, in the absence of P205, was in the y-form, 
with 2 per cent of P205 it was in the ß-form and with 7 per cent and 15 per cent 
of P205 it was in the a- and a-form respectively. They suggested that the 
detrimental effect of P205 on cement quality might be due to the presence of 
P205-stabilized a'-form of C2S as well as to reduction in CjS content to which 
it was attributed by Nurse. The beneficial action of fluorspar may result from the 
immobilization of some P205, the residual "free" or "active" P205 being below 
the level required for a'-form of C2S stabilization, but above that required for 
¡i-form of C2S stabilization. 

Welch and Gutt also examined the effect of P205 on C3S. They found 
that the compressive strength of synthetic C3S diminished with addition of up 
to 1 per cent of P205 (as C3P). increased with between 1 — 2 per cent of P203 

to slightly more than with nil P205 (except for one-day strength) and then 
decreased as the P205 was raised above 2 per cent. This decrease may be due to 
an increasing proportion of a'-form of QS produced at the higher P203 con- 
tents. C3S would then be diluted with non-hydraulic a'-form of C2S. Welch 
and Gutt calculated that the a'-form of QS content with 2 per cent of P205 

addition was about 30 per cent. Since the hydraulicity of this mixture is com- 
parable with that of pure C3S, they suggest that the form of C3S present in this 
mix has an enhanced hydraulic value. The addition of 2 per cent of P2Os to 
synthetic C3S reduced the lower temperature at which C3S decomposition 
occurred from 1,250° C to 1,160PC. 

Welch and Gutt state that subjective estimates of cement quality based on 
microscopic examination of the phases present in the clinker cannot be wholly 
reliable. This is because minor components of cement snch as P2Os (and fluorine, 
see below) are capable of causing profound structural modification of QS and 
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C3S. Since atomic arrangement plays an extremely important part in determining 
the way in which water enters the crystal latti' and develops hydraulicity, the 
role of minor components in modifying crystal lattices plays a much more 
important part in cement quality than the amount in the clinker might suggest. 
It is therefore necessary to establish the precise properties of these modified 
phases and, in particular, their latent hydraulicity. 

The effect of water-soluble P2Os on cement quality must be briefly con- 
sidered. Alkali metal phosphates very greatly retard the setting and hardening 
rate of cement. Nurse extracted only traces of P205 from his P2Os-containing 
cements by shaking them with ten times their weight of water. Steinour thought 
that this did not exclude the possibility of a water-soluble phosphate dissolving 
and precipitating a new compound as rapidly as it dissolves. He agreed that if 
all the P2O5 is present as a solid solution of PSs with QS, there was no reason 
to expect more man traces of P2O5 to dissolve in water, but he considered that 
it would be unwise to dismiss as of no possible pertinence the marked effects 
produced by water-soluble P2O5. There is no guarantee that under any and all 
circumstances, all the P2O3 in clinker will be in the solid solution. 

It is clear from the Uganda experience that good quality Portland cement 
can be made from phosphatk limestone, especially if fluorspar is added. It is 
also clear that the effects of P2O5 are more complicated than Nunc thought 
and the last paragraph of Stcinour's review (1957) is relevant: "Adequate ex- 
perimentation with the particular raw materials that would be used should 
obviously precede commercial production of cement having a significant content 
of phosphate. It docs appear, however, that the way has been opened for more 
intelligent testing of this kind with much promise of a successful outcome if 
the P2Os content of the clinker can be kept below 2 or 2.5 per cent." 

Fluorine 

Fluorspar, CaFJ( his occasionally been used as a kiln flux (in PjOs-free 
cement raw meal) because it lowers the temperature at which liquid appears, 
mus reducing the cankering temperature. 

An addition of 5 per cent CaF2 to cement raw meal reduced the temperature 
of liquid formation by several hunched °C and the chnkering temperature by 
120* to 150*C but CaF2 greatly accelerated the rate of decomposition of C3S 
below 1,250* C Clinker made in the presence of CaFa must therefore be coded 
rapidly to prevent CjS decomposition. In addition, it increased die proportion 
off-form C2S at the expense of ß~form C2S. For these reasons, it is rarely used 
as fluir, 

Later work by Welch and Gutt (1962) showed that the addition of fluorine 
(as CaFi) to C2S did not stabilize a'- or «-form of QS but that both these 
compounds were detected in synthetic CjS to which fluorine had been added, 
when the fluorine content exceeded 0.74 per cent. They also found that fluorine 
gready accelerated die rate at which synthetic C3S was produced at 1350° C. 
Some fluorine was lost on heating to 1350* C. 
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The compressive strength of synthetic C3S (except for some unexplained 
anomalies in the 28-day strength) decreased with increasing fluorine content 
up to 1.74 per cent F. The presence of a'- and a-form of C2S must com ibute 
to this over-all fall in strength but Welch and Gutt believe that the major effect 
on strength results from structural changes introduced into C3S by fluorine which 
reduce hydraulicity. 

