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ABSTRAC'I' 

Digestion of ti taniferous s1ag (Sorelslag) with sulphuric acid 

was studied in an effort to optimise the process and develop 

a better understanding of its chemistry. 

Thermodynarnic analysis of the digestion reaction was performed 

using the prograrn F*A*C*T. A laboratory reactor was built to 

simulate the operation of an industrial slag digestion 

reactor. Microstructure examinations of digestic~ 8amples 

revealed the main phases present. 

Statistically designed experiments using the Box-Behnken 

technique were perforrned in the laboratory to correlate the 

responses (digestion yield, maximum temperature, solidif i­

cation time, degree of TiP3 oxidation, su1phuric aciè 10ss in 

the gas, active acidjtitanium ratio and cake height) to the 

four experimental variables (particle size of the s1ag, acid 

concentration, acidjslag weight ratio and baking time). 

Model equations successfully tested were obtained for each 

response. The anal ysis of the figures obtained from those 

equations revealed the relative importance of the variables 

evaluated. In complement to these experimental results the 

qualitative rnass and heat balances were calculated . 
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RESUME 

La digestion de la scorie de titane (Sorelslag) avec dt::> 

l'acide sulfurique a eté étudlée dans un effort pour apt i ml~~~~I­

et développer une meilleure compréhension du procédé. 

Une analyse thermodynamique des réactions de digestion a été 

réalisée en utilisant le programme F*A*C*T. Un réacteur de 

laboratoire a été construit pour simuler les condItions 

rencontrées dans les digesteurs de scorie industriels. Une 

observation fulcroscopique des échanti lIons de digestion a 

permls d'en identifler les principaux composants. 

Un plan d'expérimentation statistique utilIsant la technique 

Box-Behnken a éte réalisé en laboratoire afin de corréler les 

réponses (rendement de digestion, température maximale, temps 

écoulé avant la solidification, degré d'oxydation du Ti 20 3 , 

acide sulfurique perdu dans les gaz, rapport acide 

actif/titane et la hauteur du solide) aux quatre variables 

expérimentales (gran~ lométrie de la scorie, concent rat ion 

d'a~ide, rapport acide/scorie et temps de mûrissement). Des 

équations statistiques testées avec succès ont été obtenues 

pour chaque réponse. L'analyse des graphIques, générés à 

partir des équations, montre l'lmportance relative des 

variables étudiées. Pour compléter ces résu] tats 

expérimentaux, des bilans de matière et d' énergj e ont été 

calculés. 
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CHAPTER 1 

INTRODUCTION 

Ti tanium dioxide pigment is produced industrially by two 

processes: the chloride process and the sulphate process. 

QIT-Fer et Titane Inc. produces a titaniurn ri ch slag which is 

used as feedstock in the sulphate process. The slag is 

processed by reacting it with sulphuric acid. This reaction 

is known as "digestlon" and is the first step in the sulphate 

process for the production of titanium dioxide pigment. 

During the digestion process, the titanium oxides, as weIl as 

other oxides, are transformed into sulphates. The process is 

exothermic. 

Digestion is carried out in large batch reactors with conical 

bottoms through which air is injected to produce agitation 

while steam and water are injected to control temperature and 

acid concentration. However the actual process is much more 

complex than described above. 

In an effort to optimise the digestion process and develop a 

better understanding of its chemistry a statistically designed 

experimental program was under taken at the QIT-Fer et Titane 

Research laboratory. This research program involved: 

The thermodynamic analysis of the complex reactions of 

diges~ion with F*A*C*T. 
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The design and construction of a laboratory scale reactor as 

an exact physical model of the large commercial digestion 

vessel in order to perform the experiments under truly 

simulated industrial conditions. 

The execution of the stat istically designed experiments in 

which the digestion yield (i.e. the' conversion of titanium 

oxide to titanium sulphate) was obtained along with several 

other responses such as maximum reactor temperature, 

solidification time, degree of oxidation of Ti (1 II) compounds, 

sulphuric acid loss in the gas and digestion cake height. The 

variables studied were particle size of the slag (11 to 23 

microns), acidjslag weight ratio (1.5 to 1.9), acid 

concentration (88 to 94 wt %) and baking time (2 to 6 hours). 

In complement to this experimental data a detailed microscopie 

exarnination of the solids was carried out before and after 

digestion. 

The thesis is constructed as follow: Chapter II gives a 

literature review of the subjectj Chapter III gives the 

results of the thermodynarnic calculations; Chapter IV 

describes in detail the reactor buil t and the procedure 

followedj Chapter V refers to the statistical design 

methodologyi Chapter VI gives the results and disCUSSGS the 

findings; Conclusions and recommendations for future work are 

summarized in Chapter VII; References; And finally, in 

Appendices additional information is reported. 
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CHAPTER 2 

LITERATURE SURVEY 

In th is chapter, a 11 technical information relevant to the 

subject matter of thlS thesis is reviewed. More particularly, 

the origin of the titanlferous slag which constitutes the feed 

materia1 of the dlgestion process is described and previous 

studies on characterizing this s1ag material are reviewed. 

This section will be followed by a description of the sulphate 

digestion process and finally a brief reference to statistical 

design is made. 

2.1 Production of the Titanium Slag "Sorelslag" 

The slag is produced from the reduction of ilmenite ore with 

coal in electric arc furnaces (1). The ore is primarily a 

coarse- grained i Imeni te, (FeO. Ti02 ) wi th fine lenses of 

hematite (Fe203 ) disseminated within the ilmenite grain 

structure (2,3). The gangue which accompanies the ilmenite 

ore is mainly anorthosite, a complex silicate. Conventional 

open pit mining methods are employed in a horseshoe-shaped 

mlne, located in the Allard lake region, 43.5 km inland from 

Havre St-Pierre, Quebec. 

A primary jaw crusher breaks the ore down to 18 cm size, and 

a secondary cone crusher breaks it down further to minus 7.5 

cm. The minus 7.5 cm material is then transported to Sorel by 
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train and ship. A simpllfied map of the location of the mine 

and Sorel is shown in Flgure 2.1. 

Figure 2.1 

LAC TlO 
HA VU ST. PIE.le 
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1· .. "IiI 
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l , , \ 

1 --. 
1 

SO~~L , 
---,-MONTREAL 

~. c.,. 
~. 

100 ., 
, i 

roo •• 

Map Showing the Location of the 
Lac Tio Deposit in Relation to 
Sorel, Québec. 

On the plant site in Sorel, the ilmenite ore and coal, the two 

principal bulk raw materials are unloaded at the dock, 

conveyed ta their respective stockpiles, and stored in 

sufficient quantity to maintain operations during the winter 

months when shipping is no longer practical. The process flow 

chart of the QIT Sorelslag productlon plant is presented in 

Figure 2.2 (4). 
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Figure 2.2 Process Flow Chart of QIT-Fer et Titane Inc . 

Coal storage 

Coal dryer 
1 

. ~ _1\0,1 
1 

Ore storage 

1 

Beneficiation plant 

1 _____ _ 
1 

~ . 
~ - - - -- -.----~ 

Electric arc furnace 

Iron 
--~- ----

r!J 
Desulphurization , 
rt~~: 

Pig casting 

-5-

81ag 
y 

, ... ~ 
p~ 

Cooling Crushing 

8torage 



The minus 7.5 cm ore from the mine is crushed to minus 1 cm in 

cone crushers. The incoming ore grarle, where grade is defined 

as the combined content of iron and titanium oxides, varies 

between 82 and 87 percent. The purpose of the beneficiation 

plant is to raise the ore grade to about 95.5 percent by 

discarding the worthless fractlon or gdngue. However, an 

additional advantage ensues from beneficiation, since the ore 

is not only more concentrated, but also far more consistent in 

composition, which helps to ensure a smooth smel ting operation 

(5,6,7). 

The smelting of the ore and coal mixture takes place in a line 

of electric furnaces with power ratings up to 60 megawatts. 

Operating temperatures exceed 16000 C thus enabling the 

required chernical reactions to occur (8,9,10,11). 

The principal reactions are (12): 

i) Decomposition of the complex oxide phase 

FeO. Ti02 

ii) Two stage reduction of iron oxides 

Fe203 + C ---. 2 FeO + CO 

FeO + C ---. Fe + CO 

The minor reactions that occur simultaneously are: 

MgO.Ti02 ---. MgO + Ti02 

2 Ti02 + C ---. Ti20 3 + CO 

3 Fe + C ---. Fe3C 

-6-
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To a lesser degree sorne reduction of Si02 , MnO, Cr203 and V20S 

also takes place. 

The ratio of coal to ore is controlled so that most of the 

iron oxides are reduced to an exceptionally high purity 

metallic iron which sinks through the molten slag (13). Large 

volumes of co gas which are generated from the chemical 

reactions are withdrawn through the furnace roof, and used 

within the plant as fuel. 

Slag is tapped from the furnaces, cooled, crushed to minus 1.6 

cm and stored for bulk shipment to the pigment producer (14). 
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2.2 CbaracterizatioD of "Sorelslag" 

The phases identified, in order of abundance, in Sorelslag are 

ferrous pseudobrookite solid solution (ABZOS), silicate (both 

crystalline and glass), rutile (TiOz)' anatase (TiOz)' rnetall ic 

iron, iron sulphide (FeS), ilmenite (FeT103), and ulvospinel 

(TiFez04) (15). The ferrous pseudobrookite solid solution is 

the principal phase. The si licate phase rnake up 3 to 4 

percent of the sarnple and rnetallic iron and iron sulphide 

together contribute about one percent of its rnass. 

The main constituents of QIT's slag can be represented as one 

of the two following basic chemical formulae (16): RO.2Ti02 , 

where R rnay be Met+, Fe2+ and Mnz+, or R203' TiOz' where R may be 

Fe3+, Al3+ and Ti 3+. However, the pseudobrooki te structure 

(ABzOs) is actually (Mno OSFeO.43Tjo S2) (Ti2 o)Os and 

(M% 21 FeO 33Tio.46) (Ti1 ~go 1 )Os (17,18). 

The siliceous portion of the slag is composed of solid 

solutions of anorthite 

(NazO. Alz03 • 681°2) , 

(KzO. Alz03' 6SiOz) 1 

a 

and a 

small amount 

considerable 

and albites 

of 

amount 

orthoclase 

of mixed 

rnetasilicates of iron (Feo.Si02 ), calcium (CaO.Si02 ) and 

magnesium (MgO.Si02). A large amount of this portion is ~n 

the amorphous or glassy state (19,20). 
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2.3 Tbe Sulpbate Process for Pigment Manufacture 

There are two principal routes by which Ti02 pigment can be 

produced: the H2S04 digestion process (sulphate process) 

applied to titanium slag and ilmenite ore and the chlorination 

process applied to natural or artlficial rutile, high grade 

Ilmenltes and low alkali-earth slags (21). 

The production of pigment from Sorelslag by the sulphate 

process involves the following steps (Figure 2.3 and 2.4) 

( 22) • First the titanium slag is ground in baIl mi '.ls into 

fine powder. Then, in order to extract titanium in the form 

of titanyl sulphate, the powder is reacted with sulphuric acid 

in digesters, huge tanks lined with lead and acid bricks, to 

obtain a sol uble salt. The dissolution of the product in 

water yields a solution of titanyl sulphate containing sorne 

iron sulphate and other soluble impurities in addition to an 

unreacted suspension of slag. Settling tanks and filtration 

remove the unreacted solids from the solution. After 

adjustment of the absolute and relative concentration of the 

components, which may involve crystallization and vacuum 

concentration, the proper seeding is added and the 

precipitation started (23,24,25,26,27). The precipitation 

step is an important part of the process as several key 

properties of the pigment are determined in this stage. 

Precipitation takes place under carefully monitored conditions 

where the solution of titanyl sulphate is forced by boiling in 

-9-



Figure 2.3 : Production of Pigment from Sorelslag 

by the Sulphate Process 
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Figure 2.4 Sulphate Process for the Production of Titaniurn 
Dioxide Pigment. 
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tanks to hydrolyse and produce hydrated titanium oxide as a 

very fine precipi tate (28,29,30). The precipi tated pulp of 

titaniurn oxide is washed thoroughly several times, passing 

through a sequence of filters to reduce aIl impurities to a 

low level. The pulp is treated with conditioning agents to 

prevent sintering during calcination. Potassium is the 

conditioning agent for anatase (23). 

The process continues with calcination, to convert the 

arnorphous hydrous oxide to a crystalline form with the desired 

pigment properties. The washed titanium oxide pulp is 

subjected to heat treatment in large rotary kilns fired by 

natural gas. The crystal structure, anatase or rutile (31), 

and the crystal size distribution are determined. The 

crystalline Ti02 is ground by intensive dry and wet milling, 

followed by classification to eliminate the oversize 

particles. 

The pigment, now in aqueous suspension, is coated wi th variouB 

additives to produce precise grades. Each grade has the 

pigmentary properties required for its particular application 

(32) • 

Flowsheets of the process are given by Forbath (25) as well as 

Coates (26), and have been included in a U.S. Bureau of Mines 

publication (23). 
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2.4 The Digestion Proces • 

In the digestion step, the titanium oxides in the feedstock 

react with sulphuric acid to produce titanium sulphates and 

water. The following reactions have been suggested to 

describe the digestion process (33): 

FeO. TiOz + 2 HZS04 

Feo.Tioz + 3 HZS04 

---., TiOS04 + FeS04 + 2 H20 

---., Ti (S04) z + FeS04 + 3 H20 

(2.7) 

(2.8) 

To control the rate of the digestion reaction the slag is 

grounded 50 that aIl of the rnaterial passes through a 200 mesh 

screen (74 micron), but not more than 30 per cent of the 

partic1es have an average diameter sma1ler than 8 microns, and 

at least 90 per cent of the particles are sma1ler than 44 

microns in average diarneter (32) • Sulphuric acid of a 

concentration of 92 to 98 per cent by weight is added (34). 

The slag-acid mixture is heated with stearn to 120 to 16,J°C 

before reaction takes place. Heat is 1iberated and drives the 

reaction to cornpletion. The solid digestion cake is b10wn 

wi th air to llasten cooling and to produce a porous mass (24). 

This cake is then retained at elevated temperatures in the 

digestion tank for severa1 hours in order to cure the cake 

( 35) • 

A previous study (36) of the digestion of high titania slags 

(Ti02 content greater than 70% by weight) has determined that 
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optimum digestion is obtained when two parts (weight ratio) of 

92 wt. % sulphuric acid ta one part of s1ag having a partic1e 

size range of 40 to 60 microns are ernp1oyed. The sarne study 

has indicated that the initial temperature should be at least 

115°C and the rnaxim'..llTl reaction temperature at least 180°C. 

Digestion tirne ranges from 2 to 3 hours. 

It is important, during the reaction of 81ag with 8ulphuric 

acid, to produce a porous, water-permeable, so1id product 

which can be disso1ved readiIy in the reaction tank. Severai 

procedures have been described (32), but in generai the 

desired texture of the salid product is obtained by blowing 

air through the reacting mass as it solidifies. 

During the digestion of the 

sulphuric acid, the titanium 

titanium-bearing slag with 

(III) present in the slag 

undergoes an oxidation-reduction reaction with the liberation 

of hydrogen sulphide and sulphur dioxide (37). 

4 Tiz03 + 9 H2S04 

Ti203 + 3 HzS04 

---~ 8 TiOSO + H S 4 2 (2.9) 

(2.10) 

Furtherrnore, trivalent titaniurn is believed to be oxidized to 

the tetravalent state by the air which is blown through the 

porous solid rnass (38,39). 

---. 2 TiOS04 + 2 H20 (2.11) 
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The conversion of Ti(III) into Ti(IV) during the digestion 

process is promoted by the addition of very smaii quantities 

of lignosulfonate, an inexpensive by-product of the pulp and 

paper industry, into the acid-slag mixture (40). The role of 

the lignosulfonate is to promote the oxidizing properties of 

sulphuric acid. 

The reaction product, soluble sulphates, obtained by digesting 

f inely di vided ilmeni t ~ or slag wi th sulphuric acid is leached 

with water or di lute sulphuric acid to obtain a solution of 

sulphates. The leaching liquor is introduced at the bottom of 

the porous mass. The tempe rature should be held relatively 

low (below 7S0C) to avoid hydrolysis, but at the same time it 

should be maintained as high as practical (but not above 85°C) 

to speed the rate of dissolution. Farup (41) employed dilute 

solutions of sulphuric acid as the solvent instead of water. 

This method was also followed by Washburn (42) and others. In 

general, it has been found beneficial to use di lute sulphuric 

acid followed by water addition. 

After leaching, which takes 4 to 16 hours, the aqueous slurry 

is clarified. The solution is highly acidic and contains 

finely disserninated, siliceous rnaterial, insoluble Ti02 and 

undissolved slag, that are in part in a colloidal suspension. 

The colloidal material is first coagulated by introducing a 

coagulant of opposite electrical charge (32), such as 

synthetic cationic polyelectrolytes or a polyrner like glue, 
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after which the liquor is passed through a series of settling 

tanks and finally filtered to yield a clear solution of a 

densityof 1.4 to 1.5 (24). 

After clarification is complete, the sulphate solution is 

prepared for hydrolysis. The black liquor should contain 200 

to 250 g/l of titanium sulphate (39). AlI of the iron present 

as a contaminant in the titaniurn sulphate solution must be in 

the ferrous state. This is necessary to avoid any 

precipi tation of iron oxide and other miscellaneous oxides 

such as vanadium oxide with the titanium dioxide during the 

hydrolysis stage. If sorne ferric ions are present, scrap iron 

is added to reduce ferric to ferrous, while containing about 

3 to 6 g/ l of tri valent ti taniurn expressed as Ti02 • 1 f 

Ti(III) exceeds 6 g/l, the excess Ti(I!!) has to be oxidized 

to avoid losses of titanium as Ti(III), which does not 

hydrolyse (40). 