Earlier laboratory experiments on the addition of CaF2 to phosphatic 
clinkers had shown that compressive strength did not rise proportionately to 
C3S content. This lack of correlation between CjS content and strength is 
partially explained by the above results which show that, although fluorine 
facilitates the formation of C3S, the fluorinated phase becomes less hydraulic. 

The net ciFect of fluorine addition to clinker is therefore beneficial only if 
the advantage of greater output outweighs the loss in quality, unless of course 
P205 if present in appreciable amounts in the raw meal. Even then care must 
be exercised because Welch and Gutt, in laboratory experiments on the addition 
of CaF2 to raw meal containing 1.62 per cent of P205, showed that the compres- 
Mvc strength of the resulting cement (after addition of 1, 2, 3 und 4 per cent 
gypsum as retarder) fell to a minimum in the region of 0.8— 1.27 per cent F 
in the cement and then rose again at higher fluorine levels. Welch and Gutt 
say that this behaviour suggests that optimum performance of the cement could 
be achieved, at least under laboratory conditions, by careful control of the phos- 
phate and fluorine content, and equally that considerable falls in strength might 
occur through unsuitable proportioning of these components. The gypsum 
addition had a marked effect on strength development, the reduction in str-mgth 
being markedly accentuated by increased gypsum addition. The reasons for this 
effect are unknown. The setting times were not determined. These results 
emphasize the importance of the minor components of cement in modifying 
the behaviour of a cement through their effect on the principal constituents. 
In particular, CaF2 does not merely act as a flux but produces structural changes 
which have considerable influence on hydraulicity. 

C. U» Of iY-PEODUCT CALCIUM SULPHATE K>* CBMHNT AND SULFHUXIC ACID 

PRODUCTION 

Small-scale wcik 

Simanovskaya and Shpent (1955, p. 917) examined in the laboratory the 
production of Portland cement clinker containing 3 per cent to 15 per cent of 
Pj05 60m gypsum produced as a by-product of phosphoric acid manufacture 
with addition of tricalcium phosphate, and showed that P205 did not affect the 
dissociation of calcium sulphate (cf. Stinson and Mumma, 1954). They, like 
Nunc, found that Urne saturation occurred at a lower lime content in the presence 
of P2Os in mixes containing CaC03f CaS04 or by-product gypsum. The 
production of clinker of acceptable strength from by-product gypsum therefore 
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required careful control of the lime content of the raw meal. Clinker containing 
3 per cent of P2O5 made in the laboratory from by-product gypsum gave cement 
that had tensile strengths at 3, 7, 28 and 90 days similar to those of cement pro- 
duced in the laboratory from CaC03 and to factory-made cement. 

This laboratory work was followed by semi-plant experiments in a rotary 
kiln 7 metres long in which several tons of Portland cement were made from 
P205-conuining raw meal. These semi-plant experiments confirmed that the 
presence of calcium phosphates in raw meal did not interfere with the dissociation 
of CaS04 nor prevent the production of high quality Portland cement but did 
require careful control of the lime content of raw meal. 

Simanovskaya and Vodzinskaya (1955, 1956) examined in the laboratory 
the effect of fluorine, as fluorspar, on clinker produced from calcined by-product 
gypsum. The free lime content of clinker containing 3 per cent of P2O3 was 
reduced from 5.5 per cent to nil by the incorporation of 0.75 per cent of CaF2 
in the raw meal and the C3S content (determined by microscopic examination8) 
rose from 20 per cent to 61 per cent. Clinker containing 5 per cent of P2O5 
required the addition of 3 per cent of CaF2 to raw meal to give cement that did 
not contain free lime. The C3S content simultaneously increased from 6 per cent 
to 44 per cent. Similar results were obtained from raw meals based on CaC03 

and CaS04 in which tricalcium phosphate was incorporated. Clinkers containing 
10 per cent of P2O5 and 15 per cent of P205 made from by-product gypsum 
did not contain C3S even when 3 per cent of Cap2 WM incorporated in the raw 
meal. 