The digestion of Sorelslag is similar to the digestion of 

ilmeni te. However two costly processing steps 

(crystallization and vacuum concentration) can be eliminated 

when slag is used (25,43). Accarding ta Irkov and Reznichenko 

(44) slag from smel ting of ti tanimagneti tes dissolves more 

readily in sulphuric acid yielding higher overall recoveries 

of titanium dioxide . 
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2.5 Statistical Design 

Frequently the mechanism underlying a process is not 

understood sufficiently weIl, or it is too complicated, to 

allow an exact model to be postulated from theory. In such 

circurnstances an empirical model may be utilized. Empirical 

models can be buil t by applying statistical design methodology 

(45) in the execution of the experiments. By changing the 

significant process variables in a systematic way, one 

response (for exarnple yield) is studied. Response surface 

methodology (46) is one of the experimental design 

methodologies which is particulary useful in the study of 

complex process systems such as the one studied here . 

Kondos gi ves references to many successful uses of statistical 

design in hydrochemical processing (47) . 
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CHAPTER 3 

THERMODYNAMICS 

The thermodynamics of the reactions involved in the 

transformation of the ti tanium and other oxides into sulphates 

is analyzed here. The reactions of the basic consti tuent 

components of the "Sorelslag" with sulphuric acid can be 

represented by the following equations: 

Ti02 + H2S04 ---~ TiOS04 + H20 ( 3 . 1 ) 

Ti02 + 2 H2S04 ---~ Ti(S04)2 + 2 HzO ( 3 .2) 

Ti203 + 3 H2S04 ---~ Ti2(S04)3 + 3 H20 ( 3.3 ) 

4 Ti20 3 + 9 H2S04 ---. 8 TiOS04 + H2S + 8 H20 ( 3 .4) 

Ti20 3 + 3 H2S04 ---~ 2 TiOS04 + S02 + 3 H20 ( 3 .5) 

Ti203 + 2 H2S04 + ~ °2 ---~ 2 TiOS04 + 2 H20 ( 3.6 ) 

FeO + H2S04 ---~ FeS04 + H20 ( 3. 7 ) 

Fe20 3 + 3 H2S04 ---~ Fe2 (S04)"5 + 3 H20 ( 3 .8) 

MgO + H2S04 ---~ MgS04 + H20 ( 3 .9) 

AIP3 + 3 H2S04 ---~ A12(S04)3 + 3 H20 (3.10) 

CaO + H2S04 ---~ CaSo4 + H20 (3.11) 

To proceed with this thermodynamic analysis , it was decided 

to use F*A*C*T. F*A*C*T stands for Facility for the Analysis 

of Chemical Thermodynamics. Primarily two sub-programs of 

F*A*C*T, Reaction and Equilibrium were used. 

This analysis focused on establishing what reactions are the 
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most probable, which reactions are exotherrnic and what is the 

et tect of vary lng the sulphuric acid to Sorelslag ratio on the 

equllibrium product mlxture. 

Although F*A*C*T contains a large data bank, properties for 

the titanlum sulphates were missing and had to be estimated. 

The estimatlon of these properties is presented in the 

fol1owing section. 

3.1 The program F*A*C*T. 

F*A*C*T is a computer system which perforrns commonly 

encountered thermochemical calculations. The programm 

incorporates extensive prompting which is readily 1:.1derstood 

by those wi th a background in the pr inciples of chemical 

thermodynamics. Moreover, aIl inputs are extensively checked 

both for logical and numerical validity. The system has its 

own database which includes the thermodynamic properties for 

more than 3800 compounds and a nurnber of binary solutions. 

The scope of the system is use fuI in many branches of 

fundamental or applied chemistry (48). 

In this study, three of the several features of F*A*C*T were 

used: "1 nspect ", "Reaction" and "Equilibrium". 

"Inspect": This program locates and displays thermodynamic 
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data for compounds stored in the main F*A*C*T file or in the 

user's data files if such flles have been set up. If data 

exist for a selected compound, tables are generated wi th 

references. An example of a table produced by thls prllgramm 

is included in Appendix A. 

"Reaction" : This program calculates changes in extensive 

thermochemical functions (H,G,V,S,U,A) for a specified change 

in state of a system. The user indicates the c.hemical make-up 

of the initial and final states by enterlng a balanced 

chemical equation. Temperatures, pressures, phases and 

activities of each reactant and product are specified on a 

second line. This line forms, in effect, subscripts for the 

reactants and products included in the chemical equation 

specified in the previous line. Data is then automatically 

retrieved from the main F*A*C*T file or from the user's file 

or a combination of both and a tabular print-out is generated. 

An example of one of these print-outs is shown in Appendix B. 

"Equilibrium": This program determines the concentratIons of 

chemical species when specifi..ed elements or compounds (in 

typically known proportions) react or partially react to reach 

a state of chemical equil ibrium. The user suppl ies the 

reactants of a chemical equation. The products are not 

specified, typically only the temperature and total pressure 

of the products are entered. A list of aIl possIble compounds 

found in the database as well as in the user's data file i8 
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then automatically produced . The user then specifies what 

species should be considered in the equilibrium calculation 

(often all of them). The program then produces the solution 

by finding the most stable product of the reaction in 

equilibrium at the user's specified temperature and pressure. 

Appendix C includes an example of the resul'Cs obtained by 

running the "Equilibrium" program. 

3.2 Estimation of the Entropy of Solid Compound. 

Latimer (49) described a method for estimating the entropy of 

solid compounds. Where by the entropy of a solid compound is 

a function of the mass of the constituent atoms and the force 

acting between these atoms. That is, the greater the mass and 

the lower the force, the larger the entropy. 

To estimate the entropy of a compound, the contribution of the 

metallic elements given in Table 3.1 is added to the 

contribution of the negative ions given in Table 3.2, which 

depends on the charge of the metallic element (positive ion) • 
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• Table 3.1 

A9 
Al 

A. 
Au 

a 
Ba 

a. 
Bi 

Br 

C 

Ca 

Ch 

Cd 

Ce 

Cl 

• Co 

Cr 

C. 

Cu 

• 

Entropies of the Elements in Solid 
Compounds at 25°C (49) 
(values in cal/oC) 

12.8 Dy 14.4 lin 10.3 

8.0 Br 14.5 110 12.3 

11.45 Bu 14.1 N 5.8 

15.3 P (6.9) Ra 7.5 

4.9 Pe 10.4 Nd 13.9 

13.7 Ga 11.2 Ri 10.5 

4.3 Gd 14.3 o. 15 .1 

15.6 Ge 11.4 Pb 15.5 

(11.7) Bf 14.8 Pd 12 .7 

5.2 Bg 15.4 Pr 13.8 

9.3 Bo 14.5 Pt 15.2 

12.2 1 (13.4) Ra 15.8 

12.9 In 13.0 Rb 11.9 

13.8 Ir 15.2 Re 15.0 

(8.8) Je 9.2 Rh 12.5 

10.6 lA 13.8 Ru 12.5 

10.2 Li 3.5 S (8.5) 

13.6 Lu 14.8 Sb 13.2 

10.8 Mg 7.6 Sc 9.7 
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S. ( 11.6) 

Si 8.1 

S. ".1 

Sn 13.1 

Sr n.o 
'ra 1'.9 

'1'b lt.3 

'ra (13 .') 

'rh 15.9 

'ri 9.8 

'rl 15.' 
'ra 14.6 

U 16.0 

V 10.1 

If 15.0 

Y n.o 
Yb lt.7 

ln 10.9 

Ir 12.1 



• Table 3.2 Summary of Entropy Contribution of Negative 
Ions in Solid Compounds at 25°C (49) 
( values in cal/mol • OC) 

Charg. OD Poaiti .. IOD 
Negati". IOD +1 +2 +3 +. 
p- (5.5) ".7 ( •• 0) 5.0 
CI- 10.0 8.1 6.9 8.1 
Br- 13.0 10.9 (9. ) (10. ) 
1- 14.6 13.6 12.5 13.0 
CN- 7.2 (6. ) 

oa- (5.0) •• 5 3.0 

CIO- (16.) (10. ) (8. ) 

CI02- 19.2 (17. ) (1 •• ) 

Cl~- 2'.9 (20. ) 

CIO,- 26.0 (22. ) 

B~- 26.5 22.9 (19. ) 

I~- 25.5 (22. ) 

8,1°6- 33.9 (30. ) 

N02- 17.8 (15. ) 

N0
3
- 21.7 17.7 (15. ) (14.) 

• V~- 20.0 (18. ) 

linO - 31.8 (28. ) , 
cr 2 •• 0.5 0.5 1.0 
S2- 8.2 5.0 1.3 2.5 

S.2- (16. ) 11.. (8. ) 

T.2- (16.5) 12 .1 (9. ) 

c~2- 15.2 11 •• (8. ) 

s~2- (19.) lot.9 ( 11.) 

Ct',2- (22.) 17.7 ( 1". ) 
SO 2-

4 22. 17 .2 13.7 (12. ) 
cre 2-, 26.2 (21. ) 

SiO 2-, (19. ) 13.8 (9. ) 7.9 

Si~2- 16.8 10.5 (7. ) 
PO 2-

4 (24. ) 17 .0 (12. ) 

8C~- 17.' (Il. ) (10. ) 

8.;'0,- 22.8 (18. ) 

B~SO, 
- 25.1 (21 • ) 
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Using this method, the entropies of TiOS04 , Ti (SOI,) 2 and 

Ti2( S04)3 were calculated. 

TiOS04 9.8 calloC + 1 calloC + 12 calloC ( 3.12) 
= 22.8 cal/oC or 95.5 J 1°C 

Ti(S04)2 9.8 calloC + 2( 12 ca IloC ) (3.13) 
= 33.8 calloC or 141.5 J 1°C 

Ti2( S04)3 2( 9.8 calloC ) + 3 ( 13.7 calloC (3.14) 
= 60.7 calloC or 254. 1 J 1°C 

3.3 Estimation of Heat Capacities 

The Kopp-Neumann (50) rule provides a rneans of estimat i ng Cp 

for solid substances at roorn temperature. According L0 thlS 

rule, the heat capacity Cp for cornpounds at roorn temperature 

is approximately equal to the sum of the heat capacities of 

the constituent elements. The value of Cp at 25°C is obtained 

by adding 25.9 J 1°C for each atorn of the compound. 

with this rule, we calculated: 

TiOS04 

Ti(S04)2 

Ti2(S04)3 

181.3 J/gmolOC 

284.9 J Igmol Oc 

440.3 J/gmolOC 

(3. 15) 

(3.16) 

(3.17) 

Kellogg (51) developed an improved method for estimating the 
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heat capacities of SOlld compounds at 25°C which consists of 

adding up the contributions from the cationic and anionic 

groups ln the compound. The indi vidual contributions of 

catlons and anIons are listed in Tables 3.3 and 3.4. 

EstImation of the heat capacities of titanium sulphates with 

this method gives: 

TiOS04 

Ti(S04)2 

Ti2 (S04)3 

2 3 . 8 + 15. 9 + 72. 8 = 112. 5 J / groo l Oc 

2 3 . 8 + 2 ( 72 • 8 ) = 1 6 9 • 4 J / gmo l Oc 

2 ( 2 3 . 8) + 3 ( 74 . 9) = 2 7 2 • 3 J / groo 1°C 

(3.18) 

(3.19) 

(3.20 ) 

For this work, the heat capaci ties calculated wi th the Kellogg 

improved method were used. 

3.4 Estimation of the Heat of Formation 

One approach for the estimation of heat of formation of simple 

inorganic compounds is to assign a characteristic parameter 

(or parélfficters) to each element making up the compound. 

wilcox (52) used this approach and developed a method for 

est imating the heat of formation of inorganic compounds. 

Using a computer program he found: 

Ti (S04)2 

Ti2 (S04)3 

2181 ± 126 kJ/mole 

3387 ± 63 kJ/mole 

-25-
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Table 3.3 Atomic Contributions to C at 25°C (51) p 

Ag 25.5 

Al 14.6 (23.4) 

A. 21. 3 

Au 26.4 

B 5.4 (10.9) 

Ba 27.2 

Be 7.5 (11.7) 

Bi 27.2 

Br [27.6] 

C [8.4) [10.5) 

Ca 23.4 [25.1] 

Cd 25.1 

Cl [25.1] 

Co 25.1 

Cr 25.1 

C. 26.8 

Cu 25.1 

P[22.2] 

P. 25.5 

Ga 20.1 

Ge 21.8 

H 6.3 

Hf 26.' 

Hg 26.' 

I [28.5] 

In 23.' 

Ir 26.' 

It 25.9 

La 27.2 

LantbaDid •• 26.4 

Li. 20.5 

Mg 18.' (23.8) 

Mn 25.1 

110 25.5 

N 18.8 (18.8) 

Na 25.1 

Nb 25.9 

Ni 25.1 

0[16.7] 

P 15.1 

Pb 27.2 

Pd 25.5 

Note: unit. Ar. J/g.atoa.oC 
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Pt 26.4 

Rb 26.4 

Rb 25.9 

S [20.9] 

Sb 25.5 

Sc 20.1 

Se [27.2] 

Si 12.6 (20.1) 

Sn 25.5 

Sr 25.5 

Ta 26.4 

Te ? 

Th 28.0 

Ti 23.8 

Tl 25.5 

U 28.9 

V 25.1 

W 27.2 

y 23 •• 

ln 22.6 (25.1) 

Zr 25.5 
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Table 3.4 Anion Contributions to C at 25°C (51) p 

Cation charge 

Specie8 +1 

F­

Cl 
Br-

1 

02-
82-

8e2-

1'e2-

H3-

08-

23.0 

25.5 

27.6 

28.5 

17.6 

29.3 

(31.4) 

(15.9) 

(32.2) 

88- (52.7) 

8e8-

c~2-
N0

3
-

8°32-

CI0
3

-

B~-

1°3-

8°42-

CI04-

cr0
4
2-

2-Cr20 4 
B8

4
-

CN-

(46.9) 

60.7 

69.0 

(69.9) 

75.7 

(79.1) 

(79.5) 

79.1 

80.3 

92.9 

64.9 

(37.7) 

+2 

22.2 

25.1 

27.6 

28.5 

19.3 

23.8 

(27.2) 

(46.0) 

22.2 

(29.7) 

57.7 

62.8 

(68.2) 

(71.1) 

75.3 

76.2 

107.5 

(37.7) 

+3 

21.3 

24.3 

27.6 

(29.3) 

17.2 

23.0 

(36.8) 

Hi.7 

(58.6) 

74.9 

(33.5) 

+6 

20.9 

23.8 

27.6 

(28.5) 

15.9 

20.9 

(25.1) 

16.7 

(72.8) 

+5 

21.3 

26.4 

15.1 

(19.7) 

Note The value. in parentheae. are ba.ad on acant evidence. 
Tbe unit. are J/q.ato •. oc 
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For TiOS04f however f the method was not reliable and a 

comparative method was used instead which consisted of 

comparing the compound with another of a similar atomic weight 

( 53) . As an illustration of the method Figure 3.1 was 

constructed which compares the heats of formation for titanium 

and vanadium compounds. Vanadium was chosen because of its 

similarity with titanium. There was data available in F*A*C*T 

for: 

But not for TiOS04 • By interpolation we estimated the 

following heat of formation for: 

1637 kJ/mole (3.23) 

This compares weIl with the estimation made by Bobyrenko (54) 

who used zirconium compounds as a comparison base. He found 

respectively: 

TiOS04 

Ti(S04)2 

1870 kJ/mole and 

2310 kJ/mole 

-28-
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Table 3.5 Surnrnary of Estirnated Therrnodynamic Properties 

Entropy Heat Heat of 
Compounds capacltlt?s format ion 

J/oC J/gmolOC kJ/rnole 

TiOS01. 95.5 112.5 1637 

Ti(Sol.);> 141.5 169.4 2181 

Ti?(SOI.)~ 254.1 272.3 3387 

3.5 Thermodynamic Modelling Results 

The estirnated thermodynamic properties (summarized in Table 

3.5) of the titanium sulphates were added into our database. 

"Equilibrium" was used to define which of the three TiP3 

reactions with sulphuric acid was favourable (Reaction 3.3, 

3.4 or 3.5). In the full temperature range of the digestion 

process, 25 to 250°C, F*A*C*T Equi 1 ibrium deterrnined the 

following product mixture when Ti 20 3 and H2S04 react at 1: 1 

ratio: 

(3.26) 

This reaction is a cornbination of the following two: 

Ti203 + 0.25 H280" ---~ 2 Ti02 + 0.25 H28 (3.27) 

0.75 Ti02 + 0.75 H2SO" ---~ 0.75 TiOSO" + 0.75 HP (3.28) 
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In this particular case, more sulphuric acid is necessary to 

convert aIl the titanium oxide into titanium sulphates. If 

the sarne reactants are used, but with the addition of water to 

simulate a 92 % sulphuric acid, the sarne products are 

obtained. However, when oxygen is included in the reaction, 

reaction (3.6) is favoured. 

To determine the effect of the sulphuric acid to TiOz ratio on 

equilibriurn product composition the two reactants were mixed 

in varying ratios (i.e. x was varied). 