The authors conclude: 

(1) As the P2O5 content of clinker increases from 0 to 15 per cent of P2O5 
C3S progressively disappears to give free CaO and C2S which forms solid 
solutions with C3P. These changes are already apparent to a considerable degree 
at 3 per cent of P203 in ciiukcr and clinker containing 15 per cent of P2Oj con- 
tains scarcely any of the usual minerals of Portland cement clinker. 
(2) It is possible to obtain Portland cement of standard quality from clinker 
containing 3 to 5 per cent of P2O5 which has been made from raw meal with a 
limited lime content. The ratio C3S/C2S in such clinker is 1.2 — 1.4 : 1. 
(3) The addition of small amounts of fluorine as CaF2 in the presence of 
P2O3 (3 — 5 per cent of P205 in the clinker) stabilizes C3S and enables cement 
to be produced which contains 50 — 60 per cent of C3S with no free lime. 

The compressive strengths of cement made from clinker containing 3 per 
cent of P2O3 are similar to those of plant-produced cements. The Russian test 
for compressive strength is not identical with BS 12:1958 but it seems probable 
that cement made as described above and containing 3 per cent of P2O5 would 
satisfy BS 12:1958, although it might not meet the requirements of users to 
whom early high-strength is essential. 

• Cf. statement of Welch and Gutt (1962) on estimation of cement quality by micros- 
copic examination of die phases present in clinker referred tu earlier in section B of this 
chapter. 
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These conclusions are broadly in line with those given in section B of this 
chapter. The amount of P2O5 that can be tolerated in raw meal made from by- 
product gypsum is limited. The stabilizing action of CaFî on the CjS in P2O5- 
containing clinker requires the incorporation of small amounts only of CaF2 
in raw meal. It would seem to follow from this that the absolute amount of 
CaFj in raw meal, and/or the p205/CaF2 ratio in it, must be carefully controlled. 

Large-scaU work 

As far as is known, by-product gypsum is not currently used as a source 
of calcium sulphate at any producing plant, but full-scale trials have been made. 
The results of these trials have not been published in detail because the information 
obtained from them is largely regarded as the confidential know-how of the 
companies concerned. 

The main difference when the process is operated on by-product gypsum 
instead of anhydrite lies in the treatment of the by-product gypsum before it 
is incorporated into the raw meal. By-product gypsum is usually finely divided 
and therefore does not normally need grinding. It is partially or completely 
dehydrated, as with mineral gypsum, and take > to storage bunkers. By-product 
gypsum loses some fluorine during dehydration and wash towers are installed 
after the dust cyclones to prevent the discharge of fluorine to atmosphere. The 
other constituents of raw meal are dried, ground separately and taken to separate 
storage bunkers. The componen» of raw meal are withdrawn from these storage 
bunkers in the correct proportions (making allowance for the SÍO2, AI2O3 and 
F^Oj present in the gypsum) mixed and fed to the kiln through raw meal 
storage bunkers. Alternatively, the ingredients of raw meal other than by-product 
gypsum are mixed and subsequently blended with the dehydrated gypsum. The 
kiln firing temperature is slightly lower than with anhydrite, presumably due 
to the fluxing action of CaF¿ in the raw meal. 

Zaklady Chcmtcznc Wizów, Poland, claim to have made the first tests 
on by-product gypsum in a kiln normally operating on anhydrite and producing 
150 tons of H2SO4 per day and 150 tons per day clinker. A run of two days 
was made in 1964 and another of ten days in 1967. Two raw meals were used 
in these tests, one incorporating a fifty-fifty mixture of anhydrite and by-product 
gypsum and the other by-product gypsum only. The ratio of clinker to H2S04 

is about 0.9 with by-product gypsum. These full-scale tesa established the best 
conditions for the control of the kiln, showed that fluorine entering the gas 
stream from the gypsum could be removed (thus preventing poisoning of the 
vanadium oxidation catalyst) and determined the permissible P2O3 content of 
by-product gypsum for production of clinker which met the Polish "350" 
specification. The compressive strength required by this specification seems 
slightly below that of BS 12:1958. 