(3.29) 

Using "Equilibrium" the data reported in Figure 3.2 was 

generated. According to these results aIl TiOz is found to be 

tlansformed into TiOS04 with no signs of Ti(S04)Z formation 

even if more acid is used. AlI excess acid is found in the 

product as free acid. 

The reactions of more complex compounds closer to those 

present in slag (55), such as Ti30s ' MgO.2TiOz, FeO.TiOz' 

Alz0 3 • TiOz and CaO. Alz03 • TiOz were analyzed to establish whether 

or not a difference existed in their reaction with sulphuric 

acid. F*A*C*T showed that the sarne products where the rnost 

stable . 
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The sulphuric acid to Sorelslag ratio is an important variable 

in digestion. To predict its effect "Equilibrium" was run 

with three different acid/slag ratios: 1.5, 1.7 and 1.9 % wt. 

The corresponding molar ratios of each of the oxide phases 

p~esent in thB slag were as follows: 

0.7885 Ti02 + 0.0876 Ti203 + 0.1531 FeO + 0.1390 MgO 

+ 0.0517 Si02 + 0.0382 AlP3 + 0.0089 CaO + selected ratio of 

H2S04 + amount of H20 to simulate attack at 92% concentration 

of acid. (3.30) 

The products obtained from this reaction, at equilibrium 

temperature of 200°C, are shown in Figure 3.3. The results 

indicated that aIl the oxides contained in the slag are 

transformed into sulphates, even with a ratio of 1.5. with a 

ratio of 1.9, the extra amount of sulphuric acid is used to 

convert the titanyl sulphate (TiOS04 ) into titanium bisulphate 

(Ti(S04)2). For the three acid/slag ratios used, aIl the acid 

is transformed into sulphates and S02 gas. The reaction 

oxidizes aIl the Ti ( III) present in the slag before the 

reaction converts the Fe(II) into Fe(III). 

The reactiolls were tried at different temperatures. At low 

temperature (below 100°C) hydrated sulphates are produced. At 

high temperature sulphates and steam are produced . 
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The sub-programm "Reaction" was used to calculate the heat of 

reaction generated in the digestion of the different oxides 

wi th sulphuric acid. Table 3.6 gives the heat generated per kg 

of oxides reacting with sulphuric acid. We can see that the 

oxidation of Ti(III) into Ti(IV) (reaction 3.4 to 3.6) is the 

most important source of heat. The reaction involving CaO is 

less significant, due to its low content in the Sorelslag. 

Table 3.6 Heat Generated by the Reaction of 1 kg of Oxide 
with Sulphuric Acid at 180°C 

oxides Heat Reaction 
Generated 

(kJ/kg) 

Ti02 1606.06 3.1 
Ti02 1359.75 3.2 
Ti203 1220.29 3.3 
Ti203 2994.32 3.4 
Ti203 2503.65 3.5 
Ti203 4359.67 3.6 
FeO 1295.15 3.7 
Fe203 406.93 3.8 
MgO 2970.25 3.9 
AIP3 614.37 3.10 
CaO 4208.47 3.11 
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CHAPTER , 

EXPERIMENTAL 

This chapter covers the preparation of materials, the 

description of the apparatus, the standard digestion procedure 

and the analytical techniques used. 

6.1 Preparation of Materia1s 

The titanium slag supplied by QIT-Fer et Titane was the 

regular Sorelslag type, as shipped to pigment producers. 

The slag was ground in a dry baIl mille Three different 

samples were prepared to study the effect of particle size on 

the digestion. 

The size analysis of a fine material like the one used in the 

sulphate process is not easy. Three different techniques of 

analysis were used: wet sieves, sedigraph and diffraction. 

Tables 4.1 and 4.2 show the chemical analysis and the size 

distribution analysis of the three samples used (coded 

respectively SQIA, SQIB and SQIC). The sedigraph particle 

size distribution plots are shown in Figure 4.1 . 
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Table 4. 1 Chernical Analysis of the Three Slag Sarnples Used 

1 1 SQ1A ( % ) 1 SQ1B ( % ) 1 SQ1e ( % ) 1 

TiO;> 77.0 77.3 77.3 

. * 
Tl;>O~ 13.7 14.2 15.7 

Fe Total 8.8 8.8 8.53 

Fe Metal 0.16 0.17 0.39 

FeO 11.11 Il.12 10.45 

AI;P" 3.70 3.69 3.73 

CaO 0.56 0.56 0.5 -i 

MgO 5.38 5.40 5.40 .-
C 0.022 0.022 0.022 

1 f---

S 0.080 0.077 0.084 Il 
P;>0c; 0.006 0.010 0.004 il 
MnO 0.26 0.27 0.26 

SiO;> 3.15 3.16 3. 16 

Cr2 03 0.17 0.18 O. 16 

V;>0c; 0.62 0.60 0.60 
,--

*Express as Ti02 
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Table 4.2 Size Distribution Analysis of the Three Sla9 
Samples Used 

SQ1A SQ1B SQ1C 

Wet sieve 
+200 Mesh (74 ~m) 0.6 \; 3.0 \; 19.6 \; 
-200, +325 Mesh 6.0 \; 10.5 , 14.0 , 
-325 Mesh (43 ~m) 93.4 % 86.5 % 66.4 , 

Sedigraph 
dsox 11 ~m 17 ~m 23 ~m 

Diffraction 

" dsox 10.2 J.lm 16.4 J.lm 17.4 Jlm 
Il 
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Sulphuric acid at an initial concentration of 96 ta 97 ~ by 

weight was used to dlg8st the slag. This concentration was 

verified by standard analytical methods. 

4.2 Apparatus 

The equipment used for these tests has 

constructed ta simulate in the best 

been designed and 

possible way the 

condi tions encountered in commer :ial digesters, i. e. air 

agitation, steam heating, curing, and dissolution. Its 

construction was based on the experience obtained wjth less 

sophisticated Experimental devices previously developed at QIT 

(56,57). The reactor had a design capac i ty of 1500 g of slag 

per batch. 

4.2.1 Reactor 

The reactor was made of 316 stainless steel and had a volume 

of 8.1 litres. The internaI surface was covered with a 1 mm 

thick lead coating that was electrolytically applied (58). 

This lead coating was used for anti-corrosion protection, as 

stainless steel is not resistant ta dilute sulphuric acid and 

liquors containing Ti(III) (59). The cover of the reactor was 

fIat. Detailed data on the reactor sizes and shape are shawn 

in Figure 4.2. 
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Figure 4.2 Digestion Reactor 
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4.2.2 Heating system 

The reactor was supperted by a steel cylindrical structure 

which was insulated but allowed hot air circulation around the 

reactor. Hot air temperature was controlled so as te follow 

the temperature evolution in the reactor. Ext~rnal heating of 

the reactor with hot air was necessary to compünsate for the 

heat losses. With this system, it was made possible te reach 

the same temperatures as in industrial reactors for which no 

external heating is used. It is well known that even wi th 

insulation, pilot plant heat los ses are much greater than 

found in commercial units (60). 

4.2.3 Mixing 

The mixture was agitated by an air flow injected through the 

bottom of the reactor, as in commercial digesters. Air flow 

and pressure were controlled throughout each complete 

digestion cycle (mixing, attack, curing and dissolution). 

4.2.4 Data acquisition 

An IBM-compatible microcomputer equipped wi th a 16 channe l 

Optomux card was used for data acquisition. This system was 

used to monitor the temperature of the reacting mass, of the 

exi t gas stream, of the heating system and of the steam. 

Iron-constantan thermocouples of 0.16 cm (1/16") diameter were 
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connected to the card. The thermocouple installed in the 

reactor was coated wlth teflon for protection against acid. 

The evol ution of the reaction temperature was displayed on the 

screen of the microcomputer. The Labtech Notebook software 

was used during the experiments to draw the temperature 

flowchart. 

4.2.~ Gas collection system 

The exit gases were cooled by two condensers at the reactor 

outlet and were then passed through four traps containing 

sodium hydroxide. By analysing the contents of these traps it 

was possible to follow the amounts of sulphur (S), hydrogen 

sulphide (H28), sulphur dioxide (8°2 ) and sulphur trioxide 

(S03) produced during digestion (61). 

4.2.6 St.eam 

A Cole-Parmer Chromalox electrical stearn generator having a 

capacity of 4 kg/hr supplied the steam required for starting 

the reaction. The sleam line was heated by an electric wire. 

Steam line temperature and pressure were kept constant by 

controllers. The resulting condensed water (from the 

condensing tube on the stearn line) was used to calibrate the 

stearn flow rate before the test so as to deterrnine the arnount 

of steam lntroduced into t.he reactor and to calculate the 

sulphuric acid concentration for digestion. 
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4.2.7 Tachometer 

The readings from a tachometer installed on the axis of a 

small agitator immersed into the mixture were used as an 

indirect measure of the viscosity of the slurry as weIl as an 

accurate measure of the set-up tlme*. The output of the 

tachometer was a 0-5 V ana log signal that was recorded by the 

computer. 

4.2.8 Settling tank 

The settling tank consisted of a pyrex tank provided with an 

isothermal liner that permitted a flow of hot water in order 

to maintain the liquor tempe rature at 6SoC. The lower section 

was graduated sa the amount of settled residues could be 

measured. The installation of a valve at the bottom of the 

settling tank permitted the discharge of the liquor and sludge 

while still hot which made filtration much easier. The 

experimental set-up is schematically shown in Figure 4.3. 

·Set-up 1 as explained later, indicates the conditions at wh ich 
the viscous reacting mass becomes solid. 
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4.3 Digestion Procedure 

The reactor was initially loaded with concentrated sulphuric 

acid and slagi by means of an air flow of 3.2 l/min. the 

contents of the reactor were mixed for 10 minutes; the air 

flow was then reduced to 2.7 ljmin. Then the temperature was 

gragually lncreased by turning on the heating systen 

surrounding the reactor and by injecting steam into the 

mixture. A quantity of demineralized water was poured into 

the reactor when the temperature reached goOe in arder ta 

obtain the pre-determined acid concentration. This addition 

caused a sharp temperature increase and the reaction started. 

Steam injection was stopped after 65 9 of steam had been 

introduced. The temperature inside the reactor rose ta a 

maximum. Meanwhile the temperature of the heatlng system was 

maintained as close as possible ta that in the r-eactor. A 

tachometer was used to indicate the accurate set-up time (i. e. 

the time the reaction mass solidifies). Ten minutes after the 

set-up point the air flow was reduced by 50% and then was 

stopped completely after a further ten minutes. By then the 

mixture was very solid. A typlcal temperature evolution 

profile during digestion is shown ln Figure 4.4 (test Run 4): 

for the reactor temperature, the external heating system 

temperature and the temperature of the exit fumes. 
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The locations of the thermocouples used to monitor the three 

temperatures are shown in Figure 4.5. 

After solidification (set-up) the reaction mass was allowed to 

cure for a given time at 180°C. Upon completion of curing, 

the heating system temperature was set at 800e and the cake 

allowed to cool overnight. 

The following morning, the temperature of the cake was 

approximately 700e making possible i ts dj ssol ut ion wi th the 

introduction of water through the bottom of the reactor. 

During dissolution, the cake was agitated with an air flow of 

2.8 l/min. For complete dissolution a retention time of 5 to 

6 hours at 75°C was reguired. 

At the end of dissolution, the reactor was emptied from the 

bottomi the liguor transferred into a small agitated tank 

where flocculant (Diafloc) was continuously added, then it was 

transferred into the settling tank. 

After settling, the liguor was filtered under vacuum and three 

streams were recovered: sludge, liguor and washing water. 
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Figure 4.5 Thermocouples Location in Digestion Reactor 
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• For each digestion test a Ti02 material balance was performed 

and several calculations were made to determine recovery, the 

amount of acid lost in the gases and the properties of the 

liquor for the following step (hydrolysis). These 

calculations were made and recorded on an electronic 

spreadsheet, Lotus 123 (See Appendix D). 

4.4 Analysis 

The analyses which were made at the research laboratory of 

QIT-Fer et Titane (61) included several complete analyses of 

the slag. The composition reported in Table 4.1 gives the 

average of these analyses. 

The products resulting from these digestion tests, i.e. black 

liquor, digestion residue and wash water, were analyzed for 

Ti02 content. The stability, the percentages of free acid, 

Ti203 , and Total Fe in black liquor were also analyzed using 

the standard analytical techniques developed at QIT-Fer et 

Titane (61). 
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5.1 

CHAPT!R 5 

STATISTICAL DESIGN METHODOLOGY 

Selection of Process Variables 

Many variables infl uenc€: the digestion process: slaq 

composition, the particle size of the feed material, the 

sulphuric acid/slag ratio, the initial acid concentration, the 

acid concentration after dilution with water and steam, the 

temperature at which the addition of water and steam are 

stopped, the addition of organic material (40), the air flow 

used for agitation, tne baking time, the baking temperature 

and the amount of air used during baking (38,39) . 

Because of the large number of parameters involved, it is 

understandable that only a few could be evaluated. The data 

from a previous investigation conducted at QIT (33) and the 

information coilected from the literature fomed the basis for 

the selection procedure. Four variables were considered the 

most important for the digestion of Sorelsla1: the particle 

size of the slag, the sulphuric acid/slag weight ratio , the 

sulphuric acid concentration after dilution (at the attack) 

and the baking time. The range of conditions tested in this 

experirnental program was chosen on the basis of operating 

conditions practised at commercial level. In Table 5.1, the 

ranges for the four process variables are surnmarized . 
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Table 5.1 Range of Process Variables Investigated 

PROCESS RANGE' OF CONDITIONS 
VARIABLE 

LOW MEDIUM HIGH 

d so:. SI ZE 11 17 23 
(mlcron) 

RATIO 1.5 1.7 1.9 
acidjslag 

H2S04 conc. 88 91 94 
( % ) 

BAKING TIME 2 4 6 
(hrs) 

The other variables were kept constant at values which are 

normally used in commercial installations. The principal 

objective of this work was to characterize the effect of 

changes in the process variables on the extraction yield of 

However, other important effects that were followed 

closely included: the maximum temperature obtained in the 

reactor, the solidification time (set-up time), the active 

acidjtitanium ratio·, the degree of oxidation of Ti203 dunng 

digestion, the sulphuric acid lost in the fumes, and the 

height of the digestion cake. 

5.2 Selection of Statistical Design 

The purpose of this study was to determine the response of the 

*This term will be fully explained in section 6.4.4. 
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seven dependent variables (yield, maximum temperature, set-up 

tlme, active aCld/titanium ratio, oxidation, fume lasses and 

cake height) to changes in the four independent variables 

(pdrtlcle size, acid/slag ratio, acid concentration and baking 

by an empirical model (mathematical equation). 

Polynomial approximations are widely used and have proven very 

valuable in modelling process data (62). 

A polynomial has the same forrn as a Taylor Series that has 

been truncated after a specified nurnber of terms. The first 

order Taylor Series is a linear approximation. In the 

operatlonal region of most processes a second order Taylor 

Series is an adequate approximation. In this case, the 

digestion of Sor~lslag by sulphuric acid was approximated by 

a second-degree polynomial. In its general forrn, the selected 

empirical model was: 

(5.1) 

where, 

y Measured or calculated response 
X, Design variables 
b, Flrst-order coefficients 
b

ll 
Second-order coefficients 

b Interaction coefficients 
') 

e Residual (difference between the measured 
response and the corresponding value predicted 
by the polynomial model) 
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The polynomial coefficients are not those of the Taylor Series 

but are constants adjusted by least squares to glve a small 

prediction error throughout the region of interest, which was 

assumed to be the region ln WhlCh data have been obtained. 

Second-arder experimental designs that mlght be suitable to 

obtain the polynomial model are full three-level factorial 

designs, central composite designs, regular polygon designs 

and fractional designs (45). 

A Box-Behnken design, which is an incomplete three-l eve l 

factorial d~sign, was chosen. The Box-Behnken design limits 

the number of runs for the different sets of conditions and 

produces estimates of first-order and interaction term 

coefficients uncorrelated Wl th each other. Only the 

coefficients of the quadratic terms are correlated with each 

other and wi th the constant term bo• 

Each Box-Behnken design employs a subset of the points in the 

corresponding full three-Ievel factorial, with two extra 

replicates at the centre point which provide a measure of 

inherent experimental error. The four-variable Box-Behnken 

design used here is shown in Table 5.2 (62). 

Symbols X
1

, X
2

, X
3

, and X4 represent, respectively, the 

particle size of the slag, the sulphuric acidjslag ratio, the 
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Table 5.2 Four-Variable Box-Behnken Design 

Expenment 
Xl X2 X3 X4 Number 

1 + 1 + 1 0 0 
2 + 1 - 1 0 0 
3 -, + , 0 0 
4 -, -, 0 0 Block 1 
5 0 a + 1 + 1 
6 a a + , - 1 
7 a a . 1 + , 
8 a a -, - 1 
9 0 a 0 0 

la + , a a + , 
11 + 1 a a - , 
12 - 1 a a + 1 
13 - , a 0 - , Block 2 
14 a + , + 1 (" 
15 a + 1 -, 0 
16 0 - 1 + , a 
17 0 - 1 - 1 0 
la 0 a 0 0 

19 + 1 a + 1 0 
20 + 1 0 - 1 0 
21 - , 0 t 1 0 
22 . , 0 - 1 0 Block 3 
23 0 + , 0 + , 
24 a + 1 0 - , 
25 0 - 1 0 + , 
26 0 - 1 0 - , 
27 0 0 0 0 
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acid concentration and the baking time. 

represents the high, medium and low 

The +1, 0 and -1 sign 

coded val ues of the 

variables. The execution arder was randomized ta ellminate 

tlme effects as much as possible. 

5.3 Selection of Statistical Software 

To treat and analyze the Box-Behnken design output data, to 

obtain a representation of variable interactions; to obtajn 

the polynomial equatlon and ta check the statistical accuracy 

of the results, software especially developed for computer­

aided design of experiments (CADOE) was used. CADOE Software 

packages automatically perform many of the calculations and 

manipulations required. Highly detai led graphie d isplays 

provide 3n easy-to-understand picture of exactly how the 

pracess performs. 

Sorne of the personal computer software packages being used for 

the se purposes today include ECHIP (63), RS/Discover, Desjgn 

Ease (64), Design Expert (64), XStat and Statgraphics (65). 

'The present work was performed using Statgraphics. This 

software package includes the Box-Behnken technique and it i8 

user-friendly. 

ro create an experimental program wi th Statgraphics the 

following steps have to be performed: 
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-Design Specification 

-Variables definition 

-Design selection 

-Design options 
specification 

-Experiment saving 

The nurnber of independent 
variables and the nurnber of 
response variables are set. 

Narnes for each independent and 
response variable are provided, 
speclfylng the units for each. 
The high and low levels for 
each factor are set. 

A design from a list of designs 
that are available for the 
nurnber of independent variables 
specified is selected (in this 
case, Box-Behnken design was 
selected) . 

Centerpoints and randornization 
of the runs are specified. 

The system is instructed to 
save the experiment in a file. 

After the experimental prograrn is completed, the data 

collected for each run are entered in the software and the 

analysis begins. First, the estirnate effects are calculated. 

using: 

Effect = (response at high level)-(response at low level) 

The display includes the standard error of the estirnate for 

each effect. Once the estirnated effects have been calculated, 

a standardized Pareto C~art is created. This chart is sirnilar 

to a Pareto chart (65), except that it shows the effect 

dlvided by its standard error. The chart includes a vertical 

line at the critical t-value for an a of 0.05. An effect that 

exceeds the vertical line rnay be considered significant. The 

non-significant effects are rernoved and only the significant 
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ones are retained to build the model. The system produces an 

analysis of variance table, which is called the ANOVA table, 

that includes the sum of squares, degrees of freedom (OF), and 

mean square for each of the effects. The tabl e al so shows the 

F-ratio and signi f icatJL' l eve l for each e f fect. Est lmate 

regression coefficlents are calculdted to flt the data in its 

original uni ts. These val ues are the coef fic ients 0 f the 

polynomial equation used ta plot the Response. 

To determine whether the model, as estimated, adequately fits 

the data, a diagnostic plots section is availùble. When aIl 

the information has been verified, two or three djmenslonal 

graphs of the response over the selected design region for the 

process can be generated to visualize each response surface 

and to determine the optimum operating conditions. 
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CHAPTER 6 

RESULTS AND DISCUSSION 

6.1 Experim~ntal Design Data 

Statist ically designed digestion experiments of Sorelslag were 

performed ta establisn 0ptimum conditions for sulphation of 

ti tanium oxide and to have a better understandir:g of the 

effect of the variables. In total, 27 experirnents were 

performed following the Box-Behnken statistical methodology 

described in section 5.2. The independent variables 

investigated were partie le size of the slag (SI ZE, dSO% in 

micron), acidjslag weight ratio (RATIO), sulphuric acid 

concent ration at the attack* ([ H2S04 ], in wt% uni ts) and 

baking time (BAKING, in hours). Initial sulphuric acid 

concentration (96 wt%), stearn addition (65 g), set-off 

pointU (135°C) and the baking temperature (180°C) were held 

constant throughout the experirnental prograrn. 

The following responses were measured: yield of titanium oxide 

conversion (Y 1 ELD, %) 1 maximum tempe rature obtained in the 

reactor (MAXIMUM, OC), set-up time (SETUP, minutes), active 

*This corresponds to the acid concentration after 
dilution with water and stearn as explained in 
se~tion 4.3. 

"This correspond to the time were the steam addition 
is stopped. See Figure 4.3. 
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acid/ti tanium ratio (AAc/Ti), Ti20 3 oxidized (OXIDATION, %), 

mass of sulphuric acid gaseous products generated by the 

reaction (FUMES, g) and cake height (CAKE, cm). AU the 

experimental data are given in Table 6.1. From thlS 

information, statistical model equations were developed for 

each of the responses and the results are discussed in section 

6.4. 

6.2 Heat and Mass Balances Calculations 

The analysis of Ti02 in the slag and the analysis of TI0
2 

in 

the products, black liquor, residue and washing, providect a 

way to verify the validity of the experimental datd. For each 

of the tests, a Ti02 mass balance was performed. Table 6.2 

gives the respective results for the 27 experiments. If run 

15 is excluded because sorne of the product was lost during the 

test, an average discrepancy of 1.15 % between the TI02 fed 

and collected was consistently obtained. This difference is 

within the accuracy range of the analytical techniques. 
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0'1 
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1 
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TABLE 6.1 : FOUR-VARIABLE DESIGN RESPONSE SURFACE: DATA OF THE DIGESTION 

OF SORELSLAG WITH SULPHURIC ACID 

1 RUN i SIZE RATIO 1 [H2S(4) BAKING 1 YIELD [MAXIMUM 1 SETUP AAclTl 1 OXIDATIONTFU~ CAKE l 
1: l ' 

1 

(~) (C) 
1 

(mm ) i (~) 1 w 1 (cm) 1 , /1 : (rrucron) \ Ac/SI ('KI) 1 (hn) i 
1 1 17 1 1.7 91 1 4 ' 922 .l08 ~ 24 5 1 1725, 623' 275 155: 

-~ 

: 2 . Il ' 1 504 91 24 .. 1 877 1 210 l 1531 1526 68 6; 340~_~Sj 
i 3 23 15 91 4 857 201 : 272\ 1522 574 i 340i 175 1 

4 Il 19 91 4 946 2~ 29 5 ' 1959 798 463 150 
3521 

-
5 23 19 91 4 931 204 : 275 1963 522 175 
6 1 17 17 88 2 93 1 1 193 

- ------
407 1896 674 341 168 

7 17 1 7 94 2 91 6 217 205 1780 548 258 153 
8 17 1.7 887 61 947 198 322 1666 688 390 165 -
9 17 1.7 94 6 944 218 195 1 581 680 41 7 160 -- ---- -- -

10 1\ 1.7 91 2 900 205 102 1897 650 36~+-___ I?~ -
Il 23 17 91 2 883 202 2'10 1859 

50 31 
177 185 

1---- --
12 Il 1.7 91 6 920 204 ,6.4 1199 350 835 

13 23 1.7 91 6 902 204 274 1763 682 342 175 ._--
14 17 1 7 91 4 923 201 312 1744 646 411 164 
15 17 1 5 88 4 894 192 37.8 1.496 68.5 250 170 
16 17 1.9 88 4 950 194 38.5 1925 71 8 401 158 

17 17 1.5 94 4 880 216 193 1552 61 2 270 160 
18 17 1 9 94 4 947 217 25.4 1897 625 455 152 
19 Il 1 7 88 4 936 192 391 1.659 797 456 153 -
20 23 1.1 as 4 92.2 190 328 1619 651 447 185 

21 Il 1.1 94 4 937 218 28.5 1614 71 9 439 136 
22 23 1.1 94 4 890 215 3O.S 1.644 58.8 34.7 19.0 
23 17 I.S 91 2 88.6 208 21.6 1.474 57.1 30.2 155 

24 17 1.9 91 2 930 203 31.9 1.883 44.0 238 163 
25 17 I.S 91 6 91.1 206 27.0 1.)92 71.4 448 15 2 

26 11 1.9 91 6 94.6 198 31.2 i 1.869 69.4 32.9 
27 17 1.7 91 4.5 93.1 195 283 1.644 61.6 37.4 16.2 

----- ----- --



Table 6.2 Mass Balance of Titanium Oxide 

RUN FEED PRODUCT LOSS 

# SLAG LIQUOR RESIDUE WASH (g) ( % ) 
(g) (g) (g) (g) 

-- - - - - - -

1 1159.5 995.8 o6.~ 73.0 :?4.5 ~. l 1 -- ----~--- ---- ----- --

2 1155.0 965.6 141. 0 36.6 11.8 1.03 -- -------------~-- ---- f----- - - -- --

3 1159.5 942.0 1 b 3.2 40.0 14.) 1. .~ / ---------- f--------- -------

4 1155.0 1068.6 6:2. 1 24.0 -0.3 -0.03 
--------- ----- -----

5 1159.5 1043.7 80. l 29.8 5.8 O. ~)O ---P ------
6 1159.5 1041.8 78.8 16. 1 22.7 1.lJ6 --1--- --i----------

7 1159.5 1018.1 96.6 29. l 15.6 1. FJ -------- f------- -------
8 1159.5 1039.8 60.5 35.0 24.2 ~.O9 

-----1------- - ----

9 1159.5 1053.0 63.8 29.0 13.7 1. 1 H -- r- ------

10 1155.0 1009.9 114.3 20.6 10.1 0.8/ 
--- f------ ------ ---

Il 1159.5 983.8 133.7 28. 1 13.9 1 . ;> 0 
-----f------- ---~- --

12 1155.0 1044.7 92.8 22.7 -5.2 -O.4S ._-- ---------

13 1159.5 1023.9 113.0 18.9 3. ) O. ~ / 
-- ~---_.- ---- -- -

14 1159.5 1036.2 88.4 30.2 4.7 0.41 
-----1----- ------ -

15* 1159.5 860.8 108.0 50.1 141 12.13 ----------- - ---

16 1159.5 1069.4 57.3 17.9 14.8 1. LR 
----~----- ------------

17 1159.5 973.5 136.9 33.6 15.5 1 . 3 1 
-- --------- ---------

18 1159.5 1072.9 61.0 23.7 1.8 O. 16 
-- -------

19 1155.0 1035.4 72.2 26.7 1 9 . 7 l . 71 
- ----- ------

20 1159.5 1027.4 88.9 26.1 17.2 1.4H 
---- -------

21 1155.0 1041.9 71.2 18.0 23.9 /..0/ 
- -- ------ ----

22 1159.5 1006.6 126.8 21. 6 4.5 O. VJ 
------~----- -. -- ----- -

23 1159.5 981.7 130.2 31. '3 16.2 1.40 
- -- -- - -- -

24 1159.5 1041.2 79.9 21. 3 17. 1 1.4B 
- -------

25 1159.5 1014.1 101.1 24.1 20.2 l . '/4 
- 1--- -

26 1159.5 1055.7 61.9 24.7 17.3 1. 49 
- ~-------- ------

27 1159.5 1058.2 79.4 14.7 7.2 O. 6 ~~ 
-

*Problem with the reactor, 1088 of black 11quor. 
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To have a better understanding of the digestion process a 

th80retical mass and heat balance was performed (details on 

how these calculatlons were performed and what kind of 

assumptions were used are gi ven in Appendlx E). Table 6.3 

gives the stoichiometric amounts of reactants and products for 

95 % digestion etticiency using the rniddle range values for 

the variables studied in thlS work. In this table the heat of 

reaction was calculated using F*A*C*T from the data for pure 

oxides. 

Tables 6.4 and 6.5 contain, respectively, the mass and heat 

balance resul ts. AlI the acid was converted into sulphate 

salts and the water produced by the sulphation reactions was 

approximately double the water contained in the dilute acid. 

During digestion, an average of 60 % of the water present was 

evaporated. 
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Table 6.3: StOichlOmetnc Amounts of Reactants and Products Obtained for 950/0 

DigestIon Etflciency (The data correspond to the mlddle range values 
of the pro cess vanables) 

1- - - -r -- SLAG JI H2S04 j SULFATES : - H20 ; - NON--- 1 
L--- ---l---(g). _1O~~; .!PR~~g~CE~_:R~~g~CED if:;:;'~~~g)! 
H~~~~:oIUble--_t- ---~~~ i~-t----- 1_~~~ -~~ ~ --- -~!~+{~ t--- 3~~_~~ i -- - -----~~~~~ : 
~ - -----------+------------1-- -- - - -1- --- ------ -- -i- --- ---- -- -1---- ______ -l 

1 Fe metal : 2 52 : 4 42 : 6 85 ! 0 81 : a 00 : 

r~~03 --------r- ---1~-~~~l- --21~~~~-~-- -}~6--~~ !~-~~~~~-~-~~~-------=~~~-i 
l _ --------~-"t___------- -----t----- - -- -- - ........ ----- - ....... - -- ---- - -t----- ---- - -~ 
IAI203 ' 5479 : 150 04 17453 2756 1 274 
~ -- _ ---- ----~ __ -- ----- -~ - --~--~ -----.J.__ .- - -- --_ - ~ _______ ---t 

CaO : 832 ' 1382 1918 254, 042, 
~ _______ ~ ________ ~ _________ ..1.- ___________ + _ _ _____ -+-------------_________ ----1_ 

'MgO ' 80 18 : 186 63 228 52 34 28 4 01 ' 
~- -- - ------ - ----{ - -- - -- • --- - -- -. - - 1- - ----- - ---.-

MnO ' 401 526 810 097 020, 
r- --- -+-- - --- - - - -- - - - - ..... - - +- - - - --

SI02 : 46 92 0 00 0 00 0 00 ' 46 92 ' 
- - - - -- ---- - ----------+---- - --- - ~ - ----- - - .... ____________ +-- - ---- -------- ----J 

Cr203 267 . 4 91 6 55 090 0 13 
~ - - --- -... - - .. - - - t - - - --~- - - t 
V203 8 76 10 88 18 09 2 00 a 44 : 

e 

HEAT OF -:- H-EA-T 1 

REACTION : GENERATED 1 

(kJ) ! (0/0) j 
126721~ - 540) 

563 15 240 j 
1640 ' 

~- --
203 16 i __ 

000 ' . 
_31 98 1 _ . 
3324 

22626 t 

6 18 
000 
1 42 

1479 

i 

00: 
- 1 

87 

00 
1 4 
1 4 
-- i 

96' - j 
03 
00

1 

l 

o 1 , 

- - - ---. - - - ---- --+-

06~ 
1 

-~- ----- - ----------
,T102 Insoluble l ___________ ~ 2955 ' 000 
, 

--.-
000 000 2955 --- -------~-- 000 

--- --- ---- ---t-- --

- ; 

00, 
- -- î 

i 
;------~-----J 

____ -L-______ ....J!_ ---- 1 ---

----r---
1 

1 -----..J.-___ 

r-----------,-------.. ---+---

L----------------------________________________________ _ 
138 ~___ _~347~!! ~ _______ 10_0!? J 25500 ' 34464 , 4676, iTotal. , 

~--- ~ 
1500 

------ -_---._--

• Calculated accordmg to stolchlometry 



Table 6.4 : Mass Balance for 95 % Digestion Efficiency 
-~ --- -------------

REACT ANTS (g) 

SLAG 15000 
H2S04 96 % 26563 
DILUTION WATER 1459 
OXYGEN 10.7 

TOTAL 4313 

PRODUCTS (g) 

SULPHATES 3446.4 
RESIDUE 1380 
REACTION WATER 467.6 
DILUTION WATER' 252.2 
S02 8.4 
H2S 0.9 

TOTAL: 4313 

EVAPORATION OF WATER DURING DIGESTION 

STEAM LOSS (g). 431.9 

-- ---------------------------

Table 6.5 : Heat Balance for 95 % Digestion Efficiency 

HEAT GENERATED 

TOTAL HEAT OF REACTION AT 175 C 
SULPHURIC AGIO DILUTION 
STEAM AT 122 G 

TOTAL 

HEAT ABSORBEO' 

SLAG FROM 20 Ta 175 G 
SULPHURIC AGID FROM 20 TO 175 C 
WATER FROM 20 TO 175 C 
AIR FROM 20 Ta 175 C 
VAPOUR (STEAM) 

TOTAL 
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2347.4 kJ 
243.4 kJ 
159.1 kJ 

2749.9 kJ 

161.7 kJ 
601.1 kJ 
94.6 kJ 
24.5 kJ 

1077.4 kJ 

1959.3 kJ 



According to table 6.S there is a surplus of heat generated. 

This is apparently an error and it is due mainly to the way 

the heats of reaction were calculated. The heat of reaction 

for the slag was calculated by addlng the contrlbutLon of each 

oxide contained in the slag. As dlscussed in Chapter .., ) ..... " , 

slag components are not present as pure oXldes but ln a 

ferrous pseudobrookite structure. The heat llberate~ by pure 

oxides is higher than the heat liberated by the chemical 

compound composed of these oxides. Calculations to correct 

the heat of reaction for such compounds are complex and it was 

considered as out of the context of this work. The best way 

to determine the correct heat of reaction ls direct 

measurement in a calorimetrie bomb. 

previous experiments (66) showed that approximately 80 % of 

the heat produced by the pure oxides is generated by digestion 

of ferrous pseudobrooklte. This fact together wlth the hedt 

lasses of the system (the system IS not perfectly adlabatlc as 

assumed in the ealculations) ean aeeount therefore for most of 

the diserepancy in the heat balance of Table 6.5. 

Despite the coneeptual errors, the heat balance ealeulations 

obviously show that it is the heat of reaction whieh is the 

major source of heat generated in the system whi le the 

evaporation of water absorbs most of the generated heat. 
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6.3 Mic_~9scopic Examination of Sorelslag Prior and After 
QJgestion 

Th~ mIcrostructure of Sorelslag prior to and after digestion 

was examlned to d~termine its phase distribution and chemical 

a~alysis. Scanning electron microscopy and energy dispersive 

X-ray analysis were Ilsed to characterize the finely ground 

Sorelslag powder, chunks of the digestion cake, as weIl as 

prepared metallographic sections of the cake. 