As a result of these tests, Polimex is in a position to supply know-how for 
a plant to make sulphuric acid and clinker from by-product gypsum, alone or 
mixed with anhydrite. The know-how includes specifications for the raw 
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materials and finished products and for plant equipment. They will give technical 
assistance during the erection and commissioning of a plant and train a purchaser's 
personnel in the operation of a kiln on by-product gypsum. Polimcx in its 
'•preliminary Offer for the Production of Sulphuric Acid and Cement Utilizing 
Phospho-Gypsum as the Raw Material** regards plant to produce 100,000 tons 
of H2SO4 per year as the minimum economic site. 

V. E. B. Chemiev xrk, Coswig, German Democratic Republic, have also 
done full-scale tests on the use of by-product gypsum in a kiln-acid plant and 
developed a process that is said to enable H2S04 and high-quality cement to be 
made from by-product gyp»um. In a large scale demonstration in 1967, one of 
four kilns that normally run on anhydrite operated successfully on by-product 
gypsum. The efficiency of conversion of CaS04 in the by-product gypsum to 
H2S04 is 80 per cent and the ratio clinker to H2S04 about 0.93. No special 
quality or type of by-product gypsum is required because the process and equip- 
ment can be adapted to accommodate «Mere« types of by-product gypsum, 
but it is interesting to note that the "guide analysis" for by-product gypsum 
shows its P2O3 content as less than 1 per cent and F as less than 0.3 per cent. 
It has not been stated how the effect of P2Os or CaF2 on clinker quality is over- 
come. This is obviously part of the know-how which operators are unwilling 
to disclose. 

The key to the successful operation of the process is said to be in the control 
of the kiln operating conditions because by-product gypsum is more reactive 
than mineral calcium sulphates. The amount of coke in raw meal and the air 
added to oxidize sulphur have to be adjusted accordingly. Control of raw meal 
composition and kiln operating conditions are thus even more important when 
.«¿ng by-product gypsum than when working with mineral calcium sulphate. 

It is reported dut plans are in hand in Coswig to construct a kiln-acid plant 
to operate solely on by-product gypsum. This would be an important develop- 
ment because the ultimate test of the use of by-product gypsum in a kiln-acid 
plant is continuous operation with production of high-quality clinker. 

V. E B. Chenùe-Ingenieurbau, Leipzig, German Democratic Republic, 
is prepared to design, construct and commission kün-aeid plant working on 
by-product gypsum (see "Know-how on the process for the simultaneous 
production of SOrcootaimng gases and cement on the basis of phosphoric 
acid gypsum" by V. E. B. Chemiewerk, Coswig, and Sulpkm [1968) No. 74). 

Marchon, and their engineering contractors Power-Gas, have also been 
working on the use of by-product gypsum. The scale of this work is not stated, 
but it has permitted mem to offer kib-acid plants utilizing this material. They 
are unwitting to disclose information on their work (Paper to Fertiliser Round 
Table, Washington, D. C. November, 1966), but it has been stated that their 
process can use by-product gypsum containing up to 0.5 per cent P205 and that 
laboratory tests can predict commercial performance at higher P2Os contents 
(Chemicá Week, 1968). 

österreichische StickstoÄwerke AG have also investigated the use of by- 
product gypsum in kib-acid plants and their contractors will quote for such 
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plants using by-product gypsum but details of these investigations do not seem 
to have been published. 

Effect of the use of by-product gypsum on the capital and operating costs 

Capital costs 

Plant for the dehydration of by-product gypsum may be a little less expensive 
than plant for the dehydration of natural gypsum which requires grinding before 
dehydration. The battery limit costs given in Section D of chapter 3 should be 
increased by 8 — 10 per cent to obtain a preliminary estimate of the capital 
coat of a kiln-acid plant working on by-product gypsum. The higher fixed 
capital cost will also increase the working capital. 

Operating costs 

The only significant addition to the operating cou of a kiln-acid plant when 
anhydrite is replaced with by-product gypsum, apart from those costs expressed 
at a percentage of the total fixed capital, is the cost of dehydrating the gypsum. 
The fuel requirement will depend on the free water content of the by-product 
gypsum and die thermal efficiency of the dehydration equipment used. Figures 
quoted by contractor» (assuming that fuel oil has a calorific value of 10,0001 cal/ton) 
vary between 1,000 and 1,600teal of additional heat per ton of H2S04 

when by-product gypsum is used. For preliminary evaluation, an additional heat 
requirement of 1,500 teal per ton of H2S04 should be used. A more accurate 
heat requirement can be calculated when the free water content of the by-product 
gypsum is known. 