The Sorelslag powder consisted mainly of a titaniferous oxide 

phase (best known as pseudobrooki te) containing iron oxiCle and 

low amounts of magneslum and aluminium oxides with a particle 

size distrIbution between 5 and 40 pm. Sorne minor phases 8uch 

as al uminium-calci um-si l icates and metaIIic iron were aisa 

found on the polished sections. (Figures 6.1, 6.2, 6.3 and 

6.4) 

'l'he cake produced by the sulphate process consisted of an 

aggregate of submicroscopic titanium sulphate particles 

structured as a highly parous network and characterized by a 

high specifjc surface area. (Figures 6.5, 6.9 and 6.11) 

'l'he size of the aggregates ranged from 10 to 40 ~m; this is 

similar to the particle size of the ground Sorelslag prior to 

ciigestjon. (Figure 6.5) 
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Energy dispersive X-ray analysis of individual particles 

showed two distinct Ti to S molar ratios, 1:1 and l:~, which 

correspond to TiOS04 and Ti(S04)2. (Figures 6.9 and 6.10) 

Arnong the lmpurities present in the slag, Fe, Mg, Al and Ca 

were found in two distinct forms in the digestion cake: as 

sulphates containing Ti and a silicate phase. 

6.6, 6.7 and 6.8) 

(Figures 6.5, 

Two types of unreacted phases were found: pure titan i um ox i de 

(called insoluble in the industry) and silicates. It is worth 

mentioning that the latter contains Ti as a minor element. 

(Figures 6.11 and 6.12) 
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Figure 6.3 

Figure 6.4 
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6.' ~udy of the Digestion Response 

This section includes: the building and validation of the 

model equations and the analysis of the results obtained. 

6.4.1 Recovery of Ti02 

The yield of the titanium oxide reaction with sulphuric acid 

was calculated as: 

(6.1) 

Using the data obtainc.d from the 27 runs, the estimated 

effects were ca ll'ulated (see Table 6.6) . The standardized 

Pareto Chart, Figure 6.13, was created with the se values. The 

vertical line at the cri\- ical t-value (2.179) for an a of 0.05 

incl uded in the Pareto Chart, indicates that sorne of the 

effects, specially the interaction anes, are not-significant. 

The non-significant effects were eliminated and a new table of 

estimated effects was produced, Table 6.7, as weJJ as a new 

standardized V"lreto Chart, Figure 6.14. ANOVA table and 

estimated regression coefficients table for the significant 

effects were produced. The ANOVA table cantains the sum of 

squares, degrees of freedom and mean square for each of the 

effects (Table 6.8). The estimated regression coefficients 

table cantains the regression coefficients calculated to fit 

the data in their original units (Table 6.9). 
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Table 6.6 : Estimated Effects for Yield 

average 
A:Size 
B:Ratio 
C:H2S04 
D:Baking = 

= 
= 
= 
= 

AB 
AC 
AD 
BC 
BD 
CD 
AA 
BB 
CC 
DD 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

92.4685 
-2.16784 

5.76327 
-1.16517 

2.15567 
0.210179 

-1.62338 
-0.05 

0.576084 
-0.45 

0.431106 
-3.18169 
-1.82':>1 

1.72992 
-0.167164 

+/- 0.595468 
+/- 0.590047 
+/- 0.591033 
-t-/- 0.602997 
+/- 0.591327 
+j- 1.02746 
+j- 1.02147 
+/- 1.02181 
+/- 1.02148 
+/- 1.02181 
+/- 1.08942 
+/- 0.883514 
+/- 0.885392 
+/- 0.916523 
+/- 0.906034 

Standard error estimated from total error 
with 12 d.f. (t = 2.17938) 

B Ra t ).. 0 • 1 • L, 

A:S~ze -3 67 

D:Bak~~g 3.6~ 

AA -3.60 

BB - 2.06 

C H2S04 -1 93 

CC 1.89 

AC_ -!l.59 

BC III 56 

BD _ -.44 

CD 1 .40 

AB 1 .20 

DD 1 -.18 

AD ~- - .05 

o 2 4 

standard~Z8d ~ffe~ts 

8 

Figure 6.13 Standardized Pareto Chart for Yield 
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Table 6.7 : Estimated Significant Effects for Yield 

average 
A:Size 
B:Ratio 
C:H.2304 
D:baklng = 
AA 

= 

= 
= 

RB 
CC 

= 

92.3876 
-2.17483 

5.75682 
-1.18305 

2.17061 
-3.11939 
-1.76438 

1.82135 

+/- 0.386144 
+/- 0.528981 
+/- 0.529861 
+/- 0.539018 
+/- 0.52908 
+/- 0.743345 
+/- 0.745469 
+/- 0.75847 

Standard error estimated from total error 
with 19 d.f. (t = 2.09353) 

LI: Hat le) 

Al>. -4.20 

A. :-, J ,'F> -4.11 

n: Ha k 1 rI') 4.2.0 

cc 2,40 

BB -2.37 

-2.19 

o 2 4 6 8 

standardized effects 

10 

Figure 6.14 Standardized Pareto Chart for Yield with 
Significant Effects 
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Table 6.8 : ANOVA for Yield with Slgnificant Effects 

Effect Sum of Squares DF Mean Sq. F-Ratlo P-value 
A:Size 14.1886938 1 14.188694 16.90 .0006 
B:Ratio 99.0862059 1 99.086206 118.04 .0000 
C:H2S04 4.0436033 1 4.043603 4.82 .0408 
D:Baking 14.1284334 1 14.128433 16.83 .0006 
AA 14.7818689 1 14.781869 17.61 .0005 
BB 4.7021545 1 4.702154 5.60 .0:287 
CC 4.8404303 1 4.fl.40430 5.77 .0267 
Total error 15.9487031 19 .839405 
Total 174.080000 26 

R-squared = 0.908383 R-squared (adj. for d.f.) =0.874629 

Table 6.9 Estirnated Significant Regression Coefficients 
for Yield (in real units) 

constant 848.44 
A:Size =- 1.29181 
B:Ratio = 89.3782 
C:H2S04 = -18.6131 
D:Baking 0.542654 
AA = -0.0433248 
BB -= -22.0547 
CC = 0.101186 

Ali this information indicates that the yield is influenced by 

ail four independent parameters studied in this work. The 

model equation is: 

y = 848.44 + 1.29181X1 + 89.3782X2 - 18.6131X j + O.'A2f)L)4X~ 

- 0.0433248X{ -22.0547X; + O.101::'86X; 

where Yield of reaction (%) 
Particle size (micron) 
Acid/Slag weight ratio 
Acid concentration (wt%) 
Baking time (hrs) 
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By order of importance, it is the sulphuric acidjslag ratio, 

the bak ing time, the partie le size of the slag and the 

concentration of the acid which most significantly affect the 

yleld. 

To determine if the model adequately flts the data, diagnostic 

plots were used. A plot of the predicted versus observed 

values was built, Figure 6.15. The plot includes a line with 

a slope equal to 1 which gives perfect predictions. The plot 

can be used ta detect cases in which the variance is not 

constant or in which a transformation of the response variable 

is needed. In the case of the digestion yie ld, constant 

scatter around the reference line indicates a constant 

variance. 

A plot of the residuals versus the predicted values, Figure 

6. 16, shows that the points around the reference line are 

randamly distributed, which indicates a constant variance. 

Curvature with respect to the reference line may indicate a 

missing factor. This was not the case for the digestion yield 

response. 
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A plot of the residuals versus run arder (time), FIgure b. 17, 

shows that there is no sequent ial correlat ion among the 

residuals, which indicates no time effect. 

A normal probability plot of the residuals was used to verify 

if the residuals were normally distnbuteJ. The residuals 

fall approximately along a straight 1ine, as shawn ln Figure 

6.18, which indicates that the basic assumptlon of a normal 

distribution was true. 

Ta check the model prediction power in the range of thj s 

study, an additional run was carried out. This test, called 

verification run, used a partiele size of 17 micron, a 

sulphurie acid-slag ratio of 1.6, a concentration of 90 % and 

a baking time of 5 hours. The model equation predicted a 

yield of 91.6 %, which compares well with the experimental 

value of 91.7 %. This prediction is Wl thin the 1 % error 

range. 

Having verified the model the next step was to generate two or 

three dimensional graphs of the yield response. When three­

dimensional graphs are used, Surface or Contour plots can be 

produced. The Surface plots represent a three-dimensional 

grid surface for a function: Z = f(X,Y) and give a good 

general view of the response. The Contour plots represent a 

two-dimensional surface similar to a topographical map and are 

useful to determine a response for specifie conditions. 
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Figure 6.19 and Figure 6.20 which are, respectively, Surface 

and Contour plots of the Yield of reaction, show that for ct 

slag with a medlum Slze of 15 micron and an acid concentration 

of 91 % at attack, the yieJd of the reaction lncreases with an 

increase of the acidjslag ratio. This increase is less 

important in the high ratio zone, 1.8 to 1.9. With a ratio of 

1.5, the amount of sulphuric acid is less than the 

stoichiometric amount while at much higher ratio (> 1.8) the 

amount of acid ta slag is stoichiometrically in ex cess 

resulting in a less significant effect. 

Based on this observation, we can say that a reduction of the 

acidjslag ratio below 1.5 will have a really bad effect on the 

yield of the reaction while increases over 1.9 wi 11 have a 

negligible effect. 
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Figure 6.21 shows the effect of baking time on the reactiûn 

yield. Baking provides the time necessary for the slag ta 

react completely with the acid and a long baking tlme results 

in higher yield where the first hours are the most impnrtctnt. 

A baking time longer than 6 hours has an Insignlflcant effpct 

on yield, while a baking time of less than 2 hours sharply 

reduces the reaction yield. The reactlon yleld for a sImple 

test performed without baking at aIl was found to be only 62.3 

% • 

The reaction yield is also a function of particle size and of 

acid concentration, but in the range covered by thlS work 

these variables are less important than the acid/slaq ratIo or 

the baking time. Figures 6.22 and 6.23 show the effect of 

those two parameters on the reaction yleld. The slag with the 

coars.=r granulometry, average size = 23 mjc:ron, gives low 

yields but the yield is the best when the slag has a size of 

15 micron. Further reductions of the size do not improve the 

yield of the reaction. 

On the other hand the concentration of sulphuric acid has 

according to Figures 6.22 and 6.23 a rather modest but 

interesting effect on the yield of the reaction. Yield seems 

to be at the lowest value at an intermediate aCld 

concentration, but increases at lower and at hi gher 

concentrations. An increase in yield with higher aCld 

concentration is understandable but the opposite was 
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unexpected. Ta understand why this happens i t was deeided to 

explore further and the Figures 6.24 to 6.27 were generated. 

As can be seen in these Figures the same trend persists, wi th 

th~ lowest ac l cl concent ration (here 88 wt %) gi ving the 

highest yjeld (i.e. 98 % at AclSI ratio = 1.9, size = 11 J.lm 

and baking 5 hrsi Figure 6.25 and 98 % at Ac/SI ratio = 1.75, 

SJ_ze -= 11 J.lm and baking 6 hrsi Figure 6.27). 

It seems that beeause of the extra water earried by the 88 % 

acid a mass of higher porosity is generated whieh reaets to a 

greater degree due ta a higher specifie surface area. 
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6.4.2 Maximum tempe rature obtained 

The maximum tempe rature obtalned in the digestion reactor was 

recorded for the 27 experiments. Following the Sdme procedure 

as for the Yield of reaction, a model equation was develnplJd. 

The information indicated that the maximum temperature 

obtained is influenced only by the concentration of acid. The 

model equation developed is: 

where 

y = -164.886 + 4.055X) 

Maximum Temperature (oC) 
Acid concentration (wt %) 

(6.1) 

Figure 6.28 is a representation of this equation. The 

concentration of acid has a linear effect on the max j mum 

temperature. A low sulphuric acid concentration will result 

in a lower temperature as a signifant amount of the calorlps 

generated by the reactions are used to evaporate the excess 

water. 

The maximum temperature is critical as it is this parameter 

which controls the baking temperature in commercial scale 

operations. If the baking temperature is not high enough the 

yield of the digestion reaction will not be satisfactory. 

In the laboratory reactor it was possible to obtain a high 

yield (>97 %, see Figure 6.25) with only 88 wt% 
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H"S04 because ln the laboratory set-up, the baking was 

controlled by an aUXlll.ary heating system which permit ted the 

study of each parameter lndependently. In industry, however, 

no auxiliary heating is used but instead the process proceeds 

with no external assistance. Under these conditions and 

according to model equation 6.3 a high acid concentration is 

needed to ensure than the maximum tempe rature and resul ting 

high yield are obtained. 

1 • 
\ 1 a" ";,. -. \ 

220 

2'5 . 

210 . 

205 . 

200 . 

19(' • 

86 S8 90 92 94 96 

Figure 6.28 Response Function for Maximum Temperature 
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To identify optimum conditions giving reasonably high yleld 

and maximum tempe rature Figure 6.29 was generated. In thls 

Figure the white area indlcates where ef fect ive max l mum 

tempe rat ures and high ylelds are obta.:.ned. l' <~ .~ 

defined by the !ine 93 1; for yield (RI_La) which was selecU'd 

because it is the industrially acceptable mlnimum value dnd by 

the 205°C line for tempe rature (R2 Lo) because it is hlgh 

enough to obtain effective baking in commercial operations. 

Response Vnlts La Hl Transform Modt» 
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F igli,'re 6 29 Optimization of Yield and Maximum Temperature 
with a Fixed Particle Size and Baking 'rime 
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6.4.3 Set-up time 

The set-up time is the time (in minutes) elapsed between the 

addl tian of water ta the reactor, at 90°C, and the 

Solld If 1cat ion of the reacting mass. A model equation was 

developed with set-up time as the response function following 

the same method as that used for the digestion yield. 

y = 47 ..... 16 + 14.6428X2 - lO1.977X) + O.547849X; 

where Set-up time (minutes) 
Acid/Slag weight ratio 
Acid concentration (wt ~) 

(6.4) 

According ta equation 6.4, the set-up time is affected by two 

of the four parameters studied: the concentration of the acid 

and the acid/slag ratio. Figures 6.30 and 6.31 combine the 

effects of those two variables on the set-up time. A low acid 

concentration and a high acid/slag ratio delay the set-up. 

The amounts of water and stearn added to dilute the excess 

sulphuric acid slowdown the solidification process (set-up). 

The time at which the set-up of the cake happens affects the 

safety of the operation and the porosity of the cake. A 

premature solidification of the slurry before the maximum 

temperature 1S reached 1S dangerous because large quantities 

of fumes generated at the rnaxirnlli~ ternperature can be trapped 

in a non-porous solid, resulting in a high pressure and the 

possibility of an explosion . 
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On the other hand, when set-up occurs after the maximum 

temperature has been attained, the maximum amount of fume 

emission occurs when the slurry is viscous which results in a 

smoother gas evolution and a uniformly porous cake which is 

much easier ta dissolve. 

The present model was developed sa that set-up always occurred 

after the maximum temperature. 

6.4.4 Black liguor active acid 1 titanium ratio 

The term "Active Acid" (67) means the total quantity of free 

acid in the reaction solution plus the acid combined with 

titanium in the reaction solution. This value divided by the 

titanium content of the black liquor gives the AAc/Ti ratio, 

a val ue whiC'h is used in the industry to characterize the 

liquor for the next step of the process, the hydrolysis. 

Following the same technique used for the digestion yield, a 

model equation was developed. 

y = 0.0410955 + 1.0577 3X2 - O. 0305596X4 

where Active Acid (g/l)/ Ti02 (g/l) 
Acid/Slag weight ratio 
Baking Time (hrs) 
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The Active AcidjTitanium ratio is 1inear1y Influenced by the 

acidjslag ratio and the baking time, the former having the 

strongest effect. 

acidjslag ratio 

ratio. This is 

Figures 6.32 and 6.33 show that a higher 

resul ts in a higher active acid/T l tan i um 

expected as the excess acid used in the 

mixture ends up in the active acid. The AAc/Ti is inversely 

proportional to the baking time which is most probab1y due ta 

the increase of Ti02 in solution (g/1) with longer baking 

times (higher yields) and the higher acid losses in the exit 

gases, (longer baking times generate more gas). 

6.4.5 oxidation of Ti2Q3 during dIgestion 

Titanium (III) present in the slag reacts with sulphuric acid 

following different reaction paths. Sorne of the Ti203 reacts 

with sulphuric acid to produce titanous sulphate: 

( 6 • 6 ) 

In addition, dititanium trioxide can be oxidized according ta 

the following reactions: 

4 Ti20 3 + 9 H2S04 

Ti203 + 3 H2S04 

---., 8 TiOS04 + H2S + 8 H20 

---., 2 TiOS04 + S02 + 3 HP 
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To eval uate in which proportion these reactions occur, the 

solids before and after digestion wele analyzed for titanlum 

( Ir r) and the exit gas was analyzed for H2S and S02' 

Based on the overall data collected from the 27 experiments, 

Table 6.10, the average oxidation of Ti20 3 was found to be 65 

%. This overall percent oxidation is produced by the action 

of sulphuric acid and by the air used for agitation. 

According to F*A*C*T air oxidation is more favourable than the 

corresponding H2SO, oxidation. On the basis of this 

information and the gas analysis data the yield of each 

oxidation reaction was estimated: 17.9 % of the T120.3 was 

oxidized by sulphuric acid, (8% through reaction 6.7, 9.9 % 

through reaction 6.8) and 47.1 % by air. 

Following the same procedure used for the digestion yield, a 

model equation for oxidation was developed: 

y = 4219.99 - 4.69023X1 - 89.1841X3 + 3.87613X4 

where 

- 0.248308X1X2 T O.110818X~ + O.482603Xi 

Ti203 Oxidation (%) 
particle size (micron) 
Acid/Slag weight ratio 
Acid concentration (wt%) 
Baking time (hrs) 
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'rable 6.10 Percentage of the Ti203 Reacting in Each of the 
Four Possible Reactions and Total Oxidation 
Measured in Each Experiment. 

~R-UN-l- --SLAG -----:-REAêTION 1ÎREACTION 2;-REACTION 3; REACTION 4 OXIDATION 1 

: (TI20_~ __ g} ___ + ___ ~~~ ____ L __ (~~ ___ (O_VO_) -::-~; --(-%-)-__ ---1---(-%-)---1' 

1 l~g 1 _____ ___ ~?J t----- 76 , 91 i 456 62.3 
2 1_~~_~ _______ ~! ~ __ -----~t=r 43 i 54.8 686 
3 212 ' 426 11.3 7.2 1 39.0 57.4 

--- - -- -------- -r---------I---------t-------t------i 
4 185 202 8.6 143 : 56.9 79.8 

---- - - - - --- - - ------- 1---------+--------+------;-------1 

~ ~~~- -------- :_~I-------l~.~ 1~'~ 1 --:-:-::-'-t-----~-~-:!-1 
------ -- - --- ----- ---- - -----j----

7 192 452 5.7 90 401 54.8 
---- --- - - -- - -- ------ 1----------=---+-----+-------+-----~__=__1 

8 192 31.2 143 9.9 44.6 68.8 
--- - - - - ----- - --------------t-----+-----+-----

9 ______ 1_~_~ ______ ~'?_Q _____ 1_2_.7--+-1 ___ l_3_.2-+-___ 4_2_.2-+-____ 6_8_.0~ 
10 
11 
12 
13 

185 350 44 12.8 47.8 65.0 -212 - -- -- ---49-7--+-----5-1-+------3-6 +----4-1-.7-+----5-0.-3-1 
- ---- 1------ ------1----------+------+------+-------1 

185 16.5 59 142 63.4 83.5 
---- -1-- ----- f---------=---'--t-------+----'----'--+-------=-=---=-1 

212 318 123 69 49.0 68.2 ------ - -- -------!----------+------+----~_+_----=-.;.--4 
14 192 354 4.0 9.1 51.4 64.6 

- - - - ------- --- ------------t--------+-------t-----+-----____i 
15 192 31.5 7.2 6.4 54.9 68.5 -- - - - - - - ----!-------------------~t_--___:_-=-r_--__=_--t----____ :-1 
16 192 282 11.6 108 49.4 71.8 
17 -1-92-1------ ---3-8-8--+---- 4 5 8.0 48.7 61.2 

---- - - ---- - ---- 1------- ---+------+-----+-----+-----=----.1 
18 192 37.5 9.5 15.7 37.4 62.5 

- ---- - -- -- ---------f------+-------t-----+-----____i 
19 185 20.3 7.9 14.8 57.0 79.7 

---20- -- -- --- -212 - 349 14.4 10.4 40.3 65.1 
---- -- - ----------+------_+_-----+-----+----~+_-----'--____1 

21 185 281 3.0 159 53.0 71.9 
---- -1-- ---------II---------I----------t------j--------i 

212 41 2 6.0 9.1 43.6 588 
- --- - -

22 
-----I------------------+------+-----+-----____i 

23 192 42.9 10.7 8.8 37.6 57.1 
----- ---------------f------+----_+_ -------i 

24 192 560 3.6 71 33.3 44.0 
---- - -- -- --- ----

192 28.6 70 5.6 58.8 71.4 ------ - --- -- -- ------'--+-----+_--~--=-+------_1 
25 
26 192 30.6 3 4 11.0 55.1 69.4 

--- ~------+-----+_----t__---____if__----__j 

AV~ --- - -~-~!iÎ:..-~ :_~.:::-= ===:=:.=:=I=======:=.~=t======1=:=:=t======:=~=:6=-1 :t=======:=:=::::::j~ 
REACTION 1 TI203 + 3 H2S04 --- TI2(S04)3 + 3 H20 
REACTION 2 4 TI203 + 9 H2S04 --- 8 TIOS04 + H2S + 8 H20 
REACTION 3 TI203 + 3 H2S04 --- 2 TIOS04 + S02 + 3 H20 
REACTION 4 TI203 + 2 H2S04 + 0.502 --- 2 TIOS04 + 2 H20 
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AlI the parameters studied were found ,'0 influence the 

oxidation of Ti20 3 but it was the particle siz? of the slag and 

the baking time which had the strongest effec.-. Figures 6.34 

and 6.35 show the percent age of oxidatlon as a function of two 

basic parameters slag particle si ze and bakl.lg tirne. The 

finer the slag the greater the oxidation as a larger surface 

area is expos~d to acid and air. Longer baking tlmes increase 

the oxidation as the cake is in contact with air for a longer 

time. 

It is interesting to note that oxidation was sli'lhtly better 

by using the low acid concentration (Figures 6.35 and 6.37). 

Up to 85 % oxidation was obtained with 88 % acid .1S opposed to 

78 % with 94 % acid (Figure 6.37). This res1llt ilpparently is 

due more to the production of a more porous cak~ (producing a 

high surface area) with low acid concentraticn due to water 

evaporation and less to the air versus acid attack of Ti203 • 

In other words the better oxidation at 88 % acid are 

attributed to the increased surface area wlich i5 similar ta 

the particle size effect. This is support~d by the results of 

Figures 6.38 and 6.39. 
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Figure 6.36 
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Other tests done with the digester proved that titanium (III) 

can be cornpletely eonverted to titaniurn (IV) by continuously 

supplying air throughout the whole baking per lod. Th i s 

technique is deseribed in two patents (38,39). 

6.4.6 8ulphurie aeid - eguivalent losses in th~ __ ~x.LL.9~.ê 

Elemental sulphur was detected in the gas collecting system in 

aIl tests. The sulphur was rnost probably produced tram H28 by 

a seeondary reaetion. programs Equilibrium and Reaction in 

F*A*C*T were used to evaluate sorne possible reactions: 

2 H28 + 802 

H28 + 803 

H28 + 0.5 02 

---.. 3 8 + 2 H20 

---.. 8 + 802 + H20 

---.. 8 + H20 

(6.11) 

(6.12) 

(6.13) 

AlI these reactions are possible, but at equilibrium, when 

8°2, 8°3, H28 and 02 are present, as in our gas, 8°2 , H20 and 8 

are the main constituents, whieh suggest that reaction 6.12 

dominates. 

The amount of sulphur, H28, 802' and 803 collected during each 

of the 27 experiments was converted into the sulphur ie a,,; id 

equivalent (Table 6.11). Following the same procedure used 

for the digestion yield, a model equation was developed for 

this H2804 - equivalent losses. 
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Table 6.11 Analysis of the Digestion Fumes 

iRUN i SU 

-- ~ -
1 i 

-- --t-

2 
3 
4 

5 
6 
7 --- - --

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

Av 

LPH-UA- r- -- H2S- T 
1 

(9) (9) 
- - ~---- -

052 031 
----- --- ----~-

053 047 
--- - --- ------- ------
079 057 

--- - ---- f-----------

043 0.49 
- ----- ---------- f--

069 056 -- ------ --

039 0.35 ------f-------- ---f---
045 017 

----~----
083 074 

- -----1--------
057 083 ----------t--
025 022 

- --f--- -----f--

0.47 013 
-- -----

027 036 ------- ---
086 0.63 ------>---

026 0.18 
--------~ -----

051 0.27 
---

062 066 -----f--

034 015 ----
031 0.74 -------
058 0.25 

--

085 091 ----- -

025 0.07 
--- -----

0.47 026 ------- ----
040 0.78 ------r- ---
0.39 -------
053 0.23

1 

- - ---
0.29 007 

-
045 0.37 1 

0.5 041 -

S02 
1 

503 
(9) (9) 

8.78 942 
4.63 1952 
834 13.99 

1259 1984 
766 16.16 
996 13.58 
859 8.84 

10.12 1533 
1239 1661 
11 05 14.42 
4.31 755 

1222 11 76 
825 13.97 
8.30 2211 
6.46 10.41 

10.43 16.59 
7.51 11.41 

13.98 17.14 
1332 1858 
11 48 17 93 
13.57 18.11 

9.56 14.56 
835 11.37 
685 9.91 
5.88 2737 
995 13.54 

11.63 13.97 

9.5 15.0 
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H2504 eq. 
(9) 

275 
34.0 
340 
46.3 
35.2 
34.1 
25.8 
39.0 
43.5 
36.0 
17.7 
35.0 
34.2 
41.1 
250 
40.1 
27.0 
45.5 
45.6 
44.7 
43.9 
34.7 
30.2 
23.8 
44.8 
32.9 
37.4 

35.5 



where 

y = 25.3745 + 2.50772.\4 

H2S04 - equi valent (g) 
Baking tlme (hrs) 

(6.14 ) 

The sulphuric acid loss in the gas was found to be a function 

of the baking time only. The other parameters were not 

significant. Figure 6.40 shows the amount of H2S04 lost for 

different baking times. The ac id loss in the gas was 

determined at the end of the baking period; longer baking 

periods time allow the gas to be released thus resulting in 

higher acid equivalent losses. 

33 -

s 7' 

.::::: -- - -.,. -s 

Figure 6.40 Response Function for H2S04 Equivalent 
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6.4.7 Digestion cake height 

The higher the porosi ty of the cake the higher the cake height 

w i j 1 be. Following the same procedure used with the other 

responses, a model equation of the cake height was developed. 

y = 6.0:512 + O.294346X1 + O.:33504X3 - O.016:007Xt 

where Cake height (cm) 
particle size (micron) 
Acid concentration (wt%) 

(6 .15) 

The cake height was found to be significantly affected by the 

particle size and the acid concentration only. Figures 6.41 

and n.42 show the cornbined effect of these two parameters. 
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6.5 Special Conditions and Reco.mendatioDs 

In North America and specially in Quebec, commercial sulphuric 

ac id lS de 11 vered w i th a 93 % concent ration, consequent1y, two 

extra tests were done using this lower concentration. During 

these tests set-up occurred before the attainment of the 

maximum temperature (aJ 1 the other conditions were similar to 

those used in a test where the set-up occurred after the 

maximum). The preliminary results, suggest that when starting 

with a 96% or higher acid concentration and diluting with 

water and steam to reach the concentration wanted, there is no 

set-up prob1em. However, when started with an initial acid 

concentration of 93% or less, less water is used to reach the 

concentration wanted and set-up apparently occurs prematurely. 

However, more research on the use of low acid concentration 

should be done as it might open the possibility of using 

recyc 1ed (at low concentration) ac id from the downstream 

hydrolysis step which at the worst has to be disposed of. 

Finally, during the tests, it was demonstrated that it is 

important to introduce the slag slowly into the acid to insure 

proper wetting of the slag. The ore is so fine that if i t is 

not properly mixed during the reactor loading stage, it will 

be impossible to achieve complete wetting just wi th the 

agitation provided by the air, because slag will forrn 

partially wet clots sinking to the bot tom or sticking to the 

walls of the reactor. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

7.1 Conclusion3 

A laboratory reactor bui l t to sirnulate the operation of an 

industrial slag digestion reactor was successfully tested. 

Box-Behnken experimental design was used to plan the digestion 

tests. The experimental data were subjected to a mass balance 

evaluation and were considered to be satisfactory Heat 

balance calculations were also perforrned to obtain qualitative 

information. Finally, using regression analysis, model 

equations were developed correlating the several responses to 

the four experirnental variabJ 3S (particle size, acid/slag 

weight ratio, acid concentration and baking tirne). The model 

equations developed are listed below: 

The model equation for digestion yield 

y = 848.44 + 1.29181X1 + 89.3782X2 - 18.6131X} + O.5426,)4X4 

- O. 0433248X{ -22. 0547Xi + O.101186X{ 

where Yield of reaction (%) 
Particle size (micron) 
Acid/Slag weight ratio 
Acid concentration (wt %) 
Baking time (hours) 
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By order of importance, it is the sulphuric acid/slaq weiqht 

ratio, the bakinq time, the particle size of the slaq and the 

concentration of the acid which have the most significant 

effect on the yield. The highest yields were obtained when 

acidjslag weight ratio and baking time were at the highest 

levels. Medium particle size gave best results, while acid 

concentration had only a mode st effect. The model equation 

was successfully tested. 

The model equation for Maximum Temperature 

where 

y = -164.886 + 4.055X3 

Maximum Temperature (oC) 
Acid concentration (%) 

(7 .2) 

The maximum temperature is influenced only by the 

concentration of acid. A low sulphuric acid concentration 

will give a lower maximum temperature. 

The model equation for set-up time 

y = 47-:14.16 + 14.6428X2 - 101. 977X3 + 0.547849xt (7 .3) 

y Set-up time (minute) 
X2 Acid/Slag r~tio 
X3 Acid concentration (%) 

Set-up is affected by two of the four parameters studied: the 

concentration of the acid and the acid/slag ratio. A low acid 
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concentration and a high acid/slag ratio de1ay set-up. The 

arnounts of water and steam added to di 1 ute the excess 

sulphuric acid lengthened the set-up time. 

The model equation for the oxidation of Ti203 

y = 4219.99 - 4.69023X1 - 89.1841X) + 3.87613X4 

- O.248308X1 X2 + O.110818X; + O.482603X; (7 . .J ) 

y Ti203 Oxidation (%) 
X, particle size (micron) 
X2 Acid/Slag ratio 
X3 Acid concentration (%) 
X, Baking tirne (hours) 

AlI the parameters studied influence the Ti203 oxidation but 

it was the particle size of the slag and the baking time which 

had the strongest effect. The finer the s1ag the higher the 

oxidation as a larger surface area is exposed to acid and air. 

Longer baking times increase the oxidation in that the cake is 

in contact with alr for a longer peciod of time. 

Model equations for black liquor active acidjtitanium ratio, 

Sulphuric acid equivalent losses in the exit gas and 

digestion cake height were also developed and successfu11y 

tested. 

Microstructure examination of the s1ag prior to and after 
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digestion showed the main phase of the slag to be a 

pseudobrook i te phase containing rnainly ti taniferous oxide wi th 

several other oxides. EDS spectra of the reacted sarnples 

revealed the presence of both TiOS04 and Ti(S04)2 with the se 

cornpounds present in the form of aggregates. Sorne insoluble 

rutile (Ti02 ) and silicates were also detected. 

Thf!rrnodynamic analysis of the reactions invol ved in the 

digestion of Sorelslag with sulphuric acid yielded the 

following information: 

a) Entropy, heat capacities and heat of formation of TiOS04f 

Ti(S04)2 and Ti2 (S04)3' estirnated for the first time, were 

found to be: 

Entropy Heat Heat of 
capacities formation 

J/oC J/gmolOC kJ/mole 

TiOS04 95.5 112.5 1637 
Ti(S04)2 141. 5 169.4 2181 
Ti2(S04)3 254.1 272.3 3387 

b) AlI reactions are exothermic wi th the oxidation of 

Ti(III) to Ti(IV) being the most exothermic. 

c) Simple Ti02 converts first to TiOS04 and does not convert 

to Ti (8°4) 2 even wi th double the stoichiometric amount of 

However, when aIl the constituents of the slag 

are present then Ti(804)2 appears to form. 

d) Ti (1 l 1) thermodynarnically is oxidized completely to 

Ti(IV) by H2S04 or air. 
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7.2 Furtber investigations 

The possibility of using the recycled low concentration acid 

from the downstream hydrolysis step needs to be studied. With 

environment laws being more and more restrictive the 

recirculation of the waste acid is an attractive solution. 

A detailed thermie balance of the digestion process wi th the 

objective of describing the time/temperature profile of the 

digestion cake would permit an improved simulation of the 

baking candi tians of large scale operations and would be a 

complement te the present werk. 
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~ùF;"'UL": l''IG'S'04 

~~ME: ~AGNESIUM SUL~ATE 

FHASE 

51 
LI 
AO 

NAME 

SOL 1 0 
LI OU 10 
AOUEOUS 

CF' RANGE (It) 

2Q8.0 - 1400.0 0 H TRANS (140n.oO ~). 14.644 (~ J ) 
1 4 (JI) • 0 - ~OOI). t) 

2Q8 • 0 - 4 n JJ 

CP • ~ + 1.0E-3.B.T(K) + 1.0E~'C'T(K) •• -2 + 1.0E-6.0'T(~) •• ~ 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
PHASE OH(298) 5(:98) DENSITY A El C D 

(r. J) (J I~) (G/CM •• 1) ------------( J /~)------------

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
51 -1:84.906 91.630 2.660 106.437 46.27~ -21.899 n.a 
L1 -1:90.658 60.037 2.66/) 1~8.99~ 0.0 0.0 0.0 
AO -1?5~.616 -1.113 -800.184 271~.244 -60.806 0.0 

REFERENCE: 

"THEF:.MOCHEMICAL PROPERTIES OF INORGANIC SUBSTANCES". 
1. BARIN. a. ~NACItE. AND O. KUBASCHEWSKt. 
SPRINGER-VERLAG. BE~LIN. 1977. 
( FO~ THE NON-AOUEOUS SPECIES ) 

APFENOED TO. 
"HANDBOOr OF THERMOCHEMICAL DATA FOR COMPOUNNDS AND AOUEOUS SPEC lES". 
H.E. BARNER AND R.V. SCHEUERMAN. 
WILEY-INTERSCIENCE. NEW YORK, 1978. 
( FOR THE AQUEOUS SPECIES ) 
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•••••• ENTER EQuATION •••••• ., 
TI'O: • ~:S'04 • TI'0'S'04 • ~:O 
SU85C~IPT5 (O~ ENTER 15 TO SEE PHASES' RANGES) ., 
cT.loS) (T,1.L) (T,l,S) (T,l) 

P~E55 ~ETU~N ~HEN READY FO~ TA~ULA~ OUTPUT 
(O~ ENTE~ IH FO~ HELF ON HOW TD SFECIFY RANGES AND GRAPHICS) 
... 