In addition to the fu :1 cost, electricity, water and process operating labour 
must be added to obtain the plant cost of dehydrated gypsum, less maintenance 
which is covered as a percentage of the capital cost. The electricity and water 
requirements can only be guesses at this stage, but it is suggested that 50 kWh 
and 20m3 per ton of dried gypsum be taken for preliminary evaluation. It can 
also be assumed that the plant would require one man per shift in developed 
countries. 

An approximate plant cost, less maintenance, of dehydrated gypsum can be 
ftlnilftfrd from these figures. To a first approximation, the plant cost of dehy- 
drated gypsum, less maintenance, is unlikely to differ appreciably from the cost 
of anhydrite if this is won where the acid is made and both are expressed as £/ton 
of H2S04. 

If, as has been suggested at the Fertiliser Round Table in November 1968, 
it may on occasskm be desirable to put by-product gypsum to an intermediate 
stockpile, the cost of by-product gypsum may be greater than that of anhydrite, 
but if anhydrite meurs appreciable carriage charges, it will certainly be more 
costly man by-product gypsum. 
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D. SUMMARY 

The anhydrite kiln process has been adapted for the production of S02- 
containing gas and Portland cement clinker from gypsum made as a by-product 
of phosphoric acid manufacture. Some of the fluorine present in the by-product 
gypsum enters the SOrcontaining gas, but this fluorine which would poison 
the vanadium oxidation catalyst, can be removed during the gas cleaning opera- 
tions and there are therefore no problems in the use of this gas for sulphuric 
add manufacture. The limits of impurities, especially P205 and F m by-product 
gypsum, for the production of high-quality cement arc not given in the literature, 
but published information suggests that cement can be made which meets BS 
12 1958, but leaves it uncertain whether this cement would satisfy those users 
for whom highly strength is needed. A potential user of by-product gypsum 
in a kiln-acid plant should ascertain the uses to which the cement would be put 
and obtain explicit guarantees that the cement made from by-product gypsum 
would meet requirements. 

E. POSSWLI OTICrS Of THE USI O» iY-PlODUCT GYPSUM IN THB KILN-ACID 

nOClSS OH THl OWaATKW Of THI PHOStHOWC ACID PLANT 

Gypsum produced as a by-product of phosphoric acid manufacture is usually 
dumped. The composition of the gypsum is therefore of little importance to the 
operittH of a phosphoric arid plant, although he will usually wish to minimize 
the P2O5 lost in it. There may, however, be occasions when he is prepared to 
accept a higher P205 lost in the gypsum, for example, to increase phosphoric 
acid output. If the by-product gypsum is to be fed to a kiln-acid plant, the phos- 
phoric acid plant operator will have to produce his by-product gypsum to a 
spécification and this may interfere with the way in which he would otherwise 
wish to run the phosphoric acid plant. ...      • j 

If gypsum is to be produced to a specification in a new phosphoric acid 
plant, the plant should be carefully designed to convert as much as possible of the 
Pj¡Os in the phosphate rock into water-soluble P205, this minimizing the water- 
imoiuble P^s in the gypsum. The amount of water-soluble P205 m the gypsum 
will depend on the washing efficiency of the gypsum filten. These also determine 
the ftee moisture content of die gypsum. The niters should therefore be chosen 
to produce a gypsum filter cake with the minimum practicable amount of water- 
sohabtc P2O3 and the lowest possible tree water content. 

The gypsum specification may also limit the F content. This will vary with 
the type of phosphate rock used. For example, a rock high in Si02 and F will 
produce nuosukk acid and/or its sodium salt if sodium is present in the rock. 
All die fluosilicic acid and die sodium fluosilicate up to the limit of its solubility 
will go out in the phosphoric acid, giving gypsum which is relatively low m F. 
On the other hand, phosphate rock high in F, but low in Si02 will produce 
gypsum with a relatively high F content. The purchaser of a phosphoric acid 
plant should ascertain if his choice of phosphate rocks is likely to be "«ncted 
by the specified F content of the by-product gyp*um because he might find 
such a restriction to be commercially undesirable. 
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