Tl'02 + H:S.D4 • TI'U'S'04 + H20 
(T,l,S) <T,l,Ll (T,l,S) (T,l) 

CALCULATIONS ARE BASED ON THE INDICATED ~8ER OF GRAM ~ES 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

( T) DEL TA H DELTA G DEL TA Y DEL TA S DELTA U DEL TA A 
(Il') ( J ) ( J ) (L) ( J /lc:) ( J ) ( J ) 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ., 
298 
--------------------------------51 L • S L 

298.0 -16~11~.e -1~06~4.8 -8.699E-03 ., 
348 

348.0 ., 
398 

-16373~.8 -148~:3.1 -8.699E-03 

--------------------------------51 L • 5 G 
398.0 -12479~.9 -148969.7 3.263E+Ol ... 

448 
448.0 -1:8324.1 -151796.8 3.673E+01 ., 

498 
498.0 -n:ll~.: -1 ~4:14. 9 4.083E+01 

-41.816 -163114.7 -1 ~6~3. 7 

-43.71~ -163734.8 

60.739 -128102.0 -L~227~.9 

~2.394 -13:;:04~.9 -1~'~lB.4 

44.376 -1362~2. 7 -1~83~2.3 
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• EXAMPLE OF THE RESULTS OBTAINED BY RUNNING "EOUILIBRIUM" 
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•••••• E~TER REACTANTS •••••• 
tC~ ~~ESS 'RETURN' ~O~ LA5~ E~TRY) 

"IOW"-=I. • $ p 

~q5.!.SI (;Cjl8,1.Ll (7q8.1 .... 1 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
T ~F,CC' F FROD DEL T;' H Dt:L TA G DEL T~ 'y DEL TA S DEL TA U DEL TA :. 

\~) (ATM) (JI (J) IL, (Ji") (J) (JI 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
---51 L ~ -------------------------------------------------------------------

:'1;>8 1 
- DATABASES SEING 
GASEOUS SPECIES 
LlOUI D SPEC lES 
AQUEOUS SF'ECIES 
Sf1LID SPECIES 

SEARCHED 
1 - 34 

3~ - ~1 
~2 - 80 
81 - 108 

AQueou~ ~olutlO" wlth Pltz.r p.ramet.r~ . 
• GO(:98K) from F'A.C'T. 

1')9 H20 
110 H(.) 
111 O'H( - J 

[NTER CODE NUMBERS, ENTEf\ "LIST" TO DISPLAV. OR ENTER "HELF'" 
•••• (CHANGES TO EGUILIB REGUIRE THE USE O~ SLASHES ABOUT GASEOU5 SPECIES)'" 

LIST 
POSSIBLE PRoouer COMPOUNDS FOUNDI 

" IDENT IFIES VOUR F'RIVATE COMPOUNDS DATA CREATED WI TH "DATAENTRV" 
";--5" IDENTIFIES YOUR PRlvATE SOLUTION DATA CREATEO WITH "SOLUTION" 

UNNUMBEREO 5PECIES ME ANS INCOMPLETE DATA SET 

l TIIS G1 GAS :98.0 1( - ::on.o 
.... TIIO G1 GAS ... :98.0 1( - 3200.0 
., Tl( +) Gl GAS .' 298.0 1( - 6000.0 
4 TI G1 GAS 29~.0 r - ~(IO.O 

5 H:S'04 G1 GAS 298.0 1( - :Of/n.o 
6 S:O G1 GAS :98.0 r - 201.10.0 

.. s.a:'", Gl GAS :9a.0 r - ~f ,tH J. (, , 
9 S'C': G1 GAS :98.1/ ~ - 18'" l ,l, 

Q S'C Gl GAS :98.0 ~ - :11('" . 1 
1 r, H:S: G1 GAS :9a.0 • - 1 (,11(1. Ij 
Il H:S G1 GAS :98.0 r - 18r "'." 
1: 5.H G1 GAS :9a.O r - br). 10. ') 

1:'" S8 G1 GAS :9a. 'J r - ::(" ,ri. () 

14 S7 G1 GAS :98.0 r - :'11"1.0 
15 S6 Gl GAS 298.0 r - :>-H ,(le 1 J 

l~ S5 G1 GAS 298.0 r - :(,. li). f 1 

17 S4 <31 GAS :'18.0 r - ;:r H HI. (1 

19 S- Gl GAS ;::9a.0 ~ - ::' l', •• .' 

t 
r 1 
k ... 

L 

r 1 
~ 1 
~ 

~ 

1 

• 
~ 

• 
• ~ 

~ 

• 
1 1 , 
~ 

• 



:q s: al GAS Z4JS.O le: - 2000.0 r 1 
, S Gl GAS 2Qe.o Il' 2000.0 Il' 1 .. 

:1 .... :0: 131 GAS ~qe.o Il' - l~O(J.O Il' 1 

H'S: Gl GAS :qs.o Il' - 00<)0.0 r: .... 
" ...... ~ 

• ..J Gl STEA/'1 29S.0 .... - 2~1)0. 0 IC 1 

:4 :11-':·) GI GAS :qs.o II: - OI)(JO,1) r .... 
" 

:~ :'H[-J Gl GAS :ge.(J II' - 0f)(")0. r) • .... ... 
:~ ': .... Gl GAS :98. r) ~ 01)1)('.0 t .... --.., 0:- Gl GAS :98. () 
~ 1 

~. - 20(1(). (, r: 1 
------T-----------------------------------------------------------------T 

:8 0:(-) G1 GAS :;:9S.0 1( - 0000.0 1( 2 
:9 O~ 131 GAS 298.0 Ir:: - 3000.0 Il' I 

:." 0(+) 131 GAS 298.1 Ir:: - 6000.0 1( 2 
:1 0(-] 131 GAS 298.0 Ir:: - 6000.0 1( 2 
...... a al GAS 298.0 Ir:: - 3000.0 1( 2 
"4 .., .. H2 131 GAS 298.0 Ir:: - 3000.0 1( 1 
.... '" 
:'4 H al GAS 298.0 Ir:: - 6000.0 le 1 

~~ 07T 14 LI LlOUID 19~0.0 1( - 2400.0 1( 1 

36 T 1 -:·O~ Ll LIOUID 2047.0 Ir:: - 3000.0 1( 1 

:'7 Tl:03 Ll LlaUID 2112.0 1( - 3000.0 Je 1 

38 Tl'O: L1 LIOUID :;:143.0 1( - 3000.0 1( 1 

:S9 Tl'O LI LIQUID 2023.0 1( - 39~4.0 1( 1 
4(J Tl Ll LIOUID 1933.0 IC - 3~7~.0 1( 1 

41 (H:S'04):(H20)1~ Ll LIQUID 295.0 IJ:. - 300.0 1( 1 
42 H:S'04(H:O)4 Ll LIOUID 295.0 1( - 300.0 le 1 

43 H:S'04(H:O)3 Ll LlQUID 295.0 1( - 300.0 1( 1 

44 H:SI04(H20)2 Ll LIOUID 295.0 1( - 300.0 1( 1 

4~ H:S'04(H20) Ll LIOUID 295.0 1( - 300.0 IC 1 
46 H:S'04 L1 LlOUID 298.0 1( - '53.0 IC 1 

------T-----------------------------------------------------------------T 

4 7 S'03 LI LIOUID :ge.0 1( - 310.0 1( 1 

48 H:S: Ll LIQUID 240.0 1( - 31"5.0 1( 1 
49 5 Ll LIQUID 388.0 1( - 718.0 IC 2 
~II) H:O: LI UQUID :98.0 1( - 431.0 J 1 

~l H:O Ll WATER :n.o IC - 374.0 1( 1 

5: H:S:08 Al AOUEOUS :98.0 Il' - ::98.1) II' 1 
H:S:04 Al AOUEOUS 
H.S:04 [- J Al AOUEOUS 

~:- H:S'04 Al AOUEOUS :9~,O 1( - 300.() Il' 1 

~4 H.S'C4(-] Al AQUEOUS :98.(1 ~ - '57:' .() ~ 1 

50;. H:5'0:- Al AOUEOUS :98.1.) ~ - 47-: . l.' ~ 1 

~~ H'SI03[-) Al AOUEOUS :9S,1) Il' - 57-: .• 1) ~ l 

57 5506[:-) Al AOUEOUS :qS.(J II: - 57;' •. ) ~ l 

58 5406[:-] Al AOUEOUS :98.(1 le - 57::.0 ~ 1 



~Q 5:.06(:- J Al AOUEOUS ~qS.O 1( - ''''3.(1 II' 
b' 5:08(:- J Al AQUEOU5 :qS.O 1( - ~~~.O. 1 
el 5:00(:- J Al AQUEOUS :qe.o 1( - ~"~.I). 
6: S:O~(:-) Al AQUEOUS :ge.0 1( - ~ .. : .,' • 

6: S~04(:-) Al AQUEOUS :98.0 k - !p:, .~, , 

------T-----------------------------------------------------------------T 

64 5:0: r:- ) Al AQUEOUS :Q8.0 1( - ~ ... ~. " ~ 1 
6~ 5104(:-) Al AOUEOUS :Q8.0 1( - ~'3." , 
66 5'0:.(:- ) Al AQUEOUS :98.0 1( - ~73.(I ~ 

67 5'0: Al AQUEOU5 :98.0 k - 298.0 • l 
68 H25 Al AOUEOUS :98.0 1( - 473.0 • 
69 H'S(-J Al AOUEOU5 :98.0 J( - ~P3.0 • 
70 S~[:-J Al AOUEOUS 298.0 J( - '73.0 II' 1 
71 S4(:-J Al AOUEOUS 298.0 K - '73.0 k 1 
n. S3[2-J Al AOUEOUS 298.0 1( - '73.0 1( 1 
73 52(:-J Al AQUEOUS 298.0 1( - '73.0 IC 1 
74 5[2-J Al AOUEOU5 298.0 1( - '73.0 k 1 
7:5 H202 Al AOUEOU5 298.0 1( - 473.0 .. 1 
76 H'O:(-) Al AOUEOU5 298.0 1( - '73. CI ~ 

77 O'H[-J Al AOUEOUS 298.0 1( - '73.0 k 1 
78 02 Al AQUEOUS 298.0 1( - ~73.0 • 
79 H: Al AQUEOUS :98.0 1( - ~73.0 ~ 1 
ao He+) Al AQUEOUS :98.0 1( - ,7J.0 II' 1 

al TI:(SI0413 51 SOLIDE 298.0 1( - '00.0 • 1 
a: TU(S*04l: 51 SOLIDE 298.0 1( - '00.0 1( 1 

------T-----------------------------------------------------------------T 

83 TI.0'SI04 51 SOLIDE 298.0 J( - '00.0 k 1 
84 TI 25;; 51 SOlID 298.0 1( - 310.0 .- 1 
8:5 TI 25 51 SOlID 298.0 1( - 310.0 1( 1 
8b TUS: 51 SOLID 298.0 1( - 31n.o ~ 1 
87 TUS: 51 SOLID-A :98.0 1( - 420.0 • 
88 TUS: 5: SOLID-EI 420.0 1( - 1000.0 • 
89 TUS 51 SOLIO :98.0 1( - 220n.o II' 1 
~(I 01~TI8 51 SOL ID 298.1 II' - 1'00.0 • 1 

91 01!,TI7 51 SOlIO :98.1 1( - 1 ~oc,. (1 ~ 

9: 011 T 16 51 SOLIO :98.1 II' - 1 ~(IO . l' • 1 
93 09TI~ 51 SOLIO :98.1 1( - 1 ~(,,', . (J , 
94 07TI4 51 SOLIO :98.1 1( 19~(,. 1) ~ 

Q~ TI~05 51 SOLlD-A :9a.n 1( - 4 ,c'. (1 • 1 
9b TI30~ 5: SOL ID-El 450.1) r - 2n47.(j • 1 
97 TI:07 51 SOLIO-A :98.0 j( - 4 7 ~ ,rI ~ 1 
9g TI:O: S:: SOL ID - Et 47". .0 r - :'ll:.n , 
qC' TI*O: 51 F-UTILE :48.0 • - :' 14 - .1. • 

1(11) ;IIO~ S: ANATASE :98.0 ~ - :'(1(11) .11 ~ . 
!' Il TUa 51 SOL ID-A :':98.0 ~ - 1:'64. 11 ~ 1 

lll: TUO S:: SOL 1 D-B 1:'64.0 r - 20:2:' .0 ~ • 
1 (1:. T UH:? 51 SOlID :;?98.0 j( - 200fl. (, ~ 

------T-----------------------------------------------------------------T 

More ••• 

vi 11'111 NUM CAF'S COMl 



• 4 , l 51 SOL IO-A 2-,g.0 1( - 11".0 . ,- .. 5: SOL IO-Et 11".0 ~ - l':~.O . 
s.c~ 51 SOLIO 

1 é S 51 RH~&IC 2~S.0 r - ~bB.(, 
l' ,~ S S~ l'''IO .... OCL.INIC :SbB.O It' - :ose. "; 
l' '9 H:O 51 IeE 2,o.0 r - ;Z7~.û 

.:)q ,~o,_!o S=:,.J~lCr- ... 1 t /") l''.t:.,. p.r.m.t.r~. 
G' :~g. 'rom F=""tOT 

1 Ci ~:C 

1 l' He .; 
l 1 1 o.,~: - ] 

ENTH CfJOE "IliME<EFS. ENTEFI "UST" TO DISFLAY, OF=. ENTER "HELF' " 
.... (CHANGES TO EOUlLI& REOUIF;E THE USE OF SLASHES ABOUT GASEOUS 5PECIE5)' .. 

7 e Il 23 46 51 91 82 83 99 100 
PF,ESS "PETuPN" !oIHEN REAOY FQFt OUTPUT 
ENTE" AN OPTION NUMfjEf'. OR ENTER "0" FOR OPTIONS /'1ENU 

------T-----------------------------------------------------------------T 

"EXCESSIVE TIME ESTIMATED .. ASSUMING 
rr.o: + H:S'04 + O.~ H:O 

60 SERVICE UNITS 

1:98.1.5) (398.1,LI (~98,1,LI 

1 • ~(l(l(l H;;O 
( ~98.0, 1.0(1 ,Gl, 1.0000 

+ 1.0000 T10504 
( ~98.0, 1.00 ,51, 1.0000 

+ O. OO(,OOE +00 H;;O 
( 398.0, 1.00 ,LI, 0 •• 4182 

+ (\ • OOO(\(\E +0(\ sa:; 
( 398.0, 1.00 ,Gl, O.OOOOOE+OOI 

+ (, • (lOt)(IOE +00 S02 
( 398.0, 1.00 ,Gl, O.OOOOOE+O/)) 

• n.oonOOE+OO H~S 

( 398.0. 1"-\1-, ,Gl. O.OOOOOE+O(I) 

(---

------T-----------------------------------------------------------------T 

+ (). (u)(u II·)E +(.,1) H::504 
398. 1), l,(H) ,LI, O.OOOOOE+OOI 

+ '-'. (l(H:'t)OE +011 T!:IS041~ 
398.1). 1,1)') ,51, O.OOOOOE+OOI 

+ 0 • OO(J(II)E +011 T!IS04)2 ::,.---
1 398. 1), l.')() ,51, O.OOOOOE+OO) 

~ 1 
~ 1 

1( 1 
It' 1 
1( 1 



~~ODUCT SFECIES IDENTIFIEO WIT~ T HAV( IEEN EITRAPOLATED 

D--
M _ 

I=t. :,.. 
:, •• ::-"CO\...C" SI=E:lES IDEN"IFlED WPM 
.:~~ ~~:v~·E DATA COLLECTION 

( --5 HAVE 8EEN DRAW~ 

------,------------------------ -------------·----·---------------------T 

....................................................................... " ..... . 
DE_"~ ~ DE~TA G DELTA V DEL"~ 5 DELTA U DELTA A RE~CT V 

::' (J) (LI tJ'.) (J) (J) (LI 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
- - -5 l ... ... 

-1(;4 7~8.: -150~1~.7 -O.:~7E-Ol 114.466 

(O:I'IAR9() 
•••••• ENTER REACTANT5 •••••• 
(OR FF\ESS "RETURN" FOR LAST ENTRV) ., 

------T-----------------------------------------------------------------T 

VT 11)\) NU'" CAPS 



APPENDIX D 

EXAMPLE OF A TEST SPREADSHEET 
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DI6ESIION NO.: tAlE: 

ECHANIILLOII: SQIA 

COND Il JONS WEmEN1ALES 

"""""""""""""""""'11'1""""""'"""""'1"""""""""""""""""""""" ••••• 
6RANULomm: 

·200: lU -200 A fl25: UI -125: lU ~ 

ALtSC.: 1.70 POItS SCORIE: 1500 
CONULA mQUE: 91.0 BOUIf ILLE: 96.35 
POIlS Amr: 2W.6 POUS EAU: 90.0 POliS VAPEUR: 65 

mANGE: I~ III. IElll AIR: 120 PRESSION: JO PSIA 
IEBIT A L ATTAQUE: 80 TENPEWURE VAPEUR: ln PRESSION: 15 PSIA 

TEftPWIURE 

••• 1'.,""""1""",""""""""""""""'"", •• , ••••••• "", ••••• " •• , •• , ••••••• " •• , ••••• , •••••••••• 

mET VAPEUR: 142 mps: 3.5 .1 ft. 

DEPARI mCT/ON: 90 
PRISE: 202 C HNPS: 2U Il .. 

ftAX UIUft: 208 C TEftPS: 13 Il' • 

lEftPS ftURISSEft[NT: 240 lU. IEftPERAlURE: 215 DElIT AIR: 
RmOUlSSEftENT: 17 hrr~ TEftPERAIURE FINAL: 74 IEIiI AIR: 

HAUTEUR lU 6AlEAU: lU CI 

DISSOLUTION 
.1 •••• ' •• '1.'."'", ••••••••• ' •• " •••••• ,."," •••• 11 ••• "., •••••••••• " ••• ,., ••••• " •••• ,.,.", •••••• "." •• , ••• 

lEftPS DISSOLUTION: brrs lEftPERAlURE 75 DEIIl AIR: 100 
FlOCULANT: IIAFLOe CON(ENTRA TlON: 0.3 ,II VOLUftE: 150 .1 

TEftPS OECANTATION: 30 lU. VOlUftE: .1 pons Fr: 

fil TRATION 

""""""""""""'11""""""""""""'"."", ••••••• ",., ••••••• ,.,." ••••• ", ••• " •• , •• '.'.1 ••••• 

PO IDS LI QUE UR: Wb VOlUftE: 2692 .1 DEMSIH: 1.663 

POIDS LIQUEUR: 1429 VOLUftE: m .1 .ENSIIE: 1.663 

Pons RESIDU: 166.1~ STABILITE: Î~OO lOUE S: III •• 
POltS RESIDU: 0 

VOL URE LAYAGE: 4200 Il ACII[ ACT! F: 19.78 .1 PAR TlliATION !N.OH O.~ NI 

VOL URE LAVAGE: mo .1 



ANAL 'SfS 

Il'''''11111111'''''1111'''''''''''''''''''''1'''''''' •• , •• 1"1'.' ••• '.""'.' •••••••• ,.,.,., ••••••• , ••••••• , •••• 

SCORIE 1102: 77.3 11203: 1 •• 2 Fr Tot.l: 8.8 

LIgUE Ui 1102: 16.9 T 1203: 1.36 f r Tot.l: 1. 95 
NON-DISSOUI 1102: 16.75 

LAmE 1102: lU ,II 
NON- Il SSOUI r 102: U 911 

iEmu 1102: 19.8 
NON- D 1 ssour T 102: 0 

CALCUL S 
." ••••••• '." ••••••• , •• , •••••••••• ,.", •••••• " •• , ••••••••• ,.' •••• r •••••• ", ••••• , ••• , •••••• ,.", ••• , ••• , •• ,., •• 

mAN tE "Al/[RE POUR LE 1102 

AU DEPART: lI~U DANS LES PRODUITS: lllU , PERTES: 

RENDE/UNT SANS NON-DISSOUT ICI ON COIISIIERE LES PERTES tANS U mm 

mnu: 92.2 LIQUEUR: 92. 2 ~ 

RENOUIENT AVEC NON-'ISSOUT PERTE TI02 NON-DISSOUT: 

REmu: 0.0 LIQUEUR: 0.0 ~ 

LIQUEUR lOUES mES F 1 URA TIOII: o l,Il 

1102: 281.0 ,Il 11203: 22.6 ,Il FeS04: 

AmE Atm: 48UI ,Il 

Fr Tol./1I02 Tot.: 0.11) li 203/h02 lot.: FrSD4/hD2: 

24.4 
2.11 

o , 

0.314 



DIGESTION NO.: DAlE : 29 AOUT 1990 

ECHANT IlLON: SUlA OPERmUR: ALAIN NElAIICJN 

GAI 
,."".,.,."" •••••••• ,."" ••• , •••• ,."' ••• ,"'.""" •••• ,.,., •• , •••••• ' •• '11.1 •••••••••••••• , •••••••• ".,.", 

SOUFRE SOlIDE 

PIE6ES+lALlON: o.nm 4 lAVA&{: 0.37006 , H2S CORRESPOIiDANl: U6 q 

TllUlION 
SOLUTION NiGI': 5.1 ~ N 

PIEGE 1: 2CO .1 1028 Irq. 

f1fWIDN H250~ IN 
pH 9: 77 .8 Il ,H 7: 91.8 .1 

H7504 CONTENU: 5,39 502 + "25: 140 Irq. 

PIEGt 2: 25 .1 129 Ir~ . 
TIIUIION H2S04 IN 

pH 9: 12.1 Il ,H 7: 12.8 .1 
H2504 CONTENU: 0.02 502 + H25: Irq. 

PIEGE J: 25 .1 \28.5 Ir4· 
TITRAIION H2S04 IN 

pH 9: 12.85 Il pH 7: lU .1 
H2504 CONTENU: -0.17 • S02 • H25: U Irq. 

PIEG( 4: 25 Il 128. ) Ir4· 
TITRATION H~504 IN 

pH 9: 12.9 .1 ,H 7: 13.2 .1 
H2504 CONTENU: -0.17 • 502 • H25: J Irq. 

IALLON: 200 Il 1028 irq. 

TIIRATION H2S0~ IN 
pH 9: 77 .05 Il JI! 7: 89.6 .1 

H2504 CONTENU: 6.47 • 502 • H25: 12U .. ~. 
TOTAL 
............ ,."" .. ",.,." ... "."".' .. , .... ",.,,,., .... , .......... " .. "",.", ... ",., ... , .. ".""" ... ", 

POUS RESltu: 2. 1 ~912 ~ ~ SOUfRE: 1.15 m SOlUIU: O. J08 

502 + H25: m 1f4· 502: 274 1f4· 50?: 8.78 • 
H2504 : 11.54 q 

H25: 0.866 



,,-.... 
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l..JJ 
0::: 
:) 
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0::: 
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::2 
w 
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-
J0<>-::J 

- -
TEST RUN4 

1~.JINAV'~~.A/'f'JY' 

~----~--,.- -..,.." ----- ...... -----...... ~ --- -- ,...... -----------
~j/ TEMPERATURE DANS LE REACTEUR 

/' 

_/~ 
/~ TEMPERATURE DU CH~UFFAGE 

1 f ~.H'! f'·\:: If, ~ : \ f .' 1. \ • 

• PRISE EN MASSE 

o li i i 1 i , i i il' i i , , i i i il' i , i i i if" i 1 i i i i , i il' 1 i i i 1 n il i i , i i i i i il i i if i , , i , 1 t , i , fi , i JI' i i i i i i i , 1 i i i , i i , 1 fi' fi' il i i i li i .nnTTTrrrrr t T "l' , , , t , , Il, 

n .~ 6 Il 12 15 18 21 24 27 JO JJ 36 39 42 

TEMPS (MIN.) 



• 

• 

• 

APPEIfDII E 

DETAILS OF THE MASS AND HEAT BALANCES CALCULATIONS 

In this Appendix, details of the work which led to the 

preparation of Tables 6.3, 6.4 and 6.5 are provided. Table 

6.3 centains the stoichiometric amounts of reactants and 

products obtained for 95 , digestion efficiency. To calculate 

the amount of su1phuric acid necessary to react wi th the 

various components of the s1ag SQlS (see chemical analysis 

Table 4.2) and to evaluate the amount of sulphate and water 

produced, the following reactions were used: 

Ti02 + H2S04 ---., TiOS04 + H20 

( 7 9 • 9 ) *** (9 8 ) (159.9) (18) 
1 1.2265 2. 00 13 0.2253 

Ti02 + 2 8 2S04 ---., Ti(SO')2 + 2 8 20 

(79.9) (196 ) (239.9) (36) 
1 2.4531 3.0025 0.45 

Ti20 3 + 3 H2SO, ---., Ti2 ( S04)3 + 3 H20 

(143.8) (294) (383.8) (54) 
1 2.0445 2.6690 0.3755 

4 Ti20 3 + 9 H2S04 ---., 8 TiOS04 + H2S + 8 H20 

(575.2) (882 ) (1 279.2) (34 ) (144) 
1 1. 5334 2.2239 0.0591 0.2503 

***The molecular weight of each compound is gi ven in 
parenthesis. The numbers below represent the 
stoichiometry in weight units. 
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(G.1 ) 

(G.2 ) 

(G.3 ) 

(G.4 ) 



T 1. 2°3 + 3 H2 804 ---. 2 TiOS04 + 8°2 + 3 HzO (G. 5) 

(143.8) (294 ) (319.8) ( 64) (54) 
1 2.0445 2.2239 0.4451 0.3755 

Ti 20 3 + 2 H2804 + ~ °2 ---. 2 Ti0804 + 2 H20 (G. 6) 

(143.8) (196) ( 16 ) (319.8) (36) 
1 1.3630 0.1113 2.2239 0.2503 

Fe + H2804 + ~ °2 ---. FeS04 + HZO (G. 7) 

( 56) (98) ( 16 ) ( 152) (18 ) 
1 1. 75 0.2857 2.7143 0.3214 

FeO + H2804 ---. FeS04 + H20 (G. 8) 

(72) (98) (152) ( 18 ) 
1 1.3611 2.1111 0.25 

Fe20 3 + 3 H2S04 ---. Fe2 (S04) 3 + 3 HzO (G. 9) 

(160) (294 ) (288 ) (54 ) 
1 1.8375 1.8 0.3375 

AIZO] + 3 H2S04 ---. AI2 (S04)3 + 3 H20 (G.10) 

( 102) (294) (342) (54 ) 
1 2.8824 3.3529 0.5294 

CaO + H2804 ---. CaS04 + H20 (G.11) 

( 56) ( 98) (136) ( 18) 
1 1. 75 2.4286 0.3214 

MgO + H2S04 ---. MgS04 + H20 (G.12) 

(40) (98) (120) (18) 
1 2.45 3.0 0.45 

MnO + H2S01t ---. MnS04 + H20 (G.13) 

( 71 ) (98) (151) (18 ) 
1 1.3803 2.1268 0.2535 
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Cr20 3 + 3 H2S04 ---. Cr2 (S04)3 + 3 HP (G.14) 

(152) (294) (392) ( 54) 
1 1.9342 2.5789 0.3553 

V20 3 + 2 H2S04 + ~ °2 ---. 2 VOS04 + 2 H20 (G.15) 

(150) (196) ( 16 ) (326) ( 36) 
1 1.3067 0.1067 2.1733 0.24 

The slag contain a fraction of Ti02 which does not react with 

sulphur~c acid, this is called insoluble Tiü2 • This fraction 

reports directl y to the non-reacted product. The sol uble Ti0
2 

rnay react with sulphuric acid via either or both of reactions 

G.1 or G.2. For this case, in arder to obtain an acid/slag 

ratio of 1.7 and 100 % conversion of the acid into sulphate 

salts, we have assurned 44.77 % of the soluble Ti02 to have 

reacted following reaction G.1 and 55.23 % following reaction 

G.2. 

For aIl the reactions, except the Ti203 and Fe rnetal reactions, 

95 % conversion was used. Ti203 and Fe rnetal were considered 

to transforrn cornpletely into sulphate salts. 

Ti203 rnay react with sulphuric acid via reaction G.3, G.4, G.5 

or G. 6. To decide at which degree each of these reactions 

occur the average data of the 27 experiments were used as 

reference (see Table 6.10). Thus for the theoretical mass 

balance we have taken 35 % of Tiz03 to have reacted following 

reaction G.3, 8 % following G.4, 9.9 % following G.5 and 47.1 
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% following G.6 (refer to section 6.4.5). 

The heat of reaction was calculated at l750C for each of the 

reactions using the programm F*A*C*T. In Table G.l the 

obtai ned data are gi ven. The total heat of reaction was 

calculated by adding the heat of each reaction except the 

reaction of Fe metal. This is so because Fe rnetal is assurned 

to react with sulphuric acid only during dissolution when the 

concentration of sulphuric acid is low. 

Table G. 1 Heats of Reaction Obtained with F*A*C*T at l750C 

Reaction Heat of 
Reaction 
(kJ/rnol) 

G.1 -128.3241 

G.2 -108.6438 

G.3 -175.4774 

G.4 -1 722.3350 

G.5 -360.0251 

G.6 -626.9211 

G.7 -363.8557 

G.8 -93.2504 

G.9 -65.1083 

G.10 -62.6653 

G.1l -235.6745 

G.12 -118.8099 

G.l3 -115.1889 

G.14 -84.7176 

G.15 -266.5558 

-140·· 



The mass balance calculations (Table 6.4) 

REACTAHTS 

SLAG: 

1500 g was used as in the experiment 

H2S04 96 %: 

The amount of 100 % H2,.S04 was calculated in Table 6.3 accordi ng 
to the reaction stoichiometry; using this value the mass of 96 
% HZS04 was obtained: 

Mass of 100 % H2S04 -;. 0.96 = Mass of 96 % H2S04 

DILUTION WATER: 

It is the mass of water required to gi ve a sulphuric ac id 
concentration of 91 % at the attack. 

(Mass of 100 % HZS04 -;. 0.91) - Mass of 96 % H2S04 = 

Mass of Dilution Water 

OXYGEN: 

It is the stoichiometric amount of Oz used in reactions G.6, 
G. 7 and G. 15 • 

PRODUCTS 

SULPHATES: 

The amount of sulphate salts was calculated in Table 6.3 from 
the stoichiometry. 

RESIDUE: 

It is the non-reacted product calculated in Table 6.3. The 
insoluble TiOz' SiOz and 5 % of the other oxides were assumed 
not to react. 
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REACTION WATER: 

It is the stoichiometric amount of water produced by the 
reaction. 

D J LUTION WATER: 

Water contained in the sulphuric acid. 

Mass of 100 % H2S04 -7 0.91 = Mass of Dilution Water 

S02 and H2S: 

Stoichiometric amounts of S02 and H2S produced by reactions G. 4 
and G.5 respectively. 

EVAPORATION OF WATER DURING DIGESTION: 

It is the mass of water lost in the fumes. 

Total water X 0.60 = Steam Loss 

The heat balance calculations (Table 6.5) 

HEAT GENERATED 

TOTAL HEAT OF REACTION AT 175°C: 

It is the total heat of reaction calculated in Table 6.3 with 
the program F*A*C*T. 

SULPHURIC ACID DILUTION: 

It corresponds to the heat generated by diluting li,SO. The 
heat evol ved when one kilogram of sulphuric acid ii:s. ailuted 
with water fram 96 % to 91 % is 22.8 kcal (69). Thus: 

2.55 kg of 100 % H2S04 X 22.8 kcal = 58.14 kcal or 243.3 kJ 
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STEAM AT 122°C: 

The specifie internal energy of steam at 122°C is 2 531.1 
kJ/kg and the specifie internaI energy of water at 20 0 e is 
83.86 kJ/kg (68), by differenee the heat introduced by the 
steam in the system is obtained. 

2 447.24 kJ/kg X 0.065 kg of steam = 159.1 kJ 

HEAT ABSORBED 

SLAG FROM 20 TO 17SoC: 

The specifie heat of the slag was ca1eulated from the specifie 
heat of its various components using a lotus program. C was 
assumed constant between 20 and 17 SoC. At 200 e C = 166.13 
cal/kgOe or 0.6951 kJ/kgOC. P 

1.5 kg of slag X 0.6951 kJ/kg K X IS5 K = 161.6 kJ 

SULPHURIe ACID FROM 20 TO 175°C: 

The specifie heat of 96 % su1phurie acid at 20°C is 0.3487 
cal/g.oe or 1.459 J/g.oc (69). 

2656.3 9 of 96 % H2S04 X 1.459 J/g.oC X ISSoC = 600.7 kJ 

WATER FROM 20 TO 17SoC: 

The specifie internal energy of water at 17SoC is 740.05 kJ/kg 
and the specifie internal energy of water at 20°C is 83.86 
kJ/kg (68), by differenee the heat absorbed by the water in 
the system is obtained. 

0.1459 kg of water X 740.0S kJ/kg = 108.0 kJ 

AIR FROM 20 TO 17SoC: 

The specifie heat of air is 0.24 cal/g.oe or 1 J/g.oC (70). 2.7 
l/min. of air are used to agitate the mass during the 
digestion. The density of air is 1.2928 g/l at 20°C (70) if 
an average mixing of 45 minutes is used, the heat absorbed by 
the air is: 

2.7 l/min. X 45 min. X 1.2928 g/1 X 1 J/g.oC X ISSoC = 24.3 kJ 
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FUMES (STEAM): 

The speclfic internaI energy of steam at 17SoC is 2 578.55 
kJ jkg dnd the specif ic internal energy of water at 20°C is 
83.86 kJjkg (68), by dlfference the heat 10ss when the stearn 
18aves the reactor is: 

0.4319 kg of stearn X (2578.55 - 83.86) kJ/kg = 1077.5 kJ 
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